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Keloid research: current status  
and future directions

Chia-Hsuan Tsai1,2  and Rei Ogawa2

Abstract

Introduction: Keloids and hypertrophic scars are fibroproliferative disorders of the skin that result from 
abnormal healing of injured or irritated skin. Multiple studies suggest that genetic, systemic and local factors 
may contribute to the development and/or growth of keloids and hypertrophic scars. A key local factor may 
be mechanical stimuli. Here, we provide an up-to-date review of the studies on the roles that genetic variation, 
epigenetic modifications and mechanotransduction play in keloidogenesis.

Methods: An English literature review was performed by searching the PubMed, Embase and Web of Science 
databases with the following keywords: genome-wide association study; epigenetics; non-coding RNA; 
microRNA; long non-coding RNA (lncRNA); DNA methylation; mechanobiology; and keloid. The searches 
targeted the time period between the date of database inception and July 2018.

Results: Genetic studies identified several single-nucleotide polymorphisms and gene linkages that may 
contribute to keloid pathogenesis. Epigenetic modifications caused by non-coding RNAs (e.g. microRNAs 
and lncRNAs) and DNA methylation may also play important roles by inducing the persistent activation of 
keloidal fibroblasts. Mechanical forces and the ensuing cellular mechanotransduction may also influence the 
degree of scar formation, scar contracture and the formation/progression of keloids and hypertrophic scars.

Conclusions: Recent research indicates that the formation/growth of keloids and hypertrophic scars associate 
clearly with genetic, epigenetic, systemic and local risk factors, particularly skin tension around scars. Further 
research into scar-related genetics, epigenetics and mechanobiology may reveal molecular, cellular or tissue-
level targets that could lead to the development of more effective prophylactic and therapeutic strategies for 
wounds/scars in the future.
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Lay Summary 
Recent research indicates that the formation of keloids and hypertrophic scars clearly associates with 
genetic, epigenetic, systemic, and local risk factors, particularly skin tension around scars. These findings 
suggest that molecular, cellular, and/or tissue-level approaches that target one or more of these risk factors 
may be promising scar therapies. Further research into scar-related genetics, epigenetics, and mechanobi-
ology is needed, as it is likely to help identify more effective prophylactic and clinical treatment strategies 
for wounds and scars.
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Introduction
Keloids and hypertrophic scars are dermal fibro-
proliferative disorders that are due to abnormal 
wound healing and are characterised by excessive 
deposition of collagen.1,2 These scars associate with 
pain, hyperaesthesia and pruritus that can dramat-
ically affect patient quality of life, especially in the 
case of keloids.3 Clinicians define keloids as scars 
that grow into the surrounding normal skin and 
hypertrophic scars as scars that do not extend 
beyond the boundaries of the original wound.4,5 
Pathologists make a histological distinction 
between keloids and hypertrophic scars: thus, 
keloids are defined by the presence of dermal nod-
ules plus multiple thick eosinophilic (hyalinising) 
collagen bundles called keloidal collagen whereas 
hypertrophic scars bear dermal nodules only.

Keloid and hypertrophic scar formation and 
progression is complex and poorly understood. 
However, there is now considerable evidence that 
keloidogenesis may be driven by multiple sys-
temic and local factors that together or alone 
spur persistent inflammation in the wound and 
subsequent scar: this inflammation leads to 
chronic fibroblast activity and blocks scar matu-
ration. The systemic factors include adolescence 
and pregnancy, which associate with a higher risk 
of bulky scar formation.6 Pregnancy also aggra-
vates keloids. This may reflect the vasodilatory 
effect of oestrogen, which may promote the 
movement of immune factors and cells into the 
wound or scar bed, thereby exacerbating local 
inflammation. Recent studies show that hyper-
tension also associates with keloid aggravation.7–10 
It is possible that the strain imposed by hyperten-
sion on the existing and newly forming blood ves-
sels in keloids promotes their vasodilation and 
exacerbates the chronic local inflammation.11

Local risk factors for bulky scar formation 
and progression include delayed wound healing, 
wound depth and, most importantly, mechanical 
forces such as the skin tension that is induced by 
stretching.10 This is evidenced by the fact that 
keloids show a strong predisposition to occur on 
body areas with strong and/or repetitive stretch-
ing of the skin, namely, the anterior chest, shoul-
der, deltoid, jaw and ear. By contrast, keloids 
rarely occur in areas where the stretching of the 
skin is rare, such as the scalp or anterior tibiae.12 
Skin tension may also explain why keloids on the 
dominant sites often have characteristic growth 
patterns, namely, the butterfly and crab’s claw on 
the chest and the dumbbell on the shoulder.13–17

Keloid formation and/or progression also 
associate with a variety of genetic and epigenetic 

factors. First, a genetic predisposition is sug-
gested by the fact that keloids are more common 
in dark skinned individuals and Asians. Moreover, 
keloid patients often have a family history of 
these scars.18 Single nucleotide polymorphisms 
(SNPs) also associate with keloid formation.11,19–23 
For example, a genome-wide association study 
(GWAS)19 found that four SNP loci in three chro-
mosomal regions associate significantly with 
keloids. Recent studies also suggest that a variety 
of epigenetic mechanisms may promote keloid 
formation. Some of these changes, including 
DNA methylation, alter the structure of the DNA 
and thereby shape cell division and cell  
phenotype.24,25 Other epigenetic changes involve 
non-coding RNAs that alter cell phenotype.26

This review describes the current status of the 
basic research on the genetic, epigenetic and 
local mechanical force risk factors that drive the 
formation and progression of keloids and hyper-
trophic scars.

Methods
The PubMed, Embase and Web of Science data-
bases were subjected to an extensive literature 
search using the following MESH terms: 
[genome-wide association study (GWAS)] and 
[keloid]; [single nucleotide polymorphisms 
(SNPs)] and [keloid]; [epigenetics] and [keloid]; 
[non-coding RNA] and [keloid]; [microRNA] 
and [keloid]; [long non-coding RNA] and 
[keloid]; [DNA methylation] and [keloid]; and 
[mechanobiology] and [keloid]. The databases 
were searched from their individual dates of 
inception through to July 2018.

Role of genetics in bulky scarring

Studies identifying genetic variants
The family pedigrees of keloid patients show that 
keloids may be inherited via an autosomal domi-
nant mode with incomplete penetrance. However, 
it seems that keloid disease is not a simple 
Mendelian monogenic disease; rather, it appears 
to be a complex oligogenic disorder.27–30

Several studies have identified keloid-related 
SNPs. Thus, when Nakashima et al. conducted a 
GWAS in the Japanese population, they found a 
significant relationship between keloids and four 
SNPs (rs873549, rs1511412, rs940187 and 
rs8032158) in three chromosomal regions (1q41, 
3q22.3-23 and 15q21.3).19 Ogawa et  al. then 
reported that one of these SNPs, namely, 
rs8032158, may also influence keloid severity.20 A 
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genome-wide linkage study found that the keloids 
in a Japanese family were linked to the 2q23 chro-
mosomal region while those in an African 
American family were linked to 7p11.29 However, 
another genome-wide linkage study on a large 
Chinese family with keloids did not show the link-
age to 7p11;31 by contrast, linkage intervals at 
15q22.31-q23, 18q21.1 and 10q23.31 were found 
in this family.32,33 Notably, the 18q21.1 region har-
bours the mothers against decapentaplegic hom-
ologue (SMAD) 2, 7 and 4 genes, which participate 
in the regulation of the transforming growth fac-
tor (TGF)-β signalling pathway. Interestingly, 
many recent studies have reported that multiple 
genes in TGF signalling pathways have fibrosis-
related functions: they include TGF-β1, TGF-β2, 
TGF-β3, TGF-β receptor (TGF-βR) I, TGF-βRII, 
TGF-βRIII, SMAD3, SMAD6, SMAD7, epidermal 
growth factor receptor (EGFR) and TNF-alpha-
induced protein 6 (TNFAIP6).34–39

Several studies have shown that several HLA 
genes associate significantly with keloids.40–42 Of 
these, HLA-DRB1*15 appears to have the most 
robust association since a link between this HLA 
and keloids was observed in both Chinese and 
Caucasian ethnic groups.40,41 This suggests that 
HLA-DRB1*15 may associate with an increased 
risk of keloid disease. A microarray analysis and 
subsequent validation studies also showed that 
HLA-DRB5 in the 6p21.32 chromosomal region 
associates significantly with keloid pathogenesis.42

In terms of other keloid-associated genes, 
Chung et al. showed that the NEDD4 gene in the 
15q21.3 chromosomal region upregulates 
fibronectin and type 1 collagen expression and 
thereby promotes the accumulation of extracel-
lular matrix and fibrosis.43

It should be noted that these genetic variants 
only explain part of the many biological and/or 
functional changes that associate with keloid for-
mation/progression. How they contribute to the 
molecular pathogenic mechanisms that trigger 
and maintain fibrosis remains unclear. For exam-
ple, it is not known whether any genetic variants 
participate in the production of the pro-fibrotic 
myofibroblast phenotype, which plays a key role 
in keloidogenesis.

Epigenetics
There is strong evidence showing that environ-
mental factors that shape gene expression via epi-
genetic mechanisms play an important role in 
both physiological and pathological conditions, 
especially tumorigenesis.23 Recent studies also sug-
gest that, along with genetic factors, epigenetic 

mechanisms may also play an important role in 
keloid fibrosis.44,45 These mechanisms include 
non-coding RNAs and DNA methylation.

Non-coding RNAs
A non-coding RNA is an RNA molecule that is 
not translated into a protein. Multiple types of 
non-coding RNAs that are abundant and regu-
late gene expression have been identified. They 
include transfer RNAs, ribosomal RNAs, small 
RNAs such as microRNAs (miRNAs) and silent 
interfering RNAs, and long non-coding RNAs 
(lncRNAs).46 A recent study suggested non-cod-
ing RNAs may participate in keloid pathogenesis 
since keloids and keloid fibroblasts express miR-
NAs and lncRNAs at different levels compared to 
normal tissues and fibroblasts.47

miRNAs. miRNAs are short (20–24 nucleotides), 
single-stranded, non-coding RNAs whose 
sequences are complementary to a target mes-
senger RNA (mRNA) sequence. Consequently, 
when they bind to their target, they silence the 
gene in a post-transcriptional manner.48,49 miR-
NAs are thought to be dysregulated in many skin 
diseases, including malignant skin diseases and 
keloids.50–53 Several groups have subjected keloi-
dal and normal fibroblasts to miRNA expression 
microarrays. One reported that nine miRNAs are 
expressed at different levels in keloidal fibro-
blasts relative to normal fibroblasts: six were 
upregulated (miR-152, miR-23b-3p, miR-31-5p, 
miR-320c, miR-30a- 5p and hsv1-miR- H7) and 
three were downregulated (miR-4328, miR-
145-5p and miR-143-3p).54 Significantly, Wu et al. 
found that miRNA-199a-5p is downregulated in 
keloids: they then showed that miR-199a-5p may 
inhibit the expression of genes involved in fibro-
blast proliferation by regulating the cell cycle.55,56 
Moreover, Liu et  al. showed that miRNA-21 is 
upregulated in keloid fibroblasts and may pro-
mote keloidogenesis by regulating fibroblast pro-
liferation and apoptosis: this appears to be 
achieved by modulating the expression of phos-
phatase and tensin homolog deleted on chromo-
some 10 (PTEN) via the PI3K/AKT signalling 
pathway.57,58

lncRNA. lncRNA are mRNA-like molecules that 
are > 200 nucleotides and lack functional open 
reading frames. lncRNAs can regulate gene expres-
sion, thereby controlling the cell cycle and cell pro-
liferation.59,60 When Liang et  al. performed a 
co-expression network study of lncRNA and 
mRNA, they found that a lncRNA called calcium 
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voltage-gated channel subunit alpha1 G-antisense 
1 (CACNA1G-AS1) was upregulated in keloids. 
This suggested that lncRNAs may be involved in 
keloid pathogenesis.61 Moreover, Zhu et al. found 
that lncRNA-ATB can regulate the autocrine secre-
tion of TGF-β2 in keloid fibroblasts by inhibiting 
their expression of zinc finger protein 217 
(ZNF217) via miR-200c. Thus, the lncRNA-ATB/
miR-200c/ZNF217/TGF-β2 signalling pathway 
may contain potential biomarkers and targets for 
novel diagnostic and therapeutic approaches to 
keloid disease.62 Similarly, Sun et  al. recently 
identified four skin-related lncRNAs (CACNA1G-
AS1, LINC00312, HOXA11-AS and RP11-91I11.1) 
that are involved in Wnt-gene regulation in keloid 
disease. They proposed that the excessive prolif-
eration in keloids may be due to lncRNA-medi-
ated regulation of Wnt signalling pathways.63

DNA methylation
DNA methylation is the most common form of 
epigenetic modification. Increased methylation 
(hypermethylation) turns off genes while 
decreased methylation (hypomethylation) turns 
them on. The methylation process is catalysed by 
DNA methyltransferase (DNMT) enzymes.64,65 
The most common site of methylation is at CpG 
dinucleotides.66 In mammalian cells, there are 
three DNMT isoforms: DNMT1; DNMT3a; and 
DNMT3b.

Many recent studies have shown that DNA 
methylation may affect fibroblast differentiation 
and tissue fibrosis.67–69 In particular, Hu et  al. 
reported that DNMT-mediated DNA methylation 
regulates α-SMA gene expression during myofi-
broblast differentiation.70 5-aza-2-deoxycytidine 
(5-aza-dC) is an inhibitor of DNMT. Fu et al. inves-
tigated fibrosis correlated with DNA hypomethyl-
ation which may result from upregulation of 
TGF-β type I receptor. These results suggest that 
regulating DNA methylation is important in initi-
ation of scar formation.71,72 A similar relationship 
between DNA hypermethylation and elevated 
fibrotic signalling was found by Yang et  al.: not 
only did 100% of keloid fibroblasts express 
DNMT1 versus 8% of normal skin fibroblasts, 
keloid lesions also expressed higher levels of the 
fibrotic genes TGF-β1, phospho-smad2 and phos-
pho-smad3 and lower levels of the anti-fibrotic 
gene smad7. Notably, 5-aza-2-deoxycytidine treat-
ment inverted the expression patterns of DNMT1, 
TGF-β1 and smad7.73 Moreover, when Jones et al. 
subjected six keloid and six normal skin samples 
to genome-wide profiling with the Infinium 
HumanMethylation450 BeadChip platform, they 

found that the keloid genomes were overall more 
likely to be hypomethylated rather than hyper-
methylated in non-promoter genomic regions. In 
addition, of the 197 CpGs that were differentially 
methylated in keloids, 191 were in the Ingenuity 
Pathway Analysis (IPA) database and mapped to 
152 unique genes.74,75 Causal Network Analysis 
software then showed that four master regulators 
(pyroxamide, tributyrin, PRKG2 and PENK) and 
19 intermediate regulators may play key roles in 
keloid pathogenesis.76

Thus, DNA methylation and other epigenetic 
mechanisms may play an important role in the 
pathogenesis of keloid disease. This may also 
explain why gene mutation analyses alone have 
not provided any definitive mechanisms that 
underlie keloid formation.74–76

Mechanobiology

Role of mechanobiology in cutaneous 
wound healing and scarring
The cutaneous wound-healing process consists of 
the inflammatory, proliferative and remodelling 
phases. While the mechanisms that regulate 
wound healing remain to be fully understood,77 
it is now clear that mechanical forces play impor-
tant roles in normal wound healing. For exam-
ple, myofibroblasts exert an appropriate amount 
of intrinsic tension that causes the wound to con-
tract and close. Moreover, normal mechanical 
forces on and in the wound/scar induce a home-
ostatic state of ‘tensegrity’ (tensional integrity) 
that allows the cells and the extracellular matrix 
in the tissue to progress normally through the 
various phases of wound healing. However, when 
large or unusual extrinsic mechanical forces (e.g. 
scratching, compression and strong/repetitive 
skin stretching) are placed on the healing wound 
or scar, the tensegrity becomes dysregulated and 
bulky scarring can ensue.78–80

Role of mechanobiology in the formation 
and progression of keloids and 
hypertrophic scars
Recent research suggests that hypertrophic scars 
and keloids are caused by the same fibroprolif-
erative pathology and that their different clinical 
and pathological features largely reflect the 
degree of inflammation in the healing wound/
scar. This inflammation is in turn determined by 
various risk factors, including systemic and local 
mechanical forces (and possibly also genetic and 
epigenetic factors). This hypothesis suggests that 
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mature scars, hypertrophic scars and keloids can 
convert into each other during the clinical course 
and vice versa. Indeed, keloids can grow from 
mature scars and we have encountered many 
cases of bulky scars that bear clinical and histo-
logical features of both keloids and hypertrophic 
scars (personal observations).

There is now substantial evidence that a key 
risk factor for both the formation and progression 
of bulky scars is mechanical force. First, hyper-
trophic scars can be generated in experimental 
animal models by repeatedly applying mechanical 
forces on the edge of an incisional wound.4 Second, 
a statistical study of 1500 anatomic regions in Asian 
patients showed that keloids tend to occur on spe-
cific body sites (Figure 1), namely, the anterior 
chest, shoulder, scapula and lower abdomen–
suprapubic region.17 All of these body sites are 
characterised by strong and/or repetitive stretch-
ing of the skin. Thus, the anterior chest skin is reg-
ularly stretched horizontally by the pectoralis 
major muscle, the shoulder and scapula skin is 
repeatedly stretched by upper-limb movements 

and bending of the body, and the lower abdomen-
suprapubic skin is stretched many times a day due 
to changes in position (e.g. sitting and standing). 
By contrast, body sites that experience little skin 
tension (e.g. the scalp, upper eyelid and anterior 
lower leg) rarely bear keloids. Third, keloids tend 
to spread into distinctive shapes that depend on 
their location. For example, keloids on the ante-
rior chest tend to form a crab’s claw shape, shoul-
der keloids develop butterfly shapes and upper 
arm keloids often grow into a dumbbell shape. 
These patterns may reflect the different predomi-
nant directions of skin tension at these sites.13 
Indeed, our finite-element analysis of the distribu-
tion of the mechanical forces around a scapular 
keloid showed that the keloid had expanded in the 
direction of dominant skin-pulling. Moreover, the 
stiffness of the skin at various points at the keloid 
circumference correlated directly with the degree 
of skin tension at these points.

The relationship between mechanical force 
on the wound/scar and local inflammation is 
clearly depicted by combining the finite-element 

Figure 1. Typical keloids. Keloids occur at specific sites including the ear, anterior chest wall, shoulder and lower abdomen. The 
direction of keloid growth results in characteristic shapes, which depend on their location. For example, keloids on the anterior 
chest grow horizontally in a ‘crab’s claw’-like pattern and this horizontal direction of tension is caused by pectoralis major muscle 
contraction. Keloids on the lower abdomen grow vertical and this direction is caused by rectus abdominis muscle movement.
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analysis data mentioned above with our histologi-
cal examinations of keloids.13,16 The finite-element 
analysis showed that there is high skin tension at 
the keloid edges and lower tension at the centre, 
while our histological analyses indicated that the 
key features of keloid inflammation (e.g. angio-
genesis, fibroblasts and inflammatory cells) gradu-
ally waned in intensity as the histological keloid 
sections moved from the periphery to the centre. 
Thus, it seems that skin tension dictates the degree 
of inflammation, which in turn determines the 
pattern and degree of keloid growth.

Mechanosignalling pathways in 
cutaneous scarring
Analyses of fibroblasts harvested from human or 
animal scar tissues have revealed a variety of 
mechanosignalling pathways that appear to par-
ticipate in the formation and growth of cutaneous 
scars. The TGF-β/Smad, integrin and calcium 
ion pathways are now well-known to participate in 
scarring. Other pathways that may play a role 
include the MAPK and G-protein, Wnt/β-catenin, 
TNF-α/NF-κB and IL pathways: however, further 
research on these pathways is needed. Various 
lines of evidence suggest that during scar forma-
tion, these cellular mechanosignalling pathways 
interact actively with the extracellular matrix and 
crosstalk extensively with hypoxia, inflammation 
and angiogenesis pathways. Wong et  al. showed 
that other participating signalling pathways may 
be the focal adhesion kinase (FAK)-extracellular-
related kinase-monocyte chemoattractant pro-
tein-1 pathways: they showed that these pathways 
are activated by mechanical forces and mediate 
fibrosis in the healing wound.78 Further elucida-
tion of the mechanosignalling pathways that con-
tribute to normal and abnormal scarring will help 
us to better understand scar development. This in 
turn may facilitate research into this promising 
field and may aid the development of pharmaco-
logical interventions that can limit, minimise or 
even reverse scar formation and progression.81–84

Conclusion
Recent research indicates that the formation of 
keloids and hypertrophic scars clearly associates with 
genetic, epigenetic, systemic and local risk factors, 
particularly skin tension around scars. These find-
ings suggest that molecular, cellular and/or tissue-
level approaches that target one or more of these 
risk factors may be promising scar therapies. Indeed, 
there is increasing evidence that these approaches 

may be effective in the clinic. Despite this, the cur-
rent clinical treatment strategies continue to focus 
on decreasing inflammatory processes. Further 
research into scar-related genetics, epigenetics and 
mechanobiology is needed, as it is likely to help iden-
tify more effective prophylactic and clinical treat-
ment strategies for wounds and scars.

Declaration of conflicting interests
The authors declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

Funding
The author(s) received no financial support for the 
research, authorship, and/or publication of this article.

ORCID iDs
Chia-Hsuan Tsai  https://orcid.org/0000-0002-2786-1703

Rei Ogawa  https://orcid.org/0000-0003-3658-555X

References
 1. Appleton I, Brown NJ and Willoughby DA. Apoptosis, necro-

sis, and proliferation: possible implications in the etiology of 
keloids. Am J Pathol 1996; 149: 1441–1447.

 2. Bran GM, Goessler UR, Hormann K, et  al. Keloids: current 
concepts of pathogenesis (review). Int J Mol Med 2009; 24: 
283–293.

 3. Mofikoya BO, Adeyemo WL and Abdus-salam AA. Keloid and 
hypertrophic scars: a review of recent developments in patho-
genesis and management. Nig Q J Hosp Med 2007; 17: 134–139.

 4. Huang C, Akaishi S, Hyakusoku H, et al. Are keloid and hyper-
trophic scar different forms of the same disorder? A fibropro-
liferative skin disorder hypothesis based on keloid findings. Int 
Wound J 2014; 11(5): 517–522.

 5. Ogawa R, Akaishi S and Izumi M. Histologic analysis of keloids 
and hypertrophic scars. Ann Plast Surg 2009; 62(1): 104–105.

 6. Park TH and Chang CH. Keloid recurrence in pregnancy. 
Aesthetic Plast Surg 2012; 36: 1271–1272.

 7. Arima J, Huang C, Rosner B, et al. Hypertension: a systemic 
key to understanding local keloid severity. Wound Repair Regen 
2015; 23: 213–221.

 8. Ogawa R, Arima J, Ono S, et al. Case report total management 
of a severe case of systemic keloids associated with high blood 
pressure (hypertension): clinical symptoms of keloids may be 
aggravated by hypertension. Eplasty 2013; 3: e25.

 9. Huang C and Ogawa R. The link between hypertension and 
pathological scarring: does hypertension cause or promote 
keloid and hypertrophic scar pathogenesis? Wound Repair 
Regen 2014; 22: 462–466.

 10. Ogawa R. High blood pressure (hypertension) may influence 
the results of clinical trials for scar and keloid treatments. Plast 
Reconstr Surg 2013; 132: 1074e–1075e.

 11. Ogawa R and Akaishi S. Endothelial dysfunction may play a 
key role in keloid and hypertrophic scar pathogenesis - Keloids 
and hypertrophic scars may be vascular disorders. Med Hypo 
2016; 96: 51–60

 12. Park TH and Chang CH. Location of keloids and its treatment 
modality may influence the keloid recurrence in children.  
J Craniofac Surg 2015; 26: 1355–1357.

https://orcid.org/0000-0002-2786-1703
https://orcid.org/0000-0003-3658-555X


Tsai and Ogawa 7

 13. Akaishi S, Akimoto M, Ogawa R, et  al. The relationship 
between keloid growth pattern and stretching tension: visual 
analysis using the finite element method. Ann Plast Surg 2008; 
60: 445–451.

 14. Akaishi S, Akimoto M, Hyakusoku H, et al. The tensile reduc-
tion effects of silicone gel sheeting. Plast Reconstr Surg 2008; 
126: 109–111e.

 15. Ogawa R, Akaishi S, Huang C, et al. Clinical applications of 
basic research that shows reducing skin tension could prevent 
and treat importance of fascial/subcutaneous tensile reduc-
tion sutures and flap surgery for keloid and hypertrophic scar 
reconstruction. J Nippon Med Sch 2011; 78: 68–76.

 16. Ogawa R. Mechanobiology of scarring. Wound Repair Regen 
2011; 19: s2–9.

 17. Ogawa R, Okai K, Tokumura F, et al. The relationship between 
skin stretching/contraction and pathologic scarring: the 
important role of mechanical forces in keloid generation. 
Wound Repair Regen 2012; 20: 149–157.

 18. Gauglitz GG, Korting HC, Pavicic T, et al. Hypertrophic scar-
ring and keloids:pathomechanisms and current and emerging 
treatment strategies. Mol Med 2011; 17: 113–125.

 19. Nakashima M, Chung S, Takahashi A, et  al. A genome-wide 
association study identifies four susceptibility loci for keloid in 
the Japanese population. Nat Genet 2010; 42: 768–771.

 20. Halim AS, Emami A, Salahshourifar I, et al. Keloid scarring: 
understanding the genetic basis, advances, and prospects. Arch 
Plast Surg 2012; 39: 184–189.

 21. Lee HJ and Jang YJ. Recent understandings of biology, proph-
ylaxis and treatment strategies for hypertrophic scars and 
keloids. Int J Mol Sci 2018; 19: 711.

 22. Ogawa R, Watanabe A, Than Naing B, et  al. Associations 
between keloid severity and single-nucleotide polymorphisms: 
importance of rs8032158 as a biomarker of keloid severity.  
J Invest Dermatol 2014; 134: 2041–2043.

 23. Zhao Y, Liu SL, Xie J, et  al. NEDD4 single nucleotide poly-
morphism rs2271289 is associated with keloids in Chinese Han 
population. Am J Transl Res 2016; 8: 544–555.

 24. Kargul J and Laurent GJ. Epigenetics and human disease. Int J 
Biochem Cell Biol 2009; 41: 1.

 25. He Y, Deng Z, Alghamdi M, et al. From genetics to  epigenetics: 
new insights into keloid scarring. Cell Prolif 2017; 50: 1–8.

 26. Szyf M. Nongenetic inheritance and transgenerational epige-
netics. Trends Mol Med 2015; 21: 134–144.

 27. Marneros AG, Norris JE, Olsen BR, et al. Clinical genetics of 
familial keloids. Arch Dermatol 2001; 137: 1429–1434.

 28. Bayat A, Arscott G, Ollier WE, et  al. “Aggressive keloid”: a 
severe variant of familial keloid scarring. J R Soc Med 2003; 96: 
554–555.

 29. Marneros AG, Norris JE, Watanabe S, et  al. Genome 
 scans provide evidence for keloid susceptibility loci on 
chromosomes 2q23 and 7p11. J Invest Dermatol 2004; 122: 
1126–1132.

 30. Chen Y, Gao JH, Liu XJ, et al. Characteristics of occurrence for 
Han Chinese familial keloids. Burns 2006; 32: 1052–1059.

 31. Chen Y, Gao JH, Liu XJ, et al. Linkage analysis of keloid sus-
ceptibility loci on chromosome 7p11 in a Chinese pedigree. 
Nan Fang Yi Ke Da Xue Xue Bao 2006; 26: 623–625.

 32. Yan X, Gao JH, Chen Y, et al. Preliminary linkage analysis and 
mapping of keloid susceptibility locus in a Chinese pedigree. 
Zhonghua Zheng Xing Wai Ke Za Zhi 2007; 23: 32–35.

 33. Chen Y, Gao JH, Yan X, et al. Location of predisposing gene 
for one Han Chinese keloid pedigree. Zhonghua Zheng Xing 
Wai Ke Za Zhi 2007; 23: 137–140.

 34. Brown JJ, Ollier WE, Arscott G, et  al. Association of HLA-
DRB1* and keloid disease in an Afro-Caribbean population. 
Clin Exp Dermatol 2010; 35: 305–310.

 35. Satish L, Lyons-Weiler J, Hebda PA, et al. Gene expression pat-
terns in isolated keloid fibroblasts. Wound Repair Regen 2006; 
14: 463–470.

 36. Brown JJ, Ollier W, Arscott G, et  al. Genetic susceptibil-
ity to keloid scarring: SMAD gene SNP frequencies in Afro-
Caribbeans. Exp Dermatol 2008; 17: 610–613.

 37. He S, Liu X, Yang Y, et al. Mechanisms of transforming growth 
factor beta(1)/Smad signaling mediated by mitogen-activated 
protein kinase pathways in keloid fibroblasts. British J Dermatol 
2010; 162: 538–546.

 38. Xia W, Longaker MT and Yang GP. P38 MAP kinase medi-
ates transforming growth factor-beta2 transcription in human 
keloid fibroblasts. Am J Physiol Regul Integr Comp Physiol 2006; 
290: R501–R508.

 39. Zhang Q, Oh CK, Messadi DV, et al. Hypoxia-induced HIF-1 
alpha accumulation is augmented in a co-culture of keloid 
fibroblasts and human mast cells: involvement of ERK1/2 and 
PI-3K/Akt. Exp Cell Res 2006; 312: 145–155.

 40. Lu WS, Zhang WY, Li Y, et al. Association of HLA-DRB1 alleles 
with keloids in Chinese Han individuals. Tissue Antigens 2010; 
76: 276–281.

 41. Brown JJ, Ollier WE, Thomson W, et  al. Positive association 
of HLA-DRB1*15 with keloid disease in Caucasians. Int J 
Immunogenet 2008; 35: 303–307.

 42. Shih B and Bayat A. Comparative genomic hybridisation analy-
sis of keloid tissue in Caucasians suggests possible involvement 
of HLA-DRB5 in disease pathogenesis. Arch Dermatol Res 2012; 
304: 241–249.

 43. Chung S, Nakashima M, Zembutsu H, et al. Possible involve-
ment of NEDD4 in keloid formation; its critical role in fibro-
blast proliferation and collagen production. Proc Jpn Acad Ser B 
Phys Biol Sci 2011; 87: 563–573.

 44. Loddo I and Romano C. Inflammatory bowel disease: genet-
ics, epigenetics, and pathogenesis. Front Immunol 2015; 6: 551.

 45. Bataille V, Lens M and Spector TD. The use of the twin model 
to investigate the genetics and epigenetics of skin diseases 
with genomic, transcriptomic and methylation data. J Eur Acad 
Dermatol Venereol 2012; 26: 1067–1073.

 46. Piletic K and Kunej T. MicroRNA epigenetic signatures in 
human disease. Arch Toxicol 2016; 90: 2405–2419.

 47. Yu X, Li Z, Chan MT, et al. MicroRNA deregulation in keloids: 
an opportunity for clinical intervention? Cell Prolif 2015; 48: 
626–630.

 48. Anderson P and Kedersha N. RNA granules: post-transcrip-
tional and epigenetic modulators of gene expression. Nat Rev 
Mol Cell Biol 2009; 10: 430–436.

 49. Sato F, Tsuchiya S, Meltzer SJ, et al. MicroRNAs and epigenet-
ics. FEBS J 2011; 278: 1598–1609.

 50. Kashiyama K, Mitsutake N, Matsuse M, et al. miR-196a down-
regulation increases the expression of type I and III collagens 
in keloid fibroblasts. J Investig Dermatol 2012; 132: 1597–1604.

 51. Liu Y, Yang D, Xiao Z, et  al. miRNA expression profiles in 
keloid tissue and corresponding normal skin tissue. Aesthet 
Plast Surg 2012; 36: 193–201.

 52. Lovendorf MB and Skov L. miRNAs in inflammatory skin dis-
eases and their clinical implications. Expert Rev Clin Immunol 
2015; 11: 467–477.

 53. Luan Y, Liu Y, Liu C, et  al. Serum miRNAs signature plays 
an important role in keloid disease. Curr Mol Med 2016; 16: 
504–514.

 54. Li C, Bai Y, Liu H, et al. Comparative study of microRNA profil-
ing in keloid fibroblast and annotation of differential expressed 
microRNAs. Acta Biochim Biophys Sin 2013; 45: 692–699.

 55. Wu ZY, Lu L, Liang J, et al. Keloid microRNA expression analy-
sis and the influence of miR-199a-5p on the proliferation of 
keloid fibroblasts. Genet Mol Res 2014; 13: 2727–2738.



8 Scars, Burns & Healing

 56. Wu ZY, Lu L, Guo XR, et  al. Identification of differently 
expressed microRNAs in keloid and pilot study on biological 
function of miR-199a-5p. Zhonghua Zheng Xing Wai Ke Za Zhi 
2013; 29: 279–284.

 57. Liu Y, Wang X, Yang D, et al. MicroRNA-21 affects proliferation 
and apoptosis by regulating expression of PTEN in human 
keloid fibroblasts. Plast Reconstr Surg 2014; 134: 561e–573e.

 58. Li Y, Zhang J, Lei Y, et al. MicroRNA-21 in skin fibrosis: poten-
tial for diagnosis and treatment. Mol Diagn Ther 2017; 21:  
633–642.

 59. Yoon JH, Abdelmohsen K and Gorospe M. Functional interac-
tions among microRNAs and long noncoding RNAs. Semin Cell 
Dev Biol 2014; 34: 9–14.

 60. Juan L, Wang G, Radovich M, et al. Potential roles of microR-
NAs in regulating long intergenic noncoding RNAs. BMC Med 
Genomics 2013; 6: S7.

 61. Liang X, Ma L, Long X, et al. LncRNA expression profiles and 
validation in keloid and normal skin tissue. Int J Oncol 2015; 
47: 1829–1838

 62. Zhu HY, Bai WD, Li C, et al. Knockdown of lncRNA-ATB sup-
presses autocrine secretion of TGF-beta2 by targeting ZNF217 
via miR-200c in keloid fibroblasts. Sci Rep 2016; 6: 24728.

 63. Sun XJ, Wang Q, Guo B, et al. Identification of skin-related 
lncRNAs as potential biomarkersthat are involved in Wnt path-
ways in keloids. Oncotarget 2017; 8(21): 34236–34244.

 64. Lyko F, Ramsahoye BH, Kashevsky H, et al. Mammalian (cyto-
sine-5) methyltransferases cause genomic DNA methylation 
and lethality in Drosophila. Nat Genet 1999; 23: 363–366.

 65. Weisenberger DJ, Velicescu M, Cheng JC, et  al. Role of the 
DNA methyltransferase variant DNMT3b3 in DNA methyla-
tion. Mol Cancer Res 2004; 2: 62–72.

 66. Mund C, Musch T, Strodicke M, et  al. Comparative analysis 
of DNA methylation patterns in transgenic Drosophila overex-
pressing mouse DNA methyltransferases. Biochem J 2004; 378: 
763–768.

 67. Hinz B, Phan SH, Thannickal VJ, et al. Recent developments 
in myofibroblast biology: paradigms for connective tissue 
remodeling. Am J Pathol 2012; 180: 1340–1355.

 68. Mann J and Mann DA. Epigenetic regulation of wound heal-
ing and fibrosis. Curr Opin Rheumatol 2013; 25: 101–107.

 69. Mann J, Oakley F, Akiboye F, et al. Regulation of myofibroblast 
transdifferentiation by DNA methylation and MeCP2: impli-
cations for wound healing and fibrogenesis. Cell Death Differ 
2007; 14: 275–285.

 70. Hu B, Gharaee-Kermani M, Wu Z, et al. Epigenetic regulation 
of myofibroblast differentiation by DNA methylation. Am J 
Pathol 2010; 177: 21–28.

 71. Zou QP, Yang E and Zhang HS. Effect of the methylation 
enzyme inhibitors of 5-aza-2-deoxycytidineon the TGF-beta/
smad signal transduction pathway in human keloid fibroblasts. 
Chinese J Plast Surg 2013; 29: 285–289.

 72. Fu S, Sun L, Zhang X, et al 5-Aza-2’-deoxycytidine induces 
human Tenon’s capsule fibroblasts differentiation and fibrosis by 
up-regulating TGF-β type I receptor. Exp Eye Res 2017; 165: 47–58.

 73. E Y, Qipa Z and Hengshu Z. The expression of DNMT1 in patho-
logic scar fibroblasts and the effect of 5-aza-2-Deoxycytidine on 
cytokines of pathologic scar fibroblasts. Wounds 2014; 26: 139–146.

 74. Jones LR, Greene J, Chen KM, et  al. Biological signifi-
cance of genome-wide DNA methylation profiles in keloids. 
Laryngoscope 2017; 127: 70–78.

 75. Jones LR, Young W, Divine G, et  al. Genome-wide scan for 
methylation profiles in keloids. Dis Markers 2015; 2015: 
943176.

 76. Garcia-Rodriguez L, Jones L, Chen KM, et al. Causal network 
analysis of head and neck keloid tissue identifies potential 
master regulators. Laryngoscope 2016; 126: E319–E324.

 77. Gurtner GC, Werner S, Barrandon Y, et al. Wound repair and 
regeneration. Nature 2008; 453: 314–321.

 78. Wong VW, Akaishi S, Longaker MT, et al. Pushing back: wound 
mechanotransduction in repair and regeneration. J Invest 
Dermatol 2011; 131: 2186–2196.

 79. Ingber DE, Wang N and Stamenovic D. Tensegrity, cellular 
biophysics, and the mechanics of living systems. Rep Prog Phys 
2014; 77; 046603.

 80. Hsu CK, Lin HH, Harn HIC, et al. Mechanical forces in skin 
disorders. J Dermatol Sci 2018; 90: 232–240.

 81. Huang C, Akaishi S and Ogawa R. Mechanosignaling pathways 
in cutaneous scarring. Arch Dermatol Res 2012; 304: 589–597.

 82. Huang C, Liu L, You Z, et al. Keloid progression: a stiffness gap 
hypothesis. Int Wound J 2017; 14: 764–771.

 83. Rawlinson SCF (ed.) Mechanobiology: Exploitation for Medical 
Benefit. Hoboken, NJ: John Wiley & Sons, Inc., 2017.

 84. Huang C, Holfeld J, Schaden W, et al. Mechanotherapy: revis-
iting physical therapy and recruiting mechanobiology for a 
new era in medicine. Trends Mol Med 2013; 19: 555–564.

How to cite this article
Tsai C-H and Ogawa R. Keloid research: current status and 

future direction. Scars, Burns & Healing, Volume 5, 
2019. DOI: 10.1177/2059513118868659




