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ABSTRACT 

Background: The rate of re-epithelialisation is a primary determinant of the morbidity and mortality in 
patients with severe burn injuries. Alu elements are retrotransposons associated with epigenetic 
modifications. DNA methylation via short interspersed nuclear element (SINE) small interfering (si)RNA 
prevents DNA damage and promotes cell proliferation. Furthermore, laminin Į5 ȕ1 Ȗ1(LM511) iV an 
extracellular structural protein that can support epithelial cell adhesion and migration. Box A of high-mobility 
group box 1 protein (Box A of HMGB1), a component of high mobility group (HMG) family of non-histone 
proteins, is a common nuclear protein in eukaryotic cells that can reduce DNA damage response toward burn 
injury. Therefore, SINE siRNA, LM511and Box A of HMGB1 may be able to promote burn wound healing. 
Here, a SINE B1 siRNA was used to treat burn wounds in rats. 
Objective: To investigate whether treatment of burn wounds using B1 siRNA, Box A of High-mobility group 
box 1 protein (Box A of HMGB1) and LM511-E8 fragment improved wound closure in a rat second-degree 
burn wound model.  
Methods:  I performed a cross-sectional analytical study using tissue and blood samples from post-burn and 
healthy patients (n = 23 each) to measure Alu methylation levels and patterns. The results of the combined 
bisulfite restriction analyses were categorised into four groups based on the methylation status at the CpG 
dinXcleoWideV fUom Whe 5ƍ Wo 3ƍ endV of Whe AlX VeqXence: h\peUmeWh\laWed (mCmC), hypomethylated (uCuC), 
and partially methylated (uCmC and mCuC). In in vivo experiments, second-degree burn wounds were 
introduced on the backs of rats. The rats were then divided into control and experiment groups: a B1 siRNA-
treated, Box A of HMGB1 protein and LM511-E8, saline-treated control, and calcium phosphate-
nanoparticle-treated control group (n = 15±20/group). The wounds were imaged on days 0, 7, 14, 21, and 28 
post-injuries. The tissue sections were processed for methylation and histological and immunohistochemical 
examination and scored based on the overall expression of histone H2AX phosphorylated on serine 139 
(γH2AX), 8-hydroxy-2ƍ-deoxyguanosine (8-OHdG), and presence of cytokeratin 10 and 14. 
Results: Alu methylation levels were lower in hypertrophic scar tissues than in normal skin (29.4 ± 2.5% vs. 
35.6± 3.2%, P = 0.0002). Receiver operating characteristic analysis indicated that the uCmC and uCuC patterns 
were useful as post burn hypertrophic scar DNA methylation markers, with 91.3% sensitivity and 96.2% 
specificity and 100% sensitivity and 94.2% specificity, respectively. Burn wound closure improved in the B1 
siRNA-treated group compared to that in the control group, especially from days 14 to 28 post-injury (P < 
0.001). The overall pathological score and degree of B1 methylation in the B1 siRNA-treated group improved 
at days 14±28 days post-injury, with the maximum improvement observed on day 14 (P < 0.01) compared to 
the NSS and Ca-P nanoparticle groups. Immunohistochemical staining revealed lower expression of γH2AX 
and 8-OHdG in the B1 siRNA-treated group than in the control groups at days 14±28 post-injury; the 
maximum improvement was observed on days 14 and 21. The Box A of HMGB1 protein group demonstrated 
a significant improvement in burn wound closure rate, starting from day 7th until day 28th after injury, 
compared to the wound closure rate of the normal saline, scramble plasmid, and calcium-phosphate 
nanoparticle-treated groups, especially on days 14 to 21 (P < 0.001). FXUWheUmoUe, ȖH2AX e[pUeVVion in Whe 
HMGB1 plasmid-treated group was lower than that in the control group from day 7 to day 21 (P < 0.05), 
especially on day 14 (P < 0.01). The Box A of HMGB1-treated group showed lower levels of 8-OHdG in 
burn wounds than did the NSS-treated group from days 7 to 21 (P < 0.05). Burn wound healing improved in 
the LM511-E8-treated group from 7±28 days post-injury (P < 0.01). The re-epithelialisation in the LM511-
E8-treated group was quicker than that of the control group at 7±28 days post-injury, with the largest 
improvement observed on days 7 and 14 (P < 0.001). The overall pathological score of the LM511-E8-treated 
group was higher than that of the control group at 14±28 days post-injury; maximum improvement was 
observed on days 14 and 21.  
Conclusion: These results imply that LM511-E8 fragment, B1 siRNA, and Box A of High-mobility group 
box 1 protein (Box A of HMGB1) are promising therapeutic options for managing second-degree burns. 
Moreover, these findings suggest that epigenetic modifications play a major role in hypertrophic scar 
pathogenesis and may be the starting point for developing a novel strategy for burn scar treatment. 
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PREFACE 

Chapter 1 provides an overview of the research questions pertaining to burn 

treatments. Chapter 2 summarizes recent research advances and unresolved issues in burn 

treatment. Chapter 3 describes the experimental materials and methods used to discover 

novel treatment modalities. Chapter 4 presents experimental results, which include 

Laminin 511, B1siRNA, and HMGB1 BoxA. Chapter 5 discusses the major findings and 

limitations of this study. In chapter 6, I theorize that three substances used in the 

experiment may help to improve and heal a second-degree burn wound. I propose that 

Laminin 511 E8, B1siRNA, and HMGB1 Box A have potential as novel therapeutic 

approaches for burn wound treatment. 
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Chapter 1. INTRODUCTION 

Problem description  

One of the most common causes of unintentional injuries and deaths is burn trauma. 

According to reports from the American Burn Association, more than 450,000 cases of 

burns require medical intervention in the United States every year.  (Toussaint and Singer, 

2014, Kim et al., 2022) In South Asia, the yearly incidence of burn injuries is estimated to 

be between 100,000 and 1,000,000. (Golshan et al., 2013) Major burn injuries are 

physically disabling traumas that can lead to serious morbidity and mortality. Burn wound 

infection, impaired wound healing, and keloid and hypertrophic scar complications remain 

major challenges in burn research. (Wang et al., 2018) 

Burn wounds are very difficult to heal. When high temperatures are directly applied 

to cells, proteins denature and DNA may be damaged, leading to genetic changes and/or 

the death of the cells and tissues. (Dos Santos-Silva et al., 2017) The contact of skin and 

tissue to heat increases matrix metalloproteinase, decreases type I procollagen, increases 

neo-angiogenesis, and results in the accumulation of inflammatory cells and DNA 

oxidative stress. (Shin et al., 2008) Heat stress not only halts DNA repair systems but also 

acts as a DNA-damaging agent. It is known that heat stress causes the accumulation of 8-

hydroxy-2ƍ-deoxyguanosine (8-OHdG), deaminated cytosine, and apurinic DNA sites (AP-

sites) in cells. (Bruskov et al., 2002) Other factors, such as an increase in free radicals and 

genomic instability, can impair wound healing. Moreover, the increase in p53 and p21 

protein levels due to heat can arrest the cell cycle (Fig. 1). (Nitta et al., 1997, Velichko et 

al., 2015, Son et al., 2019b) Oxidative stress caused by reactive oxygen species (ROS) is a 
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crucial mechanism that accounts for local and remote pathophysiological processes during 

burns, causing lipid peroxidation, double-strand DNA breaks (DSBs), single-strand DNA 

breaks (SSBs), and apoptosis. (da Silva et al., 2015, Karni et al., 2013) Preventing DNA 

damage and genomic instability could speed wound maturation, improve scar quality, and 

decrease wound contraction. (Purschke et al., 2010, Despa et al., 2005, Steinstraesser et al., 

2001) Genomic instability has the worst effect on wound healing because it is a precursor 

to mutation, leading to cellular ageing and cell death. Therefore, the maintenance of 

genome stability is crucial for the survival and proper functioning of cells. Understanding 

the mechanisms underlying the maintenance of cell genome stability is critical. (Tubbs and 

Nussenzweig, 2017, Ermolaeva and Schumacher, 2014) 

In 1983, McClintock received the Nobel Prize for the discovery of retrotransposons. 

At the time, transposons were described as useless and junk DNA because they are not 

transcribed and can move from one place to another in the DNA. In contrast, in recent 

years, many studies have reported their functions and benefits, such as gene regulation and 

chromatin organisation. Interspersed repetitive sequences are the main contributors to the 

genome (45%). (Veniaminova et al., 2007a) Consequently, the depletion of interspersed 

repetitive sequence (IRS) methylation was assumed to be the main cause of global 

hypomethylation. IRS comprises long interspersed elements (LINEs), short interspersed 

elements (SINEs), long terminal repeat (LTR)-retrotransposons, and transposons. Alu is a 

SINE that is present in abundance in humans, equivalent to B1 in rats and rodents. Global 

hypomethylation during senescence is associated with the demethylation of repetitive DNA 

elements. (Barbot et al., 2002, Mays-Hoopes et al., 1983) DNA methyltransferases 

(DNMTs), responsible for the allocation of a methyl group from the general methyl donor 
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to the 5-position of cytosine remains in DNA, are crucial for methylation processes. 

Recently, an experimental study reported an association between age and Alu 

hypomethylation; nevertheless, this association was not found in LINE1 hypomethylation. 

(Bollati et al., 2009) Moreover, positive associations were observed between Alu 

hypomethylation in blood cells and many ageing symptoms. The involvement of DNA 

methylation in the wound repair process was demonstrated in a rodent wound healing 

model. A large reduction in the wound area was accompanied by an increase in the 

expression levels of DNA methyltransferases 3a (Dnmt3a), suggesting that DNA 

methylation is an important molecular signalling process related to wound healing and that 

an increase in Dnmt3a levels could be related to the competence of the wound healing 

process. (Gomes et al., 2016) There is evidence that DNMT1 and DNMT3B levels were 

significantly increased through corneal epithelial healing, after global DNA 

hypermethylation. Moreover, decreased DNMT1 and genomic hypomethylation levels 

intensely delayed corneal epithelial wound healing and blocked human corneal epithelial 

cell proliferation and migration. (Luo et al., 2019) 
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Figure 1. Mechanism of burn and heat stress that suppresses cell cycle and wound  
healing (Son et al., 2019a) 

 

As a result, in this study, I focused on the role of B1 methylation in genomic 

instability and wound healing. I address the question of how to restore B1 methylation to 

reduce genomic instability and improve the rate and quality of wound healing and 

epithelialisation. It has recently been demonstrated that synthetic and expressed short 

interfering RNAs (siRNAs) and short hairpin RNAs (shRNAs), known as RNA-directed 

DNA methylation (RdDM), were able to generate DNA methylation in human cells. 

(Castanotto et al., 2005, Matzke and Mosher, 2014b, Mathieu and Bender, 2004) 

Consequently, if we can identify the method to avoid loss of B1 methylation through the 

RdDM function, it may be possible to avoid genomic instability and improve wound 

healing. 

Another noteworthy molecular mechanism underlying genomic instability is DNA 

DSBs and DSB repair. In non-replicative cells, there are two distinct types of endogenous 



5 
 

DNA double strand breaks (EDSBs). The first type is pathologic DNA lesions, pathologic-

EDSBs. Pathologic-EDSBs, like replication or irradiation-induced DSBs, cause mutations 

and can lead to cell death. These EDSBs are quickly repaired and are detectable directly 

only when the DSB repair process is inhibited. (Kongruttanachok et al., 2010) Whereas the 

other, physiologic-EDSBs, without DSB repair inhibition, are detectable in yeast and all 

human cell types, are not related to ȖH2AX (hiVWone H2AX phoVphoU\laWed aW VeUine 139) 

and are retained in heterochromatin. Physiologic-EDSBs are located non-randomly. Most 

physiologic-EDSBs reside within hypermethylated genomes and occur right after an 

“ACGT” sequence. (Pongpanich et al., 2014) They could be discovered in the G0 phase of 

the cell cycle, which is also known as the resting state. They have been termed Physiologic-

Replication-Independent Endogenous DNA Double-Strand Breaks (PHY-RIND-EDSB). 

Furthermore, re-epithelisation and angiogenesis play a crucial role in wound 

healing. (Pastar et al., 2014) Keratinocytes, the main cellular element of the epidermis, are 

not only essential as a barrier but also play an important role in regeneration after injury 

via epithelialisation. Laminins and associated extracellular matrix units play a crucial role 

in cell and tissue remodelling; moreover, during wound repair, laminins are a crucial 

component in re-epithelialisation and neovascularisation. (Iorio et al., 2015b) Prolonged 

epithelialisation precipitates hypertrophic scar formation and leads to scar contracture and 

nerve compression. (van der Veer et al., 2009) 

Considering the mechanisms by which molecules and proteins affect cell functions 

in various situations, this study aimed to develop a solid foundation to help establish new 

policies to improve wound healing or to treat burns and difficult-to-heal wounds. 
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Aims 

To improve burn wound healing and ameliorate burn wound repair and 

epithelialisation to decrease the length of stay, scar complications, and improve quality of 

life. 

Flow chart of experiment design and conceptual framework 

The experimental plan was divided into three parts and three substances: 

Laminin511 E8 fragment protein, B1siRNA, and Box A of HMGB1 protein. B1 

hypermethylation or an increase in the expression of Box A of the HMGB1 protein can 

reduce DNA damage and increase genomic stability, whereas laminin 511 E8 can improve 

burn wound healing and epithelialisation. 

 

 
Figure 2. Flowchart of experiment design and conceptual framework 
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Figure 3. Does B1 methylation prevent genomic instability and improve cell  
proliferation and wound healing in rat burn wound or rat cells? 

 

         

Figure 4. Does siRNA-B1 increase B1 methylation levels in treated second-degree  
burn wound in rats? 
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Figure 5. How are levels of PHY-RIND-EDSB in rat burn wound related to genomic  

instability and improving wound healing? 
 

               

 
Figure 6. Does Laminin 511 E 8 fragments protein improve the rate of second-degree  

burn wounds in rat and rat cells? 
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Research questions 

1� Does B1-siRNA increase B1 methylation levels in second-degree burn wounds in rats? 

2� Does B1 methylation prevent genomic instability and improve cell proliferation and 

wound healing in second-degree burn wounds in rats? 

3� How are levels of PHY-RIND-EDSB related to genomic instability and wound healing 

in second-degree burn wounds in rats? 

4� Does Laminin 511 E 8 fragments protein improve the healing rate of second-degree burn 

wounds in rats? 

Hypotheses 

1� B1-siRNA increases B1 methylation levels in second-degree burn wounds in rats. 

2� B1 methylation prevents genomic instability and improves cell proliferation and wound 

healing in second-degree burn wounds in rats� 

3� The levels of PHY-RIND-EDSB change and are correlated with the healing of second-

degree burn wounds in rats� 

4� Laminin 511 E 8 fragments protein improves the healing rate of second-degree burn 

wounds in rats. 

Objectives 

1� To examine if B1-siRNA can increase B1 methylation levels� 

2� To examine if B1 methylation can prevent genomic instability, improve cell 

proliferation, and improve wound healing in second-degree burn wounds in rats. 

3� To quantify PHY-RIND-EDSB and their correlation with the healing of second-degree 

burn wounds in rats� 
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4� To examine if Laminin 511 E 8 fragments protein can improve the healing rate of 

second-degree burn wounds in rats. 
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Chapter 2. BACKGROUND AND LITERATURE REVIEW 

Burn injuries cause a high mortality rate and increased complications, which are 

caused by many factors, such as heat, scald, electrical, radiation, and chemical burns. Burns 

are one of the most common major public health problems that occur around the world, 

and they are prevalent among every age group. According to the World Health 

Organisation, the estimated annual burn mortality rate in the world is 180,000 deaths. (Van 

Lieshout et al., 2018) The consequences of burn wound repair include inflammation, 

oedema, hypertrophy, and scar formation. Burn wound treatment is crucial to regenerating 

tissues and accelerating wound healing. Burn wounds require treatment based on the depth 

of injury. First and superficial second-degree burns require dressing with topical 

antibiotics, while deep second and third-degree burns require immediate medical treatment 

and/or surgery and removal of the dead tissue. Unsuitable treatment may interrupt 

epithelialisation, leading to wound infection and nonhealing, chronic wounds. Treatment 

may require prolonged hospital stays, many surgeries, dressings, and long-term follow-up. 

How to approach the burn wound studies 

Clinical studies  

It is necessary to conduct a medical assessment and analyse patient symptoms for 

diagnosing a burn wound or accident, which depends on the wound evaluation and the 

medical history. (Cancio, 2020) During these examinations, several resuscitation 

procedures, immediate wound care, diagnostic laboratory tests, or physical procedures 

(e.g., electrocardiogram, computed tomography, blood test) may also be conducted to 
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evaluate the complications and consequences of burn injuries, as well as prompt 

interventions such as resuscitation and debridement. (Ladhani et al., 2020) 

A detailed inquiry is typically required to determine the underlying incident, illness, 

environmental exposure, or metabolic malfunction that is responsible for the symptoms of 

the condition after burn injury. Patients' vital signs or fluid levels in their bodies, for 

example, may be measured in the case of haematological or sepsis complications. (Chen et 

al., 2021) Isolated blood, tissue, or urine samples could be investigated in other situations, 

such as shock and cardiopulmonary resuscitation. The ex vivo culture of tissue samples 

collected from affected areas may indicate a possible cause of wounds or systemic 

infections. As a result of these approaches, a large number of human (and animal) cell lines 

have been developed, and they can be used as sample models of the affected organ from 

which the cell or tissue was isolated, as well as to better understand the biochemical effects 

that cause burn progression and complications in in vitro experiments. Furthermore, such 

cell lines may be employed in burn models to identify possible novel therapeutic agents 

before they are produced for clinical usage as new medications and then commercialised. 

   

Explant cells and cell lines are used in research studies 

Explant cells and cell lines have resulted in valuable advancements in the fields of 

burns and heat stress at the molecular level, as well as a foundation for drug development 

programs, many of which have proven to be beneficial in the treatment of burn wounds in 

clinical settings: (1) these cells can be distributed among research communities, creating 

different teams to study the same cells and tissue samples; (2) there are few ethical 

considerations when starting to work with cell lines derived from isolated somatic cells, 
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whether collected through blood samples, biopsy, or surgery; (3) the toxic effects of 

exploratory medicine are of minor concern; and (4) specific genes can be transformed into 

cell lines to test for specific diseases. 

Explant cells and cell lines currently used in research, as well as their limitations  

Using such cell lines has various disadvantages, one of which is that the longer they 

are cultured after being taken from patients or donors, the more they lose their distinct 

pathogenicity or features. Their utility as burn models might be affected as a result of 

changes in their morphology. (Schneider et al., 2021) Furthermore, their practical 

application in pharmacology and drug discovery research findings is limited because it is 

impossible to draw conclusions regarding the effects of a given drug concentration on a 

single cell population and correlate them to the effects of the same molecule on target cells 

or tissues or afWeU ph\Viochemical modi¿caWionV in Whe bod\. 

Certain cells cannot be cultured and do not multiply in the laboratory setting. 

(Holzer et al., 2020) Human epithelial tissue and fibroblasts, for example, lose their 

proliferative properties in vitro and have a short half-life ex vivo, even when grown under 

survival-enhancing circumstances. The lack of proliferation and short half-life of the cells 

limit genetic manipulation. Aside from that, the two-dimensional nature of ex vivo cells 

cannot accurately represent a real wound, which has a larger expression level and more 

diversity. 

Models based on animals  

Several model systems have been established and investigated to avoid many of the 

limits related to the use of human cell lines or ex vivo cells collected from patients with 

particular diseases. Among the models available are those of animals, insects, 
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nonvertebrate, and microbes. Cell lines as well as three dimensions skin model are seldom 

utilised in the testing of novel medications, and animal testing is necessary to establish the 

wound healing cascade and the phase of wound healing to evaluate the effectiveness of a 

new drug. Burn wound studies may be conducted on a wide range of species, each with a 

different level of appropriateness for the procedure. Drug and dosage testing on people is 

the only conclusive way of assessing the harmful effects and efficacy of novel treatments, 

even though genetic variability might result in varied reactions among individuals. This 

diversity serves as the foundation for emerging precision medicine techniques that attempt 

to identify the most effective treatment for each patient. (Mao et al., 2016, Malinda et al., 

2008, Abdullahi et al., 2014) 

 

Current techniques in animal modelling as well as their limitations  

Animal models, such as mice, rats, rabbits, and monkeys, are beneficial for studying 

the genetic and molecular foundation of burn wounds and the systemic reactions that result 

from burn injury. Their use has led to significant discoveries since such models can be used 

to mimic human illnesses or disorders to facilitate the investigation of their underlying 

processes and modulate the effects of treatment. 

There are some limitations to using these animal models in research. Research using 

mice or other vertebrates involves highly specialised and strictly controlled animal 

facilities, which are expensive to operate as per local regulatory standards (requiring 

appropriate project- and personal-licences). Given the ethical issues associated with animal 

studies, there is a major focus on methods that reduce the use of animals and/or reduce 

their pain and suffering. Finally, there is a growing disagreement concerning whether or 
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not some animal models are acceptable for investigating diseases that affect humans. For 

example, many experimental studies presume that gene function in mice adequately 

represents human gene function. Although many genes, particularly those related to the 

immune system, are now considered to display substantial structural and functional 

differences between mice and humans, there are still some questions about whether this is 

true. This means that findings in mice may not always be an accurate reflection of the 

results in humans. 

 

Burn wound treatment 

Burn depth 

In general, the deeper the burn, the more difficult it is to achieve appropriate 

therapeutic and healing outcomes. First-degree burns to the epidermis are normally 

painless, heal without scars, and do not require surgery. Second-degree burns penetrate the 

dermal layer under the skin, resulting in painful wounds. Furthermore, second-degree burns 

vary in severity, ranging from superficial second-degree burns, which are homogenous, 

moist, and hyperemic, to deep second-degree burns, which are less sensate, drier, and have 

less erythema. Surgery is required for third- and fourth-degree burns, which are commonly 

accompanied by no or minimal pain as nerve endings are destroyed (Fig. 7). (Jeschke et al., 

2020) 
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Figure 7. Depth of the burn: the depth of a burn is a significant consideration  
when evaluating a patient's treatment 

(Jeschke et al., 2020) 
 
 
Burn area 

 The Lund and Browder diagram, the Rule of Palms, and the Rule of Nines seem to 

be the most commonly used approaches for calculating total body surface area (TBSA) in 

burn victims. (Amirsheybani et al., 2001, Murari, 2017) Studies have shown that the burn 

surface area is frequently underestimated when using these three conventional methods, 

particularly the first two. Studies have also revealed that there is a large inter-rater variance 

in the estimation of burn area when using these techniques. Because children's body 

proportions change with age, as opposed to their adult counterparts, it is much more 

difficult to accurately estimate the TBSA burned in children using these conventional 

methods (Fig. 8). (Wachtel et al., 2000) 
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Figure 8. Burn area estimation  
(Wachtel et al., 2000) 

 

The most critical burn management decisions are based on an accurate assessment 

of the burn location, TBSA, and depth. The calculation of burn area is critical for estimating 

severity and assessing fluid resuscitation in burn patients. Most fluid resuscitation formulas 

used in emergency burn treatments are based on the total surface area burned. The most 

important factor in each resuscitation formula is an accurate estimation of the TBSA 

burned. In burn patients, inadequate or excessive resuscitation can result in increased 

complications and mortality. (Meevassana et al., 2022) 

Phases of burn care and treatment 

Burn wound healing is a complex process with many treatment phases. The first 

phase is a primary survey, which includes checking for airway, breathing, and circulation 

after injury, calculating the percent burn area, and beginning fluid resuscitation. (Lindley 

et al., 2016) The second phase involves monitoring vital signs and urine output after 

adequate fluid resuscitation has been completed. The third phase involves the application 

of antimicrobial dressings to deep burn wounds in order to prevent infection and the 

debridement of these wounds. The fourth phase is wound infection prevention and 
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providing nutritional support to improve burn wound healing, and the final phase is 

rehabilitation to ensure the patient's proper recovery (Fig. 9). (Lang et al., 2019) 

 

 

Figure 9. Phases of burn treatment 
(Lang et al., 2019) 

 
 
Burn and heat stress cause DNA damages and IRS methylation changes 

Burns may have local and systemic consequences. Skin burns cause inflammation, 

immune suppression, and a hypermetabolic state. Inflammation could induce pain, and 

various cytokines such as tumour necrosis factor (TNF) and interleukins (IL) can induce 
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hyperthermia. (Lootens et al., 2013) Moreover, tissue damage after a thermal injury is 

associated with raised ROS, contributing to the cause of triggered neutrophils and 

macrophages, leading to the necessitating of wound dressing with materials that can inhibit 

inflammation and antioxidants. (Kantidze et al., 2016, Petrova et al., 2016)  

Burn injury results in oxidative stress, which develops as a result of the incredible 

production of ROS. This stress is the most important cause of local and systemic responses. 

Previous research has suggested that ROS causes lipid, membrane, nucleic acid, and 

protein damage, which can result in DNA breaks (SSB and DSB), lipid peroxidation, and 

cell apoptosis. (da Silva et al., 2015, Karni et al., 2013) (Fig. 10) 

 

Figure 10. Consequences of burn and heat stress in DNA and DNA repair systems 
(Kantidze et al., 2016, Petrova et al., 2016) 

 
 

Heat stress not only reduces the rate of the DNA repair process but also forces the 

body to produce DNA-damaging response chemicals. The DNA damage repair signal 

(DDR) is activated by the accumulation of DNA damage products, which is throughout the 

situation of DNA and base modification, base loss, and DNA breakage. The DDR 

stimulates cells to repair DNA damage. (Kantidze et al., 2016) However, inhibiting DDR 

signals, repressing cellular metabolism, and encouraging cell senescence result in 

programmed cell death. Then, an excessive amount of DDR signals can result in the onset 



20 
 

of cellular instability. Thus, DNA damage is an important molecular pathogenic 

mechanism in the senescence-inducing process. However, it is necessary to investigate the 

underlying cause of DNA damage that occurs spontaneously during genome instability. 

(Petrova et al., 2016, Velichko et al., 2015) 

In burn wounds, heat stress can result in the accumulation of 8-OHdG, apurinic 

DNA sites (AP-sites), and deaminated cytosine. It may be inferred that heat stress-induced 

suppression of excision repair mechanisms causes such DNA damage responses, including 

single-stranded DNA breaks (SSBs), to accumulate slowly in the cell. Double stranded 

DNA breaks (DSBs) are caused by heat stress-induced SSB. These DSBs share a few key 

features: they occur 2 to 5 h after heat exposure, rather than immediately and are S-phase 

specific. Following topoisomerase-1 suppression, replication forks that are re-started 

following heat stress-induced arrest collide with SSBs, resulting in late DSBs. (Velichko 

et al., 2015) Furthermore, burns and heat stress can cause DNA damage in various cells 

and animals (Apiwat, 2019, Reis et al., 2016, Takahashi et al., 2004, Mah et al., 2010, 

Mataix et al., 2020, Korkmaz et al., 2018) and result in DNA damage responses. (Purschke 

et al., 2010) For example, in heated germline cells, an increase in 8-OHdG levels was 

observed in response to DNA damage. (Houston et al., 2018) Keratinocytes experience 

DNA damage and exhibit delayed proliferation and apoptosis after exposure to 

temperatures > 42ÛC foU 24 h. (Hintzsche et al., 2012) Furthermore, an increase in histone 

H2AX phoVphoU\laWion on VeUine 139 (ȖH2AX) occXUV in UeVponVe Wo ROS-induced DNA 

double strand breaks, which have multiple causes, including irradiation, burns, and laser 

exposure. (Firsanov et al., 2011, Kinner et al., 2008, Kaneko et al., 2005) There is a positive 

coUUelaWion beWZeen incUeaVing Whe WempeUaWXUe fUom 41.5ÛC Wo 45.5ÛC and the expression 
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leYelV of ȖH2AX in H1299 (hXman non±small-cell lung carcinoma p53-deficient) cells. 

(Takahashi et al., 2004) Moreover, high temperature-indXced foUmaWion of Ȗ-H2AX foci 

may result in carcinogenesis. (Dewhirst et al., 2003) 

The relationship between heat, burns, and methylation has been studied previously. 

(Xu et al., 2020b, Bind et al., 2016, Hao et al., 2016) There is evidence that heat stress and 

high temperatures lower DNA methylation levels in pig muscles and fish tissues, 

specifically in the promoter regions of heat shock protein genes. (Varriale and Bernardi, 

2006, Vinoth et al., 2018, Bind et al., 2014) An increase in the ambient temperature can 

affect Alu methylation in humans. (Dridi, 2012) However, to the best of our knowledge, 

no study has investigated the relationship between burn wound healing and Alu 

methylation with markers of genomic instability, as has been done for 8-OHdG and ȖH2AX. 

In addition to growth arrest, some markers are used to identify senescent cells. The 

most common characteristics are cell and nucleus enlargement. (Velichko et al., 2015) 

Furthermore, p53 normally occurs in an inactive state that is non-action at binding to DNA, 

which causes transcription. Stimulation of p53 during DNA damage is related to increased 

levels and the ability of p53 to bind to DNA and mediate transcriptional initiation. This 

then causes the activation of several genes that stop cell cycles, DNA repair, and cell 

apoptosis. (Lakin and Jackson, 1999, Nicolai et al., 2015) (Fig. 11) Moreover, p21 is a p53 

transcriptional target involved in the cell's response to DNA damage. p21 has multiple 

functions in mammalian cells depending on its subcellular location. To stop G1/S and 

G2/M cell cycle progression, nuclear p21 can inhibit CDK1 and CDK2 kinase activities.  

(Jiang et al., 2020, Bedelbaeva et al., 2010, Kulaberoglu et al., 2016) 
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Figure 11. Epigenetic changes in chromatin organisation facilitate transcription 
 machinery and promote wound repair (Ti et al., 2014) 

 

 
As a result, severe burns and heat stress can cause DNA damage, increased activity 

of H2AX, 8-OHdG, p53, and p21, and cell cycle arrest, among other effects. Cell cycle 

arrest causes cell proliferation, wound healing, and epithelialisation to slow down, as well 

as the formation of new cells. By preventing or improving the cell cycle arrest process 

caused by heat stress, we can improve the rate of wound healing and epithelialisation, as 

well as reduce the duration of time that patients spend in the hospital. (Rennekampff and 

Alharbi, 2021, Jeschke et al., 2020) 

Heat stress affects epithelialisation 

Tests on keratinocytes in vitro have been conducted to assess the effect of heat. 

Apoptosis was identified using ultrastructural microscopy and was characterised by cell 

shrinkage, cytoplasmatic budding, and changes in the nuclear morphology, among other 
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features, in the cells studied. In the presence of heat stress, the proliferation of keratinocytes 

is slowed, perhaps as a result of decreased keratinocyte adhesion. (Rennekampff and 

Alharbi, 2021) It is well recognised that the in vitro proliferation and expansion of 

keratinocytes rely on the adherence of the cells to a substrate via the action of integrins. 

Therefore, detachment of cells from an extracellular matrix, particularly the basement 

membrane due to integrin breakdown, triggers the activation of this apoptosis pathway in 

the cell. (Manohar et al., 2004) 

Part A: B1siRNA 

B1 elements 

Transposable elements (TEs) or mobile genes are fragments of DNA that can move 

from their genomic sites to other genomic locations. These account for roughly 45% of the 

total length of the entire genome. In general, transposons are separated into two main 

groups: retrotransposons and DNA transposons. (Cordaux and Batzer, 2009) DNA 

transposons are transported through a cut-and-paste process, in which they are removed 

from their original locations and reinserted into new ones. Although there are currently no 

active DNA transposons in the human genome, they were active over 37 million years ago 

during the primate evolution period. (Han et al., 2004) In contrast, retrotransposons move 

using a mechanism whereby the element is duplicated and inserted at target locations via 

an RNA-intermediate, which is created by a reverse transcriptase enzyme. 

Retrotransposons are classified into two subgroups: retrotransposons with LTRs and 

retrotransposons without long terminal repeats (non-LTR). LTR elements are endogenous 

retroviruses that are currently inactive. However, the majority of TEs are non-LTR 

retrotransposons, accounting for 34% of the human genome. The main elements of non-
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LTR retrotransposons are autonomous long interspersed element-1 (LINE-1; 17%), SINEs 

(Alu, 11%), and non-autonomous long interspersed elements (SVA, 0.2%). (Chisholm et 

al., 2012) These elements are the only TEs that are currently active and affect the human 

genome, causing genomic instability and mutations. (Apiwat, 2019) 

SINE retrotransposons are one of the repetitive elements, approximate 85±500 bp 

sequences in length. Though, two SINE families, first-B1 of mouse, rat, and hamster 

genomes and Alu of human genome. (Gebhard et al., 1982, Batzer and Deininger, 2002) 

Rodents are a very huge order totalling over 30 families; however, B1 elements are well 

recognised in mice and rats (Muridae) and closely related to those in hamsters. (Zhang et 

al., 2009) Each short retrotransposon (SINE) expresses sequence differences (5±35%). 

Generally, individual SINE families are found in creatures of one or several families or 

orders. (Gogolevskaya et al., 2010, Veniaminova et al., 2007b) IRS methylation levels are 

crucial for preserving the stability of the genome. (Veniaminova et al., 2007a) Mutation 

rates are increased in cells with IRS hypomethylation. (Gaudet et al., 2003, Slimen et al., 

2014) A SINE retrotransposon is a repetitive element that is 85±500 bp in length. Two 

SINE families exist, namely the B1 (in mice, rats and hamsters) and Alu (in humans) 

families. (Gebhard et al., 1982, Batzer and Deininger, 2002) 

Similar to the Alu element, the B1 element in rodents originate from 7SL RNA, 

which is cytoplasmic RNA; it facilitates protein excretion as a part of the signal recognition 

particle. (Tsirigos and Rigoutsos, 2009) The B1 element assists in transcriptional regulation 

and DNA stability by binding to the Aryl hydrocarbon (dioxin) receptor, which is a ligand-

activated transcription factor (Roman et al., 2008, Román et al., 2011). A link between B1 
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element methylation, wound healing, and epithelialisation has not yet been documented 

(Fig. 12). 

 

 

Figure 12. Components of B1 repetitive elements in rodents 

 
Epigenetic changes associated with chromatin re-organisation can facilitate the 

transcription machinery and promote wound repair. (Ti et al., 2014) Genomic 

hypomethylation is characterised b\ UedXced meWh\laWion of Whe meWh\l gUoXpV aW Whe 5ƍ 

position of cytosine and plays crucial roles in important events such as ageing, cancer, and 

various skin diseases. (Ti et al., 2014, Apiwat, 2019, Bollati et al., 2009, Li et al., 2009) 

Furthermore, current research shows that global hypomethylation is associated with 

delayed proliferation; in contrast, following increased Alu methylation, cells can tolerate 

toxic substances and decreased DNA damage responses and exhibit an enhanced 

proliferation rate. (Patchsung et al., 2018) Regarding corneal ulcers, the expression levels 

of DNA methyltransferase 1 (Dnmt1) and Dnmt3a, which participate in the methylation 

process, are upregulated during corneal epithelial healing. (Luo et al., 2019) Therefore, 

decreased Dnmt1 expression and genomic hypomethylation defer corneal epithelial wound 

healing and block human corneal epithelial cell proliferation and migration. The roles of 

DNA methylation in rodents include considerably reducing the wound area and increasing 

the wound healing rate by increasing DNA Dnmt3a expression. (Luo et al., 2019) 

Moreover, decreased DNMT1 expression is associated with a low rate of squamous skin 

cell proliferation, whereas increased DNMT1 expression is associated with rapid limb bud 
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generation. (Plikus et al., 2015, Aguilar and Gardiner, 2015) A previous study revealed an 

association between age and Alu hypomethylation. (Apiwat, 2019) Positive associations 

have also been observed between Alu hypomethylation in blood cells and several ageing 

phenotypes. (Erichsen et al., 2018, Mutirangura, 2019) The use of Alu short interference 

RNA (siRNA) enhanced Alu methylation, which allows cells to better withstand harmful 

substances and proliferate at a greater rate. (Mutirangura, 2019) 

 
RNA-directed DNA methylation (RdDM) 

RNA interference (RNAi) is a post-transcriptional gene regulation process that 

causes RNA degradation of complementary RNA sequences. Moreover, siRNAs can join 

other pathways through which a different argonaut-family protein leads to inhibition of the 

beginning transcripts that are still bound to RNA polymerase II and the DNA strands. This 

alternative pathway arises in the nucleus on an area of chromatin for modification via 

induction of protein complexes to incorporate methylation of the histones and cytosine 

bases in DNA. This alteration contributes to the condensation of mRNA making it 

unavailable for transcription (Fig. 13). (Slotkin and Martienssen, 2007)  Each strand of 

siRNA has a 3' hydroxyl (OH) group and a 5' phosphate group, as is typical of RNA. Dicer, 

an enzyme that also transforms long dsRNAs or hairpin RNAs into siRNAs, creates this 

RNA type. Exogenous siRNAs may also be delivered into cells via a number of transfection 

procedures, resulting in the precise silencing of a gene. Principally, if we know the 

sequence of genes then we can target them with a matching custom-made siRNA. 
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Figure 13. Mechanism of RNAi induces chromatin and DNA modification  
and increases methylation 

 
RdDM is a natural process through which RNA molecules, which are not translated 

inWo an\ pUoWeinV, diUecW Whe accXmXlaWion of meWh\l gUoXpV aW Whe 5ƍ poViWion of c\WoVine 

specific to the RNA in CpG islands. These islands are genomic regions where CpG sites, 

DNA regions in which a cytosine nucleotide is followed by a guanine nucleotide, occur at 

a high frequency. The CpG islands are predominantly found in SINE repetitive DNA, such 

as B1 and Alu. (Batzer and Deininger, 2002, Mathieu and Bender, 2004) RdDM process is 

facilitated by a cascade of enzymes, Dicer, RNA-induced silencing complex, and argonaut 

proteins. (Castanotto et al., 2005) This alternative pathway is initiated in chromatin within 

the nucleus and leads to epigenetic modifications, including DNA cytosine methylation 

and histone methylation. (Matzke and Mosher, 2014a) 

Further evidence showed that siRNA generated in plants consists of short (21±22 

bp) and long (24±26 bp) classes, while those from endogenous retroelements only consist 

of the long class� (Katiyar-Agarwal et al., 2006) These classes of siRNAs have different 
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effects� The long siRNA is associated with general silencing and direct DNA methylation� 

(Castanotto et al., 2005, Matzke and Mosher, 2014b) 

Interspersed repetitive sequences methylation 

One important task of DNA methylation is to avoid DNA damage caused by both 

endogenous and exogenous factors. DNA methylation and DNA damage are inversely 

correlated in white blood cell DNA. Moreover, adding Alu methylation by Alu siRNA 

reduces DNA lesions. (Patchsung et al., 2018) In the elderly, DNA shows reduced 

methylation, leading to global hypomethylation; therefore, the senescence genome is 

unstable and exhibits DNA damage. (Luo et al., 2014a) Global hypomethylation and 

accumulation of DNA lesions have been identified in ageing people and those with 

noncommunicable diseases, such as individuals with osteoporosis, diabetes mellitus, and 

high blood pressure or hypertension. (Salameh et al., 2020) Excessive DDR during 

intracellular DNA lesion repair prevents cell growth, promotes death, causes cellular 

metabolic response, and aggravates senescence. As a result, global hypomethylation is an 

unfavourable epigenetic alteration that contributes to genomic instability and the onset of 

senescence-associated disease phenotypes. (Thongsroy and Mutirangura, 2022) 

DNA lesions, which are caused by either endogenous or exogenous sources, are 

naturally found in a common cellular fate and are repaired through various DNA repair 

mechanisms. According to several studies investigating ROS, cell proliferation, 

senescence, and epigenetic modification, Alu hypomethylation plays a critical role in 

mechanisms underlying genomic instability, eventually resulting in cellular senescence. 

(Pal and Tyler, 2016, Guillaumet-Adkins et al., 2017) 



29 
 

Recently, an experimental study found an important correlation between age and 

Alu hypomethylation, but this association was not found in LINE1 hypomethylation� 

Further evidence confirming this finding was obtained in volunteers aged 20±88 years, that 

age was negatively correlated with Alu methylation levels but not LINE-1� Moreover, 

positive correlations between Alu hypomethylation in blood cells and many senescence 

diseases have also been identified� (Guillaumet-Adkins et al., 2017, Jintaridth and 

Mutirangura, 2010, Luo et al., 2014b, Perez et al., 2018, Thongsroy et al., 2017, Jintaridth 

et al., 2013) These findings emphasised that Alu methylation levels obviously play specific 

roles in senescence phenotypes. Additionally, it has been observed that hypermethylated 

Alu elements induced by Alu siRNA could prevent genomic instability. Specifically, a 

study aimed to specifically enhance the methylation levels of Alu elements using Alu 

siRNA transfection in HeLa cells and human embryonic kidney (HEK) cells� They reported 

that Alu siRNA transfection system significantly increased Alu methylation compared to 

the Lipofectamine-negative control� Consequently, similar results were observed in both 

HeLa cells and HEK293 cells on Alu siRNA transfection compared to negative controls, 

and the methylated Alu elements sustainably increased in 7 days after Alu siRNA 

transfection� Alu siRNA transfection specifically promoted methylation levels of Alu 

sequences due to no significant conversions in LINE-1 levels of methylation in both cell 

lines� Similarly, Alu siRNA transfection increased the ratio of methylation of Alu repetitive 

sequences in periodontal ligament fibroblasts (PDL) when compared to lipofectamine 

transfection control (Fig. 14). (Patchsung et al., 2018) 
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Figure 14. Univariate investigation of association between the  
levels of 8-OHdG and Alu methylation (Patchsung et al., 2018) 

 
 

In addition to specific methylated Alu enhancement, Patchsung M and colleagues 

investigated the association between increased cell proliferation after Alu siRNA 

transfection using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT 

assay) and methylation levels of Alu repetitive sequences, absolute cell count, and 

population doublings� Interestingly, Alu siRNA transfection enhanced cell proliferation of 

HEK293 and periodontal ligament cells� Consistently, the absolute cell count of HEK293 

cells was enumerated for three days after Alu siRNA transfection and the result showed a 

higher cell number when compared to the control� Expectedly, the replication of Alu siRNA 

transfected periodontal ligament cells was inspected at the 13th and 14th passages and an 

increase in population doublings was observed. (Patchsung et al., 2018) 

The preceding study showed that Alu hypermethylation contributed to the prevention 

of in vitro DNA damage. Interestingly, Alu hypermethylation significantly reduced the 

susceptibility to DNA damage and enhanced the percentage of cell survival in both 

HEK293 and PDL cells when exposed to methyl methane sulphonate and H2O2 at the 

higher concentrations (1.0 to 2.0 mM and 100 to 150 ȝM, respectively) compared to control 
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cells� Moreover, the levels of AP site and 8-OHdG were reduced in siRNA-treated cells 

when compared with control cells (Fig. 15). (Patchsung et al., 2018) 

 

 

Figure 15. When exposed to DNA-damaging substances, cells that  
were hypermethylated were less susceptible (Patchsung et al., 2018) 

 
Accordingly, it might be determined that an increase in DNA methylation, 

particularly Alu elements in humans or B1 in rodents, is associated with strengthening the 

genome and could recover senescence phenotypes as genomic instability in many previous 

studies. (Guillaumet-Adkins et al., 2017, Pal and Tyler, 2016, Sen et al., 2016, Patchsung 

et al., 2018) More than in intact skin, DNA methylation occurs at the 5′ end of the CpG 

dinucleotide of the cytosine ring and is frequently a transcriptional silencing presentation. 

DNA methyltransferases (DNMTs) catalyse this activity through S-adenosyl-methionine 

as a methyl donor; inactivation of DNMT1 results in epidermal hypoplasia and suppression 

of proliferation-associated genes. (Sen et al., 2010, Ti et al., 2014, Kang et al., 2019) 

Although the Alu methylation status is apparently linked to senescence phenotypes in vitro, 



32 
 

whether an increased Alu methylation status or B1 methylation in rats also improves 

proliferation phenotypes and restores the physiological functions of wound healing had not 

been further investigated using an animal burn wound model�  

Therefore, it was hypothesised that DNA methylation in IRSs can prevent DNA 

damage and accelerate burn wound healing in rats. In the present study, the role of B1 

methylation in genomic instability in relation to wound healing was studied. The following 

questions were addressed: How can B1 methylation be restored to reduce genomic 

instability caused by heat, and how can the rate and quality of wound healing and 

epithelialisation be accelerated and improved? 

Burn Scars and Alu hypomethylation 

A hypertrophic scar is the most common complication of burn wounds and is 

defined by an elevated border of the scar confined in the wound area, for which 

erythematous and clinical presentation might improve with time. (Finnerty et al., 2016) 

The prevalence of hypertrophic scars in post-burn patients was reported to be more than 

60% and 75% in white and non-white races, respectively. (Lawrence et al., 2012, Bombaro 

et al., 2003) Hypertrophic scars have both physical and psychological consequences in 

post-burn patients, leading to poor function and cosmetic outcomes, including pain, 

discomfort, itching, hyper/hypopigmentation, temperature sensitivity, and scar contracture, 

limited range of motion, changed rotational axis of the joint, and nerve compression. 

(Chiang et al., 2016) 

Hypertrophic scars are fibroproliferative disorders and common complications of 

burn injuries. The risk factors for hypertrophic scar formation are sex, age, race, genetics, 

and wound location; however, post-burn hypertrophic scars are often found in full-
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thickness burn wounds because of prolonged inflammation and slow wound healing. (Xiao 

et al., 2018) Current treatments for post-burn hypertrophic scars include medical and 

surgical therapy, such as silicone gel sheet, corticosteroids, botulinum toxin, pulsed dye 

laser, Nd-YAG, non-ablative and ablative fractional laser, lipofilling, and surgical 

excision; however, current therapies have poor outcomes. (Tredget et al., 2014, Klifto et 

al., 2020, Deflorin et al., 2020) Understanding post-burn injury scar formation and finding 

new therapies remain challenging in the treatment of such injuries. 

The epigenetic phenomenon refers to the modulation of gene expression that occurs 

without a change in the DNA sequence itself. It is possible that it is involved in the 

complexity of the illness that cannot be described just through hereditary and 

environmental variables. Methylation is the most prevalent type of epigenetic modification 

and is associated with genomic instability. (Mutirangura, 2019) Methylation is a chemical 

modification process in which a methyl group from adenosyl methionine is inserted onto a 

carbon atom of the cytosine ring of the DNA. Methylation mostly occurs at CpG 

dinucleotides and depends on DNA methyltransferase enzymes. Two patterns of 

methylation have been described: hypermethylation, which silences genes, and 

hypomethylation, which activates genes. (Jones et al., 2017) Alterations in the methylation 

of Alu and LINE-1 have been shown to be associated with many cancer types, genetic, and 

autoimmune diseases, such as haemophilia, BehçeW¶V disease, DenW¶s disease, cystic 

fibrosis, Walker±Warburg syndrome, Apert syndrome, X-linked dilated cardiomyopathy, 

neurofibromatosis, Duchenne muscular dystrophy, von Hippel-Lindau diVeaVe, ȕ-

thalassemia, familial hypercholesterolemia, rheumatoid arthritis, lichen simplex chronicus, 

hepatoma, breast cancer, ovarian cancer, acute myeloid leukaemia, T-cell lymphoblastic 
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leukaemia, Ewing sarcoma, and colorectal cancer. (Yüksel et al., 2016, Jordà et al., 2017, 

Park et al., 2014, Belancio et al., 2009, Chenais, 2015, Yooyongsatit et al., 2013) 

Hypertrophic scar is a benign proliferative disorder. (Tsou et al., 2000) Previous research 

has demonstrated that the expression of multiple genes is altered in hypertrophic scars in 

Bama mini pigs and human skin, including the downregulation of apoptotic genes and 

upregulation of tumour suppressor genes and proto-oncogenes. However, no specific genes 

have been identified yet. (Tsou et al., 2000, Liu et al., 2018, Paddock et al., 2003) Recent 

studies have emphasised the role of epigenetics in the pathophysiology of scars and wound 

healing, and histone modification is differentially acetylated in histone H4 at lysine K12 

compared with normal skin. (Nascimento-Filho et al., 2020) Moreover, methylation 

changes exist in multiple genes in hypertrophic scars, such as TNKS2, CAMKK1, and 

GAS7. (Alghamdi et al., 2020) To date, however, no studies are available on Alu 

methylation in hypertrophic scars. 

Here, I examined whether the pathophysiology of hypertrophic scars may be 

associated with epigenetic changes. Dissimilar to genetic mutation, epigenetic processes 

are reversible. Thus, research on epigenetic processes could result in treatments and 

interventions, such as Alu siRNA, that can increase methylation, cell proliferation, and 

well tolerate DNA-damaging agents and toxic substances. (Patchsung et al., 2018) To this 

end, I compared Alu methylation levels and patterns between normal skin and hypertrophic 

scars. I anticipate that the findings of this study will contribute to the understanding of the 

pathophysiology of hypertrophic scars and development of new treatments for burn 

injuries. 
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Part B: Box A of HMGB1 protein 

BOX A OF HMGB1 PROTEIN 

 Protein with high mobility group box 1 (HMGB1) is a nuclear protein that is present 

in all eukaryotic cells and is a member of the high mobility group (HMG) family of 

proteins. The human HMGB1 protein contains 215 amino acids and is composed of three 

functional domains, including nucleotide-binding boxes (A and B boxes) and a C-terminal 

that is rich in anionic residues (Box-A (aa 9-79) and Box-B (aa 89-162), as well as a 

terminal acidic tail (186-215). While the A and B boxes are capable of binding DNA, the 

C-terminal area is capable of binding histones. The C-terminal section can also interact 

with the A and B boxes, modifying the three-dimensional structure and complex 

interactions of HMGB1 in the process. The A and B boxes are two homologous nucleic-

acid-binding and function as DNA-binding protein and a sirtuin-1 (SIRT-1) binding domain, 

(SIRT-1, a protein is bound to the DNA and responsible for histone deacetylation involved 

in DNA repair and DNA stability)� According to its preference for certain DNA structures, 

also including bending, HMGB1 is reported to be responsible for the modification of the 

nucleosomal structure to control transcription, repair, and recombination of DNA (Fig. 16). 

(Ugrinova and Pasheva, 2017, Magna and Pisetsky, 2014)  
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Figure 16. The HMGB1 protein structure is shown in this diagram.  

A and B boxes, which are helical DNA-binding sites (Ugrinova and Pasheva, 2017) 

  
 

HMGB1 protein has distinctively different dual functions. The function of HMGB1 

depends on its location. A protein HMGB1 attaches to the minor groove of DNA in the 

nucleus, causing the DNA to be curved into helical form. HMGB1 stabilises nucleosomes 

and helps DNA replication, V(D)J recombination and DNA repair. Moreover, evidence 

shows that HMGB1 in mammals and Nhp6A/B HMGB1 homolog in yeast can protect 

DNA from damaging agents. (Giavara et al., 2005, Thongsroy et al., 2018) So, nucleus 

HMGB1 serves a crucial role in maintaining nuclear homeostasis and genomic stability. 

(Giavara et al., 2005, Kang et al., 2013) Loss of HMGB1 in nuclease results in telomere 

shortening by its requirement for chromosomal stability. (Polanská et al., 2012) In contrast, 

extra nucleus HMGB1 plays a role in many diseases, especially inflammatory and cancer. 

(Ugrinova and Pasheva, 2017, Magna and Pisetsky, 2014, Yang et al., 2015) 

Box A of HMGB1, the first part of HMGB1 protein (Fig. 17) overexpression cells, 

showed lowered endogenous DNA damage and increased cell proliferation. In HMGB1 
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and Box A overexpression, cells exhibited lower level of endogenous DNA damage; AP- 

site and 8-OHdG and cell viability of overexpressed cells was increased after exposure to 

DNA-damaging agents; H2O2, and rapamycin. (Patchsang M. and Settayanon S, 

unpublished data) Sepsis in mice exposed to a peritonitis model is prevented by Box A of 

the HMGB1 protein, and hepatitis B in mice exposed to an HBV infection model is also 

prevented by Box A of the HMGB1 protein. (Yang et al., 2004b, Sitia et al., 2007) 

 

Figure 17. Box A of Hmgb1 protein 

 

Physiologic Replication-Independent Endogenous DNA Double-Strand Breaks 

(PHY-RIND-EDSB)     

Global DNA hypomethylation promotes genomic instability though the damage to 

DNA is accumulated over time and resulted in an increasing rate of mutation. To stabilise 

the genome, cells possess an epigenetic mechanism to reduce DNA tension that causes 

DNA damage, named Physiologic-Replication-Independent Endogenous DNA Double-

Strand Breaks (PHY-RIND-EDSBs). They are localised within methylated genome and 

maintained by non-histone HMGB1 and SIRT1 proteins. (Apiwat, 2019) Furthermore, 

PHY-RIND-EDSBs can be found in yeast cells (Thongsroy et al., 2018), and a reduction 

in PHY-RIND-EDSBs was observed in hypomethylated genome including cancer and 

ageing. (Perez et al., 2018) 



38 
 

According to a recent study, a novel form of physiologic endogenous DNA double 

strand break that occurs without the influence of DNA replication has been discovered. 

They could be discovered in the G0 phase of the cell cycle, which is also known as the 

resting state. In human cells, DSBs caused by hypermethylation of PHY-RIND-EDSBs 

were repaired more precisely by an ataxia telangiectasia mutated-dependent and non-

homologous end-joining (NHEJ), whereas pathogenic DSBs were more commonly 

repaired by an error-prone Ku-mediated NHEJ. (Kongruttanachok et al., 2010, Thongsroy 

et al., 2013, Pongpanich et al., 2014, Thongsroy et al., 2018) It's interesting to note that 

PHY-RIND-EDSB in yeast decrease as the age of the yeast cells increases. (Thongsroy et 

al., 2018)  

Hypermethylated DNA regions and deacetylated histones contain human PHY-

RIND-EDSBs. (Pornthanakasem et al., 2008, Kongruttanachok et al., 2010) Cells deficient 

in HMGB proteins and Sir2 have a decreased ability to produce PHY-RIND-EDSBs. 

(Thongsroy et al., 2013, Shore, 2000) Sirtuin 1 (SIRT1), a human Sir2 homolog, binds to 

the HMGB1 and deacetylates DNA methyl transferase 1. (DNMT1). (Hwang et al., 2015, 

Peng et al., 2011)  Deoxyribophosphate lyase activity is also observed in HMGB1 protein. 

It does this by acting on DNA, which results in the production of PHY-RIND-EDSB. 

Histones are deacetylated by the SIRT1-bound HMGB1 protein, which prevents DNA 

damage response from affecting PHY-RIND-EDSBs. SIRT1-DNMT1 cooperation or 

deacetylation of histones and DNA methylation may be responsible for the 

hypermethylation of regions around human PHY-RIND-EDSB (Fig. 18). (Prasad et al., 

2007)  
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Figure 18. Appropriate epigenetic changes make structural alterations  

in chromatin organisation 

It has been purposed that Box A of HMGB1 protein might become a hopeful nuclear 

protein that might be able to effectively reduce the genomic instability and enhance the 

levels of PHY-RIND-EDSBs in cellular damage. Finally, the less genomic instability in 

the heat stress cells, along with more PHY-RIND-EDSBs by enhancing Box A of HMGB1 

protein expression might potentially improve or reverse damaging phenotypes by restoring 

impaired wound healing in burn wounds. Moreover, HMGB1 has been identified to prevent 

genomic instability by retaining PHY-RIND-EDSBs. 

Furthermore, it has been shown that HMGB1 is capable of preventing genomic 

instability by preserving PHY-RIND-EDSBs. The amount of PHY-RIND-EDSBs was 

lowered in yeast that did not contain the Nhp6A/B genes, which are identical to the 

HMGB1 gene in humans, and a similar result was obtained in HeLa cells that had the 

HMGB1 gene knocked out or downregulated. (Thongsroy et al., 2013) As a whole, our 

data show that HMGB1 preserves these physiologic-EDSBs, and that each of these EDSB 

types may play a particular role in preserving genomic integrity. Additional evidence 

supports the role of HMGB1, which has been linked to PHY-RIND-EDSBs, and there are 

multiple lines of evidence to support this function. The V(D)J cleavage reaction, which is 
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a kind of physiologic EDSB, is mediated by HMGB1, which plays a role. It has a mild 5-

deoxyribose phosphate lyase activity, which allows it to cleave DNA strands. (Ugrinova 

and Pasheva, 2017) It is interesting to note that both HMGB1 and HMG Box A possess 

nuclease activity. It has been discovered that the Box A domain of HMGB1 interacts with 

SIRT1, a histone deacetylase that is reliant on nicotinamide dinucleotide (NAD+) and is 

involved in the development of heterochromatin. It is believed that SIRT1 is connected 

with ageing, and its lowering results in increased DNA damage. Therefore, this study 

aimed to explore the role of Box A of HMGB1-mediated DNA methylation in genomic 

instability prevention and to improve burn wound healing. 

In addition to direct DNA damage by heat, the burn may cause a reduction of DNA 

protection epigenetic marks, Box A of HMGB1 produced PHY-RIND-EDSBs. Recently, 

we demonstrated a new type of epigenetic marks playing a role in genomic instability 

prevention. PHY-RIND-EDSBs are produced by Box A, part of the HMGB1 gene. Lack 

of HMGB1 led to PHY-RIND-EDSBs reduction and consequently spontaneous DNA 

shearing. (Thongsroy et al., 2018) On the contrary, introducing new DNA gaps by Box A 

expression plasmid transfection increased DNA durability and reduced endogenous DNA 

damage. (Yasom et al., 2022a)  Burn ignites HMGB1 release, resulting in intranuclear 

HMGB1 depletion. (Lantos et al., 2010) In addition, introducing a DNA break promoted 

global DNA gap repair. Both events cause PHY-RIND-EDSBs reduction. (Thongsroy et 

al., 2018) DNA sequences around PHY-RIND-EDSBs are hypermethylated, and depleting 

intranuclear HMGB1 reduces PHY-RIND-EDSBs and global DNA methylation. 

(Thongsroy et al., 2018, Watcharanurak and Mutirangura, 2022)  Recently, we reported 

global hypomethylation in burn scars. (Meevassana et al., 2021) This evidence supported 
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the reduction in HMGB1 produced PHY-RIND-EDSBs in burn wounds. So I hypothesized 

here that Box A of HMGB1 plasmid transfection should produce new PHY-RIND-EDSBs 

to compensate PHY-RIND-EDSBs reduction promoting DNA damage mechanism and 

consequently facilitating burn wound healing.  

As a result, I postulated that PHY-RIND-EDSBs, which is produced by the 

HMGB1 protein Box A, may protect DNA and speed up the healing of burn wounds in 

rats. The involvement of BoxA of the HMGB1 protein in genomic instability in connection 

to wound healing was investigated in this work. The following concerns were addressed: 

how can the BoxA of the HMGB1 protein be restored to minimise genomic stability 

induced by heat, and how can wound healing and epithelialization be accelerated at a 

greater rate and with better wound quality. 

 

Part C: Laminin 511 E8 

 The rate at which burns heal following injury is a primary determinant of the 

likelihood of infection, and slow healing is associated with prolonged hospital stays and 

severe patient morbidity. The development of new methods to improve the rate of wound 

repair and thereby improve outcomes would substantially benefit patients. (Kusu-Orkar et 

al., 2019) One approach is the direct application of biologically derived proteins, peptides 

or compounds to the wound bed, where the applied material is known to be involved in the 

native wound healing response. (Finlay et al., 2017) Keratinocytes, the primary cells of the 

epidermis, are important not only for their role as physical barriers to the body but also for 

rebuilding the injured layer via re-epithelialisation. (Pastar et al., 2014) This process 

involves keratinocyte proliferation and interaction with a provisional extracellular 
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substrate to migrate to the wound bed, thereby closing the wound. (Rowan et al., 2015) In 

this study, I hypothesised that an extracellular matrix component that is known to promote 

keratinocyte adhesion and migration could aid the re-epithelialisation process, thereby 

improving the rate of wound healing. Laminins (LMs) are proteins that are present in 

abundance in the extracellular matrix (ECM), mostly in basement membranes. Eighteen 

different isoforms of laminin have been found based on the unique trimeric components of 

the alpha (Į), beWa (ȕ), and gamma (Ȗ) chainV. Laminins are extracellular proteins that 

provide a role in the organization of several vital cellular pathways, including cell 

proliferation, adhesion, and migration. Different LM isoforms display distinct distribution 

profiles and differ in terms of their structure and their specificity and affinity for cell 

surface receptors. (Fig. 19) LMs 511 is the most common type of LMs found in mammalian 

skin. (Yap et al., 2019, Koivisto et al., 2014, Iriyama et al., 2020, Sugawara et al., 2008) 

LMs have been shown in numerous studies to improve keratinocyte and fibroblast function 

and differentiation. (Longmate and Dipersio, 2014, Hohenester and Yurchenco, 2013, 

Domogatskaya et al., 2012)  

  

Laminin and extra cellular matrix  

Laminins (LMs) are extracellular macromolecules that play key roles in the 

regulation of a plethora of core cell and tissue functions, including regulation of cell 

proliferation, adhesion, and migration. (Hamill et al., 2009) The extracellular matrix's 

primary components, laminin and collagen. When other proteins come into contact with 

laminin proteins via their C-terminal regions, they operate as scaffolds. Integrin, syndecan 

and dystroglycans are the protein receptors for laminin proteins, which are responsible for 
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the formation of the hemidesmosome and the focal adhesion complex in the basement 

membrane, and they aid in the process of cell migration. (Longmate and Dipersio, 2014, 

Iorio et al., 2015a, Hopkinson et al., 2014, Tsuruta et al., 2011) 

Several different laminin isoforms bind to a range of different receptors on the cell 

surface. Indeed, LMs are involved in most tissue remodelling processes, including 

neovascularisation processes during wound repair, (Iorio et al., 2015a) Laminin-511 and 

the D6E1 integrin receptor have a very strong affinity towards one another. Researchers 

identified that the integrin D6E1 binding site is required for laminin to function properly 

throughout the epithelialisation process. It is known that LM 511 interacts with the D6E1 

integrin receptor and increases the synthesis of focal adhesion kinase (FAK) (Essayem et 

al., 2006) (Januszyk et al., 2017, Gates et al., 1994, Son et al., 2019a, Renshaw et al., 1999), 

which is required for the migration of both keratinocytes and fibroblasts. On the other hand, 

when anti-D6E1 antibodies are utilised, cell proliferation and migration are significantly 

inhibited.  

 

Figure 19 Laminin proteins components (Iorio et al., 2015a) 

Furthermore, laminins and associated extracellular matrix components are 

responsible for a specific function in tissue regeneration. In the wound repair process, 
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laminins play an important role in re-epithelialisation and neovascularisation. The 

understanding of how laminin protein manages cell function in these different situations 

will increase the probability of producing a new method to improve wound closure or treat 

chronic or nonhealing wounds (Fig. 20).  

  

Figure 20. Focal adhesion formation 

The laminin 511 isoforms enhanced adherence in cells and increased the cell 

growth and differentiation of human corneal endothelial cells (HCEC). (Okumura et al., 

2015) In addition, using both in vitro and in vivo characterisations, Tjin MS and colleagues 

revealed that the laminin 511 protein provides a reliable culture substrate that can be used 

to replace the usual co-culture approach without compromising the quality of the cells. 

(Tjin et al., 2018) Moreover, laminin ⍺5ȕ1Ȗ1 (LM511) poWenWl\ enhanceV keUaWinoc\We 

migration in in vitro wound healing assays, and in vitro and in vivo assays have 
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demonstrated that LM511 provides a robust culture platform for the expansion of 

epidermal keratinocytes. (Tjin et al., 2018) LM511 is also located in the endothelial 

basement membrane and supports faster migration of cultured endothelial cells. (Hallmann 

et al., 2005, Simon-Assmann et al., 2011, Doi et al., 2002) As each of these activities is 

associated with the native wound response, supplying recombinant LM511 at wound sites 

may promote re-epithelialisation and angiogenesis. (Durbeej, 2010, Pouliot et al., 2002) 

Human embryonic stem cells (hESCs) are proven to proliferate in an undifferentiated phase 

when they are given recombinant laminin isoforms (laminin-511). The production of 

recombinant laminins utilising mammalian expression systems is now in progress. 

However, the process of extracting naturally purified laminin protein from these is time-

consuming and labour-intensive. (Pouliot and Kusuma, 2013, Miyazaki et al., 2012a, 

Pouliot et al., 2002) With the intention of overcoming this task, Laminin-511 proteins were 

fragmented to identify the smallest integrin-binding component.  

Laminin E8 fragments are truncated proteins that combine the C-terminal portions 

of the alpha (Į), beWa (ȕ), and gamma (Ȗ) chainV to form a single shorter protein. However, 

these simplified proteins still contain the integrin-binding facility, which includes the 

laminin-globular 1-3 domainV of Whe alpha (Į) chain and Whe glXWamaWe UeVidXe in Whe 

gamma (Ȗ) chain'V C-terminal tail, but they lack the other functions, such as the heparin-

and-heparan sulphate binding activity. (Taniguchi et al., 2009, Deutzmann et al., 1990) 

Thus, although LM511-E8 is substantially smaller (~150 kDa) than the full-length protein 

(~800 kDa), it serves as a functionally minimal form of LM511 and retains the key 

characteristics of the full-length protein including integrin-binding and dystroglycan 

binding sites that support adhesion and migration. (Doi et al., 2002, Sugawara et al., 2019, 
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Kumai et al., 2019, Miyazaki et al., 2012a) Recent studies demonstrated that in biosynthetic 

scaffold-based approaches for corneal epithelial tissue engineering, LM511-E8 supported 

human corneal epithelial keratinocyte regeneration with an efficacy similar to that of full-

length LM511 and LM521. (Polisetti et al., 2017, Aumailley et al., 1987, Okumura et al., 

2015). Furthermore, laminin 511 E8s play an important in HCEC growth with the same 

results that have been treated with full-length laminin. (Okumura et al., 2015) 

Laminin proteins interact with integrin proteins to activate key focal adhesion 

proteins like Talin, Vinculin, Paxillin, and FAK. These mechanisms will next activate actin 

and keratin organisation, which will promote cell motility and epithelialisation. (Miyazaki 

et al., 2012a, Hohenester and Yurchenco, 2013) The most LM- integrins binding receptors 

are Į3ȕ1, Į6ȕ1 oU Į6ȕ4, diffeUenW in cell W\pe and function of those cells (Yazlovitskaya et 

al., 2019, Koivisto et al., 2014) LM511 has been widely studied, and the E8 portion in 

particular contains high-affinity cell surface receptor binding sites, including that for 

integrin D6E1, enhances the human pluripotent stem cell adhesion, and accelerates the 

migration of human limbal melanocyte via FAK. (Takizawa et al., 2017, Sugawara et al., 

2019, Miyazaki et al., 2012b, DiPersio et al., 2016, Januszyk et al., 2017) As a result, 

laminin E8 components serve as a small form that performs the function of interacting with 

integrin Į6ȕ1 (Fig. 21).  
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Figure 21. Structure of Laminin 511 E8 fragment 

Thus, LM-E8s serve as a functionally reduced form of the LM 511 while retaining 

its full integrin-binding capacity. Therefore, using this smaller fragment may be sufficient 

for the effective treatment of burn wounds and have benefits over the full-sized protein in 

terms of future manufacturing scale-up and therapeutic delivery.  

Keratin or cytokeratin plays the role of a skeleton of cells that are used as a support 

framework and help in cell migration and proliferation. (Xu et al., 2020a, Coulombe and 

Lee, 2012) Keratin 10 is essential in increasing the migration of keratinocytes cell in the 

upper layer. (Laskin et al., 2020, Fuchs et al., 1992) Furthermore, Keratin 14 is important 

for increasing basal keratinocyte migration and proliferation. (Coulombe et al., 1991, Chan 

et al., 1994, Rouabhia et al., 2020, Velez-delValle et al., 2016) These keratins are then used 

to monitor the progress in wound healing and epithelialisation. (Watt, 2002, Chan et al., 

2002, Liovic et al., 2009, Yoon and Leube, 2019) 

Consequently, I proposed that recombinant LM511-E8 repairs tissues in burn 

wounds and possesses the ability to promote wound closure and epithelialization at the 

wound edge. Furthermore, this knowledge can be applied to tissue engineering and clinical 

trials. 
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Chapter 3. MATERIALS AND METHODS 

Ethics 

The thesis was focused on bio-specimens and animal studies. As a result, this study 

proposal was submitted to the Institutional Review Board from the Faculty of Medicine of 

the Chulalongkorn University, Thailand. The proposals, which were marked 003/62 and 

753/62, were approved by the Ethics Committee. All procedures were carried out in 

accordance with the Declaration of Helsinki's principles (7th version) (Fig. 22-23). 

          
Figure 22. Animal ethics approval certification 
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Figure 23. Human ethics approval certification 

  



50 
 

Part A: B1 siRNA 

Alu methylation in burn scar: study design, sample size, and population  

This study was an analytical cross-sectional study. The G*Power 3.1 program was 

used with an independent sample t-test to calculate the sample size. (Faul et al., 2009, Faul 

et al., 2007) The 46 Thai participants were patients who required surgical treatment and 

visited the plastic and reconstructive surgery clinic at King Chulalongkorn Memorial 

Hospital from 2019 to 2021. The complete medical record was examined by the surgeon 

before excision, and physical examination was performed to make a diagnosis and evaluate 

hypertrophic scars. The research only included patients who met the following criteria: age 

>18 years, surgery needed to correct scar contracture, and no previous surgery at the biopsy 

sites. Exclusion criteria for both groups were low quality or quantity of DNA from the 

tissue or blood samples or other (chronic) diseases. The 23 patients in the control group 

were healthy and required surgical excisions of the skin, such as upper and lower 

blepharoplasty, mastectomy, and abdominoplasty. The 23 patients in the hypertrophic scar 

group were post-burn patients who required surgical correction of scar complications, such 

as scar contracture, joint contracture, or nerve compression. Table 1 shows the 

demographics of patients with hypertrophic scars and healthy controls. 
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Sample group Sex 

(Male/Female) 

Age (years) 

(Mean ± SD) 
Normal controls (n = 23) 5/18 42 ± 21 

Burn scar (n = 23) 18/5 36± 14 
   

Burn type No Percent 

Flame burn 17 74 
Scald burn 2 8.6 

Chemical burn 2 8.6 
Electrical burn 2 8.6 

   
Percent burn No Percent 

1±20% 5 21.7% 
21±40% 8 34.7% 
41±60% 7 30.4% 
61±80% 3 13.0% 

Table 1. Patient demographic data; SD: standard deviation 

 

Blood and tissue samples 

Ethylenediaminetetraacetic acid (EDTA) blood samples (23 samples each from 

healthy normal controls and patients with hypertrophic scars) and tissue samples (23 

samples each from normal skin and from hypertrophic scars) were obtained. None of the 

patients received systemic or topical therapies for at least one month before the collection 

of the tissue samples. Three milliliters of peripheral blood was collected and stored in an 

EDTA tube at 4°C. The biopsy skin was cut to roughly 0.5±1 cm2 and maintained in 

Dulbecco's Modified Eagle Medium (10 mg/mL gentamycin and 10,000 U/mL penicillin) 

to preserve the tissues before extraction of DNA. 

DNA preparation 

The QIAamp® DNA Mini Kit was used to extract DNA from tissue samples after 

the tissues were washed with 1X PBS (Qiagen, Germany). The tissue samples were diced 

into tiny pieces and lysed by mixing ATL buffer with proteinase K, vortexing, and 
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incubating at 60°C until lysis occurred. The DNA was precipitated by adding 200 µL of 

AL buffer, mixing for 15 s followed by incubation at 70°C for 10 min. Before transferring 

the mixture to the QIAamp Mini spin column, 200 µL of ethanol (96±100%) was added 

and vortexed for 18000 rpm for 1 min. After washing spin column twice and eluting it with 

buffer AE, the eluate was moved to a 1.5 mL tube. The extracted DNA was stored at 4°C 

until combined bisulfite restriction analysis (COBRA) was performed. 

White blood cells (WBCs) were isolated from whole blood. The blood in EDTA 

tubes (Nipro, Japan) was centrifuged at 700 × g for 15 min to separate the layers. The buffy 

coat layer was collected from the interface layer. Red blood cells (RBC) were discarded 

with RBC lysis solution (Qiagen, Germany) at a ratio of 1:20 and centrifuged at 700 × g 

for 20 min. The upper part fluid was then removed, rinsed with 1X PBS and centrifuged 

twice at 700 × g for 20 min at room temperature. Then, 20 µL of proteinase K (20 ng/mL) 

(USB, OH, USA) and 500 µL of lysis buffer II (0.75 M NaCl, 0.024 M EDTA at pH 8, and 

10% SDS) were mixed. WBCs were maintained overnight at 50°C. DNA was extracted 

from WBCs with QIAamp® DNA Mini Kit.  

Alu COBRA 

COBRA analysis was used to determine the amounts of methylation present in 

DNA isolated from tissue and blood samples. An EZ DNA methylation-gold kit was used 

to execute the bisulfite conversion process (Zymo Research, Orange, CA, USA). The 

bisulfite transforms DNA using Alu primers in a polymerase chain reaction (PCR) (Table. 

2).  
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Forward primer 5ƍ-GGYGRGGTGGTTTAYGTTTGTAAA-3ƍ 

Reverse primer 5ƍ-CTAACTTTTTATATTTTTAATAAAAACRAAATTTCACCA-3ƍ 

Table 2. Alu repetitive sequence primer 

For the PCR, the following conditions were used: initial denaturation at 95°C for 

15 min, 35 cycles of denaturation at 95°C for 45 s, annealing and extension at 57°C for 45 

s and at 72°C for 45 s for extension PCR process, and at 72°C for 7 min for the final 

extension. The digest TaqI and TasI enzymes (Thermo Scientific, MA, USA) were used to 

digest the PCR products and were maintained at 65°C for 16 h. Subsequently, 8% 

polyacrylamide gel electrophoresis was used to determine the amount of methylation in the 

samples. The bands were determined utilising the Azure300 Gel Imaging System in 

conjunction with the AzureSpot 2.0 software (Azure Biosystem Inc., Dublin, CA, USA). 

Methylation analysis 

The results of the COBRA were allocated into four groups via the methylation 

status of two (cytosine-phosphate-guanine) CpG sites fUom Whe 5ƍ Wo Whe 3ƍ endV of the Alu 

DNA: meWh\laWion aW boWh CpGV (mCmC), XnmeWh\laWion aW boWh CpGV (XCXC), 5ƍ 

meWh\laWed and 3ƍ XnmeWh\laWed CpGV (mCXC), and 5ƍ XnmeWh\laWed (XCmC). The DNA 

parts after enzymatic digestion were quantified and consisted of 43, 32, and 58 bp parts for 

the mCmC group, a 133 bp part for the uCuC group, 43 and 90 bp parts for the mCuC group, 

and 75 and 58 bp parts for the uCmC group (Fig 24). 
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Figure 24. The patterns of Alu parts of methylation 

 

To conduct Alu methylation analysis, the band intensities of the six Alu product 

sizes were calculated according to the following DNA length: (133 bp, 90 bp, 75 bp, 58 

bp, 43 bp, and 32 bp). A = band intensity of 133 bp/133; B = band intensity of 58 bp/58; C 

= band intensity of 75 bp/75; D = band intensity of 90 bp/90; E = band intensity of 43 

bp/43; and F = band intensity of 32 bp/32. Alu methylation was calculated as follows:  

Alu total methylation level (%mC) (Equation 1) = ([B + E]/[2A + B + C + D + E]) × 100 

%mCmC = (F/[A + B + C + D + F]) × 100 

%mCuC = (D/[A + B + C + D + F]) × 100 

%uCmC = (C/[A + B + C + D + F]) × 100 

%uCuC = (A/[A + B + C + D + F]) × 100 
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Equation 1. Alu total methylation level (%mC) 

 

Cells and cell culture  

Rat epidermal keratinocytes (REKs) and rat dermal fibroblast (RDF) (Cell 

Applications) were cultured in Dulbecco Modified Eagle's Medium (DMEM) with 10% 

FBS. CellV ZeUe kepW aW 37ÛC in an incubator supplied with 95% air and 5% CO2. The cells 

were cultured in T-75 CoUning� U-shaped cell culture flasks and harvested at a confluency 

of ~80% using 0.05% Trypsin-EDTA (Thermo Fisher Scientific, Inc.). Cells were then 

cultured in 12 wells plate at a density of 1 × 104 cells. The cells at 80±90% confluency 

were subjected to induce burns by boiling in digital water bath at various temperatures. The 

cells at 80±90% confluency were divided into four groups and transfected to measure the 

methylation level: normal saline solution (NSS; 100 µL), calcium phosphate (Ca-P) 

nanoparticles, 150 nM scramble siRNA in 100 µL of a solution containing Ca-P 

nanoparticles, or 150 nM B1 siRNA in 100 µL of a solution containing Ca-P nanoparticles. 

(Fernandes et al., 2014, Mahmood, 2016, Kerschbaum et al., 2021) 

Quantitative combined bisulfite restriction analysis for B1 element (COBRA B1)  

A WoWal of 1 ȝL bisulfited DNA by EZ DNA methylation-goldTM kit was subjected 

to 45 cycles with the PCR mastermixTM (Thermo Scientific, MA, USA) under the following 
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WheUmoc\cling condiWionV: 95ÛC foU 15 min; 40 c\cleV aW 95ÛC foU 45 Vec, 53ÛC foU 45 Vec 

and 72ÛC foU 45 Vec; 72ÛC foU 10 min foU final e[WenVion VWeps using the primer as Table 3. 

Forward primer 5¶-YGYAYGYYTTTAATYYYAGYAAT-3¶  

Reverse primer 5¶- CCCTRRCTRTCCTRRAACTCAC-3¶ 

Table 3. B1 repetitive sequence primer 

Primers were designed using Primer 3 version 4.1.0 (Veniaminova et al., 2007a, 

Untergasser et al., 2012) (Fig. 25). The amplified PCR DNA was separated with two units 

of Taq1 and Tas1 enzyme in NE buffer II (TheUmo FiVheU ScienWific, Inc.) aW 37ÛC 24 h 

(Fig. 26). Then PCR results were separated using 8% gel non-denaturing polyacrylamide, 

stained with SYBR (Sigma-Aldrich; Merck KGaA). After enzyme digestion, six products 

of different lengths were detected after COBRA B1 (98, 78, 54, 44, 34 and 20 bp). The 

band intensities of the COBRA B1 products were determined using Image Quant version 

8.2 (Molecular Dynamics; GE Healthcare). 

 

Figure 25. The methylation patterns of B1 detected by COBRA-B1, and the restriction 
enzyme digest sites 
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Figure 26. Sequences of B1 repetitive elements in rat and restriction enzymes cutting 
point (TasI, TaqI) 

 
 
Sequences of B1 repetitive elements in rats and locations of the Taq1 and Tas1 

restriction enzyme sites  

According to the B1 analysis and calculations, two types of COBRA B1 products 

could be classified based on the methylated CpG dinucleotides, namely methylated loci 

(mC) and unmethylated loci (uC). The percentage of B1 methylation was measured. The 

B1 sequence has two CpG dinucleotide at 5ƍ and 3ƍ ends. B1 loci consisted of two-

methylated CpG of B1 sequence (mCmC), two-unmethylated CpG of B1 sequence (uC uC), 

5ƍ methylated and 3ƍ unmethylated CpG of B1 sequence (mCuC) and 5ƍ unmethylated and 

3ƍ methylated CpGs (uCmC). The intensity of each part was divided by the amplicon length 

in terms of bp, resulting in the following scores: %98/98 = A, %78/74 = B, %54/54 = C, 

%44/42 = D, %34/34 = E, and %20/20 = F (Fig 27).  

Subsequently, the %methylation was measured using the following formula: 

% total methylation (%mC) = 100 × (A + C + D)/2A + 2B + 2D (Equation 2). As an internal 

control, 25% methylated rat genomic DNA (EpigenDX) was used for the experiments and 

inter-assay adjustment (Fig. 28).  
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Figure 27. Polyacrylamide gel electrophoresis after cleavage with Taq1 and Tas1 

restriction enzyme 

 
 

  

Figure 28. Simulated polyacrylamide gel electrophoresis after cleavage with Taq1 and 
Tas1 restriction enzyme 
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Equation 2. The level of B1 methylation 

 

Animal Study and Experimental Design 

A total of 45 eight-week-old male Wistar rats were obtained from Namura Animal 

Company (Bangkok, Thailand). Rats were acclimated for 7 days under a controlled normal 

light/dark cycle, standard fed and provided ad libitum access to water. To create second-

degree burns, the rats were anaesthetised with 2% isoflurane (Sigma-Aldrich; Merck 

KGaA) (Marquardt et al., 2018), and the dorsal skin was shaved. Two burn wounds were 

created on the back of each rat using a 10-mm-diameter aluminium rod, which was heated 

Wo 100ÛC and placed on Whe Vkin foU 10 V. (Cai et al., 2014) The rats were allocated to three 

groups. NSS (100 µL), Ca-P nanoparticles, or 150 nM B1 siRNA in 100 µL of a solution 

containing Ca-P nanoparticles was applied daily to each wound on the rats in the control 

and treatment groups. 

The wounds of three animals in each group (a total of six) were imaged on days 0, 

7, 14, 21, and 28 after injury, and the wound areas were calculated using ImageJ program 

1.52t with a freehand selection tool. Wound areas are reported as a percentage of the initial 

wounded area (Equation 3). 
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Equation 3. Formular to calculate wound contraction rate 

On day 28, the rats were euthanised by exposing them to 5% isoflurane for 5±10 

min until respiration ceased, and they were confirmed dead. (Cai et al., 2014) For 12 

animals in each group (a total of 24 wounds), three rats (a total of six wounds) were 

euthanised with 5% isoflurane on days 3, 7, 14, and 21. On each of the specified euthanasia 

days, wound tissues were excised, and three of these samples (from the initial six wounds) 

were subjected to the DNA extraction process and measured to determine the methylation 

levels. The remaining three wound samples were subjected to 10% neutral-buffered 

formalin for fixation at room temperature (28±30ºC) for at least 48 h and subsequent 

embedding in paraffin for pathological examination (Fig. 29). 

In this study use of one-way analysis of variance (ANOVA) by program G*Power 

3.1 was used to calculate sample size, power = 0.95, effect size f = 0.8, alpha error = 0.05 

number of groups = 3. The results revealed 90 wounds; 45 rats were used for this 

experiment. (Faul et al., 2007) 
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Figure 29. Integrated experimental design. siRNA, small interfering RNA 

Two wounds of the second-degree burns were produced on the back using a 10 mm 

aluminium rod heated to 100°C (Fig. 30-31). (Cai et al., 2014). They were further divided 

into three groups and treated with  

1. NSS-treated group (negative control) = 30 wounds 

2. Ca-P nanoparticle-treated group (control group) = 30 wounds 

3. B1siRNA-B1-treated group = 30 wounds 

 

Figure 30. Creation of second-degree burn wounds at the dorsum of rats 
using a 10 mm aluminium rod heated to 100°C (Cai et al., 2014) 
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Figure 31. Before and after creation of second-degree burn wound 

 

siRNA delivery system 

The B1 siRNAs²5ƍ-CGCACGCCUUUAAUCCCAGCACUCGUU-3ƍ and 5ƍ-

CGAGUGCUGGGAUUAAAGGCGUGCGUU-3ƍ²and scrambled siRNA were 

purchased from Bioneer, Inc. The siRNA sequences were designed using siRNA wizard 

software version 3.1 (InvivoGen). 

The day before transfection, 5 × 104 REK cells/well were growth in a 24-well plate. 

Then the medium from each well in the control and experiment groups was replaced with 

150 nM of B1 siRNA in 100 µL CA-P nanoparticles, 150 nM of scramble siRNA in 100 

µL CA-P nanoparticles, 100 µL of Ca-P nanoparticles, and 100 µL of NSS and incubated 

for 48 h aW 37ÛC.  

To deliver siRNAs to target cells, the siRNAs were coated with a nanoparticle 

solution before topical administration on the burn wounds. The most effective siRNA: 

nanoparticle solution ratio was 150 nM B1 siRNA in 100 µL Ca-P nanoparticles. 

(Patchsung et al., 2018, Zhao et al., 2014, Wu et al., 2015) 
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First, B1 siRNA was mixed with an appropriate proportion and concentration of 

calcium solution (MilliporeSigma). Next, the B1 siRNA-calcium complex was added to a 

mixture of sodium carbonate (Na2CO3; MilliporeSigma) and sodium dihydrogen phosphate 

monohydrate (NaH2PO4·H2O; MilliporeSigma). After the B1 siRNA-coating process, the 

nanoparticle-coated B1 siRNAs were stored at room temperature (28±30ÛC) until use. The 

media was composed of 50 µL of a mixture containing 0.5 M calcium chloride (CaCl2) 

solution (MilliporeSigma) and 150 nM B1 siRNA + 50 µL of a mixture of 0.01 M Na2CO3 

solution (MilliporeSigma) and 0.01 M NaH2PO4·H2O solution (MilliporeSigma). A 31:1 

molar ratio of CO32-:PO43- was used. The B1 siRNA was mixed with 16 µL of 0.5 M CaCl2 

solution and adjusted to a final volume of 50 µL using sterile dH2O. Thereafter, the B1 

siRNA-calcium complex was added to 50 µL of a mixture of Na2CO3 solution and 

NaH2PO4·H2O solution (16 µL) and 34 µL sterile dH2O. (Zhao et al., 2014)  All steps in 

the preparation of the nanoparticle solution were performed under sterile conditions. Each 

nanoparticle solution preparation was used to confirm the transfection efficiency with rat 

dermal keratinocytes (Cell Applications) prior to each experiment. (Wu et al., 2015, 

Mostaghaci et al., 2016, Xie et al., 2013, Xu et al., 2016) 

Histopathology and immunohistochemistry 

 Formalin-fixed wound tissues were dehydrated and embedded in paraffin; 

subsequently, 3-µm-thick sections were prepared using a microtome. Hematoxylin and 

eosin (H&E) staining was performed for scoring. Immunohistochemical staining of the 

WiVVXe VecWionV ZaV peUfoUmed XVing monoclonal anWibodieV againVW ȖH2AX (dilXWion 

1:100, Ab2893; Abcam, Cambridge, MA, USA) and 8-OHdG (dilution 1:100, Ab48508; 

Abcam). (Wang et al., 2016) 
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The histological sections of the wounds were graded using a histopathological 

scoring system, following a previously published method, with some modifications. 

(Tanideh et al., 2014, Edraki et al., 2014) Three dermatopathologists who were blinded to 

the treatment regime independently performed H&E scoring, based on five criteria: 

epithelialization, polymorphonuclear leukocyte (PMNL) infiltration, collagen formation, 

number of fibroblasts, and presence of new blood vessels. A score of zero was assigned for 

no evident epithelialisation and no increase in the number of fibroblasts, PMNLs, or new 

blood vessel formation. A score of one demonstrated a raised thickness of the epithelial 

tissue sections, or the few fibroblasts present, PMNLs, and blood vessel formation. A score 

of two showed epithelisation, or the presence of a moderate number of fibroblasts, PMNLs, 

and blood vessels. A score of three demonstrated epithelial movement to the centre of the 

wound and the presence of many fibroblasts, PMNLs, and blood vessels. A score of four 

was assigned to sections showing complete regeneration of the epithelium, or the presence 

of excessive fibroblasts, PMNLs, and blood vessels. The mean of the scores provided by 

the three scorers were determined and combined to obtain an overall pathology score. 

Sections positive for anti-cytokeratin immunohistochemical staining were scored similarly 

by three dermatopathologists, scoring the sections on a scale of 0 to 4, starting from no 

staining to strong staining. 

Statistical analysis  

The Shapiro±Wilk test was used to identify how the data was distributed. The 

methylation status of the two independent groups (two-tailed t-test) was compared. The 

mean and standard deviation are presented for the data. An examination of the receiver 

operating characteristic (ROC) of Alu methylation status was carried out in order to 
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determine if it was capable of distinguishing between hypertrophic scar and normal control. 

To compare the groups where the data was normally distributed, a one-way ANOVA and 

Bonferroni post-hoc corrections were applied. When data was not normally distributed, a 

Kruskal±Wallis followed by a Dunn's post-hoc test was performed to determine the 

differences between groups. In order to conduct the statistical analyses, GraphPad Prism 

version 9.0.0 (GraphPad Software, Inc.) was utilised. A statistically significant difference 

was determined to exist when the P value was less than 0.05. 

 

Part B: Box A of HMGB1 protein 

Construction of HMGB1-BOXA plasmids 

The Box A of HMGB1 plasmid was customised by Addgene (Cambridge, MA, 

USA) containing a FLAG sequence driven by cytomegalovirus (CMV) promoter. The 350 

nucleotides of Box A of the HMGB1 sequence were inserted into pcDNA 3.1(+) plasmid 

backbone vector (plasmid size 5.4 kb) which contained the ampicillin-resistant gene as an 

antibiotic selective marker. The Box A of HMGB1 sequence (350 nucleotides) was inserted 

into the pLenti-C-mGFP-P2A-Puro backbone vector (plasmid size 7.5 kb). The Box A-

GFP plasmid consists of a chloramphenicol-resistant gene providing a potential selective 

marker in a plasmid preparation process. Each plasmid was amplified in Escherichia coli 

(DH5) cells (Invitrogen, USA). The plasmid was extracted with Plasmid Maxiprep Kit 

(Thermo Scientific, MA, USA) following the manual. Then the plasmids were determined 

Whe pXUiW\ and Whe abVoUpWion XVing Whe TheUmo ScienWific� NanoDUop 2000 

spectrophotometer. The HMGB1-BOXA plasmids were proved sequences before the 

experimental studies.  
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Plasmid preparation 

 Each type of plasmid (Box A of HMGB1 plasmid and pcDNA 3.1(+) plasmid 

control) was transformed into E. coli competent cell DH5-Į (Invitrogen, USA) following a 

conventional chemical transformation protocol (Sambrook JF. et al, 2002)� The 

transformant E. coli were cultured on the Luria-Bertani (LB) agar with ampicillin-

containing� After overnight incubation at 37 ̊C, a single isolated colony of transformant was 

selected and transferred to 5 mL of LB broth with appropriate antibiotics as a starter culture� 

Then, a starter culture of a single colony was maintained by shaking at 37 ̊C at 220 rpm for 

8 h� After incubation, the starter culture was inoculated into 250 mL of LB broth containing 

ampicillin (ratio 1:1,000) and further maintained in a shaker at 220 rpm for 16±18 h at 37 

̊C� The optical density was measured using the Asys UVM 340 spectrophotometer 

(Biochrom, MA, USA) to estimate the rate of bacterial growth until the optical density 

reached 2±3� 

To harvest the transformant E. coli, culture media was centrifuged at 6,000 × g for 

10 min, and the supernatant was discarded� The plasmid was extracted using Plasmid 

Ma[ipUep KiW (TheUmo ScienWific, MA, USA) aV peU Whe manXfacWXUeU¶V inVWUXcWionV. The 

amount of plasmid was determined using the Thermo ScientificTM NanoDrop 2000 

spectrophotometer� The plasmid in each preparation was sequenced and aligned with each 

original plasmid sequence to confirm the accuracy of the plasmid sequence� After plasmid 

sequencing, plasmids were pooled and stored at -20 ̊C until further use� 
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Plasmid delivery by nanoparticle coating system 

 The plasmids were coated with Ca-P nanoparticles before the topical administration 

to the wound burn model� The most effective ratio is 5% concentration of plasmid in Ca-P 

nanoparticle solution. (Xu et al., 2016, Mostaghaci et al., 2016, Cao et al., 2011) 

First, plasmid DNA was mixed in an appropriate proportion and concentration of 

0.5 M CaCl2 solution (Merck Millipore, USA), a plasmid DNA-binding reagent� Second, 

the plasmid DNA-calcium complex was further added to the solution of 0.01 M sodium 

carbonate (Na2CO3, Merck Millipore, USA) and 0.01 M sodium dihydrogen phosphate 

monohydrate (NaH2PO4·H2O, Merck Millipore, USA)� After the coating process, 

nanoparticle-coated plasmid DNA was stored at 25 ̊C until further use� (Zhao et al., 2014) 

  All steps of nanoparticle solution preparation were performed under sterile 

conditions� Each preparation of nanoparticle solution was validated using the transfection 

efficiency of nanoparticle solution after coating transfection into the rat 3T3 cell line. 

 

High-molecular-weight (HMW) DNA preparation for EDSB-LMPCR 

 HMW DNA was prepared for the initial step with 1% low-melting-point agarose, 

lysed and digested in 400 µL of 1 mg/mL protein kinase K, 50 mM Tris, pH 8.0, 20 mM 

EDTA, and 1% sodium lauryl sarcosine. Then, the agarose plugs were washed with PBS 

buffer for 40 min. To polish cohesive-end EDSBs, T4 DNA polymerase (New England 

Biolabs) was added, and the modified ligation-mediated PCR (EDSBLMPCR LONG and 

SHORT) linkers were ligated to HMW DNA (Table 4). Then DNA was extracted from the 

agarose plugs using a QIA quick gel extraction kit. 
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EDSBLMPCR LONG 5ƍ-AGGTAACGAGTCAGACCACCGATCGCTCGGAAGCTTACCTCGTGGACG-3ƍ 

EDSBLMPCR SHORT 5ƍ-ACGTCCACGAG-3ƍ 

Table 4. EDSBLMPCR linker sequence 

 

B1 element primer 5ƍ-AATCCGCCTGCCTCTGCCTCC-3ƍ 

The linker primer 5ƍ-AGGTAACGAGTCAGACCACCGA-3ƍ 

Taq man probe (6FAM) (6FAM) ACGTCCACGAGGTAAGCTTCCGAGCGA(TAM) 

Table 5. EDSBLMPCR primer 

Real-time PCR was performed using two PCR primers The B1 element primer was 

binding to the B1 repetitive sequence, and the linker primer was binding with the sequence 

as the 5ƍ end of the ligation linker (Table 5). The number of EDSBs could be measured by 

TaqMan probe homology to the 3ƍ end of the linker sequence. The dark blue and vertical 

dashed lines show genomic DNA with EDSB end. The red parallel line shows the linker 

sequences. The light blue line shows the B1 elements that are B1 repetitive sequences. The 

green and red arrows show the forward and reverse primers. The purple line is TaqMan 

probe (Fig. 32). The PCR components were composed of 1X of TaqManTM  Fast Advance 

Master Mix (Applied Biosystems, CA, USA), 0.5 U of HotStarTaq DNA polymerase 

(Quigen, Hilden, Germany), 0.3 PM of probe homologous with 3ƍ-linker 

sequence(6FAM)ACGTCCACGAGGTAAGCTTCCGAGCGA (TAM)(phosphate), 0.5 

PM of rat B1 repetitive sequences primer, 5ƍ-AATCCGCCTGCCTCTGCCTCC-3ƍ. 

Control DNA was cut by EcoRV (New England Biolab) and ligated with linkers to build 

the standard curve. The PCR cycles were set as follows: 1 cycle of 50°C for 2 min followed 

by 95°C for 10 min and 60 cycles of 95°C for 15 sec along with 60°C for 2 mins. The 
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amount of DNA-GAP PCR in each test was compared to the digested ligated control DNA 

and reported as the percentage of DNA-GAP PCR amplicons of control DNA. (Steen et 

al., 1997, Schlissel, 1998) 

 

Figure 32. Demonstration of the PHY-RIND-EDSB -detection using real-time PCR 

Cells and cell culture  

REK (Cell Applications) was cultured in DMEM with 10% FBS. Cells were kept 

aW 37ÛC in an incXbaWoU VXpplied ZiWh 95% aiU and 5% CO2. The cells were cultured in T-

75 CoUning� U-shaped cell culture flasks and harvested at a confluency of ~80% using 
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0.05% Trypsin-EDTA (Thermo Fisher Scientific, Inc.). Cells were then cultured in a 35 

mm culture plate at a density of 1 × 104 cells. The cells at 80±90% confluency were 

subjected to induce burns by boiling in digital water bath at various temperatures. Briefly, 

cell culture plates were wrapped with paraffin film and placed in a water bath for 10 min 

when the desired after the required temperature was reached; 37 degrees Celsius, 45 

degrees Celsius, 60 degrees Celsius, 75 degrees Celsius, and 90 degrees Celsius. 

(Schneider et al., 2021, Fernandes et al., 2014, Mahmood, 2016, Kerschbaum et al., 2021) 

Animal Study and Experimental Design 

Twenty-four male Wistar rats were purchased from the Namura Animal Center, 

Thailand. Animals were acclimatised for 1 week before being subjected to second degree 

burn wounds.  

In this study use one-way ANOVA by program G*Power 3.1 was used to calculate 

the sample size with effect size f = 0.8, alpha error = 0.05, power = 0.95, number of groups 

= 3. This resulted in  90 wounds on 45 rats used for this experiment. (Faul et al., 2007) 

(Fig. 33) 
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Figure 33. Rats burn wound experiment 

Two second degree burn ZoXndV ZeUe pUodXced on Whe UaWV¶ doUVXm XVing a 10 mm 

aluminium rod heated to 100°C (Cai et al., 2014). Rats were further divided into three 

groups and treated with  

1. NSS-treated group (negative control) = 30 wounds 

2. Ca-P nanoparticle-treated group (control group) = 30 wounds 

3. Box A plasmid-treated group = 30 wounds 

Histopathology and immunohistochemistry 

 Formalin-fixed wound tissues were dehydrated and embedded in paraffin, after 

which 3-µm-thick sections were prepared using a microtome. H&E staining was performed 

for scoring. Immunohistochemical staining of the tissue sections was performed using 

monoclonal anWibodieV againVW ȖH2AX (dilXWion 1:100, Ab2893; Abcam, CambUidge, MA, 

USA) and 8-OHdG (dilution 1:100, Ab48508; Abcam). (Wang et al., 2016) 
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The histological sections of the wounds were graded using a histopathological 

scoring system, following a previously published method, with some modifications. 

(Edraki et al., 2014) Three dermatopathologists who were blinded to the treatment regime 

independently performed H&E scoring, based on five criteria: epithelialization, 

polymorphonuclear leukocyte (PMNL) infiltration, collagen formation, number of 

fibroblasts, and presence of new blood vessels. A score of zero was assigned when there 

was no evident epithelialisation and no increase in the number of fibroblasts, PMNLs, or 

new blood vessel formation. A score of one demonstrated a raised thickness of the 

epithelial tissue sections, or the few fibroblasts present, PMNLs, and blood vessel 

formation. A score of two showed epithelisation, or the presence of a moderate number of 

fibroblasts, PMNLs, and blood vessels. A score of three demonstrated epithelial movement 

to the centre of the wound and the presence of many fibroblasts, PMNLs, and blood vessels. 

A score of four was assigned to sections showing complete regeneration of the epithelium, 

or the presence of excessive fibroblasts, PMNLs, and blood vessels. The mean of the scores 

provided by the three scorers was determined and combined to obtain an overall pathology 

score. Sections positive for anti-cytokeratin immunohistochemical staining were scored 

similarly by three dermatopathologists, scoring the sections on a scale of 0 to 4, starting 

from no staining to strong staining. (Farghali et al., 2017, Tavares Pereira Ddos et al., 2012, 

Haghdoost et al., 2013, Edraki et al., 2014) 

Statistical analysis 

 The data were expressed as mean ± standard deviation (SD). A one-way ANOVA 

was performed to test the difference between the groups with normally distributed data, 

and Kruskal±Wallis test was used with non-normal distribution data. SPSS version 25.0 
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(SSPS Inc., IL, USA) was used for all statistical analyses. P-value < 0.05 was considered 

as significant.  

Part C: Laminin 511 E8 

LAMININ 511 E8  

Recombinant laminin-511 E8 fragments are available as iMatrix-511� This product 

was purchased form Takara Bio Inc� and Nippi, Inc� In this experiment, 2.5 ȝg of this 

product was applied per wound every day. (Malinda et al., 2008, Araki et al., 2009) 

Cells and cell culture 

RDF cells (Cell Applications, San Diego, CA, USA) and REK cells (Cell Biologics, 

Inc., Chicago, IL, USA) ZeUe cXlWXUed in DMEM ZiWh 10% FBS aW 37ÛC in a hXmidified 

atmosphere (95% air: 5% CO2). The cell lines were grown in 75 cc culture flasks and were 

harvested at 90% confluence with 0.05% trypsin. The cells were washed with sterile PBS. 

RDF cellV ZeUe Veeded in 24ဩZell cXlWXUe plaWeV (5 × 104 cells/well), which were then filled 

with medium and incubated in a CO2 incXbaWoU aW 37ÛC. 

Wound migration assays 

 Cells were gUoZn Wo conflXence in 24ဩZell cXlWXUe plaWeV. TZo paUallel ZoXndV 

ZeUe made in Whe monola\eU ZiWh a 200 ȝL pipeWWe Wip and debUiV was removed by washing 

with sterile 1X PBS. Fresh medium with 1.0, 2.5, 5.0, 10, and 25 µg/µL of laminin were 

added for the experimental groups, and fresh medium without laminin was added for the 

control group. The wound size after 0, 6, and 24 h in RDF cells and REK cells of the 

experimental groups and the control group were photographed under a light microscope 

with 200× magnification.   
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Experiment on the interaction between laminin and integrin in vitro  

HaCaT spontaneously transformed human epidermal keratinocytes and REK cells 

were cultured using DMEM with 10% fetal bovine serum (LabTech, East Sussex, UK). 

Fluorescence Microscopy 

  The following procedure was used to culture REK cells on coverslips prior to their 

labelling with an immunofluorescent dye: Once the cells were rinsed with PBS, they were 

fixed with 3.7% paraformaldehyde for 20 min before being permeabilised with 0.5% Triton 

X-100/PBS for 7 min on a shaker at 25°C to identify integrin receptors. Then, for 2 h at 

25°C, non-specific binding was blocked with 5% goat serum in PBS. Subsequently, the 

coverslips were stained with anti-integrin D6 and E1 primary antibodies at a concentration 

of 1:200 for 30 min, followed by a secondary antibody at a concentration of 1:500 

incubated for 30 min. The coverslips were then washed with Vectashield with DAPI, sealed 

with nail varnish, and stored at -20°C for analysis with a confocal microscope (Zeiss LSM 

800). (Horzum et al., 2014) 

Real-time PCR 

 Total RNA was extracted using the RNeasy Mini Kit according to the 

manXfacWXUeUV¶ inVWUXcWionV (Qiagen, Hilden, GeUman\), and concentration was measured 

using a NanoDrop-1000 spectrophotometer (Peq Lab Biotechnologie, Erlangen, 

Germany).  

Real-time qPCR was performed on the Roche 96 using the SYBR green detection 

method (New England Biolabs, UK). The PCR reaction was performed in a 100-ng volume 

containing the Luna® Universal One-Step RT-qPCR Kit (New England Biolabs, UK) and 

1 ȝL of pUimeU mi[ (10 ȝM foUZaUd pUimeU, 10 ȝM UeYeUVe pUimeU). PUimeU VeqXenceV (IDT 
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DNA) are given in Table 6. (Miyazaki et al., 2012a, Dingemans et al., 2010) The PCR 

profile with 40 cycles of 15 s at 95°C and 30 s at 60°C was performed; a melting curve 

analysis was performed, which consisted of 70 cycles of 10 s with a temperature increment 

of 0.5 °C/cycle starting from 60 °C. For normalisation of gene expression levels, ratios 

relative to the housekeeping gene weUe calcXlaWed b\ Whe compaUaWiYe CT meWhod (ǻǻCT). 

(Livak and Schmittgen, 2001) Genes were considered as differentially expressed when 

their expression levels exceeded a two-fold difference in all specimens analysed. The 

normalised data uses an average of two housekeeping genes, GAPDH and HPRT1. All 

experiments were performed in triplicate, and the results were expressed as the means fold 

change ± SD. 

Flow cytometric analysis 

 Cells were washed with PBS for 2±5 min then detached by 0.05% trypsin/EDTA 

solution for 5 min. After three washes with blocking buffer (0.1% BSA/PBS), 1 × 105 cells 

were incubated for 45 min at 25°C with primary antibodies at 1:100 diluted in blocking 

buffer. Cells were then rinsed twice with blocking buffer and incubated for 30 min at 25°C 

with secondary antibodies at 1:500 diluted in blocking buffer. Cells were then rinsed twice 

with blocking buffer and resuspended in 200 µL of blocking buffer for measurement. 

Fluorescence intensities were analysed on an Accuri 6TM flow cytometer (Becton 

Dickinson). The following primary antibodies were used: 1:100; integrin alpha 3 

polyclonal antibody (Thermo Fisher), 1:100; integrin alpha 6 (CD49f) monoclonal 

antibody (Mab-5A) (Thermo Fisher), 1:100; integrin alpha 7 polyclonal antibody (Thermo 

Fisher), 1:100; integrin beta 1 (CD29) recombinant rabbit monoclonal antibody (SR30-03) 

(Thermo Fisher), 1:100; rabbit integrin beta-4 polyclonal antibody (Mybiosources), 1:100; 
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goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, 1:500; Alexa Fluor 647 

(Thermo Fisher) and goat anti-mouse IgG1 cross-adsorbed secondary antibody, 1:500 ; 

Alexa Fluor 488 were used as secondary antibodies. Mouse IgG1 kappa isotype control 

(P3.6.2.8.1), eBioVcience� (TheUmo FiVheU) and rabbit IgG isotype control (31235) 

(Thermo Fisher) were used as isotype control.  

Animal Study and Experimental Design 

In the preliminary experiment, eighteen eight-week-old male Wistar rats were 

purchased from the Namura Animal Center (Thailand). The rats were acclimatised for 7 d 

under a controlled cycle and fed chow with access to water. To create second-degree burns, 

rats were anaesthetised using isoflurane and the dorsal skin was shaved� Two burn wounds 

ZeUe cUeaWed on Whe UaWV¶ doUVXm XVing a 10 mm diameWeU alXminiXm Uod heaWed Wo 100�C 

and applied to the skin for 10 s. The rats were allocated into two groups of nine rats/group. 

NSS (100 µL) or 2.5 µg LM511-E8 (commercially available as iMatrix-511; Takara Bio 

Inc�, Nippi, Tokyo, Japan) in 100 µL PBS was applied daily to each wound on the rats in 

the control and treatment groups, respectively. 

In the complete in vivo experiment consisting of four animals/group (eight wounds), 

the wounds were imaged on days 0, 7, 14, 21, and 28 after injury, and the wound areas 

were analysed using the ImageJ software version 1.52t (NIH, MA, USA) using the 

freehand selection tool. Wound areas were reported as a percentage area relative to day 0. 

For twenty animals/group, four rats (eight wounds) were euthanised after 3, 7, 14, 21, and 

28 days, the wound tissues were excised and immediately fixed in 10% neutral-buffered 

formaldehyde for at least 48 h followed by a paraffin-embedding. 
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In this study the program G*Power 3.1 was used for calculating sample size, alpha 

error = 0.05, power = 0.95, effect size f = 0.6, number of groups = 2. This resulted in  80 

wounds from 40 rats used in this experiment. (Faul et al., 2007) (Fig. 34) 

 

 
Figure 34. Sample size and allocation of rat burn wound experiment 

Then, two second-degree burn wounds were produced on the back of rats. They 

were further divided into two groups and treated with 

1. NSS-treated group (negative control) = 20 rats/40 wounds 

2. Laminin 511 E8-treated group = 20 rats/40 wounds 

Histopathology and Immunohistochemistry 

The formalin-fixed paraffin-embedded tissues were cut into 3 µm sections using a 

Leica RM 2125 microtome (Leica, Heidelberg, Germany). H&E staining was performed; 

in addition, immunohistochemistry of the tissue sections was performed using monoclonal 

antibodies against cytokeratin 10 (Dako Corp., Carpinteria, CA, USA) and cytokeratin 14 

(Neomarkers, Inc., Fremont, CA, USA). 
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The histological sections of the wounds were graded using a histopathological 

scoring system, following a previously published method, with some modifications. 

(Edraki et al., 2014) 

Statistical Analysis 

Data were determined for normal distribution using the Shapiro±Wilk test (P > 

0.05). For normally distributed data, one-Za\ ANOVA folloZed b\ BonfeUUoni¶V poVW-hoc 

test were used to compare groups, or two-way mixed ANOVA was used to determine the 

difference between groups and times. For non-normally-distributed data, the Kruskal±

Wallis followed by a Dunn's post-hoc was used to test the difference between groups. P-

values < 0.05 were considered statistically significant.  
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Chapter 4. RESULTS 

Part A: B1 siRNA 

Methylation levels of Alu in hypertrophic scars and normal skin 

Alu-combined bisulfite restriction analysis (COBRA-Alu) was used to quantify Alu 

methylation levels (mC) in either control or hypertrophic scar tissue sample groups. The 

results showed that the levels were significantly lower in hypertrophic scars than in normal 

tissues (35.6 ± 3.2% and 29.4 ± 2.5%, respectively; p < 0.001) (Fig. 35-36).  

 

Figure 35. Polyacrylamide gel of DNA from human skin bisulfite  

 

 



80 
 

 

Figure 36. Alu methylation levels in control and burn scar tissue samples, 35.6 ± 3.2% 
and 29.4 ± 2.5%, respectively; t-test  

(*P 0.05, **P 0.01 and ***P 0.001; N = 23 per group) 
 
 

 

Methylation levels of Alu in WBCs from hypertrophic scar and normal control 

groups 

WBCs were isolated from the blood of 46 patients and Alu methylation levels were 

analysed by COBRA-Alu. The results revealed that the total methylation levels (mC) were 

slightly higher but significant in WBCs from hypertrophic scars than in those from the 

normal control group (27.0 ± 4.0% and 24.6 ± 3.3%, respectively; p < 0.05) (Fig. 37). 

Remarkably, the trend was different from that observed in tissue samples.  

 

Figure 37. Alu methylation levels in white blood cells (WBCs) from burn scar 
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and normal control groups, 27.0 ± 4.0% and 24.6 ± 3.3%, respectively; t-test  
(*P 0.05, **P 0.01 and ***P 0.001; N = 23 per group) 

 
 
 

Alu methylation patterns in tissue samples and ROC analysis 

The uCmC pattern was significantly lower, whereas the uCuC pattern was 

significantly higher, in the hypertrophic scar tissue (p < 0.0001; Fig. 38A). Thus, this 

method showed the potential for using ROC analysis to distinguish between normal skin 

and hypertrophic scar tissue. The ROC values of the uCmC and uCuC patterns verified the 

screening reliability. The area under the curve for the uCmC pattern was 0.95, and the cut-

off value, sensitivity, and specificity were 27.87%, 91.30%, and 96.23%, respectively (Fig. 

38B). Furthermore, the AUC of the uCuC pattern was 0.98, and the cut-off value, 

sensitivity, and specificity were 42.34%, 100%, and 94.23%, respectively (Fig. 38C). 

Therefore, the most effective method for identification of hypertrophic scar tissue was the 

analysis of the Alu uCmC and uCuC patterns. 
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Figure 38. (A) Alu methylation patterns in burn scar and normal skin tissue samples. 
(B) ROC analysis of the uCmC pattern. (C) ROC analysis of uCuC pattern; t-test, ROC 

test 
(*P 0.05, **P 0.01 and ***P 0.001; t-test, N = 23 per group) 

 
 
 

 

Invitro B1 siRNA result: the B1 methylation levels in rat epidermal keratinocytes 

cells  

B1 methylation in REK cells was increased in the B1 siRNA-treated group 

compared to the control and scramble siRNA groups: i) control, 28.83 ± 0.86%; ii) Ca-P, 

29.0 ± 0.70%; iii) scramble siRNA, 29.22 ± 1.09; iv) B1 siRNA, 43.72 ± 1.25% (Fig. 39).  
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Figure 39. The B1 methylation levels in rat epidermal keratinocytes cells; Kruskal±Wallis 

followed by a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 3 per group) 
 
 
 

Treatment with B1 siRNA increases the percent wounds contracture as well as the 

methylation levels in the wounds 

Second-degree burn wounds were treated each day with 150 nM B1 siRNA, and 

the wound areas were measured using photographs taken on days 0, 7, 14, 21, and 28 post-

injury (Fig. 40). 
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Figure 40. Images of wounds that were treated daily with a saline control, Ca-P 

nanoparticles or B1 siRNA 
 

Statistically significant improvements in wound healing were observed in the NSS 

and Ca-P nanoparticle groups compared with the wounds in the B1 siRNA-treated group. 

The respective percentage wound healing ± SD in the groups treated with saline or Ca-P 

nanoparticles, relative to that in the B1 siRNA-treated group, on different days were as 

follows: i) day 7, 15.8 ± 3.6% and 15.7 ± 2.4% vs. 20.0 ± 2.0%, both P < 0.01; ii) day 14, 

56.6 ± 1.2% and 56.7 ± 1.6% vs. 60.4 ± 1.4%, both P < 0.001; iii) day 21, 73.1 ± 2.3% and 

73.4 ± 2.6% vs. 77.2 ± 1.3%, both P < 0.01; and iv) day 28, 90.6 ± 1.4% and 90.8 ± 0.9% 

vs. 97.2 ± 0.8%, both P < 0.001. There were no significant differences between the percent 

wound contracture in the NSS-treated control and Ca-P nanoparticle groups. Furthermore, 

significant differences were observed amongst the control and Ca-P nanoparticle compared 

with the B1 siRNA treatment group, particularly on days 14 and 28 post-injury (Fig. 41). 
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Figure 41. % Wound contracture in different treatment days; Kruskal±Wallis followed by 
a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 6 per group) 

 
 

B1 siRNA promotes methylation through siRNA directed DNA methylation 

(Mathieu and Bender, 2004, Matzke and Mosher, 2014a); it improves DNA stability and 

enhances proliferation of the cells. (Patchsung et al., 2018) The methylation levels of the 

B1 siRNA group were significantly higher than those of the saline-treated control and Ca-

P nanoparticle groups, especially on days 14 and 28. The respective percentage methylation 

± SD in the NSS control, Ca-P nanoparticle, and B1 siRNA-treated wounds on different 

days were as follows: i) day 3, 30.3 ± 1.5% and 29.0 ± 1.0% vs. 33.00 ± 1.0%, both P < 

0.05; ii) day 7, 30.0 ± 2.0% and 31.0 ± 2.0 vs. 35.0 ± 1.0%, both P < 0.001; iii) day 14, 

33.7 ± 1.5% and 33.0 ± 1.7% vs. 45.0 ± 1.0%, both P < 0.001; iv) day 21, 33.7 ± 2.0% and 

34.7 ± 0.6% vs. 41.0 ± 1.0%, both P < 0.001; and v) day 28, 34.3 ± 0.6% and 34.3 ± 0.6% 

vs. 38.00 ± 1.00%, both P < 0.05 (Fig. 42). The differences were shown in the B1 siRNA-

treated group compared with the control groups three days post-injury. 
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Figure 42. The B1 methylation levels in second-degree burn wounds; Kruskal±Wallis 
followed by a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 6 per group) 

 

Pathological and immunohistochemical changes in the rat model of burn wound  

Individual histopathological scores were combined to provide an overall score for 

each wound. Blinded scoring of the wounds by the three dermatopathologists confirmed 

that the rats treated with B1 siRNA displayed much better pathological scores than those 

treated with NSS or Ca-P nanoparticles, with the greatest improvement observed on days 

14, 21, and 28 post-injury. The pathological scores ± SD in the NSS and Ca-P nanoparticle-

treated groups (respectively), relative to those in the B1 siRNA-treated group, on different 

days were as follows: i) day 3, 1.3 ± 0.6% and 1.7 ± 0.6% vs. 2.7 ± 0.6%, both P > 0.05; 

ii) day 7, 7.7 ± 1.2 and 7.7 ± 0.6% vs. 7.0 ± 1.0, both P > 0.05; iii) day 14, 12.3 ± 0.6% and 

11.3 ± 1.2% vs. 15.7 ± 0.6%, both P < 0.01; iv) day 21, 13.3 ± 0.6% and 12.3 ± 1.5% vs. 

16.0 ± 0.0%, P < 0.05; and v) day 28, 15.0 ± 1.0% and 14.3 ± 0.58% vs. 16.6 ± 1.53%, P 

< 0.05 (Fig. 43 A and B). 
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Figure 43. H&E staining and 8-OHdG and ȖH2AX immXnohiVWochemical VWaining  

to assess burn wound healing in rats treated daily with 150 nM B1 siRNA. (A) Sections 
of tissue immunostained with H&E after 14 d of wounding and healing. (B) Pathological 

wound healing scores of six second-degree burn wounds/timepoint. (C) Sections of 
wounded tissues immunostained for 8-OHdG after 7 and 14 d. (D) Quantification of 8-
OHdG VWaining. (E) SecWionV of ZoXnd WiVVXe immXnoVWained foU ȖH2AX afWeU 7 and 14 

d. (F) QXanWificaWion of ȖH2AX (one-way ANOVA); Kruskal±Wallis followed by a 
Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 6 per group) 

 
 

8-OHdG and ȖH2AX VcoUeV ZeUe deWeUmined Wo meaVXUe DNA damage UeVponVe 

after introducing burn injuries. A low immunohistochemistry score for 8-OHdG and 

ȖH2AX UeflecWed a loZ DNA damage UeVponVe. The B1 siRNA-treated group exhibited 
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lower levels of 8-OHdG than the NSS and Ca-P nanoparticle groups on days 14 and 21. In 

addition, the wounds in the B1 siRNA-WUeaWed gUoXp VhoZed VignificanWl\ loZeU ȖH2AX 

levels from days 7 to 21 than did the NSS- and Ca-P nanoparticle-treated groups, with the 

highest level observed 14 days post-injury. The respective 8-OHdG immunohistochemistry 

score ± SD in the NSS and Ca-P nanoparticle-treated groups, respectively, relative to those 

in the B1 siRNA-treated group were as follows: i) day 3; 4.0 ± 0.0% and 4.0 ± 0.0% vs. 

4.0 ± 0.0%, both P > 0.05; ii) day 7; 4.0 ± 0.0% and 3.7 ± 0.6% vs. 3.33 ± 0.6%, both P > 

0.05; iii) day 14, 3.0 ± 0.0% and 3.3 ± 0.6% vs. 2.7 ± 0.6%; both P < 0.01; iv) day 21, 3.0 

± 0.0% and 2.7 ± 0.6% vs. 2.0% ± 0.0%, both P < 0.05; and v) day 28, 2.0 ± 0.0% and 2.0 

± 0.0% vs. 1.7 ± 0.6%, P < 0.05 (Fig. 43 C and D). FXUWheUmoUe, Whe ȖH2AX 

immunohistochemistry scores ± SD in the NSS and Ca-P nanoparticle groups, relative to 

those in the B1 siRNA-treated group, were as follows: i) day 3, 4.0 ± 0.0% and 4.0 ± 0.0% 

vs. 4.0 ± 0.0%, both P > 0.05, ii) day 7, 3.7 ± 0.6% and 4.0 ± 0.0% vs. 3.3 ± 0.6%, both P 

> 0.05, iii) day 14, 3.0 ± 0.0% and 3.3 ± 0.6% vs. 2.7 ± 0.6%, both P < 0.05, iv) day 21, 

2.7 ± 0.6% and 2.7 ± 0.6% vs. 2.0 ± 0.0%, both P < 0.05; and v) day 28, 2.0 ± 0.0% and 

2.0 ± 0.0% vs. 1.7 ± 0.6%; both P > 0.05 (Fig. 43 E and F). 

 

 

Part B: Box A of HMGB1 protein 

In vitro PHY-RIND-EDSB level  

The PHY-RIND-EDSB fold change expression level of REK cells that induce burns 

by boiling in digital water bath at 37 degrees Celsius, 45 degrees Celsius, 60 degrees 

Celsius, 75 degrees Celsius, and 90 degrees Celsius : i) 45 degrees Celsius , 0.515 ± 0.036; 
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ii) 60 degrees Celsius, 0.365 ± 0.022; iii) 75 degrees Celsius, 0.327 ± 0.016 and  iv) 90 

degrees Celsius, 0.288 ± 0.001. The normalised data uses an average of 37 degrees Celsius¶ 

PHY-RIND-EDSB level (Fig. 44). *P < 0.05, **P < 0.01, and ***P < 0.001; N = 9/group  

 

Figure 44. The PHY-RIND-EDSB fold change expression level of REK cells that induce 
burns. The Y axis of the graph is normalized to the levels digested ligated control DNA 
(*P 0.05, **P 0.01 and ***P 0.001; Kruskal±Wallis followed by a Dunn's post-hoc, N = 

9 per group). 
 

The PHY-RIND-EDSB levels of REKs were increased in the Box A plasmid-

treated group compared to the control, Ca-P, and scramble plasmid-treated groups in both 

45 and 90 degrees Celsius: i) 45 degrees Celsius, 0.515 ± 0.036 , 0.514 ± 0.031 and 0.516 

± 0.035 vs. 0.72 ± 0.03, P < 0.001; ii) 90 degrees Celsius, 0.288 ± 0.01, 0.284 ± 0.008 and 

0.289 ± 0.01 vs. 0.371 ± 0.03, P < 0.035 (Fig. 45).  
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Figure 45. The PHY-RIND-EDSB fold change expression level of REK cells that induce 
burns at 45 and 90 Celsius. The Y axis of the graph is normalized to the levels digested 
ligated control DNA (*P 0.05, **P 0.01 and ***P 0.001; Kruskal±Wallis followed by a 

Dunn's post-hoc, N = 9 per group). 

 
 

 
Treatment with Box A of HMGB1 protein increased the healing rate of second-

degree burn wounds and PHY-RIND-EDSB level 

I treated second-degree burn wounds each day with 5 μg of plasmid in 100 µL of 

CA-P nanoparticles and measured the wound areas, using photographs taken weekly (Fig. 

46 A). Statistically significant improvements in wound healing were observed in the NSS 

and Ca-P nanoparticle groups compared with the wounds in the Box A of HMGB1-treated 

group. The respective % wound healing ± SD in the groups treated with saline or Ca-P 

nanoparticles, relative to that in the Box A of HMGB1-treated group, on different days was 

as follows: (i) day 7: 15.8% ± 3.6% and 15.7% ± 2.4% vs. 21.0% ± 2.1%; P < 0.05, (ii) day 

14: 56.6% ± 1.2% and 56.7% ± 1.6% vs. 63.5% ± 1.6%; P < 0.001, (iii) day 21: 73.1% ± 
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2.3% and 73.4% ± 2.6% vs. 79.0% ± 1.3%; P < 0.01, and (iv) day 28: 90.6% ± 1.4% and 

90.8% ± 0.9% vs. 100.0% ± 0.0%; P < 0.001. The NSS-treated control and Ca-P 

nanoparticle groups showed no difference. Furthermore, significant differences were 

observed among the control, Ca-P nanoparticle, and Box A of HMGB1 treatment groups, 

especially at 14- and 28-d post-injury (Fig. 46 B). 

 

 

            

Figure 46. Effect of Box A of HMGB1 treatment on the contracture rate 
of second-degree burn wounds. (A) Images of wounds in rats whose wounds were treated 

daily. (B) Wound healing plotted as a % wound contracture/week; Kruskal±Wallis 
followed by a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 6 per group) 

 

A 

B 
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The PHY-RIND-EDSB levels of the group of Box A of HMGB1 were higher than 

those in saline-treated and Ca-P nanoparticle groups, especially on days 7, 14, and 21. The 

respective fold change ± SD compared with saline or Ca-P nanoparticles and Box A of 

HMGB1-treated wounds on different days were as follows: i) day 3, 1.0 ± 0.0 and 1.1 ± 

0.1 vs. 1.1 ± 0.1, both P > 0.05; ii) day 7, 1.1 ± 0.1 and 1.1 ± 0.1 vs. 1.7 ± 0.2, both P < 

0.05; iii) day 14, 1.1 ± 0.1 and 1.1 ± 0.1 vs. 2.2 ± 0.1, both P < 0.01; and iv) day 21, 1.1 ± 

0.1 and 1.1 ± 0.1 vs. 2.1 ± 0.0, both P < 0.01 and, (v) day 28: 1.1 ± 0.1 and 1.1 ± 0.1 vs. 

1.6 ± 0.0, both P < 0.01. The contrasts were detected among the treatment groups at three 

days post-injury (Figure 47).  

 
 

 
 
 

Figure 47. Effect of Box A of HMGB1 treatment on the PHY-RIND-EDSB level; SD: 
standard deviation The Y axis of the graph is normalized to the levels digested ligated 
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control DNA (*P 0.05, **P 0.01 and ***P 0.001; Kruskal±Wallis followed by a Dunn's 
post-hoc, N = 6 per group). 

 
Pathological and immunohistochemical skin changes in a rat model of burn wound 

Individual histopathological scores were combined to provide an overall score for 

each wound. Blinded scoring of the wounds by the three pathologists confirmed that the 

rats treated with Box A of HMGB1 protein displayed considerably higher pathological 

scores than those treated with NSS or Ca-P nanoparticles, with the greatest improvement 

observed on days 14, 21, and 28 post-injury. The pathological score ± SD in the NSS- and 

Ca-P nanoparticle-treated groups, relative to those in the Box A of HMGB1-treated group, 

on different days were as follows: (i) day 3: 1.3% ± 0.6% and 1.7% ± 0.6% vs. 2.3% ± 

0.5%; P > 0.05, (ii) day 7: 7.7% ± 1.1% and 7.7% ± 0.6% vs. 8.0% ± 0.9%; P < 0.05, (iii) 

day 14: 12.3% ± 0.6% and 11.3% ± 1.2% vs. 13.5% ± 0.9%; P < 0.01, (iv) day 21: 13.3% 

± 0.6% and 12.3% ± 1.5% vs. 16.4% ± 0.5%; P < 0.001, and (v) day 28: 15.0% ± 1.0% and 

14.3% ± 0.6% vs. 16.9% ± 1.3%; P < 0.01 (Fig. 48 A and B). 

I determined 8-OHdG and ȖH2AX VcoUeV Wo meaVXUe DNA damage UeVponVeV afWeU 

introducing burn injuries. A low immunohistochemistry score for 8-OHdG and ȖH2AX 

reflected a low DNA damage response. The Box A of HMGB1-treated group exhibited 

lower levels of 8-OHdG than did the NSS and Ca-P nanoparticle groups on days 14 and 

21. In addition, the wounds in the Box A of HMGB1-treated group showed significantly 

loZeU ȖH2AX leYelV fUom da\V 7 Wo 21 Whan did WhoVe in Whe NSS- and Ca-P nanoparticle-

treated groups, with the highest level observed 14 days post-injury. The respective 8-OHdG 

immunohistochemistry score ± SD in the NSS- and Ca-P nanoparticle-treated groups, 

relative to those in the Box A of HMGB1-treated group, were as follows: (i) day 3: 4.0% 

± 0.0% and 4.0% ± 0.0% vs. 4.0% ± 0.0%, (ii) day 7: 4.0% ± 0.0% and 3.7% ± 0.6% vs. 
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3.0% ± 0.8%; P < 0.05, (iii) day 14: 3.0% ± 0.0% and 3.3% ± 0.6% vs. 2.0% ± 0.0%; P < 

0.001, (iv) day 21: 3.0% ± 0.0% and 2.7% ± 0.6% vs. 1.6% ± 0.5%; P < 0.001, and (v) day 

28: 2.0% ± 0.0% and 2.0% ± 0.0% vs. 1.9% ± 0.4%; P < 0.05. FXUWheUmoUe, Whe ȖH2AX 

immunohistochemistry score ± SD in the NSS and Ca-P nanoparticle groups, relative to 

that in the Box A of HMGB1-treated group, was as follows: (i) day 3: 4.0% ± 0.0% and 

4.0% ± 0.0% vs. 4.0% ± 0.0%; P > 0.05, (ii) day 7: 3.7% ± 0.6% and 4.0% ± 0.00% vs. 

2.9% ± 0.9%; P <0.05, (iii) day 14: 3.0% ± 0.0% and 3.3% ± 0.6% vs. 2.1% ± 0.4%; P < 

0.001, (iv) day 21: 2.7% ± 0.6% and 2.7% ± 0.6% vs. 1.6% ± 0.5%; P < 0.01, and (v) day 

28: 2.0% ± 0.0% and 2.0% ± 0.0% vs. 1.8% ± 0.5%; P > 0.05 (Fig. 48). 
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Figure 48. H&E, 8-OHdG and ȖH2AX VWaining Wo aVVeVV bXUn ZoXnd healing  
immunohistochemical staining to assess burn wound healing in rats treated daily with 5 
ȝg of Bo[ A of HMGB1 plasmid. (A) Sections of tissue immunostained with H&E at 

7,14, and 21 d. (B) Pathological wound healing scores from three dermatopathologists for 
six second-degree burn wounds/timepoint. (C) Sections of wounded tissues 

immunostained for 8-OHdG at 7,14, and 21 d. (D) Quantitation of 8-OHdG. (E) Sections 
of ZoXnd WiVVXe immXnoVWained foU ȖH2AX aW 7,14, and 21 d. (F) Quantification of 

ȖH2AX; Kruskal±Wallis followed by a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 
0.001; N = 6 per group) 

 
 

 

Part C: Laminin 511 E8 

LM511-E8 treatment increased dermal fibroblast scratch closure rate  

 The effect of LM511-E8 (0.5, 1, 2.5, and 5 Pg/PL) concentration on the scratch 

closure of RDF cells was compared with the control group (Fig. 49,50). Mean migration 

velocity significantly increased with treatment of 1, 2.5, and 5 µg/µL compared to control 

at 2.5 µg/µL (mean ± SD in mm/h of: control 0.76 ± 0.074; 0.5 µg/µL 0.75 ± 0.23; 1 µg/µL 

0.89 ± 0.17; 2.5 µg/µL 0.99 ± 0.082; 5 Pg/PL 0.79 ± 0.16, 2.5 µg/µL vs control; P = 0.025). 

 

Figure 49. Bar graph of migratory velocity among all groups were expressed  
as the mean ± SEM. (A) Comparison of migratory velocity in RDF cells between 2.5 
µg/µL. (B) Comparison of migratory velocity in REK cells between 2.5 µg/µL of 
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laminin; SD: standard deviation; Kruskal±Wallis followed by a Dunn's post-hoc (*P 0.05, 
**P 0.01 and ***P 0.001; N = 3 per group) 

 
 

 
 

 

 
Figure 50. Effects of laminin from a scratch assay experiment at different time points  

in RDF cells and REK cells. (A) and (B) Representative microphotographs of the 
experiment at 0, 6, and 24 h compared to 2.5 µg/µL of laminin experimental group and 

control group (magnification, 200×) of RDF cells and REK cells, respectively 
 
 

Effects of laminin in rat skin cells 
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 The effects of each LM511-E8 concentration in RDF cells and REK cells include 

1.0, 2.5, 5.0, 10, and 25 µg/µL were determined for the migratory velocity compared to the 

control group. The mean and SD of migratory velocity of each laminin concentrations from 

the 1.0, 2.5, 5.0, 10, and 25 µg/µL of laminin experimental groups and control group of 

RDF cells were 0.9 ± 0.1 (N = 3), 1.1 ± 0.0 (N = 3), 1.0 ± 0.1 (N = 3), 1.1 ± 0.2 (N = 3), 

1.0 ± 0.0 (N = 3), and 0.7 ± 0.0 (N = 3), respectively (P = 0.0018), as shown in Figure. 50 

A. The mean and SD of migratory velocity of each laminin concentrations from the 1.0, 

2.5, 5.0, 10, and 25 µg/µL of laminin experimental groups and control group of REK cells 

were 0.6 ± 0.0 (N = 3), 1.0 ± 0.0 (N = 3), 0.6 ± 0.1 (N = 3), 0.6 ± 0.1 (N = 3), 0.5 ± 0.0 (N 

= 3) and 0.5 ± 0.0 (N = 3), respectively (P = 0.0093), as shown in Figure. 50 B. 

In vitro scratch wound healing assays in RDF and REK cell monolayers were 

photographed at 0, 6, and 24 h after scratching. The results of the images showed that cells 

moved into the scratched area significantly increased with laminin at 6 and 24 h after 

scratching in RDF cells and REK cells compared between the 2.5 µg/µL of laminin 

experimental group and the control group. 

 
 
Treatment with LM511-E8 increased healing of second-degree burn wounds 

Next, I treated second-degree burn wounds with 2.5 µg per wound per day and 

measured the contraction area from wound photographs (Fig 51 A). Significant 

improvements in wound contracture were observed with LM511-E8 treated wounds 

compared with saline-treated controls from 7 d post-wounding (% wound contractions 

control vs LM511-E8: day 7 15.8 ± 0 .9% vs 21.2 ± 0.7% P < 0.001; day 14 57.8 ± 0.4% 
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vs 61.4 ± 0.8% P < 0.01; day 21 74.7 ± 1.0% vs 78.1 ± 0.4% P < 0.01; day 28 95.8 ± 0.5% 

vs 99.1 ± 0.5% P < 0.05, Figure 51 B-C).  

          

 
 

Figure 51. Effect of LM511-E8 treatment on second-degree burn wound contracture  
rate. (A) Images of second-degree burn wounds in rats treated daily with 2.5 Pg of 

LM511-E8 and control rats treated with normal saline solution. (B) Wound contracture 
plotted as percentage of original wound area; Kruskal±Wallis followed by a Dunn's post-

hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 6 per group) 
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Figure 52. LM511-E8 treatment improves the histology and cytokeratin expression  

of burn wounds. Rat back-skin burn wounds were treated daily with either normal saline 
solution (control) or 2.5 Pg of LM511-E8 and euthanised at 3, 7, 14, 21, or 28 d. Tissues 
were paraffin-fixed, and formalin embedded for histology and immunohistochemistry. 

(A) Representative images from hematoxylin and eosin-stained sections. (B and C) 
sections processed for immunohistochemistry with antibodies against cytokeratin 14 

(CK14, B) or cytokeratin 10 (CK10, C). Scale bar represents 2000 µm 
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Rat burn wounds treated with LM511-E8 treatment display histological 

improvements compared with control-treated wounds. 

  The results of histological assessment revealed well-formed, horizontally oriented 

collagen fibres in the LM511-E8-treated group and significantly improved pathological 

scores compared to controls on days 14, 21, and 28 post-wounding (pathological score 

control vs LM511-E8: day 3 1.3 ± 0.6 vs 1.3 ± 1.2; day 7 7.7 ± 1.2 vs 8.0 ± 1.0; day 14 

12.3 ± 0.6 vs 15.0 ± 1.0 P < 0.01; day 21 13.3 ± 0.6 vs 15.7 ± 0.6 P < 0.01; day 28 15.0 ± 

1.0 vs 17.3 ± 0.6 P < 0.05, Figure 52 A, 53) 

The epithelialisation rate of the LM511-E8-treated group was considerably greater 

than that of the other groups between days 7 and 28, with the greatest improvement 

exhibited 7 and 14 days post-wounding (epithelialisation score control vs LM511-E8: day 

1 0.7 ± 0.6 vs 1.3 ± 0.6; day 7 1.7 ± 0.6 vs 3.0 ± 0.0 P < 0.01; day 14 2.3 ± 0.6 vs 3.7 ± 0.6 

P < 0.01, day 21 3.0 ± 0.0 vs 4.0 ± 0.0 P < 0.05; day 28 3.0 ± 0.0 vs 4.0 ± 0.0 P < 0.05, 

Figure 52 A, 53). 
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Figure 53. Histological parameters of second-degree burn wound. (A) pathological  
Scores and (B) epithelialised scores for second-degree burn wounds after daily treatment 
with normal saline solution (control) and 2.5 Pg of LM511-E8; Kruskal±Wallis followed 

by a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 8 per group) 
 

 

Immunohistochemical changes in a skin of rat burn wound model 

A higher score of cytokeratin 14 and 10 immunohistochemistry reflects better 

epithelialisation. (Wang et al., 2016) The LM511-E8-treated group exhibited higher levels 

of cytokeratin-10 than the control group on days 14 and 21. Moreover, the LM511-E8-

treated group showed a significantly higher level of cytokeratin 14 from days 7±21 than 

the control group with the greatest highest level exhibited 14 d post-wounding, as shown 

in Table 6 and Figures 52 B, C and 54. 
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Table 6. Cytokeratin 14 and 10 immunohistochemistry score 

 
Cytokeratin 14 immunohistochemistry score 

Day after treatment  Control Laminin 511 E 8 

3 0.33 ± 0.57 0.66 ± 0.57 

7 0.66 ± 0.57 2.00 ± 1.00* 

14 

21 

28 

2.00 ± 0.00 

2.66 ± 0.57 

3.33 ± 0.57 

3.66 ± 0.57** 

4.00 ± 0.00* 

4.00 ± 0.00 

 

 

Cytokeratin 10 immunohistochemistry score 

Day after treatment  Control Laminin 511 E 8 

3 0.33 ± 0.57 0.66 ± 0.57 

7 0.66 ± 0.57 2.00 ± 1.00 

14 

21 

28 

1.33 ± 0.57 

1.66 ± 0.57 

3.33 ± 0.57 

3.00 ± 0.00* 

3.33 ± 0.57* 

4.00 ± 0.00 
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Figure 54. Cytokeratin 14 and 10 immunohistochemical features in rat burn wound 
 treated daily with 2.5 Pg of LM511-E8. (A) Sections of tissue immunostained with 

antibodies against cytokeratin 14 and 10 at 14 d, control and LM511 E8s. (B) 
Quantitation of cytokeratin 14. (C) Quantitation of cytokeratin 14; Kruskal±Wallis 

followed by a Dunn's post-hoc (*P 0.05, **P 0.01 and ***P 0.001; N = 8 per group) 
 

 

Real-time PCR result 

   

  

Figure 55. Integrins gene expression in REK cells normalised to total RNA;  
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and reference genes; the Y axis of the graph is normalized to the levels of GAPDH 
expression (*P 0.05, **P 0.01 and ***P 0.001; Kruskal±Wallis followed by a Dunn's 

post-hoc, N = 3 per group). 
 
 

 

      
  
 

Figure 56. Integrins gene expression in HaCaT cells normalised to total RNA and 
reference genes; the Y axis of the graph is normalized to the levels of GAPDH expression 
(*P 0.05, **P 0.01 and ***P 0.001; Kruskal±Wallis followed by a Dunn's post-hoc, N = 

3 per group). 
 
 
 

 The RT-qPCR demonstrate the level of integrin alpha and beta in REK and HaCaT 

cell (Fig. 55-56). In REK cell show the integrin level: i) alpha 3, 0.0063 ± 0.0007; ii) alpha 

6, 2.10 ± 0.29; iii) alpha 7, 0.0025 ± 0.0001; iv) beta 1, 5.30 ± 0.43; v) beta 4, 0.0140 ± 

0.001% (Kruskal±Wallis test) (Fig. 55). In HaCaT cells the integrin levels were as follows: 

i) alpha 3, 1.373 ± 0.037; ii) alpha 6, 8.064 ± 0.328; iii) alpha 7, 0.029 ± 0.009; iv) beta 1, 

1.496 ± 0.116; v) beta 4, 7.020 ± 0.265% (Kruskal±Wallis test) (Fig. 56).  

 Subsequently, REK and HaCaT were treated with fibronectin or LM511-E8 2.5 

Pg/PL. In general, integrin fold change expression in REK cells in the fibronectin 
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compared with that in the LM511-E8 treated group expression (Fig. 57): i) alpha 3, 1.743 

± 0.089 vs 1.861 ± 0.094, P < 0.05; ii) alpha 6, 0.801 ± 0.096 vs 2.594 ± 0.197, P < 0.001; 

iii) alpha 7, 1.018 ± 0.057 vs 2.594 ± 0.197, P > 0.05; iv) beta 1, 0.990 ± 0.049 vs 1.196 ± 

0.060, P < 0.01; v) beta 4, 1.522 ± 0.068 vs 1.578 ± 0.062, P > 0.05. The alpha 6 and beta 

1 integrin gene expressions were highly upregulated in the REK cells-LM511-E8 treatment 

group, according to these fold change data.  

In addition, integrin expression in HaCaT cells treated with fibronectin was 

compared to that in the LM511-E8 treated group (Fig.58) : i) alpha 3, 1.017 ± 0.045 vs 

1.007 ± 0.037, P > 0.05; ii) alpha 6, 1.302 ± 0.056 vs 2.265 ± 0.339, P < 0.001; iii) alpha 

7, 1.507 ± 0.067 vs 1.623 ± 0.067, P < 0.05; iv) beta 1, 0.894 ± 0.040 vs 1.854 ± 0.073, P 

< 0.01; v) beta 4, 1.007 ± 0.047 vs 1.013 ± 0.053, P > 0.05:(Unpaired t-test).  

 

Figure 57. Gene expression for alpha integrin expression in REK cells (A±C)  
and beta integrin (D±E) following fibronectin 2.5 Pg/PL and LM 511 E8 2.5 Pg/PL 

treated; the Y axis of the graph is normalized to the levels of GAPDH expression (*P 
0.05, **P 0.01 and ***P 0.001; Unpaired t-test, N = 3 per group). 
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Figure 58. Gene expression for alpha integrin expression in HaCaT cells (A±C)  

and beta integrin (D±E) following fibronectin 2.5 Pg/PL and LM 511 E8 2.5 Pg/PL 
treatmented; the Y axis of the graph is normalized to the levels of GAPDH expression 

(*P 0.05, **P 0.01 and ***P 0.001; Unpaired t-test, N = 3 per group). 
 
 

 
 
Flow Cytometry results 

 The integrins D6E4 and D6E1 on the cell surfaces of HaCaT and REK cells are the 

most abundant integrins in these cells, respectively. (Goodman, 1992, Koivisto et al., 2014, 

Longmate and Dipersio, 2014, Sonnenberg et al., 1990)  Flow cytometry was conducted to 

characterised the integrin expression after cells were treated with LM511 E8. It was 

discovered that the expression of integrin D6E1 was greatly increased in both cells after 

treatment with LM511 E8 (Fig 59-60).  
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Figure 59. Flow cytometry results of integrin expression after REK cells being treated 
with LM 511 E8. 
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Figure 60. Flow cytometry results of integrin expression after HaCaT cells being treated 

with LM 511 E8. 

The geometric means intensity levels of D6E1 in the LM511 E8 group were higher 

than those of the saline-treated control significantly. The respective percentage geometric 

means intensity levels ± standard deviation in the control and LM511 E8-treated group of 

REK cells were: i) D3, 4,750 ± 50 vs. 4,900 ± 100; ii) D6, 30,200 ± 120 vs. 117,500 ± 150; 

iii) D7, 5,200 ± 50 vs. 6,450 ± 50; iv) E1, 1,700 ± 30 vs. 7000 ± 30; and v) E4, 5,000 ± 50 

vs. 4,850 ± 30 (Fig. 59) ;  HaCaT cells were: i) D3, 3,500 ± 10 vs. 4,800 ± 20; ii) D6, 24,900 

± 235 vs. 138,200 ± 515; iii) D7, 2,600 ± 165 vs. 2,770 ± 120; iv) E1, 3,450 ± 30 vs. 5,900 

± 40; and v) E4, 1,800 ± 20 vs. 2,300 ± 70; (Fig. 60). 
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Fluorescence microscopy 

 Immunofluorescence of REK demonstrated that D6E1 was found scattering on the 

cells' surfaces before and after treated with LM 511 E8, respectively (Fig. 61).  

 

 

 

Figure 61. REK cells demonstrated D6E1 integrin on the cell surface.  
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A 

B 
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Figure 62. REK cells processed with antibodies against talin (A), vinculin (B), 

phosphorylated-FAK, and actin expression (C) before-after treated with LM 511 E8; t-
test  (*P 0.05, **P 0.01 and ***P 0.001; N = 3 per group) 

 
 

 

The mean fluorescence intensity per cell in the control and LM 511 E8 groups 

showed that the levels were significantly higher in LM 511 E8 groups (29.4 ± 2.5% and 

35.6 ± 3.2%, respectively; p < 0.01) (Fig. 62 A) 

The number of focal adhesions per cell in the control and LM 511 E8 groups 

showed that the levels were significantly higher in LM 511 E8 groups, i) vinculin, 183 ± 9 

vs. 220 ± 10; and ii) phosphorylated-FAK, 193 ± 5 vs. 334 ± 10; (Fig. 62 B, C). 

 

 

C 
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Chapter 5. DISCUSSION 

Burns may have local and systemic consequences. Inflammation after burn injuries 

could induce pain and various cytokines such as tumour necrosis factor (TNF) and 

interleukin (IL). (Aarabi et al., 2007, Baxter and Shires, 1968, Chua et al., 2016, da Silva 

et al., 2015) Furthermore, burn injuries cause increased oxidative stress as a result of the 

remarkable creation of ROS creation. This stress is the most important cause of local and 

systemic responses. Previous research has suggested that ROS causes lipid, membrane, 

nucleic acid, and protein damage, which can result in DNA breaks (SSB and DSB), and 

cell apoptosis. (da Silva et al., 2015, Karni et al., 2013). By slowing down this process, we 

can both accelerate burn wound healing and improve the quality of the wound healing 

process overall. 

B1 siRNA 

To date, however, there are no available studies on DNA methylation in burn 

wounds or burn scars. A hypertrophic scar is the most prevalent post-burn consequence. 

Hypertrophic scars are benign fibroproliferative disorders that do not extend beyond the 

areas of the original wound and are distinguished by the exaggerated production and 

deposition of collagen after burn injuries. (Aarabi et al., 2007, Zhu et al., 2016) The 

pathogenesis of hypertrophic scars remains unclear and poorly understood. Epigenetic 

alteration is an essential factor during the stimulation of fibroblasts in fibrotic diseases, 

such as pulmonary fibrosis, liver fibrosis, renal fibrosis, and systemic sclerosis. (Pal and 

Tyler, 2016, Sen et al., 2016) Moreover, recent studies have suggested that epigenetic 

alterations may be associated with keloid scar formation. (Sen et al., 2016, He et al., 2017) 

Here, I hypothesised that hypertrophic scar formation may be associated with epigenetic 
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changes and sought to examine this hypothesis by comparing Alu methylation levels and 

patterns between normal skin and hypertrophic scars.  

I found the Alu methylation levels in tissue samples from the hypertrophic scar 

group were lower than those in normal skin samples. The stratified statistical analysis 

between burn types, percent burn, depth of burn wound, time to injury, and scar 

complication in the level of methylation did not yield significant differences. To increase 

precision, I performed a dual assessment of methylation levels and patterns because of the 

inhomogeneous alteration of Alu methylation. I applied the COBRA-Alu technique instead 

of the standard DNA sequencing method (pyrosequencing). The COBRA technique can 

provide the same precision in measuring the percentage of methylation, although it consists 

of fewer CpGs than does pyrosequencing. (Yang et al., 2004a, Jintaridth and Mutirangura, 

2010, Pobsook et al., 2011) Moreover, the COBRA-Alu technique can provide essential 

information. The percentages of complete methylation, unmethylation, and two patterns of 

paUWial meWh\laWion ZeUe eYalXaWed. ConVeqXenWl\, COBRAဨAlX pUoYideV VXpplemenWal 

parameters for the evaluation of methylation status. These data are superior because 

pyrosequencing cannot differentiate among mCmC, uCmC, mCuC, and uCuC. 

ROC analysis indicated that the uCmC and uCuC patterns have high sensitivity and 

specificity to monitor the hypertrophic scar progression and might be used for monitoring 

treatment with DNA methylation increasing agents such as Alu siRNA and targeted 

CRISPR-Cas9 DNA methylation soon. (Patchsung et al., 2018, Aigner, 2008, Vojta et al., 

2016) ROC analysis indicated the potential use of the uCmC and uCuC patterns as DNA 

methylation markers to determine the progression and prognosis of hypertrophic scars and 

monitor treatment using DNA methylation-increasing agents with high sensitivity and 
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specificity. Mutirangura et al. demonstrated that the hypomethylation process can cause 

genomic instability and DNA damage. DNA damage activates the intracellular DDR 

cascade, which is in responsible for DNA repair. Excess DDR and ROS may inhibit a 

kinase pathway, such as extracellular signal-regulated kinase/mitogen-activated protein 

kinase (ERK-MAPK), causing DNMT1 to function less efficiently. (Apiwat, 2019, 

Kongruttanachok et al., 2010, Mutirangura, 2019, Patchsung et al., 2018) Excessive DDR, 

on the other hand, disrupts the cell cycle and alters cellular metabolism, potentially leading 

to senescence, inflammation, and apoptosis. (Lu et al., 2007, Sun et al., 2007) Based on 

our results, I hypothesised that burn trauma can promote Alu hypomethylation and DNA 

damage, which contribute to delayed wound healing in post-burn patients (Fig. 63). Given 

WheVe phenomena, MaUjolin¶V XlceU (Sadegh Fazeli et al., 2013), a rare skin cancer in burn 

scar patients, may be associated with epigenetic changes. (Zuo and Tredget, 2014) 

Therefore, uCmC and uCuC patterns of methylation may be used as markers for this kind of 

skin cancer; however, further studies are required to confirm our hypothesis.  

 

Figure 63. Hypomethylation as a result of burns and heat stress. 

Previous studies have suggested that paracrine secretion from squamous cell 

tumours of the head and neck regions cause LINE-1 hypomethylation in circulating WBC. 
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(Arayataweegool et al., 2019, Hsiung et al., 2007) Hence, hypertrophic scar tissue may 

release different secretory signals to regulate alterations in Alu methylation in the opposite 

direction, causing hypermethylation of WBCs. Further studies are needed to confirm this 

hypothesis.  

Once I have determined that heat stress and burns may cause Alu hypomethylation, 

next I determined if  B1siRNA can correct this hypomethylation and improve wound 

healing in a rat burn wound. B1 siRNA can be beneficial in recovering the genome and 

improving the wound healing process in rat second degree burn wounds. B1 methylation 

makes the genome more stable by counteracting the gathering of DNA damage. 

The in vitro results demonstrated that B1 siRNA substantial increased B1 

methylation, whereas the scrambled siRNA marginally increased B1 methylation. There 

were no off-target effects in the scrambled siRNA group (Fig. 39). 

In the animal model experiments, 7±28 d post-injury, the B1 siRNA-treated group 

showed faster wound-contracture and higher re-epithelialisation rates than the control 

group. An examination of wound tissue sections also revealed that treatment with B1 

siRNA induced favourable pathological alterations in the repaired tissues. The ability of 

B1 siRNA to increase the B1 methylation levels and heal thermally induced injury 

corresponded with a decrease in DNA damage responses, based on 8-OHdG and ȖH2AX 

scores in the wound tissues. 

A molecular substance that can manage DNA methylation at a precise target, reduce 

DNA damage responses, stabilise the genome, and improve second-degree burn wound 

healing in a rat model was developed in the present study. A previous in vitro study showed 

that increased Alu methylation increases cell tolerance to toxic substances and increases 
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the proliferation of these cells. (Patchsung et al., 2018)  B1 siRNA specifically increased 

the methylation of B1 repetitive sequences by RdDM (Fig. 64). (Matzke and Mosher, 

2014a, Chalertpet et al., 2019)  

 

Figure 64. B1 repetitive VeqXence meWh\laWion enhanceV ZoXnd healing of VecondဨdegUee 
burns in rats. 

 

DNA damage responses can lead to mutations and delay (Velichko et al., 2015) cell 

cycle progression or cause cell cycle arrest. (Kantidze et al., 2016)  Therefore, the reduction 

in DNA damage responses, as assessed using 8-OHdG and ȖH2AX scores, induced by 

increased B1 methylation using B1 siRNA, led to increased wound contraction rates and 

improved overall pathological scores in the wounded sections. Reduced inflammation, 

greater epithelialisation, new collagen deposition, fibroblast migration, and new blood 

vessel growth were also observed. 

However, the mechanism by which B1 methylation decreases DNA damage 

responses remains to be determined.  (Koturbash et al., 2016) It is not clear how B1 siRNA 
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can accelerate burn wound healing and reduce DNA damage responses; based on the results 

of the present study, it is hypothesised that IRS methylation is associated with other 

epigenetic phenomena, such as the formation of heterochromatin. (Baylin et al., 2001, Kim, 

2019) Therefore, heterochromatin may protect DNA from damage and damage responses, 

and downregulate DNA replication and transcription processes. (Grewal and Jia, 2007) 

Another possibility is that a change in the chromatin form could ameliorate DNA repair 

activity. (Xu et al., 2012, Jakob et al., 2011) This process might reduce DNA damage 

response in the heterochromatin region altered by B1 hypermethylation. Enhanced B1 

methylation might lower oxidative stress and, consequently, DNA damage.  

 

Box A of HMGB1 

Box A of the HMGB1 protein may be a good potential nuclear protein that can 

effectively reduce genomic instability and increase the levels of PHY-RIND-EDSB in 

cellular damage after burn and heat stress, as well as potentially improve or reverse 

damaging phenotypes by restoring impaired wound healing in burn wounds. PHY-RIND-

EDSB protect cells from the DNA damage response as well as from H2AX and 8-OHdG. 

(Yasom et al., 2022a) Furthermore, 8-OHdG is one of the most prevalent lesions caused 

by ROS, which can result in mispairing with adenine, leading to G > T alterations in the 

resultant strand of DNA. (Tubbs and Nussenzweig, 2017) The expression of the H2AX 

gene was investigated. H2AX is a highly specific and sensitive molecular marker for DNA 

damage that may be used to track the progression of the damage. After DNA double-strand 

breaks are produced, the enzyme H2AX responds rapidly. (Valdiglesias et al., 2013) 
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 At 7±28 days post-injury, the Box A of HMGB1-treated group demonstrated 

quicker wound contracture and greater re-epithelialisation rates than the control group in 

animal model studies. An analysis of injured tissue sections demonstrated that treatment 

with Box A of HMGB1 caused extensive pathological changes in the healed tissues. I also 

observed reduced inflammation, greater epithelialisation, new collagen deposition, 

fibroblast migration, and new blood vessel growth. The capacity of HMGB1 Box A to 

enhance PHY-RIND-EDSB levels and repair thermal injury correlated with a large 

decrease in DNA damage responses in wound tissues, as measured by 8-OHdG and H2AX 

scores. 

Box A improved DNA durability by producing PHY-RIND-EDSBs and did not 

promote DNA repair. (Yasom et al., 2022a) Here I showed that Box A improved burn 

wound healing. Therefore, this study suggests secondary DNA damage in burn wounds 

due to PHY-RIND-EDSBs reduction. In addition to DNA damage reduction, Box A 

produced PHY-RIND-EDSBs and gradually reduced all DNA damage consequences. So, 

Box A should limit burn complication sequelae such as fibrosis and cancer. While 

performing rat rejuvenation studies, Box A could diminish liver fibrosis. (Yasom et al., 

2022a) Intriguingly, Box A may possess the potential to remove burn fibrosis.  

PHY-RIND-EDSB are associated with other epigenetic phenomena, such as the 

formation of heterochromatin and IRS methylation (Kim, 2019). Therefore, 

heterochromatin might protect DNA from damage and damage response and downregulate 

DNA replication and transcription processes.  Another assumption is that a change in the 

chromatin form could ameliorate DNA repair activity. (Jakob et al., 2011)  In this work, I 

revealed that HMGB1 is a crucial protein that can play a critical function in reducing DNA 
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damage and preventing genomic instability in order to avoid genomic instability. First and 

foremost, HMGB1 is responsible for the generation and maintenance of PHY-RIND-

EDSB in the genome. Second, HMGB1 produced PHY-RIND-EDSB and shielded DNA 

from the DNA damage response, both of which were important findings. First, I 

investigated the possibility that Box A of HMGB1 is responsible for the generation of 

PHY-RIND-EDSB. The amounts of PHY-RIND-EDSB in rat burn wounds following 

treatment with Box A of the HMGB1 protein were evaluated in this study (Fig. 65). As 

demonstrated in the study, the larger number of PHY-RIND-EDSB found in the HMGB1 

treated group led to enhanced burn wound healing. These findings are in agreement with 

prior research, which established the importance of HMGB1 in the maintenance of PHY-

RIND-EDSB. (Thongsroy et al., 2013, Yasom et al., 2022b) 

  

Figure 65. BOX A of HMGB1 prevents DNA instability by forming PHY-RIND-EDSB 
complex. 
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Laminin 511 E8 

The data presented here demonstrate that the repair process of burn wounds can be 

improved using a short protein fragment derived from LM511. Specifically, increasing the 

epithelialisation rate, especially during the proliferation phase of wound healing, 

accelerating wound contracture rate, improving the total pathological score, increasing the 

rate of new collagen synthesis, and increasing cytokeratin expression. These studies have 

also demonstrated that LM511-E8 could increase the quantity of well-organised bands of 

collagen and the number of fibroblasts, while there were fewer inflammatory cells. 

Together these data support that LM511-E8 is a promising a new method to treat burn 

patients. 

Optimum healing of a burn wound needs the coordinated interaction between many 

pathways, such as inflammation, proliferation, neovascularisation, and remodelling. After 

the blood clot formation immediately following an injury, keratinocytes and fibroblasts 

migrate to the wound. Therefore, epithelialisation is also a crucial process for wound 

healing, with insufficient epithelialisation resulting in impaired wound healing. (Velnar et 

al., 2009) The overall pathological score that comprises epithelialisation, 

polymorphonuclear leukocyte (PMNL) infiltration, collagen formation, the number of 

fibroblasts, and the presence of new blood vessels was higher in the proliferation phase of 

wound healing from day 14 to 28 compared with the control group. LM511 has been widely 

studied, and the E8 portion, in particular, contains high-affinity cell surface receptor 

binding sites, including that for integrin D6E1 and enhances human pluripotent stem cell 

adhesion and accelerates the migration of human limbal melanocyte via FAK. (Takizawa 

et al., 2017, Sugawara et al., 2019, Miyazaki et al., 2012b, DiPersio et al., 2016, Januszyk 
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et al., 2017) The LM511-E8 might drive these behaviours, through the FAK pathway after 

stimulating integrin D6E1 expression. (Leu et al., 2003, Murayama et al., 1996, Vitillo et 

al., 2016, M, 1992) To test this I use RT-qPCR measured the prevalence of integrin types 

on the cell. On the REK cells, integrin D6 was the most prevalent among other alpha-type 

integrins that were discovered to be capable of binding to laminin proteins, and integrin E1 

was found to be among other beta-type integrins, followed by integrin E4, that were also 

capable of interacting with laminins (Fig. 55-58). When cells were treated with LM 511 

E8, the expression of the integrin D6E1 increased in comparison to the other integrins. I 

confirmed this result by flow cytometry and immunofluorescence staining showed that 

integrin D6E1 was prominent among other integrin types on the REK and HaCaT cells (Fig. 

59-60). Furthermore, after treating REK with LM511-E8, talin, vinculin, and pFAK protein 

expression increased (Fig. 61-62), which may be the cause of improved epithelialisation 

(Choi et al., 2015, McLean et al., 2004), as well as increased fibroblast and collagen 

formation and angiogenesis. (Zhao and Guan, 2011, Peng et al., 2004, Cabrita et al., 2011, 

Vitillo et al., 2016) 

As a result of these findings, I hypothesised that integrin D6E1 is responsible for 

the attachment of LM 511 E8 to its host basement membrane and is capable of attaching to 

keratinocytes and stimulating their proliferation and epithelialisation via the focal adhesion 

that increases after treatment (Fig. 66). (Polisetti et al., 2020) 
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Figure 66. Cellular focal adhesion.  

I believe that these findings will be of clinical relevance for large and slow-to-heal 

wounds, where the provision of an exogenous substrate to promote repair would be most 

beneficial for recovery. (Takizawa et al., 2017, Pouliot and Kusuma, 2013) Moreover, 

LM511 is usually found in the mature endothelial basement membrane, and therefore, 

LM511-E8 fragment could be involved in the maturation of endothelial cells. (Hallmann 

et al., 2005, Sorokin et al., 1997) 

This study has shown that LM511-E8 treatment improves the second-degree burn 

wound repair in rats and suggests that the development of a therapeutic intervention 

employing LM511-E8 to improve burn wound outcomes represents an extremely 

promising avenue for future research. 
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Chapter 6. CONCLUSIONS AND OUTLOOK 

I propose that the three substances studied could ameliorate and heal second-degree 

burn wounds. I believe that B1siRNA, Box A of HMGB1 and laminin 511 E8, have 

potential as novel therapeutic agents for burn wound therapy. 

 

 

Figure 67. The three substances used throughout the study improved and treated second-
degree burns. 

 

In conclusion, epigenetic modifications may play a major role in hypertrophic scar 

pathogenesis. This study could be the starting point for developing a novel technique for 

scar treatment in post-burn patients.  

Furthermore, B1 siRNA can promote the healing of second-degree burn wounds in 

rats by increasing the epithelialisation rate, improving pathological scores, and accelerating 

the wound healing rate. These results indicate that B1 siRNA promotes wound healing by 

reducing the DNA damage response and enhancing global DNA methylation. B1 siRNA 
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assisted in genomic recovery and improved the healing process of second-degree burn 

wounds in rats; this suggests that B1 siRNA may serve as a novel treatment method for 

burn wounds in clinical practice, perhaps as a topical agent against repetitive sequences. 

Further studies to evaluate the efficacy of B1 siRNA against different types of burns with 

different severities will prove highly beneficial for determining the clinical potential of this 

treatment.  

this research revealed that HMGB1 is involved in the conduction of PHY-RIND-

EDSB. PHY-RIND-EDSB have a function in the prevention of genomic instability as well 

as the improvement of wound healing following burn injury. By enhancing the rate of 

epithelialisation, improving pathological scores, and speeding wound healing, Box A of 

HMGB1 could enhance the healing of second-degree burn wounds in rats. These findings 

suggest that Box A of HMGB1 enhances wound healing by inhibiting the DNA damage 

response and increasing PHY-RIND-EDSB (Fig. 67).  Box A of HMGB1 facilitated in the 

recovery of the genome and the improvement of the healing process in second-degree burn 

wounds in rats; this implies that Box A of HMGB1 might represent a new therapy option 

for burn wounds in practical practice, potentially as a topical medication for the treatment 

of burns. Experiments studies of Box-A of HMGB1 against a variety of burns of varying 

severity would be remarkably valuable in assessing the clinical potential of this medication. 

Experiments studies of Box-A of HMGB1 against a variety of burns of varying severity 

would be remarkably valuable in assessing the clinical potential of this therapy. 

For the last substance, the main research question unexplored yet is the optimal 

mode of delivery. Here, I applied LM511-E8 in a drop-wise manner to the wounds. While 

this was effective in these small studies, it would be prohibitively expensive to apply to 
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large wounds in a clinical setting. Integration of LM511-E8 into an artificial substrate 

should be explored as a treatment option in the future. Further studies to assess the efficacy 

of LM511-E8 in patients or preclinical models of severe burn wounds and comorbidities 

such as diabetes. 
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SUPPLEMENTARY 

Primer table (human) 

Gene 

symbol 

Accession Number Sequence 5ƍ-3ƍ 

GAPDH NM_001256799 GAAGGTGAAGGTCGGAGTC   
GAAGATGGTGATGGGATTTC  

FAK L13616.1 CCTTCAGCAGGAGTACAAGAAG 
GGAATTCTGGCAGGAAGGATAG 

Itga3 NM_002204    AAGGGACCTTCAGGTGCA  
TGTAGCCGGTGATTTACCAT  

Itga6 NM_001394928   TTGAATATACTGCTAACCCCG  
TCGAAACTGAACTCTTGAGGATAG  

Itga7 AY358882      CTGTTTCAGCTACATTGCAGTC  
GCCTGGTGCTTGGGTTCT  

Itgb1 NM_133376   GAAGGGTTGCCCTCCAGA  
GCTTGAGCTTCTCTGCTGTT  

Itgb4 NM_001321123        AGACGAGATGTTCAGGGACC  
GGTCTCCTCTGTGATTTGGAA  

Table 7. PCR primer (human) 

 

Primer table (rat) 

Gene 

symbol 

Accession Number Sequence 5ƍ-3ƍ 

GAPDH NM_017008.4 GAAGGTGAAGGTCGGAGTC 
GAAGATGGTGATGGGATTTC  

FAK AF020777.1 CCTTCAGCAGGAGTACAAGAAG 
GGAATTCTGGCAGGAAGGATAG 

Itga3 NM_001108292.2 CCTCGCTTTGTACGGTTACTT 
GTGATGTTCCGCCTGTAGTT 

Itga6 NM_053725.2 AGAGGAGGGTGTAGGAAAGAA 
CCTGGGTGTAGTCAGTCTCATA 
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Itga7 NM_030842.1 GTCAGTCACTGCCTAACTTCTC 
ATGAAGCCAGCAACCTACTC 

Itgb1 NM_017022.2 TGACACTGCTGGTGCTAATG 
TAGTCCTGGCCACTCTGTAA 

Itgb4 NM_013180.2 CTGCTTGCCAAACACAACATTA 
CCAGAGAGGAGACAGGGAAATA 

Table 8. PCR primer (rat) 

 

 

Antibodies table 

Category Antibody Isotype Manufacturer Category Number 

Polyclonal Itga3 Rabbit Thermo-Fisher BS-2093R 

Monoclonal Itga6 Rabbit Thermo-Fisher MA5-41025 

Polyclonal Itga7 Rabbit Thermo-Fisher BS-1816R 

Monoclonal Itgb1 Rabbit Thermo-Fisher MA5-31981 

Polyclonal Itgb4 Rabbit Thermo-Fisher PA5-79540 
 

Polyclonal FAK Rabbit Thermo-Fisher AHO0502 

Monoclonal Phospho-

FAK 

Rabbit Thermo-Fisher 44-625G 
 

Polyclonal Talin Rabbit Thermo-Fisher PA5-82162 

Monoclonal Vinculin Mouse Thermo-Fisher 14-9777-82 

Monoclonal Phalloidin Rabbit Thermo-Fisher A12379 

Table 9. List of antibodies 
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Primer efficiency (human) 
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Figure 68. Primer efficiency 
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Primer efficiency (rat) 
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Primer efficiency PHY-RIND-EDSB 

 

 

 


