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Popular science summary of the thesis 
As the human body's largest organ, the skin covers the surface area. We can consider the skin 

as our shell. It protects the body from extreme temperature, bacterial infection, and mechanical 

stress. If the skin is wounded, it has to be repaired on time; otherwise, the whole body may be 

affected. As the dominant cell type in the epidermis, keratinocytes can recruit immune cells 

and participate in re-epithelialization, which are essential for wound closure. In the past ten 

years, more noncoding RNAs have been identified, and they cannot be translated into proteins. 

Compared to protein-coding genes, noncoding RNAs have cell type and context specificity, 

which may serve as therapeutic targets. In this thesis, we mainly focus on three long noncoding 

RNAs (lncRNAs) (Paper I, III, IV) and microRNAs (miRNAs) (Paper II) and characterize 

their biological functions as well as the underlying mechanism in human skin wound healing.  

Paper I identified wound and keratinocyte migration-associated lncRNA 1 (WAKMAR1). 

WAKMAR1 promoted keratinocyte migration and re-epithelialization of human ex vivo tissue, 

and its deficiency in chronic wounds may contribute to delayed healing. Mechanistically, E2F 

Transcription Factor 1 (E2F1) was a hub gene that regulates the WAKMAR1-associated gene 

network. Furthermore, WAKMAR1 decreased methylation at the E2F1 promoter via its 

interaction with DNA methyltransferases (DNMTs), which enhanced E2F1 expression. This 

study demonstrates WAKMAR1 as a molecule of importance for wound healing. 

Paper II comprehensively analyzed small and long RNAs in normal wounds and venous ulcers 

(VUs). We identified 17 VU-relevant miRNAs, and their targets were associated with the 

pathology of VUs. Bioinformatics analysis showed that the upregulated miRNAs in VU were 

predicted to promote inflammatory response but impair cell proliferation. However, the 

downregulated miRNAs might be needed for cell proliferation and migration. Moreover, we 

confirmed the combined effects of miR-34a-5p, miR-424-5p, and miR-516-5p upregulated in 

VU. The combination of miR-34a-5p and miR-424-5p impaired keratinocyte proliferation and 

migration, but that of miR-34a-5p and miR-516b-5p promoted the expression of the pro-

inflammatory Chemokine (C-C Motif) Ligand 20 (CCL20). This study identifies VU-relevant 

miRNAs and demonstrates that their abnormal expression may contribute to the pathogenesis 

of nonhealing wounds. 

Paper III identified a skin-specific lncRNA HOXC13-AS that was downregulated during 

wound healing. We analyzed our single-cell RNA sequencing data in the human skin and found 

that HOXC13-AS was highly expressed in differentiated keratinocytes. Moreover, HOXC13-

AS was inhibited by the epidermal growth factor receptor (EGFR) signaling pathway but 



gradually increased during keratinocyte differentiation. We confirmed that HOXC13-AS 

promoted keratinocyte differentiation using differentiation models in vitro and organotypic 

epidermis. Mechanistically, the interaction between HOXC13-AS and COPI Coat Complex 

Subunit Alpha (COPA) interfered with the retrograde transport from the Golgi to the 

endoplasmic reticulum (ER) and thus promoted ER stress and keratinocyte differentiation. This 

study demonstrates that HOXC13-AS is essential for epidermal differentiation. 

Paper IV identified lncRNA SNHG26 as essential for the transition from the inflammatory to 

proliferative phases during skin wound healing. SNHG26 was upregulated during wound 

healing, and its deficiency in mice showed delayed re-epithelialization. We performed single-

cell RNA sequencing analysis in Snhg26 deficient mice and observed decreased migratory but 

increased inflammatory keratinocyte progenitors in the wound edge. Moreover, we confirmed 

that SNHG26 enhanced cell proliferation and migration but inhibited inflammatory response 

in human keratinocytes and ex vivo wounds. Mechanistically, SNHG26 interacted with 

Interleukin Enhancer Binding Factor 2 (ILF2) and guided it from the inflammatory genomic 

loci to the Laminin Subunit Beta 3 (LAMB3) genomic locus, which facilitates the 

inflammatory-to-proliferative state transition of keratinocyte progenitors. This study provides 

compelling evidence for SNHG26 being a crucial regulator for human skin wound healing. 

 

 

  



 

 

Abstract 
Human skin wound healing is characterized by four phases in a timely manner, including 

hemostasis, inflammation, proliferation, and remodeling. Various cell types are involved in the 

biological process. Keratinocytes that constitute around 95% of epidermal cells recruit immune 

cells by secreting pro-inflammatory cytokines/chemokines and undergo re-epithelialization in 

the proliferation phase. Ribonucleic acids (RNAs) without protein-coding capacity, defined as 

noncoding RNAs, consist of the majority of transcription output, are indispensable for multiple 

biological processes and are critical during disease contexts. Due to their cell and context 

specificity, noncoding RNAs present a therapeutic potential. However, revealing their 

underlying mechanism in the skin wound healing is the prerequisite. In this thesis, we identified 

and comprehensively characterized the role of long noncoding RNAs (lncRNAs) (Paper I, III, 

IV) and microRNAs (miRNAs) (Paper II) in human skin wound healing. 

Paper I identified Wound And Keratinocyte Migration-Associated lncRNA 1 (WAKMAR1), 

and it was upregulated during wound healing but deficient in nonhealing wounds. WAKMAR1 

silencing inhibited keratinocyte migration and re-epithelialization of human ex vivo wounds, 

whereas its overexpression promoted cell migration. Moreover, we revealed that the 

WAKMAR1-regulated network composed of pro-migratory genes was driven by E2F 

Transcription Factor 1 (E2F1). Further mechanistic investigation showed that WAKMAR1 

enhanced E2F1 expression by hijacking DNA methyltransferases (DNMTs) and reducing 

methylation at the E2F1 promoter. This study demonstrates that WAKMAR1 is essential for 

keratinocyte migration and re-epithelialization of human ex vivo wounds, and its deficiency 

may be associated with delayed healing. 

Paper II aimed to identify clinically relevant miRNAs and develop an open database for future 

studies in skin wound healing. We performed the comprehensive and integrative small and 

long RNA sequencing analysis in human skin, normal wounds collected at different healing 

phases, and venous ulcers (VUs). We found 17 VU-relevant miRNAs, whose targets were 

overrepresented in the VU-specific signature. The upregulated miRNAs in VU were predicted 

to promote inflammatory response but impair cell proliferation, but the downregulated 

miRNAs might be needed for cell proliferation and migration. We tested the combined effects 

of miR-34a-5p, miR-424-5p, and miR-516-5p upregulated in VU. Simultaneous 

overexpression of miR-34a-5p and miR-424-5p had stronger inhibitory effects on keratinocyte 

proliferation and migration, whereas the combination of miR-34a-5p and miR-516b-5p 

promoted the expression of the pro-inflammatory Chemokine (C-C Motif) Ligand 20 (CCL20). 



Overall, our study identifies VU-relevant miRNAs and demonstrates that their abnormal 

expression may contribute to the pathogenesis of nonhealing wounds. 

Paper III investigated the role of the HOXC13 Antisense RNA (HOXC13-AS) in epidermal 

differentiation. LncRNA HOXC13-AS was specifically expressed in human skin and 

downregulated in the early phases of wound healing. We analyzed our single-cell RNA 

sequencing in the human skin and found that HOXC13-AS was highly expressed in the 

differentiated keratinocytes. Furthermore, we showed that HOXC13-AS was decreased by the 

epidermal growth factor receptor (EGFR) signaling pathway but gradually increased during 

keratinocyte differentiation. Transcriptomic analysis and functional assays indicated that 

HOXC13-AS promoted keratinocyte differentiation using differentiation models in vitro and 

organotypic epidermis. Mechanistically, we revealed that HOXC13-AS physically interacted 

with COPI Coat Complex Subunit Alpha (COPA) which is essential for the retrograde transport 

from the Golgi to the endoplasmic reticulum (ER). HOXC13-AS hijacked COPA, which 

interfered with the retrograde transport, promoting ER stress and keratinocyte differentiation. 

Rescue assays confirmed that the role of HOXC13-AS in keratinocyte differentiation was 

dependent on COPA. Overall, this study demonstrates HOXC13-AS as a molecule of 

importance for epidermal differentiation. 

Paper IV focused on lncRNA SNHG26, which plays a key role in the transition from 

inflammation to proliferation during wound healing. SNHG26 was upregulated during wound 

healing, and Snhg26 knockout mice showed delayed re-epithelialization. By single-cell RNA 

sequencing analysis, we found decreased migratory but increased inflammatory keratinocyte 

progenitors in the wound edge of Snhg26 deficient mice. Moreover, we confirmed that 

SNHG26 enhanced cell proliferation and migration but inhibited inflammatory response in 

human keratinocytes and ex vivo wounds. Mechanistically, we demonstrated that Interleukin 

Enhancer Binding Factor 2 (ILF2) physically interacted with SNHG26 using RNA pulldown 

and RNA immunoprecipitation (RIP). Chromatin immunoprecipitation (ChIP) and chromatin 

isolation by RNA purification (ChIRP) sequencing showed that SNHG26 guided ILF2 from 

the inflammatory genomic loci to the Laminin Subunit Beta 3 (LAMB3) genomic locus, 

switching the gene network and facilitating the inflammatory-to-proliferative state transition 

of keratinocyte progenitors. This study provides compelling evidence for SNHG26 being a 

crucial regulator for human skin wound healing.  
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1 Literature review 
1.1 The human skin 
As the human body's largest organ, the skin covers a surface area of around 2m2 and accounts 

for approximately 20% of adult body weight (Bragazzi et al., 2019). The skin is a barrier 

protecting the body from dehydration and the external environment's biological, physical, and 

chemical stress (Kanitakis, 2002). It is one source of vitamin D (Mostafa and Hegazy, 2015) 

and plays the role of thermal regulation and sensations. The skin comprises three layers, i.e., 

epidermis, dermis, and subcutaneous tissue, along with vital appendages, including hair 

follicles, nails, sweat and sebaceous glands (Fig. 1).  

 

Figure 1 Anatomy of the human skin. By courtesy of Encyclopædia Britannica, Inc., copyright 2017; 
used with permission. 

1.2 The epidermis 
The epidermis is the outermost layer of the skin, composed of multiple stratified, squamous 

epithelium layers. It contains multiple cell types, including keratinocytes, melanocytes, Merkel 

cells, and Langerhans cells. Among these cell types, keratinocytes make up around 95% of the 

epidermis. Based on the cell morphology and keratinocyte differentiation states, the epidermis 

can be further divided into the basal layer, spinous layer, granular layer, clear/translucent layer 

(only found on the palms and soles), and cornified layer (Kolarsick et al., 2011; Losquadro, 

2017) (Fig. 2).  

The basal layer (also called stratum basale) is the innermost layer of the epidermis. It is a single 

layer of column-shaped keratinocytes with a long axis perpendicular to the dermis and attaches 
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to the basement membrane by hemidesmosomes (Kolarsick et al., 2011). Basal keratinocytes 

marked with keratin 5 and 14 (KRT5/14) are mitotically active and push outwards to refill 

epidermal cells in the suprabasal layers (Chu, 2012; Moll et al., 2008). Melanocytes reside in 

the stratum basale and transfer melanin into numerous keratinocytes, which are vital for 

determining the skin color and photoprotection of skin cells (Cichorek et al., 2013). Merkel 

cells also situate in the layer with large numbers in touch-sensitive areas, including fingertips 

and tips. They act as mechanical transducers that convert signals into sensory neurons 

(Maksimovic et al., 2014).  

The spinous layer (stratum spinosum) consists of 5-10 layers of early differentiated 

keratinocytes with a polyhedral shape. The spinous cells express differentiation marker genes 

KRT1 and KRT10 and contact neighboring cells by desmosomes (Chu, 2012; Moll et al., 

2008), which appear as spines, named for the spinous layer. Langerhans cells are found in the 

layer, where they play a role in antigen presentation and participate in the immune system of 

the skin (Chomiczewska et al., 2009). 

The granular layer (stratum granulosum) varies in thickness in proportion to that of the 

overlying cornified layer, ranging from one to thirty cell layers (Kolarsick et al., 2011). This 

layer is formed by flattened cells containing keratohyalin granules and lamellar bodies. 

Filaggrin (FLG) is the main component of keratohyalin granules, which aggregates the keratin 

intermediate filaments into tight bundles (Eckhart et al., 2013). Moreover, lipid lamellae and 

enzymes in lamellar bodies are extruded into the extracellular place between the granular layer 

and the cornified layer, and the enzymes from lamellar bodies modify the intercellular lipids 

(Eckhart et al., 2013). The granular keratinocytes also express differentiation marker genes 

such as Involucrin (IVL) and Loricrin (LOR) (Nithya et al., 2015; Watt, 1983).  

As the outermost layer of the epidermis, the cornified layer (stratum corneum, SC) comprises 

corneocytes, which are dead, big, and flattened keratinocytes at the terminal differentiation 

state (Matsui and Amagai, 2015). Corneocytes tightly contact each other by 

corneodesmosomes, which are connected to the cornified envelope, where keratins are still the 

main components and play an essential role in the mechanical resistance of the SC (Eckhart et 

al., 2013). Ultimately, the corneocytes are shed from the uppermost layers of the SC, 

undergoing desquamation. The entire differentiation process is counterbalanced by 

desquamation and regeneration to maintain epidermal homeostasis (Candi et al., 2005). The 

SC is essential for many barrier tasks, preventing water loss, alleviating exogenous oxidants, 

protecting against invading microbes, and protecting other cells and structures beneath from 

the detrimental effect of ultraviolet radiation (Del Rosso and Levin, 2011). 
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Figure 2 The process of keratinocyte differentiation. Adapted from Eckhart et al., 2013; used with 
permission. 

1.3 The dermis 
The dermis lies between the epidermis and the subcutaneous tissue and provides skin pliability, 

elasticity, and tensile strength (Kolarsick et al., 2011). It comprises extracellular matrix (ECM) 

proteins, multiple resident cell types, and numerous appendages (Xue et al., 2022). The dermis 

can be divided into the upper papillary and the underlying reticular dermis. The papillary 

dermis contains thin and poorly organized collagen bundles with a significant amount of 

collagen type III. Various cells with a high density situate in the area (Meigel et al., 1977; 

Sorrell and Caplan, 2009). The reticular dermis comprises thicker and well-organized collagen 

bundles enriched in collagen type I. Different cell types sparsely locate in this layer (Stunova 

and Vistejnova, 2018; Watt and Fujiwara, 2011). 

Fibroblasts are the primary cell type in the dermis and contribute to collagen production (Sorrell 

and Caplan, 2004). A recent single-cell RNA sequencing result finds at least four distinct 

fibroblast clusters in adult human skin (Philippeos et al., 2018). Those cells play different roles 

in cell proliferation, cell differentiation, producing ECM and cytokines/growth factors (Xue et 

al., 2022). 

The subcutaneous tissue lies beneath the dermis. It contains fat, superficial fascia, blood 

vessels, and nerves. This layer connects the skin with deeper tissue like bone and muscle 
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(Losquadro, 2017). In addition to its essential role in energy-relevant processes, current studies 

demonstrate that adipose tissue contributes to skin wound healing and immune response (Chen 

et al., 2019; Rippa et al., 2019). Moreover, adipose-derived stem cells have been widely used 

for tissue repair and regeneration in the past several years (Feisst et al., 2015; Trevor et al., 

2020). 

1.4 Normal wound healing process 
In healthy people, burns, traumatic injuries, or surgical wounds can usually heal in a timely 

mode (Li et al., 2007). The normal wound healing process has been characterized as four 

sequential but overlapping phases, i.e., hemostasis, inflammation, proliferation, and 

remodeling (Fig. 3). 

1.4.1 The hemostasis 

The hemostasis phase occurs immediately after injury and lasts for a few hours. The platelets 

enter wounds from the traumatized blood vessels and play a central role in forming a fibrin clot 

and coagulation. During homeostasis, anti-thrombotic agents and prostacyclin secreted from 

the neighboring endothelial cells prevent platelet attachment and aggregation (Golebiewska 

and Poole, 2015). Upon wounding, vasoconstrictors released by injured cells contribute to 

reflexive contracture of the smooth muscle, which are crucial for rapidly and temporally 

reducing bleeding. Subsequent coagulation is required to resolve to bleed eventually (Strecker-

McGraw et al., 2007). In order to form the platelet plug, platelets bind to the thrombogenic 

subendothelial matrix through their G protein-coupled receptors and activate the inside-out 

signaling pathway, which contribute to platelet activation and enhanced attachments of 

platelets to each other and the matrix (Pradhan et al., 2017; Rodrigues et al., 2019). A secondary 

hemostasis plug or the thrombus is formed through the crosslink between fibrin and factor XIII 

and subsequent binding to the aggregated platelet. The fibrin clot serves as a provisional matrix 

for infiltrating cells. Platelets also produce several growth factors, i.e., platelet-derived growth 

factor (PDGF) (Eriksson et al., 1992), transforming growth factor-β (TGF-β), epidermal 

growth factor (EGF), and insulin growth factor (IGF) (Pool, 1977; Rodrigues et al., 2019), 

which are essential for activating fibroblasts, endothelial cells, and macrophages (Reinke and 

Sorg, 2012).  

1.4.2 The inflammatory phase 

In the early inflammatory phase, neutrophils are recruited from blood vessels to the wound 

areas by injury-related signals, such as the activated supplement system, the degranulation of 

platelets, and bacterial products (Grose and Werner, 2004). Neutrophils account for 50% of all 
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cells in the wound on the first day after the injury. They release toxic granules, mainly 

composed of proteases, perform phagocytosis, and generate neutrophil extracellular traps to 

kill bacteria and remove necrotic tissues (Rodrigues et al., 2019). Neutrophils also secret 

chemoattractants, including interleukin one alpha (IL-1α), interleukin one beta (IL-1β), and 

tumor necrosis factor alpha (TNF-α), to activate local fibroblasts and keratinocytes and recruit 

macrophages (Eming et al., 2007; Hubner et al., 1996; Reinke and Sorg, 2012).  

In the late phase of inflammation, approximately three days after injury, if the wound does not 

get infected, macrophages predominate at the wound site, which play a role in phagocytosis of 

pathogens and secretion of growth factors and cytokines, crucial for the following steps of 

wound repair (Reinke and Sorg, 2012; Tziotzios et al., 2012). In the early stage, pro-

inflammatory macrophages that express TNF-α, interleukins (IL)-6, and IL-1β, engulf and kill 

pathogens in phagosomes (Rodrigues et al., 2019). The M1 macrophages also secret matrix 

metalloproteinases (MMPs) to facilitate the digestion of the extracellular matrix and aid cell 

migration. In turn, the digested fragments of the extracellular matrix promote inflammation 

(Sorokin, 2010). Moreover, the macrophages contribute to eliminating expended neutrophils 

at around three days post-injury. When the inflammation is resolved, macrophages transit into 

an anti-inflammatory M2 phenotype, and the M2 macrophages play a critical role in the 

proliferative phase of wound healing (Rodrigues et al., 2019). 

1.4.3 The proliferative phase 

In about 3-10 days after injury, wound healing enters the proliferative phase. It is characterized 

by the formation of granulation tissue, restoration of the vascular system, and re-

epithelialization. In order to form granulation tissue, fibroblasts migrate into the wound edge, 

producing the ECM, mainly in the form of collagen. This granulation tissue replaces the 

provisional matrix forming at the hemostasis phase. Some fibroblasts differentiate into 

myofibroblasts, which play a significant role in wound contraction (Gurtner et al., 2008).  

The angiogenesis process is initiated by endothelial cells activated by the vascular endothelial 

growth factor A (VEGF-A) and fibroblast growth factor 2 (FGF2) (Turksen, 2019). The 

endothelial cells undergo a sprouting process. They proliferate and migrate into the wounds, 

forming new blood vessels essential to provide nutrition and oxygen for tissue repair (Li et al., 

2007; Reinke and Sorg, 2012). Interestingly, endothelial cells play different biological roles 

regulated by the Notch pathway and its effectors (e.g., Delta-like 4 and Jagged 1) during 

angiogenesis (Rodrigues et al., 2019). Tip cells act as leader cells that extend towards an 
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increasing VEGF-A gradient, whereas stalk cells follow the tip cells to keep the integrity of the 

existing vasculature (Gerhardt et al., 2003).  

The re-epithelialization proceeds when the wound-edge keratinocytes and the epithelial stem 

cells from nearby hair follicles or sweat glands proliferate and migrate to the wound bed, 

restoring the broken epidermis (Lau et al., 2009; Martin, 1997). Upon injury, keratinocytes are 

modulated by integrin signaling and several growth factors. Suprabasal keratinocytes express 

integrin that results in upregulated Erk-MAPK signaling and production of pro-inflammatory 

cytokines, which are vital for cell hyperproliferation and immune response (Hobbs et al., 2004). 

Furthermore, integrin deficiency in keratinocytes delays wound healing (Grose et al., 2002; 

Reynolds et al., 2008). Migratory keratinocytes are activated by the epidermal growth factor 

family such as epidermal growth factor (EGF), heparin-binding EGF-like growth factor (HB-

EGF), and transforming growth factor alpha (TGF-α), as well as fibroblast growth factors, 

including FGF2 and keratinocyte growth factor (KGF), which also enhance the expression of 

keratins 6, 16 and 17 (Freedberg et al., 2001; Werner et al., 1994). Those keratins are critical 

in keratinocyte motility (Pastar et al., 2014). Additionally, IL-1, IL-6, and TNF-α contribute to 

cell migration (Barrientos et al., 2008). In the later phases of wound healing, keratinocytes 

reduce the expression of basal cell markers, including KRT5 and KRT14, which is caused by 

TGF- β produced from activated fibroblasts (Pastar et al., 2014).  

1.4.4 The remodeling phase 

The remodeling phase is the final stage of wound healing, which could last for one year or even 

longer. During this phase, all the activated angiogenic and wound metabolic processes 

gradually decline and then stop (Reinke and Sorg, 2012). In ECM, the collagen III synthesized 

at the proliferative phase converts to collagen I, the major ECM component before injury 

(Cañedo-Dorantes and Cañedo-Ayala, 2019; Gonzalez et al., 2016). Macrophages participate 

in the phase by eliminating dead cells and ECM debris. Macrophages do not eliminate 

excessive fibroblasts in time, which may cause hypertrophic scars (HSs) (Wernig et al., 2017). 

During remodeling, endothelial cells become apoptotic and quiescent, forming stable and well-

perfused blood vessels. Endothelial cells express C-X-C motif chemokine receptor 3 (CXCR3) 

in the phase, which decreases the formation of endothelial tubes (Bodnar et al., 2006). CXCR3 

deficient mice show HSs, suggesting its critical role in remodeling (Yates et al., 2010). 
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Figure 3 Schematic diagram of the normal wound healing process. Adapted from Zomer and Trentin, 
2018; used with permission. 

1.5 Chronic wounds 

1.5.1 Etiology and epidemiology 

Chronic wounds are a global problem and are defined as barrier defects of extended duration 

(more than six weeks) or frequent recurrence (Fonder et al., 2008; Singh et al., 2004). Older 

people suffering from blood supply problems, immunological deficiency, metabolic diseases, 

or chronic mechanical stress are susceptible to chronic wounds.  

Pressure ulcers (PUs) are caused by insufficient blood supply due to prolonged biomechanical 

force, which often happen to the elderly, wheelchair-bound or bedridden, and malnutrition 

(Dealey et al., 2015; Grey et al., 2006). The prevalence of PUs ranged from 0.02% in the 

community, 4.0% in nursing homes, to 5.8% in hospitals, based on a 2019 study in Portugal 

(Falanga et al., 2022; Lopes et al., 2020). A study in Spain showed a similar community 

prevalence, and a study in China reported a similar nursing home prevalence (Diaz-Herrera et 

al., 2021; Falanga et al., 2022; Wei et al., 2021). In Switzerland, they assessed 51 nursing 

homes, and the prevalence ranged from 0 to 19% (Courvoisier et al., 2018). In addition to 
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residence, the prevalence of PUs is also affected by patients’ characteristics and age (Anthony 

et al., 2019; Courvoisier et al., 2018; Falanga et al., 2022; Mervis and Phillips, 2019). 

Venous ulcers (VUs) are the most common type of chronic wounds after PUs (Falanga et al., 

2022), which mainly occur in the low extremity of the body and result from chronic venous 

diseases and venous hypertension (Fonder et al., 2008). The prevalence of VUs is around 1.5 

to 3 cases per 1,000 population (Homs-Romero et al., 2021). Women and the elderly are 

susceptible to VUs (Falanga et al., 2022; Margolis et al., 2002; Nelson and Adderley, 2016).  

Due to its association with diabetes, diabetic foot ulcers (DFUs) may be the best-studied type 

of chronic wound (Falanga et al., 2022). Diabetic patients have a 15%-20% risk of developing 

DFUs during their lifetime (Adiewere et al., 2018; Gottrup and Apelqvist, 2012; Nolan et al., 

2011). Because of the lack of effective treatment, the five-year mortality rate of DFUs and 

ischemic ulcers is even higher than that of some cancer types (Eming et al., 2014).  

1.5.2 Pathophysiology 

The pathophysiology of chronic wounds is very complex, and the underlying mechanism is 

unclear. Healing of chronic wounds might be disturbed at any phase, showing a nonlinear 

organization of the phases instead of fitting the ‘linear’ paradigm of sequential but overlapping 

stages of normal wound healing (Falanga et al., 2022). Aberrations in many factors reviewed 

in normal wound healing likely result in chronic wounds. Persistent inflammation (Loots et al., 

1998; Sindrilaru et al., 2011), pathogenic bacteria infection, senescence, and proteases are also 

implicated in the pathogenesis of chronic wounds (Gushiken et al., 2021).  

Inflammation is prolonged in nonhealing wounds, mainly because of the stalled transition from 

the inflammatory to the proliferative phase (Eming et al., 2009; Eming et al., 2014). The 

increased number of infiltrating neutrophils and macrophages results in delayed healing in 

chronic wounds (Loots et al., 1998; Sindrilaru et al., 2011). Besides, the production and 

activation of proinflammatory cytokines, e.g., TNF-α and IL-1β, further prolong the 

inflammatory stage (Barrientos et al., 2008). Those cytokines contribute to increased MMPs 

that continuously lead to the degradation of local ECM and then delay cell migration 

(Barrientos et al., 2008). Inflammasome, a multiprotein complex derived from the innate 

immune system, is also involved in chronic wounds. It has a role in the secretion and activation 

of IL-1β (Feldmeyer et al., 2007; Stojadinovic et al., 2013). Moreover, excessive bacterial load 

results in the accumulation of proinflammatory cells and thus prolongs inflammation and 

impairs wound healing (Eming et al., 2014; Frank et al., 2009; Pastar et al., 2013; Roche et al., 

2012). 
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During the inflammatory phase, microbes are expected to be eliminated by the immune 

response. However, pathogenic bacteria form biofilms that enhance their resistance to the host 

immune response, leading to chronic inflammation (Pastar et al., 2013). It becomes clear that 

biofilm helps establish polymicrobial communities resulting in their resistance to antibiotics 

that eliminate a specific bacterial population (Falanga et al., 2022). It has been shown that 

premature aging in fibroblasts from VUs decreases the capacity for migration (Wall et al., 

2008). Senescent fibroblasts and keratinocytes likely have a role in antifibrotics by expressing 

MMPs 2, 3, and 9 (Jun and Lau, 2010). Moreover, senescent keratinocytes secrete the anti-

angiogenic factor maspin, which delays wound repair (Nickoloff et al., 2004). Deregulation of 

proteases and their inhibitors also results in chronic wounds. MMPs such as collagenase and 

gelatinases A and B are increased in the fluids of chronic wounds (Eming et al., 2010; Yager 

et al., 1996). Excessive serine proteases break down fibronectin and multiple growth factors, 

impairing the proper wound healing process (Buchstein et al., 2009; Eming et al., 2014; Lauer 

et al., 2000; Wlaschek et al., 1997). 

1.5.3 Management 

Efficient treatments that can cure chronic wounds are currently lacking, which can be partially 

attributed to the insufficient knowledge of chronic wound pathology, high development costs, 

and poor design of clinical trials (Maderal et al., 2012). However, new wound dressings, 

devices, drugs, and surgical and biological approaches have substantially improved the 

management of chronic wounds (Falanga et al., 2022). 

Several types of wound dressing have been applied to chronic wounds: moisture-retentive 

dressings (also called occlusive dressings) contribute to the formation of granulation tissue and 

promote the healing of chronic wounds (Eaglstein and Falanga, 1997; Obagi et al., 2019); 

foams are used for fluid absorption; hydrocolloids aid antibacterial protection and painless 

debridement (Falanga, 1988). A systemic drug Pentoxifylline has been used to promote wound 

healing of VUs (Falanga et al., 1999; Jull et al., 2002). Moreover, surgical debridement that 

removes necrotic tissue can help to accelerate the healing of chronic wounds (Falanga et al., 

2008). Negative pressure is another valuable treatment for chronic wounds. The device 

removes chronic wound fluid that impairs cell proliferation in vitro and delays wound healing 

in vivo (Bucalo et al., 1993; Katz et al., 1991; Langer et al., 2015; Seidel et al., 2020). As 

antibiotic-resistant bacteria present in chronic wounds, antimicrobial approaches without 

antibiotics are investigated. Oral probiotic supplementation has been shown to improve the 

healing of DFUs, which may be mediated by the gut–skin axis (Mohseni et al., 2018).  
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Advanced therapeutic approaches are used for the treatment of chronic wounds. The U.S. Food 

and Drug Administration (FDA) has approved the application of recombinant PDGF to treat 

DFUs (Falanga, 2005; Steed, 1995), but its therapeutic efficiency on other types of chronic 

wounds is unclear. Bioengineered or ‘artificial’ skin consisting of living cells has also been 

used to promote wound healing (Falanga et al., 1998; Falanga and Sabolinski, 1999; MacNeil, 

2007; Veves et al., 2001). 

1.6 Non-coding RNAs 
Human beings are estimated to express 20,000 protein-coding genes, constituting less than 2% 

of the genome. In 2012, the Encyclopedia of DNA Elements project (Consortium, 2004) 

uncovered that 80% of the human genome could be transcribed, but the majority of 

transcription output are RNAs without protein-coding capacity, i.e., non-coding RNAs (Fatica 

and Bozzoni, 2014; Mercer et al., 2009). This review focuses on two types of non-coding 

RNAs, i.e., microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) and characterizes 

their roles in skin wound healing.  

1.7 MicroRNAs  
MicroRNAs are single-strand non-coding RNAs with approximately 22 nucleotides (nts) in 

length (Bartel, 2018). In the canonical biogenesis pathway, miRNA genes are transcribed to 

primary precursors (pri-miRNAs) by RNA polymerase II (Pol II), which are cleaved by a 

microprocessor composed of an RNase III enzyme Drosha, and an RNA binding protein 

DiGeorge Syndrome Critical Region 8 (DGCR8), forming pre-miRNA hairpins with 

approximately 70 nts in length. The pre-miRNAs are transported by an exportin 5/RanGTP 

complex to the cytoplasm. They are further processed by another RNase III enzyme Dicer into 

miRNA duplexes. Transactivation-responsive RNA-binding protein (TRBP) facilitates 

cleavage of some miRNAs and contributes to the subsequent assembly of the RNA-induced 

silencing complex (Lin and Gregory, 2015). Only the guide strand retains in the silencing 

complex and binds to the 3' untranslated region (UTR) of target mRNAs, which leads to the 

repression of translation or degradation of the mRNA targets (Bushati and Cohen, 2007; Gebert 

and MacRae, 2019; Li et al., 2022) (Fig. 4). As most miRNAs are only partially complementary 

to their mRNA targets, individual miRNAs can regulate multiple targets, and sometimes these 

targets are involved in a common signaling pathway (Inui et al., 2010). Furthermore, one 

mRNA can be bound and regulated by several miRNAs that may exhibit synergistic effects.  
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Figure 4 Schematic diagram of miRNA biogenesis. Adapted from Lin and Gregory, 2015; used with 
permission. 

1.7.1 MiRNAs in skin wound healing 

The expression and function of miRNAs have been studied in the different phases of skin 

wound healing. Dysregulated miRNAs are implicated in the persistent inflammation, a 

hallmark signature of chronic wounds. MiR-146a-5p has been identified as a negative feedback 

regulator of the innate immune response in keratinocytes. It is induced by the NF-κB-dependent 

signaling and inhibits excess inflammatory response (Hou et al., 2009; Meisgen et al., 2014; 

Taganov et al., 2006). The dysregulated miR-146a-5p expression has been reported in the 

mouse diabetic wound model, and correcting its expression can improve wound healing (Xu et 

al., 2012).  

Moreover, our study has shown that miR-132-3p induced by TGF-β1 and TGF-β2 plays a 

critical role in promoting the transition from the inflammatory to the subsequent phase of 

wound healing. By increasing the activity of STAT3 and ERK pathways, miR-132-3p enhances 

cell growth. It inhibits the nuclear factor kappa B (NF-κB) pathway by suppressing the 

secretion of chemokines and the recruitment of immune cells. Accordingly, the miR-132-3p 

knockout mouse model exhibits delayed wound healing (Li et al., 2015b). MiR-34a-5p and 

miR-34c-5p are reported to be upregulated in epidermal cells of VUs compared to those of 
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normal wounds or the skin. They enhance inflammation by targeting LGR4 and mediating the 

NF-κB signaling pathway (Wu et al., 2020). Moreover, we found reduced expression of miR-

19a/b-3p and miR-20a-5p in the wound-edge keratinocytes of several types of chronic wounds, 

i.e., VUs, DFUs, and PUs. MiR-19a/b-3p and miR-20a-5p can repress keratinocyte 

inflammatory response, and their loss may contribute to the sustained inflammation in chronic 

wounds (Li et al., 2020a). 

Several miRNAs have been reported to regulate the biological processes in the proliferative 

phase. MiR-21-5p can promote keratinocyte and fibroblast migration targeting TIMP3 and 

PTEN, respectively (Madhyastha et al., 2012; Wang et al., 2012; Yang et al., 2011). Its 

downregulation results in delayed re-epithelialization. Additionally, miR-31-5p is upregulated 

in inflammatory and proliferative phases of skin wound healing compared to intact skin (Li et 

al., 2015a). Overexpression of miR-31-5p promotes keratinocyte migration and proliferation, 

and its epidermal deficiency results in delayed wound healing in mice (Shi et al., 2018). In 

contrast, let-7-5p and miR-200b/c-3p are downregulated in mouse wound healing. 

Overexpression of let-7-5p impairs cell migration in vitro and re-epithelialization in mice by 

targeting IGF2BP2 (Wu et al., 2017). MiR-200b/c-3p represses RAC1 and thus inhibits 

keratinocyte migration and re-epithelialization in mice (Tang et al., 2020). Angiogenesis-

relevant miRNAs have been studied in wound healing as well. MiR-148b-3p is a critical 

regulator in TGF-β signaling crucial for endothelial cell homeostasis. Overexpression of miR-

148b-3p promotes migration, proliferation, and angiogenesis of endothelial cells. It also 

accelerates wound healing and vascularization in mice (Miscianinov et al., 2018). MiR-200b-

3p and miR-15b-5p are upregulated in diabetic wounds and inhibit angiogenesis by targeting 

VEGF and VEGF-R2, respectively. Knockdown of both miRNAs promotes wound healing and 

vascularization in mice (Pizzino et al., 2018). 

Pathological scarring, e.g., HSs and keloids, may appear after wound repair due to the 

continuous growth of granulation tissue. MiR-21-5p has been identified as an HS biomarker, 

promoting the expression of fibrosis markers by targeting Smad7 (Zhou et al., 2015). 

Moreover, the knockdown of miR-21-5p inhibits HS growth in a nude mice model (Li et al., 

2016). MiR-29a-3p is downregulated in fibroblasts isolated from keloid compared to those 

from healthy skin. Overexpression of miR-29a-3p decreases the expression of collagen I and 

III, whereas miR-29a-3p silencing increases the expression (Zhang et al., 2016).  
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1.7.2 Current status of miRNA-based wound treatment 

Due to the unmet needs of wound treatment and the critical roles of miRNAs in skin wound 

healing, the development of miRNA-based therapy has attracted broad interest from biotech 

companies and pharmaceutical industries. The first siRNA drug was approved in 2018 (Ozcan 

et al., 2015), which paved the way for miRNA therapeutics development. Although there are 

no FDA-proved miRNA drugs for medical intervention, several drug candidates associated 

with accelerating wound healing undergo early-phase clinical trials. For example, the company 

miRagen performs a second phase one trial with MRG-110, a synthetic miR-92a inhibitor 

(Hanna et al., 2019). In the preclinical study, MRG-110 has been shown to increase granulation 

tissue formation and accelerate wound healing in a diabetic mouse model and a porcine wound 

model. MRG-110 exhibited a better therapeutic effect than the rhPDGF-BB in db/db mice 

model (Gallant-Behm et al., 2018). Also, miR-29 (MRG-201) is undergoing a phase one trial 

to treat keloid and reduce scar tissue formation (Hanna et al., 2019).  

Despite a few miRNAs under clinical trials, challenging obstacles remain in the development 

of miRNA-based treatments for wound healing. Many miRNAs have been investigated in vitro 

and in animal models, but their role in human skin wound healing remains unclear. Although 

animal models provide an indispensable resource for understanding molecular and cellular 

functions of miRNAs, they cannot replace studies of human wounds. The mechanisms 

identified based on animal models, predominantly rodents, are only sometimes relevant to 

human wounds (Falanga et al., 2022). Healing of rodent wounds mainly relies on contraction 

instead of re-epithelialization. Therefore, more human wound data are needed to identify the 

most pathogenesis-relevant miRNAs in chronic wounds. In addition, the miRNA targetome 

has yet to be systematically investigated. Most studies focus on only one miRNA and one of 

its targets without considering the miRNA-target networks. To this end, a comprehensive and 

integrative analysis of miRNAs and their targets is needed in chronic wounds. 

1.8 Long non-coding RNAs 
Long non-coding RNAs (lncRNAs) are a group of RNAs that are longer than 200 nts and have 

no protein-coding capacity. Much like messenger RNAs (mRNAs), most lncRNAs are 

transcribed by RNA Pol II and often have 5’-end m7G caps and 3'-end poly (A) tails (Guttman 

et al., 2009). Despite the absence of a translated open reading frame, lncRNAs exhibit similar 

biochemical features and length as mRNAs (Quinn and Chang, 2016; Statello et al., 2021). 

LncRNAs also differ from mRNAs: lncRNAs have fewer but longer exons (Cabili et al., 2011; 

Derrien et al., 2012); they are lowly expressed with poorer sequence conservation among 
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mammal species (Quinn and Chang, 2016; Ulitsky and Bartel, 2013); they exhibit higher tissue 

and cell type specificity. 

1.8.1 Biogenesis of lncRNAs 

Compared to mRNAs, lncRNAs are preferably localized in the nucleus. Their transcription 

mode may result in the nuclear location to some extent. Many lncRNAs are transcribed by 

phosphorylation-dysregulated Pol II (Schlackow et al., 2017). Those lncRNAs are weakly co-

transcriptionally spliced, and their transcription termination is irregulated by polyadenylation 

signals (Statello et al., 2021). They are accumulated on chromatin and further degraded by the 

RNA exosome. U1 small nuclear RNA binding sites are observed on some chromatin-localized 

lncRNAs that are tethered on chromatin by recruiting U1 small nuclear ribonucleoprotein to 

Pol II during transcription (Yin et al., 2020). A lack of Pol II-associated elongation factor SPT6 

also contributes to the accumulation of some lncRNAs on chromatin in the form of DNA 

damage-associated R-loops (Nojima et al., 2018). These lncRNAs are more transcribed 

because of the relocation of histone H3 trimethylated at Lys36 (H3K36me3) to their loci upon 

SPT6 loss. Weaker internal splicing signals, alternative polyadenylation signals, and nuclear 

retention elements within lncRNAs coordinately regulate the nuclear localization of lncRNAs 

(Statello et al., 2021). 

Cytoplasmic lncRNAs share the processing and export pathways of mRNAs. They tend to 

undergo the export pathway of nuclear RNA export factor 1 due to fewer exons compared to 

mRNAs (Zuckerman et al., 2020). In the cytoplasm, RNA-binding proteins likely guide various 

lncRNAs to different organelles or specific areas within the cytoplasm. LncRNAs have been 

found in ribosomes and mitochondria (Statello et al., 2021). 

1.8.2 Gene regulation by lncRNAs 

Although 30,000 - 60,000 lncRNAs have been identified in humans (Hon et al., 2017; Iyer et 

al., 2015), controversy remains that lncRNAs are either functional or junk. Hundreds of papers 

state that emerging lncRNAs play a vital role in multiple biological processes. By contrast, 

others view most lncRNAs are transcriptional noise, and few lncRNAs act as essential 

regulators in human physiology and pathology (Ponting and Haerty, 2022). Recent studies 

demonstrate that transcription activity and DNA elements inside the lncRNA locus may play a 

role rather than the lncRNA itself (Kopp and Mendell, 2018). The minority of lncRNAs confer 

the regulatory function solely dependent on their RNA sequence. Nevertheless, those 

functional lncRNAs that consist of possibly thousands of molecules become a major gene class 

(Kopp and Mendell, 2018). According to their action modes, lncRNAs can be broadly 
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classified into two groups: cis-acting lncRNAs regulate the expression and chromatin state of 

neighboring genes, while trans-acting lncRNAs modulate the expression of genes distant from 

their transcription sites (Kopp and Mendell, 2018). 

1.8.2.1 Cis-acting lncRNAs 

The in cis actions of lncRNA include but are not limited to: lncRNA transcripts recruit other 

regulatory factors, e.g., polycomb repressive complex 2 (PRC2), to the locus of neighboring 

genes and regulate the expression of neighboring genes (Cerase et al., 2015); the process of 

transcription and splicing of the lncRNA regulates the expression of neighboring genes, 

independent of its transcript (Engreitz et al., 2016); the regulation only relies on the DNA 

element within the promoter or locus, separate of encoded DNA and lncRNA production 

process (Groff et al., 2016) (Fig. 5). 

Sequence-dependent lncRNA regulation in cis 

LncRNAs play critical roles in chromatin silencing and activation in cis. The best-known 

example is the lncRNA X-inactive specific transcript (XIST). During embryonic development, 

XIST causes the silencing of almost all genes in one of two X chromosomes in the cells of 

female mammals (Kopp and Mendell, 2018). Distal regions across the X chromosome are 

identified by XIST by exploiting the three-dimensional conformation of the X chromosome, 

which allows the silencing domain of XIST to spread across the entire chromosome (Engreitz 

et al., 2013; Statello et al., 2021).  

Transcription or splicing of lncRNA loci confers regulatory effects 

In some cases, the activity of lncRNA loci regulates the expression of neighboring genes, 

independent of its sequence. Engreitz and colleagues show that the prematurely terminal 

transcription or mutation of the first 5’ splice site of lncRNA Blustr decreased the expression 

of the neighboring gene Sfmbt (Engreitz et al., 2016). However, the depletion of downstream 

exons and introns of Blustr did not influence the Sfmbt level, which suggests it is irregulated 

by specific sequences of Blustr. Indeed, the transcription or splicing process of Blustr plays a 

vital role in changing the chromatin states of the Sfmbt promoter and promoting its subsequent 

transcription (Kopp and Mendell, 2018). In another example, the prematurely transcriptional 

termination of Upperhand (Uph) decreases the expression of the neighboring gene Hand2. 

However, inserting the tdTomato coding sequence at the Uph locus and deleting the mature 

Uph transcript do not affect Hand2 expression (Anderson et al., 2016). 

Functional DNA elements within lncRNA loci 
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Linc-21 is transcribed close to CDKN1A and was first reported to act as a trans-acting lncRNA 

and play a role via p53 (Huarte et al., 2010). Recent studies showed that its broad effects are 

likely attributed to the changed level of Cdkn1a-encoded protein p21 (Dimitrova et al., 2014). 

Genetic evidence showed that the genomic locus of linc-21 contains gene-regulatory elements 

that modulate the expression of neighboring genes even without the lncRNA expression (Groff 

et al., 2016). Additionally, the lncRNA Bendr locus functions as an enhancer-like element, 

independent of the transcription or sequence of Bendr (Engreitz et al., 2016). Depletion of the 

promoter of Bendr inhibits the expression of its neighboring gene Bend4, whereas the 

premature transcriptional termination of Bendr by inserting poly A signal into the first intron 

does not affect the Bend4 level.  

 
Figure 5 Functions of the cis-acting lncRNAs. Adapted from Kopp and Mendell, 2018; used with 
permission. 
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1.8.2.2 Trans-acting lncRNAs 

Trans-acting lncRNAs play a role by mediating gene expression and chromatin states at areas 

distant from their transcription site, affecting nuclear structure and organization, and interacting 

with RNA or protein molecules (Kopp and Mendell, 2018) (Fig. 6). 

Gene regulation by lncRNAs in trans 

Trans-acting lncRNAs can modulate the chromatin states and affect the binding of transcription 

factors (TFs). For example, lncRNA HOTAIR regulates the expression of HOXD genes by 

recruiting PRC2 to the distant HOXD locus and changing the chromatin state (Chu et al., 2011; 

Rinn et al., 2007). Additionally, lincRNA-EPS interacts with the heterogeneous nuclear 

ribonucleoprotein (hnRNP), which results in a repressive effect on the targets of lincRNA-EPS 

(Kopp and Mendell, 2018). The targets of trans-acting lncRNAs are not limited to Pol II-

transcribed genes. LncRNA SLERT enhances pre-rRNA transcription by interacting with and 

sequestering DDX21 from RNA polymerase I-binding loci, which relieves the repressive effect 

of DDX21 on transcription (Xing et al., 2017). 

Organization of nuclear architecture by lncRNAs 

The metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was reported to 

localize in nuclear speckles containing splicing machinery components (Hutchinson et al., 

2007). The recruitment of MALAT1 to speckles is mediated by its interactions with multiple 

splicing-associated proteins (Bernard et al., 2010). MALAT1 functions as a scaffold that 

enhances the relocation of nuclear speckles to nascent transcripts (Engreitz et al., 2014; West 

et al., 2014). The nuclear enriched abundant transcript 1 (NEAT1) localizes in paraspeckles 

that contain proteins involved in RNA production (Hutchinson et al., 2007). NEAT1 is required 

to form and maintain the nuclear compartments by interacting with paraspeckle proteins (West 

et al., 2014). Like MALAT1, NEAT1 facilitates the positioning of paraspeckles at active gene 

loci (West et al., 2014). Functional intergenic repeating RNA element (Firre) is transcribed 

from the X chromosome and remains at this transcription site and five unlinked autosomal loci. 

The trans-chromosomal interactions are mediated by Firre and hnRNP U, and the knockdown 

of Firre impairs the inter-chromosomal interactions, indicating the critical role of lncRNAs in 

chromatin localization (Hacisuleyman et al., 2014). 

LncRNAs serve as decoy molecules regulating the interacting proteins and 
RNAs 
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Trans-acting lncRNAs can also serve as decoy molecules to interfere with the functions of 

proteins and other RNA molecules (Lee et al., 2016; Noh et al., 2018; Rashid et al., 2016; 

Tichon et al., 2016). RNA-binding proteins PUMILIO1 and PUMILIO2 regulate mRNA decay 

and translation. The noncoding RNA activated by DNA damage (NORAD) contains 15 

PUMILIO response elements (PRE) that are specific binding sites for PUMILIOs. Thus, 

NORAD serves as a negative regulator of PUMILIOs, which interferes with the binding of the 

proteins to their mRNA targets (Lee et al., 2016; Tichon et al., 2016). LncRNAs can also 

regulate other RNA molecules through base-pairing interactions. For example, the cerebellar 

degeneration-related protein 1 antisense RNA (CDR1as) binds miR-7 via its over 70 conserved 

seed matches for miR-7, which results in the de-repression of miR-7 targets. On the other hand, 

CDR1as contains a perfectly complementary binding site for miR-671, which leads to the 

degradation of CDR1as (Hansen et al., 2013; Hansen et al., 2011; Memczak et al., 2013). 

 

Figure 6 Functions of trans-acting lncRNAs. Adapted from Kopp and Mendell, 2018; used with 
permission. 
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1.8.3 LncRNAs in skin wound healing  

The role of lncRNAs in skin wound healing is mostly unclear, and only a few lncRNAs have 

been studied in the wound repair process. For example, the lncRNA ANRIL (antisense non-

coding RNA in the INK4 locus) has been shown to promote wound healing by regulating the 

expression of Prox1, which is vital for lymphangiogenesis (He et al., 2019). Mechanistically, 

ANRIL acts as a competing RNA to sequester miR-181a from Prox1 (He et al., 2019). 

Additionally, lncRNA GAS5 is upregulated in cells and tissues from diabetic wounds. It 

promotes macrophage polarization toward an M1 phenotype, and its downregulation enhances 

the healing of diabetic wounds (Hu et al., 2020).  

Our group has recently characterized two novel lncRNAs that regulate keratinocyte migration 

in wound repair, termed WAKMAR1 and WAKMAR2 (Wound And Keratinocyte Migration-

Associated lncRNA 1 and 2). The role of WAKMAR1 in human skin wound healing is 

characterized in the result part of the thesis. WAKMAR2 is RNA polymerase II-transcribed 

and polyadenylated lncRNA induced by TGFβ in keratinocytes and presents in both the nucleus 

and cytoplasm. WAKMAR2 promotes keratinocyte migration and re-epithelialization in a 

human ex vivo wound model and inhibits the inflammatory response of keratinocytes. A lack 

of the lncRNA may contribute to the pathology of chronic wounds (Herter et al., 2019). 

1.8.4 LncRNAs in epidermal differentiation 

LncRNAs also play essential roles in regulating epidermal homeostasis. For example, anti‐

differentiation non-coding RNA (ANCR) is downregulated in differentiated keratinocytes, 

adipocytes, and osteoblasts (Cai et al., 2019; Kretz et al., 2012). Deletion of ANCR causes 

upregulation of the differentiation genes in keratinocyte progenitors. It is required to maintain 

the undifferentiated state of progenitor cells (Kretz et al., 2012). Conversely, another lncRNA, 

i.e., terminal differentiation‐induced non-coding RNA (TINCR), is highly expressed in 

differentiated keratinocytes. Its downregulation in the organotypic epidermal tissue reduces the 

expression of the differentiation-related marker genes, thereby disrupting epidermal barrier 

formation (Kretz et al., 2013). Besides, TINCR was shown to interact with differentiation-

related mRNAs and Staufen1 protein in the cytoplasm, increasing the stability of these mRNAs. 

Furthermore, both ANCR and TINCR are the upstream regulators of MAF and MAFB, which 

are the essential transcription factors for keratinocyte differentiation, making up a regulatory 

network for epidermal barrier formation (Lopez-Pajares et al., 2015). Recently, Panatta and 

colleagues identified lncRNA UC291, which is upregulated during keratinocyte differentiation 

and regulates epithelial differentiation by interacting with ACTL6A protein to modulate 

chromatin remodeling activity (Panatta et al., 2020). Additionally, LINC00941 was found to 
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control human epidermal homeostasis via repressing SPRR5, a novel positive regulator of 

keratinocyte differentiation (Ziegler et al., 2019).  
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2 Research aims 
This thesis aims to understand the role of long noncoding RNAs and microRNAs in human 

skin wound healing and epidermal differentiation. 

The objectives of the individual studies are to: 

• Study the role of a long noncoding RNA WAKMAR1 (Wound And Keratinocyte 

Migration-Associated lncRNA 1) in human skin wound healing (Paper I) 

 

• Identify the functional importance of clinically relevant miRNAs in normal wounds 

and nonhealing venous ulcers (Paper II) 

 

• Characterize the functional importance of a skin-specific long noncoding RNA 

HOXC13-AS in epidermal differentiation (Paper III) 

 

• Investigate the functional significance of a long noncoding RNA SNHG26 in human 

skin wound repair (Paper IV) 
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3 Methods 
 
Ethical considerations 

The collection of the human biopsies has been performed in collaboration with medical doctors 

at Karolinska University Hospital and the Second Hospital of Dalian Medical University 

(Dalian, China). Written informed consent was obtained from all donors to collect and use 

clinical samples. All the experiments have been approved by the Stockholm Regional Ethics 

Committee (Document number: 2016/1621-31/2 and 2019-02335) and the Ethics Committee 

of the Second Hospital of Dalian Medical University and conducted according to the 

Declaration of Helsinki’s principles.  

Healthy volunteers were given local anesthesia to relieve the pain during surgeries. Superficial 

skin samples were taken using 4-6 mm punches, a minimally invasive sampling technique. The 

wounds were then stitched to facilitate healing. For chronic wound patients, biopsy collection 

is a routine procedure at the clinic for diagnosis, which results in a little discomfort and no risk 

of complication.  

In order to protect the privacy of donors, all samples were coded. Only responsible doctors 

have access to information that links analysis results to individuals. We only have access to 

clinical information, including sex, age, wound position, and medical history, which is needed 

to interpret our results. The samples were analyzed immediately after collection, and the 

remnant was discarded following biological waste instructions. Participation in the project is 

entirely voluntary. The donors can withdraw their consent and stop participating in the projects 

without further explanation, and the samples will be discarded. 

All the animal experiments have been performed according to animal ethics approval 

(Document number: 11854-2020). When planning and performing animal experiments, we 

follow the three Rs principle (Refinement, Reduction, and Replacement). General anesthesia 

and painkillers are utilized during and after surgeries to alleviate the pain. We scrutinize the 

status of animals and implement the humane endpoints strictly, under the close supervision of 

veterinarians. We use a minimal number of animals, which allows us to obtain confident 

results. Also, to further reduce the usage of animals, we collect multiple samples from each 

animal. However, animals are still an irreplaceable resource for studying wound healing in 

vivo. 
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Human wound samples 

As normal wounds and chronic wounds were collected from Caucasian and Asian donors, 

chronic wounds were always compared to normal wounds from healthy volunteers of the same 

ethnicity (Paper I–IV). Three wounds were created using 4 mm biopsy punches, and wound-

edge tissues were collected with 6 mm punches one day, seven days, and thirty days later, 

representing all phases of human skin wound healing (i.e., hemostasis/inflammation, 

proliferation, and remodeling).  

Patients with chronic wounds, despite conventional therapy, persisted for more than two 

months were recruited. Patients with soft tissue infection, taking systemic antibiotics one day 

prior to biopsy, and immunocompromised patients were excluded from our studies. A 4 mm 

biopsy punch was used at the non-healing edges of chronic wounds. Healthy donors with 

diabetes, skin disease, unstable heart disease, infections, bleeding disorder, immune 

suppression, and any ongoing medical treatments were excluded. 

To investigate the cell- or epidermis-specific expression of noncoding RNAs, we isolated 

specific cell populations using Laser Capture Microdissection (LCM) (Paper I, II) and 

Magnetic Activation Cell Sorting (MACS) (Paper I-III). For LCM, snap-frozen wound 

biopsies were cut into 8 μm sections after being embedded with Tissue-Tek O.C.T. Compound 

(ThermoFisher Scientific). The sections were stained with hematoxylin, and LCM was 

performed with Leica LMD7000 (Leica) to separate the epidermis. Using MACS, the CD45- 

epidermal cells (mainly keratinocytes) and CD90+ dermal cells (dermal fibroblasts) were 

isolated from the skin and wounds. After washing with Phosphate-Buffered Saline (PBS), the 

fresh skin and wound tissues were incubated in dispase II (5 U/ml, ThermoFisher Scientific) at 

4°C overnight, and the epidermis was separated from the dermis the next day. After the 

digestion in 0.025% trypsin/ethylenediaminetetraacetic acid (EDTA) solution at 37°C for 15 

min, single epidermal cells were loaded into magnetic columns together with CD45 microbeads 

(Miltenyi Biotec), and CD45− epidermal cells were collected. The dermis was incubated with 

an enzyme mix from a human Whole Skin Dissociation Kit (Miltenyi Biotec) at 37°C for 3 

hours and processed using a Medicon tissue disruptor (BD Biosciences). The dermal cell 

suspension was incubated with CD90 microbeads, and CD90+ dermal cells were isolated using 

magnetic columns. 

Cell culture, treatment, and transfection 

Human adult epidermal keratinocytes were cultured in EpiLife medium supplemented with 

10% Human Keratinocyte Growth Supplement (HKGS) and 1% Penicillin and Streptomycin 
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at 37℃ in 5% CO2 (All from ThermoFisher Scientific) (Paper I-IV). We cultured adult dermal 

fibroblasts in Medium 106 supplemented with Low Serum Growth Supplement (LSGS) and 

1% Penicillin and Streptomycin (All from ThermoFisher Scientific) (Paper II). We changed 

the culture medium every other day and subcultured cells when the culture was around 80% 

confluent. Briefly, the cells were washed with warm PBS two times, followed by incubation 

with 0.025% trypsin/EDTA at 37°C for 3 to 4 min. When 90% of the cells detached, we 

neutralized the trypsin with the Defined Trypsin Inhibitor (ThermoFisher Scientific). The cells 

were harvested by centrifuge and re-suspended with fresh culture medium. All the experiments 

were performed when cells were in passage 4.  

To study the mechanism regulating the expression of the lncRNAs, we treated keratinocytes 

with cytokines and chemokines for multiple time points (Paper I, III, IV). To study the 

biological function of lncRNAs and miRNAs, keratinocytes or fibroblasts were transfected 

with the small interfering RNA (siRNA), pcDNA 3.1 (+) vectors, antisense oligonucleotides 

(ASOs), and miRNA mimics or inhibitors using Lipofectamine™ 3000 (ThermoFisher 

Scientific) (Paper I-IV). To identify the function of HOXC13-AS in keratinocyte 

differentiation, we increased calcium concentration to 1.5 mM in EpiLife medium (Paper III).  

RNA extraction and quantitative reverse transcription PCR (qRT-PCR) 

Prior to RNA extraction, the skin and wound biopsies were homogenized using TissueLyser 

LT (Qiagen). Total RNA was isolated from human tissues using a miRNeasy Mini kit (Qiagen) 

and cells using the TRIzol™ Reagent (ThermoFisher Scientific). RNA quantity was measured 

by NanoDrop One (ThermoFisher Scientific). The same amounts of RNA were used for reverse 

transcription using the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific) 

(Paper I-IV). The reverse transcription for miRNAs was performed using TaqMan® 

Advanced miRNA cDNA Synthesis Kit (ThermoFisher Scientific) (Paper II). Gene 

expression was determined by TaqMan expression assays (ThermoFisher Scientific) or by 

SYBR Green expression assays (ThermoFisher Scientific) and normalized based on the values 

of the housekeeping gene B2M, GAPDH, and 18S (for mRNAs and lncRNAs) or U48 (for 

miRNAs) using the delta-delta Ct-method.  

Transcriptomic profiling 

Gene expression microarrays were performed using human Clariom™ S assays 

(ThermoFisher Scientific) following the standard protocol at the core facility for 

Bioinformatics and Expression Analysis (BEA) at Karolinska Institute (Paper I–IV). Data 

were analyzed and visualized in Transcriptome Analysis Console (TAC). We performed gene 
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set enrichment analysis (GSEA) using public software (Subramanian et al., 2005) and Gene 

Ontology (GO) analysis by MetaCore software (Thomson Reuters). Heatmaps were plotted by 

the Multiple Experiment Viewer software. 

For bulk long RNA-sequencing (Paper II-IV), we removed ribosomal RNAs (rRNAs) using 

the Epicentre Ribo-zero® rRNA Removal Kit (Epicentre). The NEB Next® UltraTM 

Directional RNA Library Prep Kit for Illumina® was used to prepare strand-specific total-

transcriptome RNA sequencing libraries for the whole biopsies. The isolated cell RNA-seq 

libraries were prepared using the Ovation® SoLo® RNA-Seq library preparation kit (Tecan). 

All prepared libraries were sequenced on the Illumina Hiseq 4000 platform (Illumina). Raw 

sequencing reads were filtered using Trimmomatic v0.36 software (Bolger et al., 2014). We 

aligned the filtered reads to the human reference genome (GRCh38.p12) and the 

comprehensive gene annotation file (GENCODEv31) using STAR v2.7.1a (Dobin et al., 2013). 

Unique mapped fragments to exons were used to quantify gene expression by the Subread 

package (Liao et al., 2014), followed by the differential expression analysis using DESeq2 

(Love et al., 2014).  

For paper II, the small RNA sequencing libraries were prepared using NEB Next® Multiplex 

Small RNA Library Prep Set for Illumina® (NEB) and sequenced on an Illumina Hiseq 2500 

platform (Illumina) using single-end 50bp reads. Raw small RNA sequencing data was 

assessed using FastQC v0.11.8 for quality control. We cleaned low-quality reads and removed 

sequencing adaptors and redundancies using mapper.pl module in the miRDeep2 v0.1.3 

package (Friedlander et al., 2012; Mackowiak, 2011) before mapping reads to the human 

reference genome (hg38) by the software Bowtie v1.2.2 (Langmead et al., 2009). Known 

miRNAs were identified with the miRDeep2.pl module and compared to miRNAs in miRBase 

release 22.1 (Kozomara et al., 2019). The mapped read counts were acquired from the 

quantifier.pl module output. The TPM method (transcript per million = mapped read count/total 

reads * 106) was used to normalize the raw counts of miRNAs (Zhou et al., 2010). Differential 

expression analysis was performed using DESeq2. 

For paper III-IV, single-cell RNA sequencing was performed. Epidermal and dermal cell 

suspension were obtained using the MACS protocol mentioned in the thesis. Red blood cells 

and dead cells were removed using Red Blood Cell Removal Solution (Miltenyi Biotec) and 

Dead Cell Removal Kit (Miltenyi Biotec). We mixed an equal number of epidermal and dermal 

cells, loaded them onto each channel of the Single Cell chip (10x Genomics), and then 

performed droplet encapsulation on the Chromium Controller. Following the manufacturer's 

protocol, we prepared sequencing libraries using the library construction kit (10x Genomics) 
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and performed sequencing on Illumina NovaSeq 6000 S4 v1.5. Raw sequencing data were 

processed with the cellranger pipeline (10X Genomics, version 5.0.1), including 

demultiplexing, aligning to the hg38 reference genome, barcode counting, and unique 

molecular identifier (UMI) quantification. 

We used the Seurat R package (version 4.0.6) (Hao et al., 2021) to remove the genes expressed 

in less than ten cells and cells expressing less than 500 genes, less than 1000 UMI counts, or 

more than 20% mitochondrial genes. The data were normalized with sctransform (Hafemeister 

and Satija, 2019). The top 4000 variable genes were used to generate principal component 

analysis (PCA) using RunPCA, and the first 40 principal components (PCs) were performed to 

remove potential confounding factors by the Harmony package (Korsunsky et al., 2019). We 

used the RunUMAP function with the first 40 harmonies to generate UMAP plots. The clusters 

were identified using the FindNeighbors and FindClusters functions with a resolution of 0.8. 

Cell functional assays 

To study cell migration and proliferation (Paper I-IV), we used the IncuCyte live cell imaging 

system. Briefly, human primary keratinocytes were plated in Essen ImageLock 96-well plates 

(Sartorius) at 15,000 cells per well for migration assay. When cells were confluent, they were 

pretreated with Mitomycin C (5 μg /ml) (sigma) for two hours and scratched with the Essen 

wound maker. For cell proliferation, cells were plated in 12-well plates at 20,000 cells per well. 

The cells were imaged every two hours in IncuCyte (Sartorius), and the images were processed 

using the IncuCyte software (Sartorius).  

To study cell differentiation (Paper III), we used suspension-induced keratinocyte 

differentiation and organotypic epidermis models. Keratinocytes were suspended at 105 

cells/mL concentration in the EpiLife medium containing 1.45% methylcellulose (Sigma-

Aldrich). We diluted the methylcellulose with PBS and collected the cells by centrifugation at 

different time points after cell suspension. For the organotypic epidermis, we cultured 

keratinocytes in CnT-PR medium (CELLnTEC) and placed 1.55 × 105 cells onto 0.47 cm2 

inserts with 0.4 μm pore size (Nunc). Six inserts were put into a 60 mm cell culture dish filled 

with the CnT-PR medium. Two days later, the medium was changed to a CnT-PR-3D medium 

(CELLnTEC). After 24 hours, we removed the medium inside the inserts and left the 3.2 ml 

3D medium in the dish. The surface of the inserts was dry for the following days of the 3D 

culture. The medium outside was changed every other day. Inserts were collected on day 12 

after airlifting, followed by fixation and embedding. 
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Immunofluorescence (IF) 

The attached cells were first fixed and permeabilized with 4% paraformaldehyde and 0.1% 

Triton X-100, respectively, and the paraffin-embedded tissue sections were deparaffinized and 

rehydrated. We blocked the nonspecific binding sites on the cells and tissue sections using 5% 

bovine serum albumin (BSA) in PBS for 30 minutes at room temperature and incubated cells 

and sections with primary antibodies at 4℃ overnight. On the following day, the cells and 

sections were washed three times with PBS, followed by incubation with the secondary 

antibodies for one hour in the dark at room temperature. Subsequently, the secondary 

antibodies were removed by washing with PBS three times, and the samples were mounted 

with the ProLong™ Diamond Antifade Mountant with DAPI or 4’, 6-diamidino-2-

phenylindole (ThermoFisher Scientific). The staining was visualized by Zeiss LSM800 

confocal microscopy (Carl Zeiss) at Biomedicum Imaging Core (BIC) at Karolinska Institute 

and analyzed with ImageJ software (National Institutes of Health). Information regarding 

antibody dilutions is shown in the papers (Paper I-IV). 

Fluorescent in situ hybridization (FISH)  

In order to visualize the expression of lncRNAs in cells and tissue sections, the probes were 

designed for RNAscope assays (ACD). Cells cultured in chamber slides were fixed in 4% 

paraformaldehyde for 15 minutes, followed by sequential dehydration with ethanol of different 

concentrations. After blocking with hydrogen peroxide for 10 minutes and digesting with 

Protease III for 10 minutes at room temperature, cells were incubated with probes at 40 degrees 

for 2 hours. The signals were amplified using RNAscope® Multiplex Fluorescent Detection 

Kit v2 (ACD). Fresh frozen tissue sections were fixed in cold 4% formaldehyde for 15 minutes, 

followed by blocking with Hydrogen Peroxide for 10 minutes and digesting with RNAscope® 

Protease IV for 30 minutes at room temperature. After the probe incubation and sequential 

signal amplification, the cells and tissue sections were mounted with ProLong™ Diamond 

Antifade Mountant with DAPI (ThermoFisher Scientific). The results were visualized with 

LSM800 confocal microscope (Carl Zeiss) (Paper I, III, and IV). 

Western blot 

The attached cells were scraped in cold radioimmunoprecipitation assay (RIPA) buffer 

complemented with the protease and phosphatase inhibitors. After incubation at 4 degrees for 

30 min, cell lysis was centrifuged, and the supernatant was collected for subsequent western 

blot. The protein concentration was determined by the bicinchoninic acid assay (BCA) assay. 

The same amount of total proteins was loaded in TGX™ precast protein gels (Bio-Rad), 
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followed by nitrocellulose membrane transfer. Blots were probed with the primary antibodies 

at 4 degrees overnight. On the following day, the blots were incubated with horseradish 

peroxidase (HRP) conjugated secondary antibodies at room temperature for 1 hour. β-actin or 

GAPDH levels were used as an internal control. ImageJ and Image Lab (Bio-Rad) were used 

to quantify proteins. Details about antibody dilutions can be found in paper III.  

RNA pulldown  

Full-length lncRNAs were transcribed in vitro and labeled using the T7 MEGAscript kit and 

Pierce RNA 3′ End Desthiobiotinylation Kit (ThermoFisher Scientific). The pulldown assay 

was performed using the Pierce Magnetic RNA-Protein Pull-Down Kit (ThermoFisher 

Scientific) according to the manufacturer’s instructions. Desthiobiotinylated HOXC13-AS, 

magnetic beads, and keratinocyte protein lysates were mixed. The beads were washed several 

times and boiled in SDS buffer at 96 degrees for 10 minutes, and the eluted RNA-bound 

proteins were collected. The proteins were separated in the TGXTM gels (Bio-Rad), followed 

by silver staining. Protein bands at around 150 kilodaltons (kDa) or 45 kDa were excised and 

analyzed by mass spectrometry at the Proteomics Biomedicum core facility, Karolinska 

Institute (Paper III, IV). 

RNA immunoprecipitation (RIP) 

We performed RIP using the Magna RIP RNA-Binding Protein Immunoprecipitation Kit 

(Millipore). Human primary keratinocytes were first lysed in RIP lysis buffer. Magnetic beads 

were incubated with around 5 µg of the antibody for 30 minutes at room temperature. The 

beads were washed several times with RIP wash buffer, and the cell lysate was incubated with 

the beads-antibody complex at 4 degrees overnight. IgG from the same species was used as a 

negative control. The RNA-protein-antibody complex was purified by magnetic separation. 

The immunoprecipitated RNA was extracted and analyzed using qRT-PCR (Paper III, IV).  

Human ex vivo wound model 

For paper I and IV, the human skin obtained from abdominal reduction surgeries was used for 

the ex vivo wound model. A 2 mm excisional wound was first made on the skin and excised 

using an 8 mm biopsy punch. The excised tissue was cultured in DMEM medium supplemented 

with 10% fetal bovine serum and 1% antibiotics. GapmeRs were mixed with 30% F-127 gel 

(Sigma-Aldrich) and topically treated on the wounds immediately after wounding and every 

other day.  
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Chromatin Immunoprecipitation (ChIP) 

For paper I and IV, when cells reached 90% confluence, the cells were cross-linked with 1% 

methanol-free formaldehyde (ThermoFisher Scientific) for 10 min at room temperature, 

followed by quenching using 0.125 M glycine. MAGnify™ Chromatin Immunoprecipitation 

System (ThermoFisher Scientific) was used to perform ChIP. Briefly, cells were lysed in the 

cell lysis buffer supplemented with protease inhibitors, and the cell lysate was sonicated using 

Bioruptor UCD-200 (Diagenode) to generate 100-500 bp chromatin fragments. The chromatin 

fragments were incubated with Dynabeads® coupled antibodies at 4 degrees for 2 hours. Beads 

were washed, and the chromatin was reversely cross-linked using Reverse Crosslinking Buffer. 

The genomic DNA was isolated using the reagents provided in the kit. 

Chromatin Isolation by RNA purification (ChIRP) 

For Paper IV, the ChIRP was performed as previously described (Chu et al., 2012). The probes 

with BiotinTEG labeling at the 3’ end were designed by Biosearch Technologies 

(www.biosearchtech.com) and generated from Eurofins Scientific. Cells were cross-linked and 

quenched, and the nuclei were isolated using Swelling buffer. The nuclei were lysed in the 

Nuclear Lysis Buffer and sonicated using Bioruptor for 3 hours at 4 degrees. The chromatin 

was incubated with the probes for 4 hours at 37 degrees, and the RNA-chromatin complex was 

captured with Dynabeads MyOne Streptavidin C1 magnetic beads (ThermoFisher Scientific). 

The chromatin was reversely cross-linked with Proteinase K (20 mg/ml), and DNA was 

purified using Phenol: chloroform: isoamyl alcohol. 

In vivo wound mouse model 

For paper IV, The Snhg26 knockout mice and their control littermates were generated by 

Cyagen Biosciences Company. The C57BL/6J wild-type mice were purchased from Charles 

River. 8-weeks old mice were caged individually one week before in vivo wound experiments. 

Dorsal hairs were shaved with clippers, followed by a depilatory cream. On the same day, 

general anesthesia was performed with 3% isoflurane. Two 4-mm full-thickness wounds 

extending through the panniculus carnosus were made on the dorsum on each side of the 

midline using a biopsy punch. During the first two days, the mice received Intraperitoneal 

injection of buprenorphine (0.03 mg/kg) twice a day. Wound areas were photographed every 

day. The size of wound areas was calculated with ImageJ.  
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Statistics  

GraphPad Prism Version 7 (Dotmatics) was used to perform data analysis. Statistical 

significance among the two groups was determined by a two-tailed Student’s t-test (parametric 

test) or Mann-Whitney Test (non-parametric test). The significance among multiple groups 

was determined by one-way ANOVA. Pearson’s correlation test was performed on log2- 

transformed data. The data were considered significant when P < 0.05. 
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4 Results and discussion 
4.1 Long noncoding RNA WAKMAR1 promotes keratinocyte migration 

and re-epithelialization during human skin wound healing 
 
Rationale 

WAKMAR1 (also called LOC105372576) was an annotated but uncharacterized lncRNA. By 

comprehensive analysis of published microarray data, we found WAKMAR1 was a top-

downregulated lncRNA in DFUs compared to the intact skin (Ramirez et al., 2018). 

Additionally, WAKMAR1 is mainly expressed in the skin compared to the other 26 human 

tissues (Fagerberg et al., 2014), which prompted us to investigate the function and mechanism 

of this lncRNA underlying human skin wound healing. 

Main findings 

WAKMAR1 is downregulated in wound-edge keratinocytes of human chronic 
wounds. 

To explore the expression mode of WAKMAR1 in normal and chronic wounds, we collected 

one-day (NW1) and seven-day (NW7) wound edges from healthy volunteers, representing 

inflammatory and proliferative phases of normal wound healing, respectively. Wound edges 

from patients with VUs or DFUs were also collected. We demonstrated that WAKMAR1 was 

upregulated in NW1 and NW7 compared to the intact skin, whereas its expression significantly 

decreased in VUs and DFUs compared to NW7 by qRT-PCR analysis (Fig. 7A, B). 

Furthermore, using LCM to isolate the epidermis, we confirmed that WAKMAR1 was 

specifically reduced in the epidermis of VUs compared to the skin and NW7 (Fig. 7C). In order 

to investigate the mechanism regulating WAKMAR1 expression, primary keratinocytes were 

treated with a panel of wound healing-related cytokines and chemokines. Our qRT-PCR results 

showed TGF-β superfamily (TGF-β1, TGF-β2, TGF-β3, and BMP-2) led to the upregulation 

of WAKMAR1 (Fig. 7D). Importantly, co-treatment of TGF-β2 and BMP-2 showed a stronger 

synergistic effect on increasing WAKMAR1 expression, which was mitigated by SB431542 

and/or DMH1 that inhibit TGF-β type I receptor and BMP type I receptors, respectively (Hao 

et al., 2010) (Inman et al., 2002) (Fig. 7E). Moreover, silencing SMAD1, SMAD3, or SMAD4 

significantly decreased WAKMAR1 expression induced by TGF-β2 and BMP-2 (Fig. 7F).  
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WAKMAR1 is required for keratinocyte migration and re-epithelialization of 
human ex vivo wounds. 

Due to the altered expression of WAKMAR1 in chronic wounds compared to NW7, we 

hypothesized that it might play a role in keratinocyte migration that is impaired in nonhealing 

wounds. To this end, we transfected primary keratinocytes with WAKMAR1-specific 

GapmeRs, and confirmed its downregulation by qRT-PCR analysis (Fig. 8A). Using the 

scratch and transwell assay, we showed the migration rate and capacity were significantly 

reduced upon WAKMAR1 knockdown (Fig. 8B). Furthermore, we increased WAKMAR1 

expression using a CRISPR/SAM system that promoted its endogenous transcription (Joung et 

al., 2017) (Fig. 8C). Overexpression of WAKMAR1 increased migration rate of keratinocytes 

(Fig. 8D). To study the function in a more physiological state, we used a human ex vivo model. 

In brief, a wound was generated on the excised human skin that was cultured for 4-7 days 

(Stojadinovic and Tomic-Canic, 2013). WAKMAR1-specific GapmeRs were applied on the 

wounds on the first day and every other day. We confirmed WAKMAR1 was significantly 

downregulated in the epidermis but not the dermis of ex vivo wounds (Fig. 8E). WAKMAR1 

silencing resulted in delayed re-epithelialization analyzed by quantifying newly formed 

epidermis (Paper I, Fig. 3J).  

Figure 7 WAKMAR1 is downregulated in wound-edge keratinocytes of human chronic wounds and 
activated by TGFβ signaling. qRT-PCR of WAKMAR1 in the skin, normal wounds, and venous ulcers A, 
as well as diabetic foot ulcers B. C qRT-PCR of WAKMAR1 in the epidermis isolated from the skin, and 
wound edges of normal wounds and venous ulcers. D qRT-PCR of WAKMAR1 in keratinocytes treated 
with cytokines or growth factors for 24h. qRT-PCR of WAKMAR1 in keratinocytes treated with growth 
factors and/or inhibitors E or transfected with SMAD1-, SMAD3-, and SMAD4-specific siRNAs, followed 
by treatments of growth factors F.  
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Figure 8 WAKMAR1 is required for keratinocyte migration and re-epithelialization of human ex vivo 
wounds. A qRT-PCR of WAKMAR1 in keratinocytes transfected with WAKMAR1-specific GapmeRs. B 
Scratch wound (left) and transwell migration assay (right) of keratinocytes after WAKMAR1 knockdown. 
qRT-PCR of WAKMAR1 C and scratch wound assay D in keratinocytes transfected with CRISPR/Cas9-
SAM plasmids. E qRT-PCR of WAKMAR1 in LCM-isolated epidermis and dermis of human ex vivo 
wounds treated with CRISPR/Cas9-SAM plasmids. 

WAKMAR1 regulates a gene network associated with keratinocyte migration, 
where E2F1 acts as an upstream regulator. 

To investigate the mechanism underlying the promigratory function of WAKMAR1, we 

performed a transcriptomic analysis in keratinocytes with WAKMAR1 knockdown. Cell 

migration-associated genes were significantly enriched for downregulated genes upon 

WAKMAR1 knockdown by GSEA (Fig. 9A). Using STRING protein network analysis (von 

Mering et al., 2007), we identified several hub migration regulators that were controlled by 

WAKMAR1 (Fig. 9B). Expression changes of the hub genes (CDK6, HMMR, E2F1, KIF11, 

and FOS) were further validated in keratinocytes and human ex vivo wounds after WAKMAR1 

silencing or overexpression. We demonstrated that they were downregulated upon 

WAKMAR1 knockdown, whereas WAKMAR1 overexpression enhanced their levels (Paper 

I, Fig. 4C-E). Moreover, the knockdown of the genes delayed cell migration, which is 

consistent with the phenotype observed by WAKMAR1 downregulation (Paper I, Fig. 4F). 

To identify if the WAKMAR1-regulated gene network was governed in a coordinated manner 

by common TFs, we performed MetaCore TF analysis, which showed that E2F1 was the top 

WAKMAR1-regulated TF (Fig. 9C). In line with it, GSEA demonstrated that E2F1-regulated 

genes were significantly enriched for downregulated genes upon WAKMAR1 knockdown 
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(Fig. 9D). Importantly, silencing of E2F1 abolished the pro-migratory effect caused by 

WAKMAR1 overexpression (Fig. 9E). The results suggested that E2F1 mediated the 

biological function of WAKMAR1. In order to study the physiological role of E2F1 in wound 

healing, we explored its expression pattern in NWs and chronic wounds. Similar to 

WAKMAR1, E2F1 was downregulated in VUs and DFUs compared to NW7 (Paper I, Fig. 

5E-G). In addition, there was a significantly positive correlation between E2F1 and 

WAKMAR1 expression during wound healing (Paper I, Fig. 5H-J).  

 

Figure 9 WAKMAR1 regulates a gene network associated with keratinocyte migration, where E2F1 
acts as an upstream regulator. A GSEA for the cell migration-related genes using microarray data in 
keratinocytes with WAKMAR1 knockdown. B STRING protein network analysis within deregulated 
genes after WAKMAR1 knockdown. C MetaCore TF analysis using WAKMAR1-regulated genes. D 
GSEA for E2F1-target genes using microarray data in keratinocytes with WAKMAR1 knockdown. E 
Scratch wound assay of keratinocytes upon WAKMAR1 overexpression and/or E2F1 silencing. 

WAKMAR1 regulates DNA methylation at the E2F1 promoter and thus 
influences its expression. 

WAKMAR1 was mainly localized in the nucleus (Paper I, Fig. 2G, 3E), which suggests that 

WAKMAR1 may play a role in cis that regulates the expression of neighboring genes. 

Moreover, we showed that E2F1 was the top downregulated gene located in the same 

chromosome as WAKMAR1 (Fig. 10A). This prompted us to investigate how WAKMAR1 

regulates E2F1 expression. We found that knockdown of WAKMAR1 led to high methylation 

levels at CpG1 and CpG5 regions at the E2F1 promoter, whereas WAKMAR1 overexpression 

inhibited them by analyzed by methyl-sensitive restriction enzyme (MSRE) qPCR (Fig. 10B, 

C). We hypothesized that WAKMAR1 might regulate DNA methylation via DNA 
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methyltransferases (DNMTs). The RIP results revealed that WAKMAR1 physically interacted 

with DNMT1, DNMT3A, and DNMT3B. Furthermore, we performed ChIP-qPCR and 

demonstrated DNMT1 occupancy at CpG1 and CpG5 regions was increased upon 

WAKMAR1 knockdown, whereas it was decreased after WAKMAR1 overexpression (Fig. 

10D).  

 

Figure 10 WAKMAR1 regulates DNA methylation at the E2F1 promoter and thus influences its 
expression. A Expression change of genes localized at Chr20 in keratinocytes with WAKMAR1 
knockdown. B CpG sites and regions analyzed by ChIP-qPCR at the E2F1 promoter. C MSRE-qPCR 
analysis of DNA methylation at CpG1 in keratinocytes upon WAKMAR1 knockdown (left) or 
overexpression (right). D ChIP-qPCR of region 1 at the E2F1 promoter in keratinocytes after WAKMAR1 
knockdown (left) or overexpression (right) using DNMT1 antibody or IgG. 

Discussion 

E2F1 knockout exhibits delayed migration and impaired proliferation in keratinocytes, and 

wound healing is delayed in E2F1-deficient mice characterized by reduced re-epithelialization 

(D'Souza et al., 2002). Our study revealed its clinical relevance to DFUs and VUs, where E2F1 

was significantly downregulated compared to NW7. By the STRING network analysis and 

GSEA, we confirmed that E2F1 was a hub gene downregulated upon WAKMAR1 knockdown, 

and its regulated genes were enriched for downregulated genes after WAKMAR1 silencing. 

E2F1 silencing could entirely abolish the enhanced keratinocyte migration caused by 

WAKMAR1 overexpression. Our data suggest that WAKMAR1 regulates keratinocyte 

migration via E2F1. 
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LncRNAs play critical roles in epigenetic regulation. They interact with chromatin modifier 

proteins, act as regulators of DNA methylation, and influence chromatin architecture 

(Morlando and Fatica, 2018). Around 70-80% of CpG sites with DNA methylation are found 

in mammalian genomes (Li and Zhang, 2014). DNA methylation is mainly found in CpG 

dinucleotides, where the fifth carbon of cytosines (5-methylcytosine, 5mC) is methylated. 

Promoter and first-exon regions containing DNA methylation lead to repressive transcription 

of the related genes. DNMT3A and DNMT3B result in the establishment of DNA methylation, 

and DNMT1 is critical for methylation maintenance (Greenberg and Bourc'his, 2019). 

LncRNAs DACOR1 and ecCEBPA have been shown to interact directly with DNMT1. 

DACOR1 contributes to the re-localization of DNMT1 and thus regulates the expression of 

specific genes. By contrast, ecCEBPA inhibits DNMT1 by sequestering DNMT1 from its 

functional loci. 

In this study, we have identified WAKMAR1 as an epigenetic regulator, modulating 

methylation levels at the E2F1 promoter by interacting with DNMTs during skin wound 

healing. To provide more insights into the mechanism, we demonstrated the increased 

methylation level at CpG1 and CpG5 at the E2F1 promoter upon WAKMAR1 knockdown, but 

the level decreased after WAKMAR1 overexpression. Furthermore, we performed RIP, and 

WAKMAR1 was specifically enriched in precipitants purified with DNMT3A, DNMT3B, and 

DNMT1 antibodies. This result demonstrated that WAKMAR1 could physically interact with 

DNMT3A, DNMT3B, and DNMT1. Importantly, our ChIP-qPCR analysis showed that 

WAKMAR1 silencing increased the occupancy of DNMT1 at the E2F1 promoter, whereas 

overexpression of WAKMAR1 decreased it, suggesting that WAKMAR1 sequesters DNMTs 

from E2F1 promoter and thus inhibits the DNA methylation and promotes E2F1 transcription. 
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4.2 Comprehensive small and long RNA omics analysis of normal 
wounds and venous ulcers identifies clinically relevant microRNAs 

 
Rationale 

MiRNAs hold great potential as therapeutic entities. However, most existing knowledge 

regarding skin wound healing comes from animal wounds or in vitro studies, which is 

challenging to fully simulate the human disease complexity, and the mechanism identified in 

the animal models could fail to extrapolate to humans. In this project, we aimed to profile both 

miRNA and mRNA expression in the same human normal wounds and venous ulcer biopsies 

and identify the core miRNA regulators that control the gene regulatory network critical for 

human skin wound healing. 

Main findings 

Dysregulated miRNAs and mRNAs in venous ulcers. 

To establish a systematic and comprehensive gene regulatory network, we performed small 

and long RNA sequencing in the same skin and wound tissues from age- and gender-matched 

healthy donors and VU patients. A differential expression analysis identified 32 miRNAs and 

424 mRNAs significantly dysregulated in VUs compared to the skin, NW1, and NW7 (Paper 

II, Fig. 1c-e). We also performed weighted gene co-expression network analysis (WGCNA), 

revealing 13 miRNA expression modules across these tissue samples. In particular, miRNA 

modules 8 and 12 (m8 and m12) were upregulated, whereas m3, m7, and m9 modules were 

downregulated in VUs (Fig. 11A). In parallel, we performed WGCNA for the long RNA-seq 

data and found that mRNA module 9 (M9), M10, M11, and M12 were upregulated while M5 

was downregulated in VUs (Fig.11B). We also showed upregulated genes in VUs were related 

to the extracellular matrix organization, cell adhesion, inflammation, and adaptive immunity 

whereas downregulated genes were involved in RNA processing, protein production as well as 

cell mitosis (Paper II, Fig. 2f). 
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Figure 11 Weighted gene co-expression network analysis of miRNAs and mRNAs in human wound 
healing. Heatmap shows Pearson’s correlations between miRNA module eigengenes and sample 
groups A, and mRNA module eigengenes and sample groups B. The positive and negative correlations 
are indicated in red and blue, respectively. 

The miRNAs contribute to the gene regulatory network in venous ulcers. 

To understand how miRNAs contribute to dysregulated mRNAs in VUs, we performed a 

correlation analysis between VU-associated miRNA and mRNA modules (Paper II, Fig. 3d). 

Among the negatively correlated miRNA and mRNA modules, we discovered that the 

predicted targets of downregulated m9 miRNAs were enriched for upregulated M9 mRNA 

module, while the predicted targets of upregulated miRNAs and m8 miRNAs were enriched 

for the downregulated mRNAs and M5 mRNA module, suggesting that miRNAs have a 

significant contribution to the abnormal gene expression in VUs (Fig. 12A). Furthermore, we 

identified a shortlist of miRNAs with their targets significantly enriched for the VU-associated 

mRNA modules, downregulated mRNAs, and upregulated mRNAs in VUs. The predicted 

targets of two VU-related downregulated miRNAs (miR-144-3p and miR-218-5p) and five m9 

miRNAs (miR-205-5p, miR-211-5p, miR-506-3p, miR-509-3p, and miR-96-5p) were enriched 

for the upregulated M9 mRNAs, whereas the targets of three VU-related upregulated miRNAs 

(miR-450-5p, miR-512-3p, and miR-516b-5p) and seven m8 miRNAs (miR-424-5p, miR-34a-

5p, miR-34c-5p, miR-516a-5p, miR-517a-3p, miR-517b-3p, and miR-7704) were enriched for 



 

 41 

M5 mRNAs and downregulated mRNAs in VUs (Fig. 12B). We propose that these miRs may 

contribute to chronic wound pathology because both their expression and targets are 

specifically correlated with the phenotypic trait, VU.  

 

Figure 12 The miRNAs contribute to the gene regulatory network in venous ulcers. Heatmaps show the 
enrichment analysis of deregulated miRNAs and miRNAs in VU-associated modules A and the 
individual candidate miRNAs B in deregulated mRNAs and mRNAs in VU-associated mRNA modules. 

Experimental validation of miRNA expression and cooperativity of miRNAs 
involved in venous ulcers. 

To validate our findings in silico, I first validated the expression of nine differentially expressed 

miRNAs in a bigger cohort by qRT-PCR. Consistent with RNA sequencing data, miR-149-5p, 

miR-218-5p and miR-96-5p were downregulated, whereas miR-7704, miR-424-5p, miR-31-

3p, miR-450b-5p, miR-516b-5p and miR-517b-3p were upregulated in VUs (Paper II, Fig. 

5a-j). We previously characterized the upregulation of miR-34a/c-5p in VUs (Wu et al., 2020). 

To confirm the targets of the miRNAs, we performed microarray analyses in keratinocytes or 

fibroblasts transfected with miRNA mimics. Also, we re-analyzed the published microarray 

data of keratinocytes with miR-34a/c-5p overexpression (Wu et al., 2020). We found that the 

predicted targets of these miRNAs were significantly downregulated compared to non-targeted 

mRNAs (Paper II, Fig. 6a-j). Importantly, the experimentally validated targets of miR-34a/c-

5p and miR-7704 were significantly enriched for the M5 mRNA module, whereas the targets 

of miR-218-5p were enriched for the upregulated mRNAs and the M9 module in VUs, 

suggesting their potential involvement in chronic wound pathology (Paper II, Fig. 6k). 

Additionally, functional annotations were performed using the targets regulated by VU-

associated miRNAs (Paper II, Fig. 8a). The upregulated miRNAs in VU (miR-34a/c-5p, miR-
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424-5p, miR-450-5p, miR-7704, and miR-516-5p) were predicted to enhance inflammation but 

impair proliferation, whereas the downregulated miRNAs (miR-218-5p and miR-96-5p) were 

needed to regulate cell growth (Fig. 13A). This prompted us to further validate the cooperative 

role of miRNAs in cell migration, proliferation, and immune response. To this end, we co-

transfected miR-34a-5p and miR-424-5p mimics in primary keratinocytes and investigated cell 

growth by detecting cell proliferation marker Ki67. The combination caused a stronger 

inhibitory effect on keratinocyte proliferation than the single miRNA overexpression (Fig. 

13B, Paper II, Fig. 9b). In line with it, the cooperatively repressive effect of miR-34a-5p and 

miR-424-5p on cell growth was confirmed in a live cell imaging system (Paper II, Fig. 9c). 

Moreover, simultaneous overexpression of miR-34a-5p and miR-424-5p inhibited cell 

migration, whereas knockdown of miR-34a-5p or miR-424-5p promoted it (Paper II, Fig. 9d-

g). By bioinformatics analysis, miR-34a/c-5p and miR-516b-5p jointly regulated a set of genes 

associated with an inflammatory response, indicating that they may cooperate in impacting 

stronger on the response (Paper II, Fig.8e, f). We demonstrated the higher expression of 

inflammatory cytokine CCL20 upon simultaneous overexpression of miR-34-5p and miR-

516b-5p compared to overexpression of the individual miRNAs by qRT-PCR (Fig. 13C). 

 

Figure 13 Cooperativity of the miRNAs involved in venous ulcers. A Molecular Signatures Database 
hallmarks analysis using genes up- or downregulated by the miRNAs. B qRT-PCR of Ki67 in 
keratinocytes with miR-34a-5p and/or miR-424-5p overexpression. C qRT-PCR of CCL20 in 
keratinocytes with miR-34a-5p and/or miR-516b-5p overexpression. 
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Discussion 

In this study, we revealed the temporal expression changes of miRNAs and mRNAs in normal 

skin wound healing and compared them to VU-relevant signatures. In addition to identifying 

differentially expressed miRNAs and mRNAs, we performed WGCNA to arrange them into 

multiple expression modules according to their co-expression patterns. In line with previous 

studies, skin hemostasis and barrier functions-related genes were downregulated in the wounds; 

genes associated with immune response, RNA processing, and protein production were 

enriched for NW1, and genes involved in cell mitosis were enriched for NW7. Furthermore, 

we identified TFs driving these biological processes. For example, NFKB1 and RELA play a 

vital role in immune functions which act as the upstream regulators for M1 mRNAs (Liu et al., 

2017). E2F1 is required to enhance cell growth that regulates many genes enriched for M7 

mRNAs (Ertosun et al., 2016). 

In addition, our study revealed that downregulated genes in VUs were associated with RNA 

processing and protein production, as well as cell mitosis, whereas upregulated genes in VUs 

were related to the extracellular matrix organization, cell adhesion, inflammation, and adaptive 

immunity. These findings were consistent with the previous observation in patients with VUs 

(Blumberg et al., 2012) (Pappas et al., 1999) (Stone et al., 2020). We demonstrated that the 

predicted targets of downregulated m9 miRNAs were enriched for the upregulated M9 mRNAs 

in VU. The m9 miRNAs might be driven by TFs, including KLF4, KLF5, GATA3, and 

GRHL2, as their binding sites are enriched for this miRNA module. Previous studies have 

shown the downregulation of GATA3 and KLF4 in VU (Stojadinovic et al., 2008) 

(Stojadinovic et al., 2014). 

Moreover, we performed functional annotations for the targets regulated by VU-relevant 

miRNAs to identify the cooperation between the miRNAs. MiRNA cooperativity can 

contribute to synergistic repression on target genes, increasing the specificity and efficacy of 

treatment (Lai et al., 2019). We analyzed miRNA annotated functions and their expression 

changes, suggesting that the upregulated miRNAs in VU (miR-34a/c-5p, miR-424-5p, miR-

450-5p, miR-7704, and miR-516-5p) enhance inflammation but inhibit proliferation, whereas 

miR-218-5p and miR-96-5p required for proliferation are downregulated in VU. Furthermore, 

we experimentally validated the combined effect of miR-34a-5p and miR-424-5p on cell 

proliferation and migration and that of miR-34a-5p and miR-516b-5p on the immune response. 

The combination of miR-34a-5p and miR-424-5p had a stronger repressive effect on cell 

proliferation and migration compared to overexpression of the individual miRNAs. 
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Simultaneous overexpression of miR-34a-5p and miR-516b-5p produced more CCL20 

mRNAs compared to single overexpression of miR-34a-5p or miR-516b-5p.  

Overall, we performed a comprehensive and integrative analysis of miRNA and mRNA 

profiling in normal wounds and venous ulcers and thus identified VU-relevant miRNAs by 

analyzing the expression of their targets in VU. Additionally, we developed a compendium 

(https://www.xulandenlab.com/humanwounds-mirna-mrna), which is an open resource and 

valuable for future research in human skin wound healing. 
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4.3 Investigating the role of long noncoding RNA HOXC13-AS in 
epidermal differentiation 

 

Rationale 

LncRNAs constitute important layers of epigenetic regulation. However, the role of lncRNAs 

in skin wound healing is mostly unclear. We identified HOXC13-AS as a skin-specific 

lncRNA, and its expression was significantly downregulated during human skin wound 

healing. In the study, we aimed to reveal the biological function and underlying mechanism of 

HOXC13-AS. 

Main findings 

HOXC13-AS is downregulated in wounds due to high growth factors and 
decreased differentiation. 

We performed RNA-seq analysis in full-thickness skin and wound biopsies, as well as CD45 

negative epidermal cells (enriched with keratinocytes) isolated from the skin and day-7 wounds 

of healthy donors. Among 19 lncRNAs deregulated in wound tissues and epidermal cells, 

HOXC13-AS was the top skin-specific lncRNA. It was significantly downregulated in wound-

edge epidermal cells compared to the skin (Paper III, Fig.1b, c). Its decreased expression in 

wound healing was further confirmed in a larger cohort by qRT-PCR and FISH analysis (Paper 

III, Fig. 1g, i, j, k). Using single-cell RNA sequencing analysis in human skin, we demonstrated 

that HOXC13-AS was specifically expressed in granular cells (differentiated keratinocytes) 

(Paper III, Fig. 2a, b, c). Furthermore, we performed a correlation analysis between HOXC13-

AS and other expressed genes in the granular cells, and the top 50 HOXC13-AS-correlated 

genes were enriched for biological processes related to skin development and keratinocyte 

differentiation, suggesting HOXC13-AS is involved in the processes (Paper III, Fig. 2d).  

To study signaling pathways regulating HOXC13-AS expression, I treated keratinocytes with 

a panel of growth factors and cytokines highly relevant to wound healing (Barrientos et al., 

2008). EGF and HB-EGF, the growth factors in the EGFR pathway, inhibited HOXC13-AS 

expression by qRT-PCR analysis (Paper III, Fig. 3a). To test if EGF affects HOXC13-AS 

transcription or stability, we captured and purified nascent HOXC13-AS after EGF treatment 

for 8h. The decreased expression of the newly transcribed HOXC13-AS was confirmed by 

qRT-PCR analysis (Fig. 14A). EGF did not influence HOXC13-AS degradation in 

keratinocytes treated with EGF and Actinomycin D, a chemical blocking gene transcription 
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(Fig. 14B). The results indicate EGF may inhibit HOXC13-AS expression through reducing 

its transcription. Moreover, blocking EGFR signaling with its inhibitor AG-1478 (Kolev et al., 

2008) increased HOXC13-AS expression in a dose-dependent manner (Paper III, Fig. 3d). As 

EGFR signaling is a negative regulator in epidermal cell differentiation (Kolev et al., 2008), 

we then examined the expression of HOXC13-AS in a calcium-induced keratinocyte 

differentiation model, where HOXC13-AS expression gradually increased over time (Fig. 

14C). Besides, we have shown that genes involved in epidermal cell differentiation were 

downregulated during wound repair (Liu et al., 2022). Our data suggest that the expression of 

HOXC13-AS decreases in the wounds, likely due to high growth signaling and decreased 

differentiation. 

 

Figure 14 HOXC13-AS is downregulated in wounds due to high growth factors and decreased 
differentiation. A qRT-PCR analysis of total and nascent HOXC13-AS in keratinocytes after EGF 
treatment for 8 hours. B qRT-PCR analysis of HOXC13-AS in keratinocytes treated with EGF and then 
actinomycin D for 0-24 hours. C qRT-PCR analysis of HOXC13-AS in keratinocyte progenitors and 
differentiated keratinocytes induced with calcium. 

HOXC13-AS promotes keratinocyte differentiation. 

To understand the biological function of HOXC13-AS, we inhibited its expression using 

siRNA pools and overexpressed it with a HOXC13-AS expression vector. The efficiency of 

knockdown and overexpression was confirmed by qRT-PCR and FISH analysis (Paper III, 

Fig. 4a-c). Moreover, neither HOXC13-AS knockdown nor overexpression affected HOXC13 

expression (Paper III, Supplementary Fig. 3). We then performed microarray analysis in 

differentiated keratinocytes induced by calcium. GO analysis revealed that the biological 

processes related to epidermis development and keratinocyte differentiation were enriched for 

the downregulated genes, whereas leukocyte chemotaxis was enriched for the upregulated 

genes in differentiated keratinocytes with HOXC13-AS knockdown (Fig. 15A). To evaluate 

the role of HOXC13-AS in a more physiological state, we performed correlation analyses using 

RNA sequencing data of human wound tissues and isolated epidermal cells. There was a 

positive correlation between HOXC13-AS and differentiation-related genes but a negative 
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correlation between HOXC13-AS and inflammation-related genes (Fig. 15B). In addition, I 

assessed HOXC13-AS function in the suspension-induced differentiation model and 

organotypic epidermis, where differentiation markers KRT10, FLG, and IVL were 

downregulated after HOXC13-AS knockdown, whereas they were upregulated upon 

HOXC13-AS overexpression, suggesting HOXC13-AS promotes keratinocyte differentiation 

(Paper III, Fig. 5, Supplementary Fig. 5). 

 

Figure 15 HOXC13-AS regulates keratinocyte differentiation and inflammatory response. A Heatmap 
(left) shows the differentially expressed genes (DEGs) in differentiated keratinocytes with HOXC13-AS 
knockdown. GO analysis using DEGs is shown in the middle. The DEGs related to the GO terms are 
shown in the right heatmap. B Correlation analysis of HOXC13-AS and genes using RNA-seq of 
biopsies and epidermal cells. 

HOXC13-AS interacts with COPA protein and interferes with the Golgi-ER 
retrograde transport. 

We demonstrated that HOXC13-AS was mainly localized in the cytoplasm analyzed by FISH 

and fractionation assays, suggesting HOXC13-AS may act in trans (Paper III, Fig. 4a, b, 6a). 

To explore the underlying molecular mechanism of HOXC13-AS, we performed in vitro 

biotinylated RNA synthesis, followed by RNA pulldown. We then analyzed the protein 

partners co-precipitated with biotinylated HOXC13-AS using gel electrophoresis, followed by 

silver staining. Compared to the poly (A)25 RNA pull-down fraction, a more intensive band at 

around 150 kDa was observed in the HOXC13-AS pull-down fraction, so the areas were 

excised for mass spectrometry analysis (Paper III, Fig. 6c). We found COPI Coat Complex 

Subunit Alpha (COPA), eukaryotic translation initiation factor 3 subunit A (EIF3A) and High-

density lipoprotein binding protein (VIGLN) more enriched for HOXC13-AS pull-down 

fraction (Paper III, Fig. 6d). Next, we assessed if their function is associated with keratinocyte 

differentiation where HOXC13-AS plays a vital role. Knockdown of COPA significantly 



 

48 

upregulated the expression of differentiation markers, including KRT10, FLG, and IVL (Fig. 

16A, Paper III, Fig. 6e, g, h). Western blot confirmed more COPA proteins in the HOXC13-

AS pull-down fraction (Fig. 16B). Moreover, the specific interaction between HOXC13-AS 

and COPA was further validated using RIP, followed by qRT-PCR (Fig. 16C, Paper III, Fig. 

6l). These results suggest HOXC13-AS may regulate keratinocyte differentiation via its 

interaction with COPA. 

COPA constitutes a part of coatomer protein complex I (COPI) that is indispensable for 

retrograde transport from the Golgi to the endoplasmic reticulum (ER). Next, we evaluated if 

HOXC13-AS is also involved in the transport. To this end, we treated cells with brefeldin A 

(BFA), which blocks the ER-to-Golgi transport, and then examined the redistribution area of 

the Golgi marker GM130, representing the Golgi-to-ER transport (Paper III, Fig. 7a, b). We 

found that HOXC13-AS knockdown increased, but HOXC13-AS overexpression decreased 

GM130 retrograde transport (Paper III, Fig. 7c, d). A previous study has shown that COPA 

deficiency leads to ER stress that triggers the unfolded protein response (UPR) (Watkin et al., 

2015). We confirmed the upregulation of ER stress genes (sXBP1, tXBP1, ATF4, CHOP, BIP, 

and EDEM) upon COPA silencing (Fig. 16D). Notably, we demonstrated that knockdown of 

HOXC13-AS decreased the expression of ER stress markers, whereas HOXC13-AS 

overexpression enhanced their expression (Fig. 16E, F). Importantly, co-depletion of 

HOXC13-AS and COPA rescued the repressive effects of HOXC13-AS knockdown on 

keratinocyte differentiation, ER stress, and GM130 retrograde transport, suggesting the 

function of HOXC13-AS is dependent on COPA (Fig. 16G, H; Paper III, Fig. 8d). 
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Figure 16 HOXC13-AS interacts with COPA protein and interferes with Golgi-ER retrograde transport. 
A qRT-PCR of KRT10 in differentiated keratinocytes after COPA knockdown. B Western blot of COPA 
after HOXC13-AS or control RNA pulldown. C qRT-PCR analysis of HOXC13-AS retrieved from RIP 
using COPA antibody or IgG. qRT-PCR analysis of ER stress markers in differentiated keratinocytes 
after COPA knockdown D, HOXC13-AS knockdown E, or HOXC13-AS overexpression F. qRT-PCR 
analysis of differentiation markers G, and ER stress markers H in differentiated keratinocytes with 
individual HOXC13-AS or COPA knockdown, or co-depletion of HOXC13-AS and COPA. 

Discussion 

By analyzing RNA sequencing data of wound tissues and isolated epidermal cells, we 

identified a recently evolved and non-conserved human lncRNA HOXC13-AS, which plays a 

vital role in keratinocyte differentiation. In previous studies, HOXC13-AS has been identified 

as a biomarker in various cancer types (Gao et al., 2019; Li et al., 2020b; Li et al., 2019; Liu et 

al., 2019; Wang et al., 2021; Xiong et al., 2020; Zhou et al., 2019). To the best of our 

knowledge, our study first revealed the physiological function of HOXC13-AS, particularly in 

the skin and keratinocytes, where HOXC13-AS was mainly expressed. A lack of more 

physiological studies of HOXC13-AS also suggests its low expression in other tissues. 
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HOXC13-AS acts as an oncogene, enhancing cancer cell proliferation (Li et al., 2020b). 

However, HOXC13-AS knockdown did not influence keratinocyte migration or proliferation 

in our study. 

Although a previous study has demonstrated that physiological ER stress is activated during 

keratinocyte differentiation, the mechanism is still unknown (Sugiura et al., 2009). In the study, 

we discovered HOXC13-AS hijacked COPA that interfered with the Golgi-to-ER retrograde 

transport and thus promoted ER stress and keratinocyte differentiation. COPA constitutes a 

part of COPI and mediates the retrograde transport of cargo proteins from the Golgi to the ER 

and within cis-Golgi compartments (Beck et al., 2009). COPA mutation leads to impaired 

retrograde transport and thus causes ER stress, as well as UPR and NF-κB pathway activation 

(Todd et al., 2008). We demonstrated that COPA knockdown enhanced ER stress and 

promoted keratinocyte differentiation in vitro. As we did not find the expression change of 

COPA across different epidermal layers in human skin, the increased ER stress during 

keratinocyte differentiation may be attributed to highly expressed HOXC13-AS in the 

suprabasal layer. 
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4.4 Exploring the function of long noncoding RNA SNHG26 in skin 
wound healing 

 

Rationale 

The transition from the inflammatory phase to the subsequent proliferative phase is critical for 

wound healing. Failure of this phase transition results in non-healing wounds. Understanding 

the underlying mechanism may help develop novel treatments for wound healing. This study 

identified a conserved long noncoding RNA SNHG26, upregulated in the inflammatory and 

proliferative phases. We aimed to reveal the role of SNHG26 during this phase transition.  

Main findings 

LncRNA expression and function analysis in skin wound healing. 

By RNA-seq analysis, we identified 342 lncRNAs with significantly (one-way ANOVA, p ≤ 

0.005) altered expression in the skin, NW1 and NW7. Among these lncRNAs, 20 lncRNAs 

were conserved across humans and rodents (Paper IV, Fig. 1A). Next, we focused on these 

evolutionarily conserved lncRNAs and performed siRNA screenings to investigate their roles 

in the cell growth, migration, and inflammatory response in human primary keratinocytes. 

SNHG26 stood out from the 20 lncRNAs, as its downregulation significantly inhibited cell 

proliferation and cell migration, as well as enhanced production of the inflammatory cytokines 

(Paper IV, Fig. 1B). SNHG26 was upregulated in the inflammatory and proliferative phases, 

suggesting the pro-proliferative, pro-migratory, but anti-inflammatory roles during skin wound 

healing (Fig. 17A).  

SNHG26 is encoded on chromosome 7 in humans and on chromosome 5 in mice (Paper IV, 

Fig. 1C). The gene is located between the TOMM7 and FAM126A coding genes in both 

humans and mice, suggesting interspecies syntenic conservation (Paper IV, Supplementary 

Fig. 1). Similar to the expression of SNHG26 in human wound repair, it was transiently 

upregulated in the early phases of mouse wound healing (Fig. 17B). Importantly, we found that 

SNHG26 predominantly increased in wound-edge basal keratinocytes analyzed by FISH (Fig. 

17C). We also demonstrated that SNHG26 was nuclear located and polyadenylated noncoding 

RNA with a length of 3100 nts (Paper IV, Fig. 1H-L). 
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Figure 17 LncRNA expression in skin wound healing. qRT-PCR of SNHG26 in human skin and wounds 
A, and Snhg26 in mouse skin and wounds B. C FISH of SNHG26 in human skin and day 7 acute 
wounds.  

Single-cell transcriptomic analysis of impaired wound repair in Snhg26-KO 
mice. 

To study the role of SNHG26 in wound healing in vivo, we generated Snhg26 knockout (KO) 

mice. The Snhg26-KO mice showed an overall normal phenotype despite a little thinner 

epidermis than that of the wild-type (WT) littermate controls (Paper IV, Supplementary Fig. 

2). Importantly, Snhg26 KO significantly reduced the healing rate and the area of the epithelial 

tongue (Fig. 18A; Paper IV, Fig. 2F). In line with it, intradermal injection of SNHG26 

antisense oligonucleotides (ASOs) at the wound edges of the WT mice delayed wound healing 

(Paper IV, Fig. 2B). To unravel the mechanism underlying delayed wounds, we isolated 

epidermal cells from the skin and wounds of WT and KO mice for transcriptomic analysis. The 

biological processes related to the skin development and epidermis development were enriched 

for downregulated genes in the skin and wound of SNHG26 KO mice, whereas the 

inflammatory response was enriched for the upregulated genes in the wound of the KO mice 

(Paper IV, Fig. 2C, Supplementary Fig. 2). Additionally, increased macrophage presence 

(CD68+) was found at the wound-bed dermis in the Snhg26-KO mice analyzed by IF staining 

(Paper IV, Fig. 2H).  

Next, we performed single-cell RNA sequencing analysis in the skin and wounds from WT 

and KO mice. We identified 23 cell clusters, including keratinocytes (C1-C6), hair follicle cells 

(C7-C10), melanocytes (C11), fibroblasts (C12-C14), sebaceous gland cells (C15), vascular 

endothelial cells (C16-C17), muscle cells (C18-C19), macrophages (C20), T helper cells (Th 

cells, C21), gd T cells (C22), and Langerhans cells (C23) (Paper IV, Fig. 3A). We first 

compared the cell composition and discovered decreased C2_Basal stem and progenitors 2 

(Bas2) and C3_Bas3 cells but increased C4_Bas4 cells in the wounds of KO mice (Fig. 18B). 

To understand functional roles of the 3 subclusters, we performed functional annotations using 

their marker genes. Mitosis-related genes (e.g., Pcna and Mki67) were highly expressed in 

C2_Bas2, predicting that it is a proliferative cell cluster. Glycolysis is a hallmark for epithelial 
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cell migration and re-epithelialization during wound healing (Konieczny et al., 2022), and 

keratinocyte activation markers Krt6b and Krt16 (Cheng et al., 2013) were enriched for 

C3_Bas3. Moreover, the enrichment of multiple inflammation signals (e.g., the TFs Fosl1 and 

Rel) indicates C4_Bas4 as an inflammatory cell cluster (Hannemann et al., 2019; Hilliard et 

al., 2002) (Fig. 18C; Paper IV, Figure S4, S5A, Table S5, and S6). In line with it, the three 

progenitor clusters represented unique functional features when we compared combination 

scores using overall expression of genes associated with the biological processes, including 

proliferation, migration, and inflammation (Fig. 18D). Our data suggest fewer proliferative or 

migratory keratinocytes but more inflammatory keratinocytes in the wound edge of the 

Snhg26-KO mice than in those of the WT mice. 

 

Figure 18 Single-cell transcriptomic analysis of impaired wound repair in Snhg26-KO mice. A 
Representative wound images and healing rates of Snhg26-KO mice compared to those of WT mice. 
B Comparison of cell composition of the skin and wound between the KO and WT mice. C GO and 
KEGG analysis of the 200 most highly expressed DEGs in the three progenitor clusters. D The 
proliferation, migration, and inflammatory scores were plotted for each keratinocyte cluster. 
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SNHG26 inhibits the inflammatory response in human keratinocytes and 
promotes re-epithelization in human ex vivo wounds. 

To understand the function of SNHG26 in human wound healing, we inhibited SNHG26 

expression using SNHG26 antisense oligos in human keratinocytes and triggered the 

inflammatory response with TNFa. We then performed microarray analysis, and GO results 

showed that the biological processes related to I-kB/NF-kB signaling and cytokine-mediated 

signaling pathway were enriched for the upregulated genes, whereas the mitosis-associated 

genes were enriched for the downregulated genes after SNHG26 knockdown (Paper IV, Fig. 

4A). We further confirmed the upregulation of cytokines (e.g., IL6, IL8, and CCL20) after 

SNHG26 knockdown in mRNA levels. On the contrary, overexpression of SNHG26 inhibited 

TNFa-induced cytokine expression (Paper IV, Fig. 4B, C). Using scratch wound assays and 

cell proliferation assays, we confirmed SNHG26 silencing impaired keratinocyte migration and 

proliferation (Paper IV, Fig. 4D, E). Moreover, we showed that downregulation of SNHG26 

impaired re-epithelialization of human ex vivo wounds, indicating the physiological relevance 

of SNHG26 to human skin wound healing (Fig. 19 A-D). 

 

Figure 19 SNHG26 knockdown impaired re-epithelialization of human ex vivo wounds. A Schematic 
illustration showing the topical application of SNHG26-ASOs to human ex vivo wounds. B qRT‒PCR of 
SNHG26 expression in human ex vivo wounds with SNHG26 knockdown. C Representative 
photographs showing hematoxylin and eosin staining of ex vivo wounds. Black arrows indicate the initial 
wound edges, and red arrows indicate newly formed epidermis in the front of the tongue (day 5). D 
Quantification of wound re-epithelialization.  

SNHG26 guides ILF2 protein from the inflammatory genomic loci to LAMB3 
genomic locus. 

To investigate the mechanism underlying the essential biological functions of SNHG26, we 

first aimed to identify its protein partner and performed SNHG26 RNA pulldown, followed by 

gel electrophoresis and Coomassie staining. A stronger band at around 45 kDa was observed 

in the SNHG26 pull-down fraction than the negative control pull-down fraction, which was 
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enriched with interleukin enhancer binding factor 2 (ILF2) protein analyzed by mass 

spectrometry (Paper IV, Fig. 5A, B). Furthermore, RIP analysis revealed that SNHG26 was 

co-precipitated with the ILF2 protein using an ILF2-specific antibody (Paper IV, Fig. 5D, E). 

Our results suggest SNHG26 physically binds to ILF2. 

ILF2 is a transcription regulator for mitotic and inflammatory genes (Guan et al., 2008). To 

understand if SNHG26 regulates the inflammatory response mediated by ILF2, we performed 

ChIP sequencing and found that the occupancy of ILF2 at the promoter region of JUN was 

increased after SNHG26 silencing, which was validated by ILF2 ChIP‒qPCR (Fig. 20A, B). 

As a master transcription factor, Jun/AP1 regulates inflammatory gene expression in the 

epidermis (Guinea-Viniegra et al., 2009). Notably, by the scRNA-seq data analysis, we found 

that Jun expression was increased, and its regulated genes were significantly enriched for the 

upregulated genes in the wound-edge basal keratinocytes of Snhg26-KO wounds (Paper IV, 

Fig. 5K, L). 

As SHNG26 regulates cell migration and inflammatory response, we hypothesized that 

SNHG26 might facilitate ILF2 to pro-migratory gene loci during the transition from the 

inflammatory to the proliferative phase. To this end, we performed Chromatin Isolation by 

RNA Purification (ChIRP) that captures the SNHG26-chromatin complex using anti-SNHG26 

biotinylated oligos, and the DNA was purified for sequencing (Paper IV, Fig. 6A, B). We 

found high occupancy of SNHG26 at LAMB3 genomic locus (Fig. 20C). Importantly, we 

showed that SNHG26 knockdown significantly inhibited ILF2 binding to the LAMB3 locus 

analyzed by ILF2 ChIP-qPCR (Fig. 20D), suggesting that SNHG26 facilitates ILF2 protein to 

the LAMB3 locus by interacting with chromatin. LAMB3 is required for keratinocyte 

proliferation and migration (De Rosa et al., 2019). Consistent with the previous result, we 

showed that LAMB3 knockdown significantly inhibited keratinocyte migration and 

proliferation (Paper IV, Fig. 6F-J). In line with it, scRNA-seq analysis confirmed Lamb3 was 

significantly downregulated in the wound-edge basal keratinocytes in Snhg26-KO mice, 

compared to those in WT mice (Paper IV, Fig. 6M). 
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Figure 20 SNHG26 guides ILF2 protein from the inflammatory genomic loci to LAMB3 genomic locus. 
A Genome browser tracks of ILF2 ChIP-seq signal intensity showing increased enrichment of ILF2 at 
the promoter regions of JUN after SNHG26 knockdown. B ChIP‒qPCR analysis of ILF2 at the promoter 
of JUN in keratinocyte progenitors after SNHG26 knockdown. C Genome browser tracks of SNHG26 
CHIRP-seq signal intensity showing SNHG26 occupancy at the LAMB3 locus. D ChIP‒qPCR analysis 
of ILF2 at the promoter of LAMB3 in keratinocyte progenitors after SNHG26 knockdown. 

Discussion 

The failed transition from the inflammatory to the proliferative phase in skin wound healing is 

implicated in various types of wound complications, including chronic wounds and 

hypertrophic or keloid scars (Eming et al., 2017; Landen et al., 2016; MacLeod and 

Mansbridge, 2016; Toulon et al., 2009). To understand the underlying mechanism facilitating 

the transition, we focused on lncRNAs which act as epigenetic regulators in various 

pathological and physiological contexts (Reddy et al., 2014; Shan et al., 2017; Wan et al., 2013; 

Xing et al., 2014). By analyzing lncRNA expression in human skin and wounds and performing 

functional screenings, we discovered that SNHG26 plays pro-proliferative, pro-migratory, and 

anti-inflammatory roles. We further explored the function of SNHG26 in vivo using a 

genetically engineered-KO mouse model. In addition to delayed re-epithelialization observed 

in wounds of Snhg26-KO mice, single-cell RNA seq analysis revealed fewer proliferative or 

migratory but more inflammatory basal keratinocytes in the wound edge of the Snhg26-KO 

mice than that of the WT mice. 
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Mechanistically, SNHG26 physically binds to the ILF2 protein, which forms a heterodimer 

complex with ILF3 (Guan et al., 2008; Nourreddine et al., 2020) and plays a vital role in 

maintaining embryonic stem cell pluripotency and regulates the expression of cell cycle-

associated genes (Ye et al., 2017). In addition, this complex sequesters mitotic mRNAs from 

Staufen-mediated mRNA decay (Nourreddine et al., 2020). Moreover, the ILF2/ILF3 complex 

is reported to interact with the promoters of multiple inflammatory genes (e.g., IL2 and IL13) 

and immediate early genes (e.g., EGR1, FOS, and JUN) to modulate their transcription (Kiesler 

et al., 2010; Tsai et al., 2021; Wu et al., 2019). In this study, we showed SNHG26 interacted 

with ILF2 and guided it from the inflammatory genomic loci to the LAMB3 locus, which 

switches cell states of keratinocyte progenitors to facilitate cell proliferation and migration. In 

summary, we identified a conserved lncRNA SNHG26 as a vital regulator in basal 

keratinocytes' transition from the inflammatory to the proliferative state during skin wound 

healing. 
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5 Concluding remarks 
A comprehensive understanding of skin wound healing is challenging due to the high cellular 

diversity and complexity implicated in the process (Wilkinson and Hardman, 2020). Although 

animal models provide an indispensable resource for exploring molecular and cellular 

functions in wound healing, their relevance to humans raises questions. Noncoding RNAs, 

including long noncoding RNAs and microRNAs, exhibit tissue- and condition-specific 

expression patterns and play vital roles in gene regulation. Unraveling the functions of 

noncoding RNAs in human skin wound healing facilitates their potential therapeutic 

applications. In our studies, we performed high-throughput small and long RNA sequencing in 

human wound tissues and isolated epidermal cells, and several long noncoding RNAs and 

microRNAs were identified in wound repair. 

In Paper I, we identified a lncRNA WAKMAR1, which was upregulated during human skin 

wound healing but deficient in non-healing wounds. By treating primary keratinocytes with a 

panel of growth factors and cytokines, we demonstrated that WAKMAR1 expression was 

induced by TGF-β signaling. WAKMAR1 silencing inhibited keratinocyte migration and re-

epithelialization of human ex vivo wounds, whereas its overexpression promoted cell 

migration. Furthermore, GO analysis revealed that migration-related genes were significantly 

enriched for downregulated genes after WAKMAR1 knockdown. Using the STRING network 

analysis, E2F1 was identified as a hub gene among the WAKMAR1-regulated genes. 

Moreover, GSEA suggested that E2F1-regulated genes were enriched for downregulated genes 

after WAKMAR1 silencing. The pro-migratory effect observed after WAKMAR1 

overexpression was abolished by E2F1 silencing. We further showed that WAKMAR1 

knockdown increased DNA methylation at the E2F1 promoter, whereas WAKMAR1 

overexpression decreased it. Consistent with it, WAKMAR1 knockdown increased the binding 

of DNMT1 at the E2F1 promoter, whereas WAKMAR1 overexpression decreased it. Overall, 

WAKMAR1 interacts with DNMTs and thus modulates the methylation levels at the E2F1 

promoter, which results in the altered expression of E2F1.  

In Paper II, we analyzed paired miRNA and mRNA expression profiling in normal wounds 

and venous ulcers. We identified 32 miRNAs and 424 mRNAs dysregulated in VU compared 

to the intact skin and NWs. By WGCNA, 13 distinct miRNA and 13 mRNA modules were 

identified. Notably, m3, m7, and m9 miRNA modules were downregulated, but m8 and m12 

were upregulated in VU. The M5 mRNA module was downregulated, but M9, M10, M11, and 

M12 were upregulated in VU. We next performed correlation analyses between VU-associated 
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miRNA and mRNA modules. Further enrichment analysis showed that predicted targets of the 

VU-associated miRNAs were enriched for VU-related mRNAs. Moreover, we found 17 VU-

relevant miRNAs, targets of which were also enriched for the VU-related mRNA modules. We 

performed gene ontology analyses for the genes regulated by 8 VU-associated miRNAs. The 

upregulated miRNAs in VUs were predicted to promote inflammatory response but impair cell 

proliferation, but the downregulated miRNAs might be needed for cell proliferation and 

migration. We experimentally tested the combined effects of miR-34a-5p, miR-424-5p, and 

miR-516-5p upregulated in VUs. Simultaneous overexpression of miR-34a-5p and miR-424-

5p had stronger inhibitory effects on keratinocyte proliferation and migration, whereas miR-

34a-5p and miR-516b-5p cooperatively promoted expression of the pro-inflammatory 

chemokine CCL20. 

In Paper III, we identified a skin-specific lncRNA HOXC13-AS, which was downregulated 

in human wound-edge keratinocytes. We performed single-cell RNA sequencing in the human 

skin and showed that HOXC13-AS was highly expressed in granular keratinocytes. Correlation 

analysis was performed for HOXC13-AS in the granular cells, and the top 50 correlated genes 

with HOXC13-AS were associated with keratinocyte differentiation and immune response. 

The expression of HOXC13-AS was inhibited by the EGFR signaling pathway but gradually 

increased in keratinocyte differentiation. The transcriptomic analysis showed that keratinocyte 

differentiation-related genes were enriched for the downregulated genes after HOXC13-AS 

silencing. Additionally, we confirmed the pro-differentiation effect of HOXC13-AS in the 

suspension-induced differentiation model and organotypic epidermis by examining the 

expression of differentiation markers. Using RNA pulldown and RIP, we revealed HOXC13-

AS could physically bind to COPA, and the interaction interferes with the retrograde transport 

from the Golgi to the ER. Our data suggest that highly expressed HOXC13-AS impairs 

retrograde transport and promotes ER stress and epidermal differentiation. 

In Paper IV, we focused on the evolutionary conserved lncRNA SNHG26, which was 

upregulated in the wound-edge basal keratinocytes in humans and mice. We further 

demonstrated that SNHG26 was a nuclear-located and polyadenylated non-coding RNA with 

a length of 3100 nts in human primary keratinocytes. Importantly, Snhg26-KO mice showed 

delayed re-epithelialization and exacerbated inflammatory response. By single-cell RNA 

sequencing analysis, we found decreased migratory but increased inflammatory progenitors in 

the wound edge of Snhg26 KO mice. Moreover, SNHG26 silencing enhanced TNFα-induced 

inflammatory response but impaired keratinocyte migration and re-epithelialization of human 

ex vivo wounds. Mechanistically, using RNA pulldown and RIP, we demonstrated the physical 
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interaction between SNHG26 and ILF2 protein. By ChIP and ChIRP analysis, we found 

SNHG26 directed ILF2 from the inflammatory genomic loci to the LAMB3 genomic locus 

during the phase transition, rewiring the gene expression program and promoting wound 

healing.  
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6 Points of perspective 
Based on the results of this thesis, future research can focus on: 

• Further investigate the role of WAKMAR1 and HOXC13-AS in vivo; although these 

two lncRNAs are not conserved in the mouse, we can transplant human skin in mouse 

models and generate transgenic mice expressing human WAKMAR1 and HOXC13-

AS. 

• Understanding the role of VU-relevant miRNAs in vivo; we can modulate miRNA 

expression using miRNA mimics and inhibitors, and generate miRNA knockout and 

transgenic mouse models. 

• Exploring the role of HOXC13-AS in Darier’s disease, a rare skin disorder associated 

with ER stress; this may contribute to our understanding of the pathogenesis of skin 

diseases. 

• Investigating the function of SNHG26 in animal models mimicking chronic wounds; 

this may facilitate its clinical translation. 

• Using single-cell and spatial technologies to study noncoding RNAs in human skin 

wound healing; this could identify more cell- and context-specific noncoding RNAs, 

which may reinforce their therapeutic potential.  
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