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Abstract 

Keloid disease (KD) is a cutaneous fibroproliferative tumour characterised by 

heterogeneity, locally aggressive invasion and therapeutic resistance. Clinical, 

histological and molecular differences between the keloid scar centre and margin as well 

as recent evidence of the importance of epithelial-mesenchymal interactions (EMI) in 

KD pathobiology contribute to the complexity and diversity of KD, which coupled with 

the lack of a validated animal model have hindered research and effective management. 

Despite significant progress in the field of KD research, reliance on conventional 

monolayer cell culture and whole tissue analysis methods have failed to fully reflect the 

natural architecture, pathology and complexity of KD in vivo.  In order to address these 

challenges, a site-specific in situ approach was therefore employed here for the first time 

in KD research.   

The first aim of this work was to compare the value of this contemporary approach with 

traditional methods of tissue dissection. The second aim was to compare the genomic 

expression between well-defined, distinct keloid sites and normal skin (NS). The third 

aim was to develop and explore hypotheses arising from this site-specific gene 

expression profiling approach, so as to enhance understanding of KD pathobiology as a 

basis for improved diagnostic and therapeutic strategies in future KD management. The 

fourth aim was to probe these hypotheses with relevant functional in vitro studies.  

The current site-specific in situ approach was achieved through a combination of laser 

capture microdissection and whole genome microarray, allowing separation of 

epidermis from dermis for keloid centre, margin and extralesional sites compared with 

NS.  This in situ approach yielded selective, accurate and sensitive data, exposing genes 

that were overlooked with alternative methods of dissection. 

Identification of significant upregulation of the aldo-keto reductase enzyme AKR1B10 in 

all three sites of the keloid epidermis (KE) in situ, implicated dysregulation of the retinoic 

acid (RA) pathway in KD pathogenesis. This hypothesis was supported by showing that 

induced AKR1B10 overexpression in NS keratinocytes reproduced the keloid RA pathway 

expression pattern.  Moreover, co-transfection with a luciferase reporter plasmid 

revealed reduced RA response element activity. Paracrine signals released by AKR1B10-

overexpressing keratinocytes into conditioned medium resulted in TGFβ1 and collagen 

upregulation in keloid fibroblasts, suggesting the disturbed RA metabolism exerts a pro-

fibrotic effect through pathological EMI, thus further supporting the hypothesis of RA 

deficiency in KE.  Gene expression profiling further revealed an upregulation of NRG1 

and ErbB2 in keloid margin dermis.  Exogenous NRG1 led to enhanced keloid fibroblast 

migration with increased Src and PTK2 expression, which were attenuated with ErbB2 

siRNA studies. Together with the observed failure to recover this expression with NRG1 

treatment, suggested the novel KD pathobiology hypothesis that NRG1/ErbB2/Src/PTK2 

signaling plays a role in migration at the keloid margin.  In addition to these hypotheses, 

LCM methodology with comprehensive analysis of the data permitted the development 

of additional novel working hypotheses that will inform future KD research, including 

inflammatory gene dysregulation and cancer-like stem cells that may contribute to the 

therapeutic resistance characteristic of KD. 
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TP53 tumor protein p53 

tPA tissue plasminogen activator 

TSPYL5 testis-specific protein Y encoded like 5 

TUBB3 Tubulin β3, class III  

UGT3A2 UDP glycosyltransferase family 3 member A2 

uPA urokinase plasminogen activator 

UV ultraviolet 

VEGF vascular endothelial growth factor 

WDR66 WD repeat domain 66 

WISP1 Wnt 1 inducible signaling pathway protein 1 

Wnt wingless-type MMTV integration site 

ZEB zinc finger E-box-binding proteins 

α-SMA/ACTA2 alpha smooth muscle actin/actin, alpha 2, smooth muscle, aorta 

ΔCT difference in threshold cycle 

2/3-D 2/3-dimensional 
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Nomenclature 

 

°C degrees celsius 

µg micrograms  

µl microlitre 

µM micromolar 

hrs hours 

M molar 

mg milligrams 

min minutes 

ml  millilitre 

mm millimetre 

mnths months 

ng nanograms  

nm nanometre 

pg picograms 

RPM revolutions per minute 

SEM 
standard error of the 
mean 

U unit 

v/v volume per volume 
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1.1 Topic background 

Keloid disease (KD) is a benign cutaneous fibroproliferative tumour of unknown 

aetiopathogenesis that is characterised by heterogeneity, locally aggressive invasion and high 

recurrence rates following treatment [1, 2].  Unique to humans and with a higher preponderance 

in genetically susceptible individuals, KD represents an aberration of the normal wound healing 

process following injury to the skin [3, 4].  The clinical, histological and molecular heterogeneity 

between and within keloid scars has resulted in poorly understood pathogenesis, difficult 

diagnosis and ineffective management [5, 6].  In an effort to overcome this, more recent studies 

have divided keloid scars into component parts based on the macroscopic differences between 

the pale, shrunken centre and raised erythematous margin [7, 8].  This strategy has revealed a 

hyper-cellular advancing edge in the keloid margin dermis accompanied by evidence of 

increased collagen production, cell proliferation and reduced apoptosis when compared with 

the keloid centre [8, 9].  Additional divergence in phenotype and expression between superficial 

and deep fibroblasts within the keloid scar present an overall picture of a complex and diverse 

disease [10].  This lesional variation is further compounded by involvement of the keloid 

epidermis [11].  Until quite recently, KD was considered a dermal disorder with the fibroblasts 

at the centre of its formation [12], however, evidence of the significance of epithelial-

mesenchymal interactions in the development and maintenance of KD has brought the role of 

the epidermis to the fore [13, 14].  Only by separating the keloid scar into distinct regions and 

scrutinising the contribution of each of those regions to its pathogenesis will we be able to not 

only understand underlying mechanisms but also appropriately target the active site of disease 

(Figure 1.1). 

 

The lack of a validated animal model for KD has resulted in reliance on traditional methods of 

investigation to examine of these specific keloid sites [15, 16].  Although whole tissue biopsies 
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from keloid centre and margin have exposed expression differences between these component 

parts, dilution by multiple transcriptomes reduces the sensitivity and neglects significant but low 

amplitude signaling [17]. Monolayer cell culture and co-culture techniques are experimentally 

facile and reproducible but fail to fully recapitulate the 3D architecture of the tissue and with 

increasing passage lose pathology-associated expression [8, 18].  Therefore, a major challenge 

facing KD research is the capacity to examine specific sites and their relationships while 

maintaining the natural structure and pathology inherent in the in situ tissue.   

 

Laser capture microdissection (LCM) is a technique used to isolate single cells or cell 

subpopulations from within a tissue and has been used to dissect defined regions from within 

heterogeneous tissues, including both dermatological conditions and other areas of fibrosis [19-

21].  The capacity to overcome heterogeneity while maintaining the architecture and pathology 

of the tissue makes LCM an ideal platform for application to KD.  Only through the capture of in 

situ signaling from within the site-specific dynamic microenvironment of the keloid scar will the 

underlying pathobiology be elucidated and the key to keloid management be unlocked. 

 

 

Figure 1.1 Schematic diagram of distinct keloid regions and keloid photographs. 
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1.2 Research aims, specific questions to address and hypotheses to pursue 

The overall objective of this thesis was to address the challenges facing KD research by asking 

specific questions for each of four research aims. 

The first aim of this work was to compare the value of a site-specific in situ approach to KD 

research with traditional methods of tissue dissection.  The second aim of the project was to 

compare the genomic expression between well-defined distinct keloid sites and normal skin.  

The third aim was to develop and explore hypotheses arising from this site-specific gene 

expression profiling approach so to enhance our understanding of KD pathobiology and promote 

new strategies for diagnosis and management.  These aims formed the basis of Chapter 4 where 

the following questions were addressed: 

 Is a site-specific in situ approach the optimal strategy to investigate the pathogenesis of keloid 

disease and identify potentially significant differential gene expression? 

Is there differential gene expression between different sites within the keloid epidermis and 

dermis? 

Do the differentially expressed genes (DEG) and expression patterns identified between keloid 

sites within the epidermis and dermis offer new insight to KD pathobiology from which novel 

hypotheses can be developed? 

 

a)  Application of combined laser capture microdissection and whole genome microarray to 

keloid centre, margin and extralesional epidermis and dermis as well as normal skin epidermis 

and dermis. 

b)  Evaluation of this site-specific in situ approach compared with alternative established 

methods of experimental investigation, including whole tissue biopsy and monolayer cell culture 

techniques. 



Chapter 1  

31 
 

c)  Analysis and enrichment of the microarray data to detect expression patterns and 

differentially expressed genes within keloid sites and between keloid sites and normal skin. 

d) Cultivation of progressive theories through identification of novel or underexplored concepts 

in keloid pathogenesis that will drive further research.  

e)  Development of detailed hypotheses that will be pursued with in vitro functional studies to 

elucidate possible mechanisms underlying keloid pathogenesis. 

 

The fourth aim of this thesis was to probe the hypotheses arising out of the data analysis with 

relevant functional in vitro studies.  Two major hypotheses arose from this site-specific gene 

expression profiling approach and were explored in further detail. 

 

Chapter 5: Hypothesis I: Upregulation of AKR1B10 in keloid epidermis in situ implicates 

dysregulated retinoic acid metabolism in the pathogenesis of keloid disease 

 

a)  Validation of aldo-keto reductase enzyme AKR1B10 upregulation in keloid compared with 

normal skin epidermis in situ and identification of other related relevant classical retinoic acid 

(RA) synthesis molecules that may also be dysregulated. 

b) Determination of the effect of induced AKR1B10 overexpression in normal skin keratinocytes 

on the RA synthesis pathway expression. 

c)  Elucidation of the expression profile of AKR1B10-overexpresing keratinocytes in relation to 

keloid disease. 

d) Investigation of the effect of AKR1B10 overexpression on RAR transactivation in the nucleus. 
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e)  Assessment of the paracrine effects of AKR1B10-overexpressing keratinocytes on keloid and 

normal skin fibroblasts with regard to pro-fibrotic gene and protein expression.   

f)  Evaluation of RA treatment on TGFβ1 and collagen expression in keloid fibroblasts. 

 

Chapter 6: Hypothesis II: Neuregulin-1 (NRG1) upregulation in keloid margin dermis promotes 

keloid fibroblast migration through ErbB2 mediated signaling  

 

a)  Validation of NRG1 and ErbB2 upregulation as well as ErbB3 and ErbB4 downregulation in 

keloid dermis in situ and keloid fibroblasts compared with normal skin.   

b)  Evaluation of the dimerisation status of the ErbB family of tyrosine kinase receptors in keloid 

vs normal skin fibroblasts. 

c)  Investigation of the effect of NRG1 on the pro-fibrotic expression profile and migration of 

keloid and normal skin fibroblasts.   

d)  Determination of the dependence of the effects of NRG1 on ErbB2 expression.   
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1.3 Experimental design  

The experimental design of the research conducted for this thesis, along with the main project 

aims, is illustrated in Figure 1.2.  The detailed materials and methods are provided in Chapter 3 

and each results chapter (Chapters 4, 5 & 6) contains a brief description of the specific 

methodologies relevant to that piece of work.   
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Figure 1.2         Flow chart of the key aims experimental design of the project.



Chapter 1  

35 
 

1.4 Layout of thesis and summary of original contributions of the research 

This thesis is displayed in the “alternative format” such that the results chapters are presented 

in the style of research papers that have been published, submitted or prepared for submission 

to peer-reviewed scientific journals.  This method has been approved by the Faculty of Medical 

and Human Sciences in the University of Manchester.   

 

All of the work in this thesis is entirely original and has employed the use of a wide range of 

investigative techniques and novel strategies to enhance the understanding of keloid 

pathobiology, provide a basis for future work and contribute to potential diagnostic and 

therapeutic approaches in the management of keloid disease (KD).  The first results chapter 

(Chapter 4) provides extensive analysis of the microarray data from which two concrete 

hypotheses were developed and then explored in detail using functional in vitro studies, forming 

the subsequent two results chapters (Chapters 5 & 6).  

 

Chapter 1 

This chapter provides a brief introduction to the topic background and summarises the research 

aims accompanied by the experimental design. 

 

Chapter 2 

This chapter presents an in-depth literature review to allow interpretation of the current 

research in the context of the available literature.  This overall review details the structure of 

normal skin and the normal wound healing process as well as describing the potential outcomes 

of abnormal wound healing, at the extreme end of which is KD.  A general overview of KD with 

additional insight into current literature on site-specific disease, epithelial-mesenchymal 
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interactions and current methods of investigation are detailed.  Much of the description of 

keloid histology is adapted from the publication of a review article written during the course of 

this thesis and included at the end of the entire thesis.  This paper is referenced below. The 

technique of laser capture microdissection and its place in relevant research to date is also 

explored in the literature review. 

 Jumper N, Paus R Bayat A.Functional histopathology of keloid disease. Histol 

Histopathol 2015; 30: 1033-1057. 

 

Chapter 3 

This chapter encompasses the detailed descriptions of the materials and methods employed 

throughout the thesis, yet are only briefly described in each chapter-specific methodology 

section. 

 

Chapter 4 

This chapter reports the analysis of the site-specific in situ approach to KD.  It has been formatted 

for submission to PLOS One journal and appears in this thesis as per the formatting requirements 

of the journal.  Original contributions and achievements arising from this chapter are detailed 

below: 

 Jumper N, Hodgkinson T, Paus R, Bayat A.  Combined laser capture microdissection 

(LCM) and whole genome microarray profiling of epidermis versus dermis of site-specific 

keloid disease compared with whole keloid tissue biopsy and monolayer culture provide 

novel targets with potential clinical implications.  For submission to PLOSOne 2016. 
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a)  Through the combination of laser capture microdissection and whole genome microarray a 

site-specific in situ approach, novel in its application to KD, proved a robust method of 

investigation into KD pathobiology.  The broader scope of overall expression, increased 

sensitivity and improved accuracy compared with whole tissue and monolayer techniques, 

validated employment of this strategy in addressing the challenges facing KD.  

b)  This unique approach to dissecting KD allowed the allocation of specific signals to defined 

regions within the keloid scar.  It also resulted in the identification of several significant 

differentially expressed genes that may foster progressive theories in the understanding of 

keloid pathobiology and form the basis of future work.  Analysis revealed expression patterns 

associated with epithelial-mesenchymal transition (WDR66, BMP2, CLDN4, CLDN23), collagen 

deposition (ADAMTS2, ADAMTS14), inflammation (IL-37, IL-13RA), cancer-like stem cells 

(ALDH1A1, NOTCH4) and therapeutic resistance (AKR1B10, ALDH1A1, NOTCH4, TUBB3) that 

have not previously been associated with KD. 

 

Chapter 5 

This chapter encompasses the published results from investigation into the role of AKR1B10, 

which was identified as upregulated in the microarray data from Chapter 4.  It appears in the 

publication format of the Journal of Investigative Dermatology, in which it was published.  The 

paper is referenced as detailed below and the original contributions and achievements of this 

work described underneath. 

 Jumper N, Hodgkinson T, Arscott G, Har-Shai Y, Paus R Bayat A.The aldo-keto reductase 

AKR1B10 is upregulated in keloid epidermis, implicating retinoic acid pathway 

dysregulation in the pathogenesis of keloid disease. J Invest Dermatol 2016 

Jul;136(7):1500-12. doi: 10.1016/j.jid.2016.03.022. Epub 2016 Mar 26. 
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a)  AKR1B10 was validated as upregulated in keloid epidermis in situ and in combination with 

the upregulation of ALDH1A1, CRABP2 and downregulation of CYP26B1 and CRABP1, indicated  

dysregulation of the retinoic acid (RA) pathway in KD.  This comprehensive study represents the 

first molecular exploration of the RA biosynthesis pathway in KD and given the pleiotropic effects 

of RA, may have significant mechanistic and therapeutic implications. 

b)  When normal skin keratinocytes were induced to overexpress AKR1B10 this recapitulated 

the keloid epidermal RA expression and demonstrated reduced RA transactivation, supporting 

the hypothesis that keloid epidermis is deficient in RA.   

c)  Treatment of keloid and normal skin fibroblasts with conditioned medium from AKR1B10-

overexpressing keratinocytes resulted in the increased expression of pro-fibrotic factors 

including TGFβ1, collagen I and collagen III, which are known to be upregulated in KD.  This 

paracrine effect lends support to the significance of pathological epithelial-mesenchymal 

interactions in KD and highlights the role of the epidermis in keloid pathobiology.   

d)  Treatment of keloid fibroblasts with all-trans RA did not completely abrogate these pro-

fibrotic effects, emphasising the potential importance of this work in identifying defined targets 

whose manipulation is subject to less extensive homeostatis effects than master modulators 

such as RA. 

 

Chapter 6 

This chapter investigates the role of neuregulin-1 (NRG1) in KD follwing identification of its 

upregulation in microarray data from chapter 4.  This work has been submitted to the Acta 

Dermato-Venereologica and appears in this thesis as per the formatting requirements for the 

journal.  The original contributions and achievements of this work are outlined below: 

 Natalie Jumper, Tom Hodgkinson, Ralf Paus, Ardeshir Bayat. A role for neuregulin-1 

(NRG1) in promoting keloid fibroblast migration via ErbB2-mediated signaling. 

Submitted to Acta Dermato-Venereologica 2016 
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a)  Upregulation of NRG1 was shown to induce pro-fibrotic expression and migration in keloid 

and normal skin fibroblasts in vitro.  The knockdown of ErbB2 attenuated these effects in keloid 

fibroblasts and the failure to recover migration or Src/PTK2 expression with further NRG1 

administration, demonstrated the dependence of  this response on ErbB2 signaling. 

b)  The dimersiation status of ErbB2 revealed keloid fibroblasts expressed higher levels of 

ErbB2/ErbB2 and ErbB2/ErbB3 than normal skin fibroblasts, supporting the hypothesis of 

maximal signaling via NRG1 binding. 

c)  Identification of NRG1-induced upregulation of Src and PTK2 via ErbB2-mediated signaling, 

exposes a role for this mechanism in keloid migration at the margin dermis not previously 

investigated.  This finding may be significant in contributing to invasion of keloid into normal 

skin, a hallmark of the disease. 

 

Chapter 7  

This chapter brings the thesis together and incorporates all of the findings into a general 

discussion, shedding light on interpretation of results, strengths and weaknesses of the current 

work and possible topics for future studies arising from this research.   

 

Overall, the findings from this research offer new insight into the mechanisms underlying keloid 

pathobiology and present compelling concepts for processes contributing to the formation and 

maintenance of KD.  As a result of the novel application and robust performance of this in situ 

approach to KD, there may be potential diagnostic and therapeutic implications through 

molecular targeting.  Further studies built on the work of this research may yield promising 

advancements in the management of the complex disorder that is KD. 
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2.1 Introduction 

Keloid disease (KD) is a fibroproliferative cutaneous tumour characterised by clinical, behavioural 

and histological heterogeneity.  The associated aesthetic distress and frequent physical disability 

leaves those affected in search of both a cosmetic and functional cure.  Unfortunately, the lack of 

any one effective treatment, despite an abundance of available therapies, has resulted in both 

patient and clinician frustration.   

A keloid scar begins like any other injury, with the process of wound healing.  It is within these four 

integrated phases, conducted under the fine-tuned orchestration of numerous cytokines, 

chemokines and growth factors that there are several potential points of dysregulation, which 

underlie the pathogenesis of this fibroproliferative disease.   As such, this first chapter discusses the 

structure of human skin, the phases of wound healing and potential outcomes of the wound healing 

process, including scarring.  Although valuable progress has been made in this field, research into 

KD is hindered by a number of factors. Inter-patient, inter-lesional and intralesional heterogeneity 

hamper any attempt to establish a biomarker that could represent a diagnostic or therapeutic 

target. This chapter reviews KD in detail and addresses these discrepancies by discussing the site-

specific nature of KD and the role of epithelial-mesenchymal interactions.  Lack of a validated 

animal model and paucity of available tissue for experimentation, secondary to high rates of 

recurrence following excision, have led to reliance on 2D monolayer culture or whole tissue biopsy 

techniques. In this chapter, these methods and an alternative investigative technique, laser capture 

microdissection (LCM), are discussed. 

Two of the major challenges in understanding keloid pathogenesis include overcoming the 

heterogeneity within the scar and capturing a complete picture of gene expression from within the 

natural architecture of the tissue.  In this thesis, these challenges are addressed using a site-specific 
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in situ approach to KD, achieved through a combination of LCM and whole genome microarray.  

This chapter explores that approach in the context of the existing literature. 

 

2.2 The structure of human skin 

The skin is a large, multi-functional organ that can adapt to the surrounding environment by serving 

as an interface between the body and the outside world.  On the most basic level, the skin acts as 

a physical barrier giving protection from external stressors, including mechanical and chemical 

insults, radiation and pathogenic microorganisms. Its role in homeostasis comprises immune 

control, synthesis of vitamin D and heat regulation through vasoconstriction/vasodilation and 

perspiration.  An essential function of the skin is sensory perception (the detection of pressure, 

temperature and vibration), which through prevention or limitation of injury reduces the morbidity 

associated with breaching the skin barrier [1, 2]. 

 

Human skin varies in texture, colour and thickness throughout the body [3].   The two patterns of 

skin, hairy and glabrous, are divided into four distinct layers (Figure 2.1).  Most superficial is the 

stratified epidermis, which is composed predominantly of keratinocytes and to a lesser extent 

pigment-producing melanocytes, sensory Merkel cells and immune-related Langerhans cells.  

Beneath the epidermis is the basement membrane zone, which anchors it to the underlying dermis 

and facilitates communication between these layers.  The dermis is rich in extracellular matrix 

(ECM) and contains the pilosebaceous units, nerves and blood vessels. The deepest layer is the 

hypodermis or subcutaneous adipose tissue layer, responsible for conserving body heat and acting 

as a shock absorber against external injury [4-6].  Whilst all four of these layers have different 

morphology and functions, they act in synergy to protect the body and act as an interface with the 

surrounding environment. 



Chapter 2  

45 
 

Figure 2.1 Schematic diagram of the structure of human skin. 

 

2.2.1 Epidermis 

The epidermis is a stratified squamous epithelium consisting of four layers of cells generated 

through a process of continuous keratinocyte differentiation. The layers comprise the stratum 

basale/germinativum (the deepest layer), stratum spinosum, stratum granulosum and the most 

superficial, the stratum corneum [7, 8].  In areas of thicker glabrous skin the stratum lucidum, 

located between the granulosum and corneum, is rich in protein-bound lipids.  The stratum basale, 

composed of columnar cells, borders the basement membrane and interacts with it through 

hemidesmosomes, while keratinocytes within the stratum spinosum are bound to each other by 

desmosomes [8].  The stratum corneum is the most differentiated layer, consisting of anucleate 

cells, and is of varying thickness, serving as the primary protective barrier [4].  These cells eventually 

slough off, in a process known as desquamation resulting in periodic recycling, and are routinely 
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replaced with differentiating cells moving up from the stratum basale [9].  This continuous turnover 

of cells allows those most superficial cells, those most likely to be damaged from UV radiation or 

injury, to be discarded.   

 

 The epithelium is an avascular layer requiring nourishment to be diffused up from the dermis.  It is 

composed largely of keratinocytes (˜95%), which can be identified as either active or in the midst 

of their several stages off differentiation, based on the coordinated expression of proteins known 

as cytokeratins [10]. The basal keratinocytes express Keratin 5 and Keratin 14 (K5, K14) while those 

set on the path of differentiation express K1 and K10 [7, 11].  As these suprabasal keratinocytes 

move toward the stratum corneum, in addition to K1 and K10, they express involucrin, filaggrin and 

loricrin [12] (Figure 2.2).    

Figure 2.2 Schematic representation of epidermal strata. 
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Other cells also populate the epidermis; melanocytes, Langerhans cells, lymphocytes and Merkel 

cells [10].  Each of these cells has a specialised role in the functioning of the epidermal layer.  The 

melanocytes are derived from the neural crest and along with the basal keratinocytes form 

epidermal melanin units, are responsible for pigmentation of the skin through keratinocyte 

interaction [13].  Langerhans cells are basement membrane-derived cells that are related to the 

monocyte-macrophage-histiocyte lineage and have an antigen presenting capacity that enable 

them to contribute to the immune function of the skin [8].  The Merkel cells are primarily located 

in the basal layer and the bulge of hair follicles, performing a type I mechanoreceptor function [14].   

 

In addition to these specialised cells there are different stem cell populations within the epidermis, 

responsible for the repair and maintenance of the skin during physiological (hair follicle 

homeostasis) and pathological (wound healing) conditions [15].  Some of these stem cells are 

resident, as in the hair follicle bulge or sebaceous gland, while others are either recruited or arise 

from transient plasticity, a process largely attributed to the niche microenvironment [16, 17].  In 

the epidermis, it is thought that rare stem cells give rise to keratinocyte progenitors (transit 

amplifying cells) and that these cells are responsible for the short-term maintenance of the skin, 

eventually differentiating in a hierarchical manner [18].  However, it is possible that these epidermal 

stem cells are also a source of skin pathology, including tumorigenesis [19]. 

 

 

2.2.2 Basement Membrane Zone (BMZ) 

As well as being a physical boundary anchoring the epidermis and dermis, the basement membrane 

zone (BMZ), or dermo-epidermal junction (DEJ), acts as a diffusion barrier and reservoir for a 

plethora of cytokines and growth factors [2, 7].  Composed of an upper lamina basale, itself 

consisting of the lamina lucida and densa, and lower lamina reticularis [4], the basement membrane 
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communicates with the epidermis via hemidesmosomes and with the dermis below through 

anchoring fibrils, themselves made of collagen VII [20].   

 

Formed by contributions from both epidermal and dermal cells, the DEJ binds these layers together 

through a combination of structural and bridging proteins.  Collagen IV and members of the laminin 

family (principally laminin 5, which is keratinocyte-produced) provide the mechanical stability and 

adhesiveness, through integrin binding, necessary to maintain the architecture of the skin [21].  

Several bridging proteins, including nidogens, perlecan, fibronectins and other ECM molecules are 

responsible for holding the scaffold together [2, 22].   

 

In full thickness skin injuries, the DEJ requires reconstruction by properly functioning keratinocytes 

and fibroblasts working in unison.  This has been demonstrated using reconstructed ex vivo skin 

models, where the de novo morphogenesis of the basement membrane can be temporally analysed 

[23]. 

 

2.2.3 Dermis 

The dermis functions to provide structural support, act as a shock absorber, regulate temperature 

and nourish the epidermis.  The thickness of the dermis varies depending on anatomical location 

and is considered in two parts, the superficial papillary dermis and deeper reticular dermis [20].   

 

The papillary dermis communicates with the epidermis via the BMZ, where bi-directional 

projections from epidermis to dermis (Rete ridges) and dermis to epidermis (papillae) result in 

increased interface area [8].  As the dermal layer in close contact with the epidermis, the papillary 
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dermis is rich in vasculature and specialised sensory receptors.  The reticular dermis is thicker than 

the papillary layer and is essentially connective tissue populated by fibroblasts, the most abundant 

cell in the dermis [7].   

 

The fibroblasts are the major cell type responsible for ECM production, creating structural support 

in the form of collagen (provides strength), elastin (provides elasticity and aids load-bearing) 

proteoglycans, glycosaminoglycans, glycoproteins and interposed loose connective tissue [4].  

Although the fibroblast is considered the principal cell in the dermis, there are several other cells 

present, including macrophages, lymphocytes, monocytes, mast cells, myofibroblasts and pericytes 

among others [10]. 

 

2.2.4 Hypodermis 

The hypodermis lies deep to the dermis and is also known as the subcutaneous tissue.  This layer is 

composed largely of adipose tissue, connective tissue and elastin.  In addition to attaching the skin 

to the underlying fascia, the hypodermis provides insulation and acts as a shock absorber against 

external insults as well as an important site of hormone conversion [7].  The main cell types in the 

subcutaneous tissue are fibroblasts, adipocytes and immune cells.  This layer has attracted a lot of 

attention in recent years as a source of progenitor and stem cells (AD-MSC: adipose-derived 

mesenchymal stem cells), which are thought to contribute to the wound healing and tissue 

homeostasis processes [24-26]. 

 

Injury to the skin at varying depths interrupts some or all of these four layers, setting in motion the 

process of wound healing described below.  
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2.3 Adult cutaneous wound healing 

When the skin is breached it sets in motion a healing process critical for the restoration of tissue 

integrity and function, ensuring the prevention of fluid loss, electrolyte imbalance and infection.  

This process (Figure 2.3) is a finely honed symphony of cellular communication, connective tissue 

deposition, re-epithelialization and angiogenesis, occurring as four overlapping phases 

orchestrated by a plethora of cytokines, chemokines and growth factors [27].  These four phases 

are briefly discussed below and, although a highly organised and dynamic process, the possibility 

of dysregulation exists at each phase, which may alter the fate of the wound. 

 

2.3.1 Phase I: Haemostasis (Day 1) 

Haemostasis is the formation of a clot to limit local blood loss and is mediated on a cellular level 

principally by platelets.  Two concurrent pathways lead to the formation of a fibrin clot following 

the sub-endothelial exposure of collagen and tissue factor [28].  Once formed, this “provisional 

wound matrix” acts as a scaffold for incoming cells, including neutrophils, monocytes, endothelial 

cells and fibroblasts, as well as growth factors, including TGFβ and PDGF [29].  The activated 

platelets stimulate further aggregation, increase their surface receptors (GPVI, α2β1 and GPIb-V-IX, 

αIIbβ3) and de-granulate from their α granules (releasing adhesive proteins, growth factors, 

cytokines, clotting factors and proteases) and dense granules (exocytosis of ADP, ATP, histamine, 

serotonin and calcium), thereby stimulating fibroblasts to lay down early ECM [30].  Many of the 

mediators released are pro-inflammatory (IL-1α, IL-1β, IL-6 and TNF-α), creating an overlap with 

the next stage of wound healing by initiating the inflammatory process [31].  Fibrinolysis begins 

shortly after clot formation and is mediated by plasmin, formed from the cleavage of plasminogen 

by activators released by platelets.  Fibrinolysis is necessary in order to allow granulation tissue to 

form. 
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SERPINE1/PAI-1(plasminogen activator inhibitor) is a potent inhibitor of the plasminogen activators 

(tPA and uPA) and is used to protect the ECM from degradation during the fibrinolysis process.  In 

cases of PAI-1 excess, however, inadequate removal of the clot may lead to sustained fibroblastic 

secretion of collagen and result in fibrosis.  This may be a point of consideration in excess scar 

formation [32]. 

 

2.3.2 Phase II: Inflammation (Days 1-7) 

The inflammatory phase can be divided into early and late stages.  Within the first twenty-four 

hours the wound becomes flooded with polymorphonuclear (PMN) cells/ neutrophils, chemo-

attracted to the site by ECM (extracellular matrix) fragments, complement factors (C3a or C5a), 

bacteria (formyl methionyl peptide) and chemokines (TGFβ, GROα, platelet factor 4) [33].   The 

blood clot platelets release CTAP-III, a chemokine that is proteolytically converted into NAP-2 by 

neutrophils.  NAP-2 is a first-line mediator that acts via CXCR-2 to attract neutrophils to the site of 

injury within minutes [34].  Neutrophil influx, achieved through margination and diapedesis (trans-

epithelial migration), is essential for the removal of bacteria and cellular debris, which it 

accomplishes by phagocytosis and the release of protease enzymes.  Neutrophils themselves are a 

source of pro-inflammatory cytokines, among which are IL-1, IL-6 and TNFα, which is responsible 

for matrix metalloproteinase (MMP) activation [30].  Generally, these cells disappear from the 

wound within 48 hours, either as a result of eschar sloughing or apoptosis. 

 

The later stage of inflammation is heralded by the arrival of monocytes, which are stimulated within 

the ECM to metamorphose into macrophages, considered the conductors of wound healing.  These 

cells are attracted to the wound site by pro-inflammatory cytokines, growth factors and bacterial 

lipopolysaccharides (LPS) [35].  Macrophages are multi-functional in that they are responsible for 
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pro-inflammatory cytokine release, phagocytosis, the release of MMPs, nitric oxide and proteinase 

uPA, which is necessary for fibrinolysis [36].  Additionally, they stimulate angiogenesis (VEGF, FGF, 

TGFβ), re-epithelialisation (FGF, TGFβ, IGF, KGF), and collagen production via the attraction of 

fibroblasts, thus fostering the link between the inflammatory and proliferative phases [30, 35]. 

 

Similar to macrophages, T lymphocytes, under the influence of IL-1, arrive even later in the 

inflammatory phase, overlapping with both proliferation and remodelling.  Mediated in part 

through toll-like receptors (TLR) the precise role of these lymphocytes is unclear in wound healing 

but knockout mice have shown that impairment of the T lymphocyte response interrupts the 

normal wound healing process [37].  Other cells that take part in the inflammatory process include 

pericytes, fibrocytes, lymphocytes and mast cells.  Pericytes have been implicated in the 

haemostatic and inflammatory phases of wound healing, interacting with platelets, endothelial 

cells, macrophages and T-cells.  It has been described that pericytes contribute to fibrosis through 

acquiring a fibroblast-like phenotype that then differentiate into myofibroblasts, thereby 

contributing to ECM deposition [38]. Fibrocytes, also associated with fibrosis, are bone marrow-

derived mesenchymal progenitors that play an early role in the wound healing process as antigen-

presenting cells [39].  Mast cells contribute to initial vasodilation allowing the clinical signs of 

inflammation to become evident: rubor, calor, tumor, and dolor. These cells also modulate 

proteolytic activity and are involved in the fine-tuning of angiogenesis [40]. 

 

Protracted inflammation is detrimental to tissue repair, leading to chronic wounds and excess 

scarring [33, 41].  For this reason there are checkpoint controllers of inflammation, mediated by 

specialised pro-resolving lipid mediators (SPM) including lipoxins, formed by platelets and 

leukocytes [42]. 

 



Chapter 2  

53 
 

2.3.3 Phase III: Proliferation (Days 3-14) 

The proliferative phase is marked by the formation of granulation tissue, a highly vascular 

connective tissue that replaces the fibrin clot, by re-epithelialisation, neo-angiogenesis and new 

ECM deposition [31].  Keratinocytes at the wound edge and under the influence of EGF, TNFα and 

KGF “shuffle” across the fibrin clot along an IL-1 established chemotactic gradient [43].  These 

keratinocytes, also sourced from the hair follicle bulge, undergo morphological changes and 

migrate via lamellopodal crawling, once the anchoring hemidesmosomes are dissolved by elastase 

and collagenase [31]. This migration occurs on specific tracks of ECM, requiring laminin 5, uPA and 

matrix metalloproteinases to degrade and β1 integrins to interact with the tissue [44].   

 

In addition to keratinocytes, the predominant cells proliferating during this phase are the 

fibroblasts and endothelial cells.  Stimulated by the wound micro-environment (hypoxia, increased 

lactate) and growth factors (VEGF, bFGF, TGFβ) released from platelets and keratinocytes, damaged 

vessels are replaced by “sprouts” from intact capillaries [45].  These sprouts orientate themselves 

using integrins, particularly α5β3, and secrete MMPs to degrade tissue, allowing navigation of the 

ECM [31]. The pro-angiogenic anti-hypoxic effects of VEGF are mediated through HIF-1α (hypoxia 

inducible factor) expression, which further induces VEGF and endothelial nitric oxide synthase 

(eNOS) expression [46].  Hypoxia has been investigated as an aetiological factor for KD, supported 

by findings of decreased central vascular density compounded by microvascular occlusion and 

invasive capacity [47-49]. 

 

Fibroblasts are elongated, spindled cells, defined by their ability to secrete ECM.  Although these 

cells share a common name within a variety of mesenchymal tissues of the body (hepatic, renal, 

cardiac etc.), they have been shown to differ not only between organs but also within a single tissue 

[50].  This fibroblast heterogeneity has been shown to result in differences with regard to 
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morphology, proliferation, collagen synthesis and response to stimuli [51]. Keloid fibroblasts differ 

not only from normal skin fibroblasts in morphology, gene expression and collagen gel contraction 

but also within the keloid lesion itself the fibroblasts from the centre and margin differ with regard 

to proliferation, cell cycle phase, apoptotic factor expression and collagen production [52-55].  

Interestingly, a recent study identified a distinct, local resident cutaneous fibroblast lineage 

expressing CD26/DPP4 as responsible for fibrosis during wound healing [56].  It would be interesting 

to explore the role of these fibroblasts in keloid disease. 

 

The provisional ECM, consisting of mostly fibronectin and hyaluronan, is replaced by a more 

established ECM, largely consisting of collagen.  Fibroblasts, the major source of collagen, arrive at 

the wound site in response to PDGF, EGF, CTGF, TGFβ and numerous other cytokines and growth 

factors [31, 57].  Some of these fibroblasts, sourced from the local wound site or mesenchymal stem 

cell (MSC) population, undergo morphological conformation under the influence of TGFβ to 

become myofibroblasts expressing de novo αSMA [58].  In response to CTGF, PDGF, hyaluronic acid 

and Wnt activation, these myofibroblasts may also arise from pericytes, adipose/mesenchymal 

stem cells, endothelial/epithelial cells and fibrocytes [59]. Myofibroblasts significantly contribute 

to wound closure through contractile forces generated by actin microfilaments, which has been 

witnessed in vitro in a populated collagen gel [60, 61].   

 

The communication between keratinocytes and fibroblasts in this phase is crucial for the 

maintenance of balanced ECM production.  Dysregulation of these epithelial-mesenchymal 

interactions has come to light as a major factor in delayed wound healing and excess scar formation. 
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2.3.4 Phase IV: Remodelling and maturation (Day 21 onwards) 

This phase of wound healing, in contrast to the relatively short preceding phases, can last for 

months to years.  The ultimate role of this phase is to increase the tensile strength within the 

wound, decrease the thickness of the newly formed tissue and promote terminal differentiation of 

the epidermis, thereby restoring a functional barrier [62].  The interplay of collagen deposition with 

MMP and TIMP (tissue inhibitors of metalloproteinase) activity dominates this phase [63]. The 

myofibroblasts, stimulated into existence by PDGF, TGFβ and mechanical loading, begin to contract 

the wound [59, 64].  These cells also support the fibroblasts in their production of collagen.  

Remodelling is dependent on the gradual conversion of early collagen III to the higher tensile 

collagen I, which only produces a final comparative strength of 80% versus pre-wounded skin [65].  

The process of apoptosis is essential for the completion of a mature scar, which is hypo-cellular, 

hypo-vascular and dominated by collagen I fibrils.  The failure of myofibroblasts at this stage to 

undergo apoptosis is likely to be instrumental in the formation of excess scarring [66]. 
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Figure 2.3   Phases of wound healing and potential outcomes. 
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2.4 Outcomes of the wound healing process 

The process of wound healing is affected by both internal and external factors including genetics, 

gender, age, mechanism of injury, contamination, nutrition status, co-morbidities and 

treatment.  These factors can affect the mechanisms underlying the four phases of the wound 

healing and change the efficiency of this process.  Therefore the outcome may vary from an 

acute wound healed with no scar (exceptional) or minimal scar to abnormal scar formation, 

which results in varying degrees of fibrosis. Epidermal appendages are not re-formed during the 

healing process and therefore the scar appears as a hairless area [27]. In addition to fibrotic 

scars, a presence of a chronic wound also represents abnormal wound healing. These outcomes 

are discussed in more detail below.  

 

2.4.1 Acute wound healing 

Acute wound healing follows an orderly and predictable timeline through the four overlapping 

phases of haemostasis, inflammation, proliferation and remodelling, described above.  The 

inflammatory phase is often described as that most indicative of acute versus chronic wound 

healing [67].  In an acute wound the inflammation is evidenced by the clinical signs and cardinal 

symptoms of pain, swelling and redness.  For a wound to be acute, this inflammatory phase 

should not last longer than 2 weeks, at which point it becomes pathologic inflammation and may 

lose the clinically associated cardinal signs [68]. A prolonged inflammatory phase and failure of 

wound closure results in a chronic wound.    

 

2.4.2 Chronic wound healing 

A chronic wound is defined as one in which the epidermis remains interrupted for more than 42 

days or where it is recurrently interrupted [68].  There are various factors, local and systemic, 

that can impair the streamlined flow of the phases of wound healing and result either in a 

delayed or non-healing wound. Those wounds that heal by secondary intention, including 
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trauma, burns and infected wounds are particularly subject to chronicity.  Local factors affecting 

wound healing, such as oxygen and perfusion, tension on wound edges, foreign body presence 

and infection should be as tightly controlled as possible from the outset [69].   Systemic factors 

that affect wound healing include age, nutrition status, chronic disease (peripheral vascular 

disease and diabetes), medications and many more [25, 69].  The chronic wounds resulting from 

alterations in local factors or presence of systemic factors present a huge clinical and economic 

burden [70].   

 

Neutrophilia has been proposed as the major factor in chronic wound healing and can be used 

as a biological marker in addition to reactive oxygen species (ROS) [71].  The destruction of 

growth factors by elastase and collagenase, released by neutrophils, impairs the communication 

required for the smooth transition from open wound to healed scar and can contribute to 

cellular senescence.   

 

Not only is healing of these wounds essential from a homeostatic point of view, but also the 

patients are affected by the associated poor cosmesis.  Several therapeutic options have been 

proposed in an effort to turn a chronic wound into an acute wound, thus returning to the normal 

healing process.  Hyperbaric oxygen, whirlpool hydrostatic therapy, negative pressure dressings 

and adjuncts such as bioengineered substitutes and electrostimulation have all been researched 

and trialled with varying results [70, 72].  As yet there is no one clear treatment for chronic 

wounds.  The importance of preventative measures and optimisation of underlying conditions 

is crucial. 

 

2.4.3 Scarless wound healing vs fibrosis 

There has been significant attention paid to foetal wound healing in the hopes of ameliorating 

the scarring that results from trauma to the adult skin.  Much of the research to date has been 

conducted on animals, given the ethical implications of studying human foetuses.  However, it 



Chapter 2 

59 
 

appears that scarring in humans begins around the 24th gestational week, depending also on the 

extent of injury [73].  Prior to this, foetal skin has a regenerative capacity that not only leads to 

scarless healing but also retention of adnexal structures [73]. The major differences noted in 

foetal healing to date concern tensile strength, ECM components, differential gene expression, 

inflammatory mediators and stem cell function [25, 74].  The healing matrix contains higher 

collagen III to collagen I and TGFβ3 to TGFβ1/2 ratios with increased hyaluronan content and 

MMP activity [75].  Production of PDGF and pro-inflammatory cytokines (especially IL-1 and 

TNFα) is reduced compared to that of adult healing [75, 76].  Additionally, the myofibroblasts 

that persist for a number of weeks in adult wounds disappear much earlier in foetuses.  Recent 

interest in foetal skin stem cells and homeobox genes, transcription factors regulating foetal 

development and micro-RNAs add another dimension to the complexities distinguishing foetal 

from adult regeneration [74, 77, 78].   

 

The other end of the spectrum to scarless regeneration is excessive wound healing and fibrosis, 

leading to hypertrophic or keloid scar formation. Fibrosis is characterised by cellular 

heterogeneity resulting in the deposition of excess ECM within various tissues, which often 

results in organ failure, emphasising fibrosis as a crucial therapeutic target from both medical 

and economical perspectives [79].  To this end, identifying the relevant molecules responsible 

for the spatiotemporal modulation of both inflammation and ECM deposition is necessary in 

understanding the pathogenesis of fibrosis.  By identifying the differences between foetal and 

adult wound healing we may be able to abrogate the fibrotic response and control the formation 

of hypertrophic and keloid scars.  

 

2.5 Skin scarring and classification 

Scarring is the end point of the process of wound healing in mammals [80].  Prolonged 

inflammation is considered to be one of the most significant factors contributing to the severity 



Chapter 2 

60 
 

of scar formation.  Numerous other factors, including genetics, age, depth and location of the 

original wound, tension and stretch, infection and nutritional status, also contribute to the 

discrepancy in clinical observations of scarring [81].  This wide variation in scar morphology 

forms a spectrum that spreads from depressed, stretched or flattened scars to raised or even 

bulky scar and keloid formation. The International Advisory Panel on Scar Management has 

established a cutaneous scar classification that ranges from mature through immature, linear 

hypertrophic, widespread hypertrophic to minor and major keloid scars [82].  Several scales and 

grading systems exist for the assessment and quantification of scars, the mostly widely used 

being the Vancouver Scar Scale and patient observer scar assessment scale (POSAS) [82, 83].  

These grading systems measure a variety of parameters including pigmentation, vascularity, 

thickness, height or depression, pliability and patient symptoms.  The purpose of these 

classification and grading systems is to provide a framework for management that is evidence-

based.  The different types of scars are discussed in detail below. 

 

2.5.1 Normal skin scarring 

Immature and mature scars are those that are proceeding along the normal course of events in 

the healing process but represent different time points along that course.  While these scars 

usually become a fine line that is minimally disfiguring and not functionally impairing, the 

immature scars have the potential to become hypertrophic [82].   

 

2.5.2 Abnormal skin scarring: atrophic, stretch and hypertrophic 

Atrophic scars are those that have a pitted or indented appearance and frequently result from 

acne or varicella zoster pox. Histologically these scars have a thin epidermis and broad 

interfibrillar spaces in the dermis [84].  Stretched scars or striae result from tension on the 

wound, frequently occurring in the vicinity of joints.  These scars, whilst often cosmetically 

apparent, do not cause the disfigurement or physical disability that is known to be associated 
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with excessive scar formation, such as hypertrophic or keloid scars [25].  These entities represent 

the far end of the fibrotic spectrum in skin scarring [82, 85].  Hypertrophic scars are raised, 

erythematous and pruritic scars that are often confused with keloid scars and for which there is 

no known diagnostic differential biomarker [86, 87]. 

 

2.5.3 Hypertrophic scarring vs keloid scars  

Over the years there has been significant conflict and debate regarding the relationship between 

hypertrophic scars and keloid scars, whether they are two points along a continuum or whether 

they represent separate entities. Due to the heterogenous nature of keloid scars, both from a 

clinical and histopathological standpoint, it is often difficult to distinguish them from 

hypertrophic scars.  This inability to clearly differentiate the two has resulted in many clinicians 

and researchers believing they are part of the same pathological process [83, 86, 88].  However, 

the more recent, and greater number of, studies favour these two forms of aberrant wound 

healing as being distinct processes with independent clinical signs and pathological hallmarks.  

Keloid scars extend beyond the margins of the orginal wound to invade the surrounding normal 

skin (NS) whereas hypertrophic scars remain confined to the boundaries of the initial injury but 

push them out by expansion.  Hypertrophic scars tend to regress with time and do not usually 

recur after excision (10%) but are more associated with contractures than their counterparts, 

evidenced by a higher rate of fibrin matrix gel contraction [89-91].  Keloid scars, however, have 

very high rates of recurrence (45-100%) following excision[91].  Keloid scars are also more likely 

to be erythematous and pruritic than are hypertrophic scars but both can present with these 

symptoms, and indeed it happens that there may be a mixture of the two processes occurring 

within the one wound. 

 

Further differentiation can be made using light microscopy, electron microscopy and 

immunohistochemistry of histological specimens.  Although there is conflicting information 
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within the literature there is a common thread with regard to certain aspects of the morphology, 

including collagen deposition, vasculature, immune cell infiltrate and α-SMA staining [92].  While 

infrequently observed in keloid, distinct nodules of collagen with a high cellular density and 

organised fibres lying parallel to skin tension lines, appear to be more representative of 

hypertrophic scars and are commonly compared with those seen in Dupuytren’s disease [89]. 

Keloid scars show thick bundles of hyalinised collagen that lie haphazardly and are often 

fragmented.  The appearance of both hyalinised collagen and nodules within the same keloid 

sample has lead to support for these two scar types being successive forms of fibroproliferation 

with varying degrees of inflammation [86].  Keloid tissue also contains a prominent horizontal 

fibrous band in the upper reticular dermis and an advancing edge beneath the epidermis, 

indicative of the invasion characteristic of keloid disease [93, 94].  While both keloid and 

hypertrophic scars show evidence of microvascular occlusion, the former is characterised by 

subepidermal disarrayed aggregates and the latter vertical blood vessels arranged around the 

collagen nodules [95].  The overexpression of VEGF in keloids is thought to drive the angiogenic 

process, compounded by hypoxia, propagating the extracellular matrix deposition [96, 97].  

Although scattered mast cells have been identified in both scar types, keloid specimens 

demonstrate a higher immune cell infiltrate and the fibroblasts are more resistant to FAS-

mediated apoptosis, which may explain the overabundance of extracellular matrix in these 

lesions [89].   

 

The majority of disaccord is with respect to myofibrobalsts (αSMA staining) and epidermal 

thickness.  There has been much controversy over whether there are myofibroblasts in KD [98] 

and whether there is αSMA positive staining [99].  It has been suggested that αSMA be used as 

a differentiation marker between keloid and hypertrophic scars [100], however it has been 

shown that keloid scars do express αSMA [101] and due to the variability in expression  in both 

forms of scarring (45% of keloid and 70% hypertrophic [93]) this cannot be a reliable  method of 
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distinction [93].  The majority of studies describe hypertrophic scars as having a flattened 

epidermis with basal cell disarray [102].  There is a relatively inconsistent description, on the 

other hand, of keloid epidermis as either being of normal thickness with flattening of rete ridges 

or a thicker epidermal layer with basal cell vacuolar change [103].  The epidermis in keloid scars 

is increasingly thought to be of importance based on epithelial-mesenchymal interaction studies 

[104, 105].  

 

Much of the confusion between keloid and hypertrophic scars can be explained by differences 

in genetic background, the presence of mixed lesions, different criteria for scar definitions and 

interobserver variability [103].  Overall, the most distinguishing features apply to keloid and 

include an invading edge beneath the epidermis, a horizontal fibrous band within the upper 

dermis and although contoversial, “keloidal collagen”, which is not always present (55% of cases 

in Lee et al) [106].  The different management strategies for hypertrophic and keloid scar drives 

the continued research into distinguishing these entities. Only through identification of the 

underlying molecular mechanisms will we be able to accurately diagnose and effectively treat 

these conditions. 

 

2.6 Keloid disease (KD) 

The exact historical background is somewhat murky but reported ad nauseum is that “cheloide” 

or keloid was a term first coined in 1806 by a french dermatologist, Baron Alibert, but was 

originally described as far back as 1700 BC in the ancient Egyptian Smith papyrus.  The Greek 

word “cheloide” denotes a ‘claw-like’ scarring that arises from wounding of the skin, be it 

intentional or traumatic [107-109].  Many tribes throughout history have exploited this form of 

aberrant healing as a means of ritualistic marking or decoration.  Although still purposely 

inflicted by some today, the majority arise as  a result of injury, either significant or minor.  A 

keloid is a benign cutaneous fibroproliferative tumour that behaves with the local agression of 
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a cancer but does not metastasise [110-112]. This local invasion creates a symptomatic, 

disfiguring bulky mass that has clinical, psychosocial and  econocmic implications. 

 

2.6.1 Aetiology, epidemiology and clinical presentation 

Rare at extremes of age, with the highest incidence in the 10-30 year age group [88], the most 

striking epidemiological feature of KD is the higher preponderance in dark-skinned individuals.  

Incidence rates in the Black/Hispanic population are reported to be 4.5-16% [88, 93, 113] 

compared with rates of <1% in UK Caucasians [88].  The variable prevalence amongst different 

ethnicities in addition to increased frequency in certain families and concordance within 

identical twins, indicates a strong genetic component in the aetiology of keloid scarring.  Despite 

the identification of susceptibility loci on specific chromosomes and association with HLA-

DRB1*15 status, as well as select others [114, 115], the genetic expression alone does not 

explain why, even in predisposed individuals, not all traumas lead to excessive scarring.  The 

knowledge that tension drives fibroblast proliferation and collagen synthesis [116] has led to the 

postulation that KD is a mechanosensory disorder, supported by the predominance of these 

scars in areas of high tension, including the anterior chest and shoulder [117, 118].  Other 

theories put forward concerning influence of the local environment on keloid formation include 

hypoxia and pilosebaceous unit distribution, which is associated with increased sebum 

production [47, 115, 119, 120]. More recently, based on elevated levels of immunoglobulins, 

mast cells and lymphocytes as well as description of a keloid-associated lymphoid tissue (KALT), 

the role of immune responses have come to the fore as culprits in keloid formation [121, 122]. 

Hormonal factors have also been considered, as occurrence is increased at sites of higher 

testosterone metabolism, particularly peri-pubertally [123, 124].  The fact that no one theory 

has been proven to be solely responsible indicates a multifactorial aetiology for keloids, with 

one commonality: requirement for a precipitant.  Although there have been reports of 

spontaneous keloid formation, it is more likely that a minor trauma has gone unnoticed in these 
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cases.  A Jamaican study including 211 people with 369 scars recorded every single case as 

having had a history of trauma, however minor [125]. 

 

There are certain clinical criteria considered to be pathognomonic of keloid disease.  This scar 

grows beyond the boundaries of the original wound, does not regress with time, is likely to recur 

following excision and should be present for at least a year [93, 112, 125, 126].  Keloid scars vary 

widely in their clinical appearance with many taking on the traditional “claw-like” appearance 

and others resembling a butterfly lesion, nodule or polypoid mass [113] . Commonly, the centre 

is pale soft and involuted compared with the raised, erythematous margin, resulting in the 

hypothesis that this active margin is the leading edge of invasion [127, 128]. Keloid tissue is 

typically firm and well-demarcated, with or without telangectasia.  Although keloid scars can 

cause contracture and produce symptoms of pruritis and pain, the majority of patients 

presenting with these scars are concerned with cosmesis rather than debilitation.  The 

appearance can be severely disfiguring leading to psychosocial issues that affect quality of life. 

 

2.6.2 Histopathogenesis and differential diagnoses 

Throughout the course of this PhD a review on the histopathology of keloid disease was 

published (enclosed at end of thesis).  This section of the literature review contains portions 

from that publication [94]. 

 

It is now generally accepted that keloid scars contain thick hyalinised eoisinophilic collagen, 

arranged in whorls or nodules, associated with a mucinous extracellular matrix and fibroblastic 

cells [98, 129].  Lee et al in 2004 referred to this haphazard collagen pattern as “keloidal 

collagen”, identifying it as a histologic hallmark of KD, albeit with a low sensitivity (55%) [93].  

Their group also identified three other statistically significant features of keloid scars when 
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compared with hypertrophic scars: lack of flattening of the overlying epidermis, absence of 

prominent vertically oriented blood vessels and the presence of a tongue-like advancing edge, 

which extends through the upper reticular dermis [93].  Collagen I and collagen III are the most 

abundant fibrillar collagens in fibrotic tissue and it has been shown that the ratio of these 

collagens is altered in KD [53, 94].  In addition to excess collagen, several other components of 

the ECM have been shown to be disorganised in KD, as indicated in Table 2.1. It is not the 

absolute presence or absence of these proteins within the tissue but their respective ratios to 

each other and persistence over time that aid in the diagnosis of keloid scarring.  Bux et al 

studied the histology of keloid samples using microscopy and divided the tissue into six regional 

zones (Table 2.2).  Addressing the issue of cellular composition, they found there was marked 

cellular proliferation in some areas but that most of the fibroblasts were necrotic, likely as a 

result of ischemia [129].  

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

67 
 

 

Table 2.1 Summary of the ECM molecules previously investigated in keloid disease tissue. 

ECM molecule Location within keloid tissue ID technique Ref 

Collagen I 

Abundant expression throughout dermis Masson’s trichome [130] 

↑ thicker bundles at margin, especially RD Herovici [53] 

Collagen III 
Thinner vs collagen I, ↑ in keloid margin PD Herovici [53] 

Strongly ↑ in keloid vs NS IHC [131] 

Collagen IV 
Along BMZ and ↑ proximal to small blood 

vessels 
IHC [131] 

Collagen VI 
Co-localised with col I proximal to small blood 

vessels, Also ↑ papillary dermis 
IHC [132] 

Fibronectin 

↑ at dermo-epidermal junction 

Co-localised with cells in deep dermis 

between collagen bundles 

IHC [133] 

Intense localisation with fibroblasts upper RD IHC [134] 

Diffuse positivity in keloid tissue IHC 
[135-

137] 

Hyaluronan 

(HA) 

Gross HA stain in upper layers epidermis 

PD- mesh-like staining, RD- Intense staining 
HABP [138] 

↑ Intercellular in spinous & granular layers 

↓HA in keloid dermis 
HABP [139] 

↓ intensity stain in PD HABP [140] 

 

Elastin 

↓ superficial dermis 

↑deep dermis, parallel to collagen 

IHC 

Histomorphometric 
[141] 

↓ elastic fibres all scar types Verhoeff van Giesson  [142] 

↓ elastic fibres, due to impaired fibrillin-1 IHC [143] 

↑ elastin deep dermis, node structure Multiphoton microscopy [144] 
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Fibrillin 

↓ superficial and deep dermis 

Thin fibres, no candelabra pattern 

IHC 

Histomorphometric 
[141] 

Altered distribution, thick irregular bundles IHC [143] 

Altered  fibrillin distribution, related to TGFβ IHC [145] 

Tenascin 
Diffusely expressed in dermis 

Associated with ↑ collagen bundles in RD 
IHC [146] 

Dermatopontin ↓ stain compared with NS IHC [147] 

Decorin 
Indistinguishable from NS, 

strong stain in dermis, weaker in epidermis 
IHC 

[147-

149] 

Biglycan 

 

↑ in nodular areas of keloid IHC [148] 

Indistinguishable from NS IHC [149] 

Periostin 

↑ in epidermis and dermis vs NS counterpart 

Co-localisation with CD31 
IHC [97] 

↑ especially in acellular node region of deep 

dermis 
IHC [150] 

Versican Intense deposition in keloid but not NS IHC [151] 

IHC, immunohistochemistry; NS, normal skin; PD, papillary dermis; RD, reticular dermis 

 

Characterised by the overproduction of collagen, the fibroblast has always been considered the 

culprit in KD and that keloid fibroblasts (KF) may have an epigenetically distinct phenotype [152, 

153].  This was postulated on the basis that fibroblasts from the keloid nodule resisted down-

regulation in response to hydrocortisone, whereas superficial dermal KF and NS fibroblasts (NSF) 

did not [152].  It has since been shown that KF from both papillary and reticular dermis as well 

as centre and margin keloid dermis, behave differently, lending credence to this hypothesis [53, 

154]. It is during the proliferative and remodelling phases that the imbalance in ECM synthesis 

and degradation results in excess deposition of collagen and other ECM components.  

Fibroblasts are also known to affect the inflammatory phase by behaving as immune modulators 
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[155].  This prolonged inflammation, in addition to the failure of myofibroblastic 

apoptosis/senescence, contributes to excessive scar formation [156].  In the normal wound 

healing process fibroblasts and myofibroblasts have a synergy that creates a seemingly seamless 

transition from one phase to the next, producing adequate ECM and the correct level of tension 

for wound closure.  The presence of myofibroblasts in keloid was, for a time, under debate, as 

was the presence of αSMA staining [98-100].  In much of the literature myofibroblasts are 

considered to be the major source of collagen synthesis and the failure of their apoptosis 

contributory to fibrosis [157, 158].  While myofibroblasts undoubtedly contribute to keloid 

collagen and ECM, it is likely that this is in concert with several other cell populations present in 

keloid scars and known to produce ECM, including macrophages, fibroblasts and fibrocytes [159-

161]. 

 

Table 2.2 Bux S, Madaree A. Keloids show regional distribution of proliferative and degenerate 
connective tissue elements. Cells Tissues Organs. 2010;191: 213-34. 

 
No. Regions Sub-regions 

1  Zone hyalinising collagen bundles a.  Isolated 
b. Aggregated 

2  Fine fibrous areas a.  Fine fibrous cellular areas 
b. Fine fibrous less cellular areas 
c. Wavy fine fibrous areas 
d. Fibrous tubular areas 

3  Area of inflammation a.  Severe inflammation 
b. Moderate inflammation 
c. Mild inflammation 

4  Zone dense regular connective tissue a.  Eosinophilic 
b. Pale 

5  Nodular fibrous area a.  Nodular fine fibrous cellular areas 
b. Nodular fine fibrous tubular areas 

6  Area of angiogenesis  

 

 

KD is characterised by histological heterogeneity, resulting in mixed reports in the literature as 

well as varied responses to therapy.  Many of the histological findings from keloid scar tissue 

sections endorse the aetiological hypotheses put forward for KD. The persistence of 
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macrophages, lymphocytes, mast cells and fibrocytes as well as the description of keloid-

associated lymphoid tissue (KALT) support prolonged inflammation and an immune role in 

keloid pathogenesis [121]. Macrophages and fibrocytes have been shown to regulate ECM 

production and the continued presence of mast cells may contribute to symptoms of pruritis 

associated with KD [68, 162].  The contribution of hypoxia to KD has previously been investigated 

[48, 97, 163] but support for this theory from a histological standpoint has been tenuous.  While 

some studies on keloid vasculature favoured hyper-vascularity with long and dilated vessels 

[164, 165], the majority of studies identified reduced central keloid blood supply with 

microvascular luminal occlusion [47, 48, 166, 167].  It was postulated and seems likely that in 

areas of increased vascularity (ie the margin) the rate of growth exceeds the vascularity, 

resulting in persistent ischemia despite histological signs of increased vessels [165].  It has also 

been suggested that this hypoxic state is aggravated by hypertension in keloid patients [168, 

169].  The structure of keloid collagen has been described as tendon-like, leading to the 

hypothesis this thickness is secondary to mechanical loading [170].  Increased mechanical stress 

as an aetiological factor in keloid pathogenesis is supported by studies showing the effect of 

stress on both keloid morphology [171] as well as increased expression of tension-related genes, 

ECM synthesis and cell spreading [172]. 

 

Many of the histological features of KD can also be found in other cutaneous fibroses [173].  As 

there is no one biomarker for KD, there is a significant reliance on both clinical appearance and 

histopathology for differential diagnosis and thus appropriate management.  Table 2.3 presents 

a summary of the other conditions that may be confused with KD and how they might be 

distinguished.  Hypertrophic scarring is the condition most commonly confused with KD and is 

discussed in section 2.5.3 of this chapter.  In contrast to keloid scars, dermatofibroma typically 

has sparing of the papillary dermis and dermatofibrosarcoma protuberans (DFSP) is discernible 

by a characteristic storiform pattern of spindled cells surrounded by fibrous stroma [174, 175].  
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Morphea or cutaneous scleroderma has also been misdiagnosed as keloid scarring, made more 

difficult by the existence of a keloid variant within this condition.  As another form of fibrosis, 

the presence of myofibroblasts in morphea has led to the use of these cells as a way to 

determine the stage of differentiation along a hypothetical continuum from morpheiform 

nodule to hypertrophic scar and finally keloid [176].  Due to the impact of systemic sclerosis as 

well as the risk of metastasis associated with DFSP, it is essential to make the correct diagnosis 

and ensure the appropriate therapy is instituted.  In clarifying the “pathognomonic” features of 

KD (Table 2.4) this distinction can prevent misdiagnosis of more sinister conditions. 
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Table 2.3 Summary of the features of skin-related fibrotic disorders in common with and 

different from KD and the stains most commonly used in their diagnosis. 

Condition 
Histological features in 

common with KD 

Histological features 

different from KD 
Stain 

Hypertrophic scar 

Raised scar 

Thickened collagen 

Nodules 

Increased cellularity 

Non-flattened epidermis 

Organised collagen fibres 

No recurrence 

 

H&E 

αSMA 

DFSP 

Slow-growing 

Raised, pigmented skin 

Recurrence 

 

Increased nodularity 

Honeycomb pattern 

Non-polarizing collagen 

Vimentin, αSMA 

CD34+, XVIIIa- 

S100- 

Dermatofibroma 

Thickened epidermis 

Hyperkeratosis 

Hyalinised collagen 

Scaly lesions 

No recurrence 

Reduced cellularity 

Grenz zone 

 

XVIII+ 

CD34- 

Scleroderma/ 

morphea 

Pigmented 

Lack of adnexal appendages 

Nodules 

Reduced cellularity 

Collagen arranged parallel 

Systemic features 

CD34- 

CD1a,CD3, CD8, 

CD20+ 

CD25, CD57+ 

DFSP, dermatofibrosarcoma protuberans; H&E, haematoxylin & eosin; αSMA, alpha smooth  

muscle actin
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Table 2.4   Summary of the characteristic features of keloid disease and their frequency reported in the literature.    

BM, basement membrane; PD, papillary dermis; RD, reticular dermis 

Ref n Epidermis Advancing 
edge 

Collagen  Cellularity Horizontal 
fibrous band 

Inflammation aSMA(+) Vascularity 

[103] 15 
10/15 samples 
have rete ridges 

- 
15/15 samples 
show haphazard 
collagen 

10/15 samples 
increased 
cellularity  

14/15 
samples 
have a band 

- 5/15 positive 
Sub-epidermal 
evidence of 
vascularity 

[129] 58 - - 
Thick bundles of 
collagen identified 

Between collagen 
bundles. 
Fibroblastic 
Immune 

- 
Chronic inflammation 
present 

- 
Impaired 
angiogenesis 

[137] 26 

Flattened 
epidermis, 
Adnexae 
displaced 

 

25/26 samples with 
thick 
Hyalinised & 
Haphazard collagen 

24/26 
Diffuse cellularity, 
myofibroblasts 

- 
Persistent immune cell 
infiltrate 

21/26 
positive stain 

- 

[93] 40 
37/40 flattened 
epidermis 
identified 

Present in 
14/14 
marginal 
sections 

24/40 
Thick hyalinised 
bundles 

33/40 samples 
increased 
cellularity 

Identified in 
10/40 
samples 

39/40 samples had 
increased lymphocytes 
8/40 had a sinus 
tract/ruptured follicle 

18/40 (>10% +) 
Blood vessels in 
disarray 

[177] 10 
Thickened 
epidermis 
identified 

Lined with BM - - - - - - 

[94] 13 

Thickened & 
flattened 11/13 
Thickened not 
flattened 2/13 
Hyperkeratotic 
12/13 

Identified in 
3/13 samples 

Whorls, thickened 
Haphazard 11/13 
Nodule 1/13 
Fine, organised 
1/13 
Obliteration PD-RD 
11/13 

Diffuse cellularity 
in   13/13 
samples, 
including 
between collagen 
bundles 

5/13 
samples, 
Present in 
upper 
dermis 

10/13 samples had 
inflammation,  most 
commonly sub-
epidermal 

- 

10/13 occlusion of 
vessels between 
collagen fibres, 
Neoangiogenesis 
evident in deeper 
dermis 
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2.6.3 Pathophysiology 

To date, a number of signaling pathways have been implicated in the pathogenesis of KD, not 

least of which is the inexhaustible investigation into the role of transforming growth factor beta 

(TGFβ).  TGFβ is a pleiotropic growth factor considered to be the master regulator of fibrosis and 

its effects on collagen deposition, cell proliferation, immune modulation, apoptosis, 

differentiation and several other processes have been well established in KD [178-180].  The 

TGFβ ligand superfamily interacts primarily with TGFβRI and TGFβRII, serine/threonine kinase 

receptors that are responsible for the phosphorylation and subsequent activation of Smad in a 

well described but complicated canonical signaling pathway [181]. TGFβ1 and TGFβ2 isoforms, 

those believed to promote fibrosis, have been shown to be upregulated in KD along with TGFβRI 

and TGFβRII, which may indicate the presence of a positive autocrine feedback loop [182-184]. 

The identification of an altered Smad2/Smad3 ratio, up-regulation of Smad4 and down-

regulation of inhibitory Smad6 and Smad7, suggest failure of an inhibitory feedback mechanism 

leading to exponential fibrosis [178, 185]. Although TGFβ represents an attractive therapeutic 

target, its regulation of so many key biological responses makes it a risky one.  To this end, other 

members of the TGFβ canonical pathway have been explored as therapeutic targets [186-188].   

 

Also dysregulated in KD is the MAPK/ERK signaling cascade, known to influence migration, 

proliferation and apoptosis [189].  The activation of this cascade in response to mechanical strain 

mediates the effects of TGFβ and in synergy with PI3K signaling in KD, increases the production 

of collagen [190-193].  The Akt/PI3K/mTOR pathway regulates numerous critical cell processes 

and is a key player in tumorigenesis, where in the presence of PI3K with optimal environmental 

conditions, mTOR mediates cell cycle progression [194].  Akt/PI3K/mTOR is a mechanism for 

TGFβ and HIF1α activation [195] and in KD has been associated with ECM overproduction, cell 

proliferation and invasion, making it an attractive therapeutic target [196, 197].  Similarly, 

insulin-like growth factor-I receptor (IGF-IR), a protein tyrosine kinase receptor modulated by 
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IGF binding proteins (IGFBP), interacts with IGF to promote proliferation and invasion of KF 

through interaction with MAPK and PI3K signaling cascades [184, 198-200]. 

 

Further shown to work in concert with TGFβ is the Wnt/β-catenin signaling pathway, which is 

associated with fibroblast proliferation, migration and epithelial-mesenchymal transition (EMT) 

[193, 201-203].  KF have been shown to be more susceptible to Wnt3a treatment, resulting in 

increased fibroblast proliferation and fibronectin expression [204].  Additionally, Wnt5a, a non-

canonical protein, is upregulated in KF compared with NSF [205] and given the association of 

Wnt5a with inflammation in psoriasis, atherosclerosis, lichen planus and rheumatoid arthritis, it 

may play a similar role in inflammation in KD [206, 207].  The Wnt signaling pathway is frequently 

investigated in partnership with Notch signaling, as both of these cascades determine cell fate 

by directing stem cell maintenance, proliferation and differentiation [208, 209].  Notch is 

overexpressed in keloid tissue where it is associated with inflammatory infiltrate.  This in 

addition to its association with EMT may link Notch and Wnt dysregulation in KD [210].   Indeed, 

inhibition of the Notch ligand, JAG-1, with associated blockade of Notch signaling was recently 

shown to abrogate cell attachment, spreading, proliferation and migration of KF [211]. Also 

implicated in inflammation is TNF-α/NF-ҡB signaling.  This pathway is involved in the regulation 

of apoptosis, implicated in EMT and responsible for the transcription of a number of pro-

inflammatory genes, including among many, the interleukins [111, 193].  Several studies have 

identified upregulation of TNF-α, IL-6, IL-8, IL-13 and IL-1 responsive genes in keloid tissue and 

fibroblasts [212-216].  The expression of these molecules may contribute to the prolonged 

inflammation and associated inflammatory infiltrate seen in keloid histology [121].  IL-6 is 

thought to affect keloid pathogenesis through its interaction with JAK/STAT3 signaling, which in 

turn affects ECM production, cell proliferation and may promote oncogenesis [217].  STAT3 

siRNA decreased collagen production, proliferation and migration in KF compared with NSF 

[218]. 
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In addition to the above major signaling pathways involved in KD, there are several other 

mechanisms and molecules that are implicated.  Integrin expression, upregulated in KF, is 

thought to mediate the effects of mechanical loading through modulation of TGFβ activation 

and thereby collagen production [118, 219].  TGFβ also induces CTGF expression in KF [220, 221] 

and influences matrix metalloproteinase activity, which is an essential component of the 

remodelling process [222, 223].  Most recently, attention has been focused on micro RNAs in 

KD.  These miRNAs are involved in post-transcriptional regulation of gene expression and may 

participate in signaling pathways related to keloid pathophysiology [224, 225].  miR-199a-5p has 

been implicated in KF proliferation and both miR-196a and miR-29a associated with collagen 

deposition [226, 227].  Involved in crucial processes such as TGFβ signaling, ECM deposition, 

proliferation, differentiation and EMT, miRNAs are currently regarded as potential novel 

therapeutic targets for fibrosis, where to date there is no effective treatment [228]. 

 

The dysregulation of cytokines, chemokines, growth factors and transcription factors that 

populate the signaling mechanisms underlying keloid pathophysiology (Figure 2.4), represents 

a dynamic microenvironment engaged in continuous crosstalk.  These molecules and pathways 

also serve as potential therapeutic targets in the search for an effective treatment for KD. 
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Figure 2. 4 Signaling pathways & molecules known to be dysregulated in KD. 

 

2.6.4 Treatment and management 

As with any condition for which there is no effective treatment, prevention is better than cure.  

Meticulous surgical technique with the studious avoidance of infection and post-operative 

friction or tension is paramount.  Once there is an established keloid scar, management is far 

more difficult.  Therapy must be tailored on the characteristics of the scar including number, 

size, site and duration.  It must first be established if the therapeutic goal is cosmesis or whether 

symptomatic and functional aspects need to be addressed. Most of these therapies can be used 

alone (monotherapy) or in combination to attenuate recurrence rates and treat refractory keloid 

scars. 
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Traditionally, KD has been treated with non-targeted therapies.  First line management should 

be the least invasive treatment and appropriate to the patient.  Physical therapies include 

camouflage makeup, massage, hydrotherapy, physiotherapy and pressure therapy that may be 

in the form of customised garments, magnets, silicone gel sheeting or pressure clips/buttons.  

While recommended regimens for duration and amount of pressure are undefined, the 

aesthetic effects, side-effects and length of time required for wear result in poor patient 

compliance [85].  Pressure therapy may be used in combination with corticosteroids and most 

recently has shown beneficial outcome as an adjuvant therapy for surgical excision [229, 230].   

 

Second-line and the most commonly used treatment worldwide is corticosteroid injection (HCA, 

hydrocortisone acetate; TAC, triamcinolone acetonide being the most used).  Dosage and 

duration are undefined but it has been postulated to reduce inflammation, modulate TGFβ and 

enhance collagen degradation [85]. Complications include hypopigmentation, telangectasia and 

variable recurrence rates but these factors are abrogated by using steroid injections as adjuvant 

or even part of multimodal combination therapy regimes [178, 231-233]. Often considered 

second-line and frequently used in conjunction with steroid injections, is cryotherapy, which can 

be external/contact or intralesional.  The ischaemic necrosis following physical and vascular 

phases, is thought to reduce recurrence rates by differentiating abnormal KF back toward a 

normal phenotype [234].  Intralesional cryotherapy has been shown to be superior to contact, 

resulting in increased scar flattening, less pain, fewer sessions and fewer degrees of 

hypopigmentation [235].  Further second-line therapies are laser therapy (pulsed-dye, Nd:YAG, 

CO2 etc) and photodynamic therapy [236, 237].  Ablative lasers may be used for debulking and 

require an adjuvant therapy to reduce recurrence rates [238]. The true efficacy of these 

treatments is difficult to assess given the number of lasers available, the undefined regimes and 

lack of reproducible outcomes [85]. 
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There are now several further agents that have been used to treat KD in the hopes of controlling 

the fibroproliferation.  Retinoids are compounds used in the treatment of several skin disorders 

and are largely postulated to abrogate fibrosis through immune regulation and alteration of 

ECM, cell proliferation and differentiation [239, 240].  Despite several applications to KD in the 

past with some success, there are limited experimental studies on retinoic acid in KD and no 

recent trials regarding its efficacy [241-244]. Immunomodulators have become more common, 

including the calcineurin inhibitor tacrolimus (FK-506), imiquimod 5%, a Toll-like receptor 

antagonist that stimulates interferon and TNF-α, IFN- α2b, which reduces collagen and cell 

proliferation and an anti-inflammatory onion extract (extractum cepae)[85, 245, 246].  Injection 

of alternative agents including botulinum toxin A, postulated to be effective through 

downregulation of TGFβ and CTFG expression and verapamil, a calcium channel blocker shown 

to increase decorin and provide beneficial adjuvant treatment, are also widely used [85, 245, 

247].  As with most of the therapies available for KD, there are mixed reports in the literature 

with regard to the efficacy of these agents [248, 249], which led to the employment of 

chemotherapeutic agents to manage this fibroproliferative tumour.  

 

Most of the chemotherapeutic drugs used for keloid are antitumour/antimetabolite or steroid 

and include 5-Fluorouracil (5-FU), mitomycin C, bleomycin and those less common such as 

vincristine.  5-FU is one of the most tested and best tolerated of these drugs, mitomycin C is a 

topical antibiotic that is thought to delay rather than reverse fibrosis with little efficacy against 

recurrence and bleomycin, also an antibiotic with antitumour effects but for which there are 

mixed reports, also carries risks of organ fibrosis [250].  Given the local and systemic toxicity of 

these drugs they must be dosed very cautiously, side-effects monitored, contraindications taken 

into account and be used in refractory cases [85].  Chemotherapeutics are frequently used in 

combination therapies and have also shown evidence of resistance, further complicating the 
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management of KD [251].   Some of this drug resistance is attributable to a stem-cell like 

population within the keloid lesion [252]. 

 

Although surgical excision is associated with recurrence rates of 45-100%, it is frequently 

performed as a last ditch effort to manage keloid expansion and debulk the tumour [107, 253].  

When surgery is performed it is recommended to perform intra-marginal fusiform excision at a 

308° angle with skin tension lines and closure with minimal tension and no undermining [245].  

The combination of surgery with adjuvant therapies frequently treats the keloid scar initially but 

with varying rates of recurrence.   These adjuvant therapies include steroid injection, alone or in 

combination with 5-Fluorouracil [108, 254], radiotherapy, most recently recommended in the 

form of high-dose-rate brachytherapy [255], pressure therapy using magnets or silicone gel 

sheeting [229], laser ablation and many others. A recent meta-analysis identified equal rates of 

recurrence following surgery for both triamcinolone and radiotherapy, at 15.4% and 14% 

respectively [256].  

 

In addition to the above therapies many naturally based compounds have been attempted in 

the management of KD (green tea, aloe vera, plant extract) [257]. These alternative therapies 

have the benefit of limited side-effects when compared with chemical therapies and many do 

not affect NSF, giving them a specificity boasted by few other treatments [219].  With more and 

more molecules identified as up and down regulated in KD, there is increased potential for the 

development of targeted therapies [178].  Many agents are proposed to date but very few have 

sufficient studies to determine their fate in the clinical setting [258]. The transient success and 

subsequent failure of recombinant TGFβ3 (Justiva) highlights the complexities faced with 

targeted therapies but also the potential that lies in identification of potential biomarkers [85].  

The recent identification of CD26+ fibroblasts as responsible for the cultivation of skin fibrosis 

may have clinical implications for KD, although this remains to be investigated [56].  Finally, an 
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emerging area in keloid management is the use of stem cell therapy, which although shown to 

modulate inflammation and downregulate fibrosis, is still in the very nascent stages of research 

[26, 259, 260]. 

 

Overall, the levels of evidence for these therapies are poor and inconsistent [261, 262]. A recent 

survey on current practice with regard to management of KD highlights the overabundance of 

therapies available and the variability with which physicians treat this condition [263].  There is 

no absolutely effective treatment for KD and only by understanding keloid formation on a 

molecular level will we be able to alleviate the afflicted with not only confidence but on a more 

enduring basis. 

 

2.7 Site-specific keloid disease 

KD is characterised by heterogeneity between patients, between lesions and even within the 

lesion itself.  This heterogeneity is evident clinically, histologically and on a molecular level.  

Macroscopically, keloid scars are represented by a number of morphologies but frequently 

within a scar the “older” centre is pale, soft and shrunken when compared with a raised, 

aggressive and erythematous margin [264].  These clinically evident differences led to 

researchers investigating the histological and molecular differences between the centre 

(intralesional), margin/periphery (perilesional) and rarely, extralesional (adjacent normal) skin 

[265]. 

 

Histologically, the keloid centre and margin show increased inflammatory infiltrate over 

extralesional tissue [121].  When centre and margin were compared, there were differences 

with regard to cellularity, fatty acid composition, vascularity and collagen production, with the 

majority favouring a growing, active margin [53, 264, 266-268].  The altered collagen I/III ratio, 

found in one study to be elevated in margin tissue and fibroblast culture only, seems to 
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contradict the demonstration of increased TGFβR1 and Smad2/3 in keloid central fibroblasts in 

another study, where margin and NSF TGFβ expression were equivocal [269].  This discrepancy 

may be attributable to the use of in vitro experiments in the latter study, which have been shown 

to alter cellular expression and signaling with increasing passage number [53]. 

 

The morphology of the fibroblasts within the keloid tissue has been shown to differ under light 

and electron microscopy [270].  Further examination of these in vitro differences identified 

behavioural variation between centre and margin but also superficial and deep KF, leading to 

the postulation that several distinct subpopulations of fibroblasts occupy the keloid dermis [54, 

153, 270].  Although there is some inconsistency with regard to which site, centre or margin, 

exhibits more proliferation and apoptosis, the general consensus supports a disturbed balance 

between these two processes [271, 272]. While both sets of fibroblasts were refractory to FAS-

mediated apoptosis, when cell cycles of centre and margin fibroblasts were compared, those in 

the centre were arrested at G0-G1 phase with increased p53 expression, while those at the 

periphery were in the proliferative phases (G2-S) [273]. Similarly, reported by Seifert et al, there 

was mRNA upregulation of apoptotic genes (ADAM-12, ANXA-1 and CCAR-1) and degradation 

promoters (MMP19 and MMP3) in fibroblasts from the keloid centre but upregulation of 

apoptotic inhibitors within the margin (AVEN and INHBA) [52].  Engineered skin substitutes were 

used to look at differences between superficial and deep keloid fibroblasts, concluding that 

different keloid phenotypes may result from different contributions of these distinct fibroblasts 

[154]. It has been suggested that the fibroblastic differences within keloid arise as a result of 

hypoxic gradients within the tissue, a theory which is supported by those more recent studies 

identifying perfusion differences between centre and margin [165].  

 

2.8 Epithelial-mesenchymal interactions (EMI) 

Epithelial-mesenchymal interactions represent an essential means of communication between 

two developmentally, structurally and functionally distinct tissues, which in the case of the skin 
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are the epidermis and dermis [274].  These reciprocal interactions are mediated through several 

signaling pathways and molecules.  

 

2.8.1 Normal skin and wound healing 

Examples of epithelial-mesenchymal interactions in NS include hair follicle morphogenesis and 

cycling, basement membrane formation, epidermal stem cell production, skin pathologies and 

tissue regeneration and repair [275, 276].  Although the importance of EMI in NS function and 

wound healing was acknowledged long ago, to properly investigate this process required the 

ability to successfully culture primary keratinocytes in vitro, which was first achieved by 

Rheinwald and Green in the 1970’s [277].  It was demonstrated that keratinocytes grew faster 

when cultured with fibroblast feeder layers and that when cultured at an air-liquid interface, the 

epidermis became stratified [278, 279].  It has since become apparent that double paracrine 

signaling with fibroblasts, involving factors such as FGF, IL-6 and GM-CSF, is responsible for 

epidermal phenotypes necessary for different functions, including wound healing [280].   

 

In wound healing, the epidermis and dermis must work together to reconstitute a break in the 

cutaneous barrier as efficiently as possible and restore skin function.  This involves re-formation 

of the basement membrane, re-epithelialisation, modulation of inflammation, contraction of 

the wound and remodelling. Both keratinocytes (TGF-α, EGF, PDGF) and fibroblasts (FGF7, IL-6, 

GM-CSF) release a number of growth factors that have autocrine or paracrine effects, resulting 

in proliferation, differentiation, migration, angiogenesis, lymphangiogenesis and contraction 

[281]. Co-culture studies demonstrate the crucial role of keratinocytes on mesenchymal TGFβ 

expression, as well as NF-ҡB and Wnt among others [280]. The close proximity of epidermal and 

dermal cells also upregulates α-SMA in fibroblasts, contributing to contraction necessary for 

healing. Failure of these processes results in delayed wound healing or fibrosis, which contribute 

to morbidity and mortality [282].  
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A recent study looking at the role of EMI in fibrosis, as it pertains to TGFβ, indicated a positive 

feedback loop between integrins and TGFβ that is activated following injury to the epithelium 

[282]. When considered from a scarring perspective, interruption to EMI cause delayed 

epithelialisation, resulting in a failure of the stop signal to fibroblasts accumulating ECM.  The 

regulation of matrix metalloproteinases (MMP) and thus ECM turnover, by EMI is thought to 

contribute to hypertrophic scarring.  The release of MMP-1, IL-1β and EGF by keratinocytes are 

implicated in fibroblast MMP expression [283]. 

 

Given the significance of EMI in the maintenance of homeostasis and wound healing as well as 

the role they play in cutaneous tumorigenesis [284], it stood to reason that deregulated EMI 

may be involved in the pathogenesis of KD. 

 

2.8.2 Keloid EMI  

Much of the original research on KD refers to it as a dermal disorder and the fibroblasts as the 

culprits of its formation.  However, a thickened and activated epidermis as well as observations 

of the benefits of early skin grafting on scar formation has shifted some of the focus to the 

epidermis. Investigation of EMI in KD has supported these observations and highlighted the role 

of the epidermis in the pathogenesis of this fibrotic scar. 

 

Both early conditioned medium experiments and co-culture studies have shown that keloid 

keratinocytes (KK) co-cultured with KF have a higher proliferation rate than KF cultured with NS 

keratinocytes (NSK).  Even the NSF displayed not only increased proliferation but also increased 

collagen secretion when cultured with KK versus NSK [285, 286].  In addition to proliferation and 

collagen, co-culture with KK has been shown to result in decreased apoptosis, upregulation of 

TGFβ-1 and CTGF and increased α-SMA expression, supporting the theory that KK are the puppet 

masters driving keloid growth through their regulation of KF [221, 287, 288]. It is even thought 

that as well as local paracrine effects, keratinocytes have far-reaching effects on the immune 
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system. Not only TGFβ itself but also other elements of the cascade including TGFβ receptors 

and Smad2 and Smad3 are implicated in regulation by EMI [289].  It was even demonstrated that 

where KK increased the expression of TβR1 and Smad2 in KF, NK has the opposite effect, an 

observation which may have clinical implications [290]. Complementary to the KK effect, co-

culture with KF vs NSF has been shown to stimulate expression of more TGFβ ligands [290]. 

 

Aside from TGFβ, EMI in KD also involve abnormal regulation of the insulin-like growth factor 

(IGF) family, particularly the downregulation of IGFBP-3, which is thought to affect proliferation 

and apoptosis and may even affect invasion [291].  Both VEGF, which was found to have a pro-

angiogenic effect [292] and IL-18, postulated to play a role in collagen regulation, are affected 

following KK/KF co-culture, thus suggesting a role for PI3K/mTOR in EMI in KD [105].  The 

JAK/STAT signaling pathway dysregulation identified in a recent study proposes that there may 

be negative feedback regulation in EMI, which may serve as a therapeutic target [293].  Also 

associated with keloid pathogenesis through keratinocyte-fibroblast interactions are IL-8, ANG, 

OSM and GM-CSF [293].  Given this evidence of KK involvement in keloid pathogenesis, there 

are relatively few studies focussed in the expression patterns of the keloid epidermis alone 

[104].   

 

Many methods have been employed to study keloid EMI, including the feeder layer co-culture 

system, two-chamber co-culture, organ culture and organotypic culture models but 

recapitulating the full 3D architecture of the skin in the laboratory is rudimentary compared with 

the natural in vivo environment. As such, a full understanding of these reciprocal interactions is 

not yet elucidated and the search for a method to dissect these signals from within natural tissue 

surroundings is ongoing. 
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2.8.3 Keloid epithelial-mesenchymal transition (EMT) 

Epithelial-mesenchymal transition is when an epithelial/epidermal cell undergoes biochemical 

changes allowing it to take on the phenotype and expression profile of a mesenchymal/dermal 

cell.  This alteration is accompanied by enhanced migration, invasion, resistance to apoptosis 

and ECM production [294].  Some cells are able to move back and forth between epithelial and 

mesenchymal states via EMT and mesenchymal-epithelial transition (MET).  There are three 

types of EMT: type 1 is associated with development, type 2 associated with inflammation and 

fibrosis and type 3 associated with neoplasia [294].  It is type 2 and 3 EMT that may play a role 

in KD.  

 

Many of the markers classically associated with EMT in inflammation and fibrosis are also 

dysregulated in KD.  Downregulation of E-cadherin and loss of polarisation with simultaneous 

upregulation of FSP-1, α-SMA, vimentin, fibronectin, MMPs and many others, are typical of a 

cell undergoing transition [295].  EMT is driven by a host of transcription factors including ZEB, 

SNAIL, TWIST and miRNA among others [296].  A role for aberrant EMT in fibrosis has been 

demonstrated in renal, pulmonary hepatic and scleroderma studies and given the importance 

of TGFβ in this process it is not surprising that EMT has been considered in KD pathogenesis 

[297]. Another source of myofibroblasts that may contribute to these fibrotic conditions is 

endothelial cells (EndoMT), although this remains controversial [298, 299]. The EMT and MET 

processes are multi-step dynamic phenomena that may have intermediary stages, referred to 

as “partial EMT” [297, 300].  In addition to propagation of fibrosis, EMT is implicated in 

therapeutic resistance and is thought to be due to the acquisition of stem cell-like properties, as 

well as increased heterogeneity [301].  

 

Due to the overlap of signaling pathways involved in EMT and KD as well as the evidence for 

EMT in fibrosis and tumorigenesis, it is now thought to be significant in KD but the evidence thus 

far remains limited [296, 301].  A recent microarray study on KK expression identified features 
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indicative of EMT, with decreased adhesion, increased motility and reduced differentiation 

[104].  This is supported by another study suggesting the EMT in KD is mediated through 

overexpression of TGFβ/Smad3 signaling with aberrant expression of FGFR2 and p63 [302].  

Further evidence for EMT in KD lies in the presence of HIF-1α overexpression and hypoxic 

environment, such that when HIF-1α was knocked down the EMT process was inhibited [48].  

Hypoxia has long been implicated in keloid pathogenesis and its contribution to EMT may 

indicate these two processes are linked in keloid scarring. 

 

The evidence for EMT in KD to date is indicative rather than confirmative.  Over the last 20 years, 

the shifted focus to keloid epidermis and the effects of its interactions with the dermis, have 

paved the way for EMT hypotheses in KD.  EndoMT, partial EMT and their associated therapeutic 

resistance are likely candidates underlying keloid scar formation, however, more in-depth 

research is required before these processes can be considered causal in KD. 

  

2.9. Traditional experimental methodologies in KD research 

Uniquely afflicting humans, there is no validated and accepted animal model for KD, despite 

significant efforts to identify one.  Some focus was originally concentrated on equine models, as 

they form exuberant granulation tissue (EGT) on their limbs, which resembles keloid scars [303].  

Failing to find any other animal with naturally occurring keloid, research turned its focus to 

implanting human scar tissue in animals and inducing scarring in site-specific areas.  Over the 

years the majority of the work has been carried out using athymic mice, into which keloid tissue 

fragments are implanted subcutaneously, or immune-privileged sites such as the cheeks of 

hamsters [304, 305].  Although in most cases the implants maintained their viability and 

morphology, the invariable outcome was regression, albeit at different time points [306, 307].   

As an alternative to implantation it has been attempted to induce hypertrophic and keloid scars 

in animals.  Rabbit ears have been used for both grafting of human skin [308] and as a primary 

model [309, 310].  In the latter case it is necessary to incise down to the perichondrium to 
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achieve approximation to human scarring, which may result in chondrocytes confounding the 

reaction [311].  In both cases the scars are short-lived, limiting their usefulness as a model.  

 

In recent years attention has been diverted back to porcine models for fibroproliferative 

scarring.  While the porcine wound shows similar inflammatory infiltrate, collagen nodules and 

myofibroblasts, the macroscopic appearance is less pronounced and TGFβ distribution less 

abundant [312, 313].  Regardless of the degree of similarity, none of these animal models can 

fully replicate the in vivo human environment [314].  Limitations including scar tissue regression, 

animal maintenance/handling and the incomplete genome chip of animal models, has diverted 

the focus away from animals somewhat over the years [315].  The drive toward replacement, 

reduction and refinement of animal models together with the question of whether the yielded 

data can be sufficiently translated into humans has necessitated alternative methods of keloid 

research [316].  These models comprise 2D monolayer culture, histiotypic culture including 

spheroids, organ explant culture, co-culture models, including two-chamber and organotypic 

and most recently this is in the form of plasma/fibrin-based skin-equivalent models in mice 

[317]. 

 

Whole tissue biopsy or ex vivo organ culture has the advantage of being the natural 3D 

architecture of the skin comprised of the full complement of cells, tissues and adnexal structures 

that retain their pathologic state.  Unfortunately, despite a recent study showing survival of 

these explants for a number of weeks, there are several other drawbacks [318, 319]. Organ 

explant models require human subject participation, the dearth of available tissue and variations 

in samples engenders a lack of reproducibility and in a heterogeneous tissue like KD there can 

be averaging out of signals, ultimately restricting this model as the best form to study keloid 

scars [314, 320, 321].  2D monolayer culture studies are beneficial as they are convenient, 

technically facile, have little inter-sample variability, are reproducible, allow for environmental 
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control including addition of exogenous factors or knockdown of specific genes and allow good 

maintenance of cell viability.  However, this method falls significantly short of mimicking the 

true in vivo microenvironment due to the synthetic static platform in addition to undefined 

medium condition (FBS) which may alter the magnitudes of expression [322].  Furthermore, cell 

culture monolayer has been shown to alter cell phenotype and with increasing passage number 

alter expression [53, 322].  

 

In an effort to address some of these shortcomings, 3D models including spheroids, co-culture 

and organotypic cultures are used in KD research [323, 324].  These models retain the 

reproducibility, technical ease and ability to control external factors associated with 2D 

monolayer but also incorporate the architectural and multi-cellular aspects of organ explant 

culture.  Unfortunately, while 3D systems are useful in terms of examining cell-cell and cell-

matrix interactions and superior to 2D models especially given the importance of EMI, they are 

still reliant on synthetic environments and lack the components of skin (blood vessels, other 

cells and interstitial factors) that contribute to cutaneous fibrosis [90, 325].    

 

Therefore, despite a wide range of available methods to investigate KD, there is still no ideal 

platform to capture the molecular signals from within the natural 3D architecture of the tissue 

without disturbing the pathology.  Without a means to achieve therapeutic testing there is still 

an impediment to optimal keloid research, however, LCM represents an excellent platform to 

address the limitations.  

 

2.10 Laser capture microdissection (LCM) 

Laser microdissection is a technique employed to isolate single cells or cell subpopulations from 

frozen, embedded or fresh tissue through the use of a microscope coupled to a high-precision 

laser [326].  These laser microdissection platforms have been given numerous synonyms in the 

literature but they fall into two general categories: UV (ultraviolet) cutting microdissection, also 
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known as laser microdissection and pressure catapulting (LMPC) and the infra-red laser capture 

microdissection (LCM) [327].  These devices are now available in both automated (robotic) and 

manual platforms.  The original version is that developed by Emmert-Buck et al, and 

incorporates an inverted light microscope and infra-red laser [328].  In this model a downward-

facing cap covered in a thermoplastic polymer film comes into direct contact with the visualised 

cells of interest and is rapidly melted and cooled by the laser, fusing the two.  When the cap is 

lifted it overcomes the necessary forces to raise the desired specimen with it [329].  Although 

the IR laser can accommodate plain glass slides and has been shown not to affect downstream 

molecular analysis [329], it lacks the precision (7.5 µm smallest diameter) and speed of the UV 

laser.  The other significant limitation lies in the contact between the cap and the tissue 

(polymer-cell composite), where the dissected specimen may be contaminated by adherence of 

undesired cells to the polymer film, resulting in altered data [326, 330].  The UV (337nm or 

355nm solid state laser) system differs in that it allows the user to select a desired area with a 

laser diameter of down to <1µm, which is then cut out and collected via gravity, catapult or 

capture (Figure 2.5).  Due to the non-contact nature of the former two there is also less risk of 

contamination by adjacent cells, which may be ablated if so wished.  This system is often 

preferred for thicker sections and proteomic applications, but for optimal output does require 

special polyethylene naphthalate (PEN) or polyethylene terephthalate (PET) slides [331].  There 

is some concern that the UV may cause damage to the cells within range of the laser, 

jeopardising the final molecular signal, particularly if the sample size is small (perimeter 

contributing to >10% of overall area) [329].   

 

Laser microdissection enables the acquisition of target cells or histological strata from complex 

tissue sections with accuracy and speed but without corrupting the nucleic acids and proteins 

within. Prior to the advent of this technology researchers relied on gross dissection of frozen 

sections, manual dissection and negative selection, using irradiation on unmarked cells [327].  
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These methods were not only time-consuming and operator-dependent, requiring both skill and 

dexterity, but were also frequently inaccurate [332, 333].  LCM can be combined with protein or 

gene-based studies thereby rapidly expanding the potential to research heterogeneous tissues, 

previously difficult to achieve.  Protein studies require significantly more material than genomics 

for downstream applications, therefore, genomic studies can be performed on samples down to 

single cells [334].  One of the biggest drawbacks of using LCM is the limitation of morphological 

distinction without coverslips or using frozen sections.  The user must also be able to recognise 

the histological characteristics in order to select the area of interest, which may require an 

expert pathologist or, technologist or cytologist.  While simple stains differentiate basic 

histology, the use of immunostaining to detect specific molecules precludes expression 

dynamics due to antibody binding to the protein of interest.  Finally, LCM can be time consuming 

and in the case of genomics the risk of RNA degradation requires the capture to be completed 

within one hour of staining [335].  Newer techniques such as expression microdissection (xMD) 

are now becoming available to researchers that will eliminate the subjectivity of individual 

operators and eliminate the need for amplification [336]. 

 

The ability to select a homogenous sample or even a single cell from a mixed tissue section 

means that specific molecular signaling can be attributed more accurately to the appropriate 

cells.  To date LCM is the only method available that can separate cell subpopulations from tissue 

or monolayer without disturbing the cell’s molecular state [327].  
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Figure 2.5 Schematic diagram representing laser capture microdissection (LCM). 

 

2.10.1 Application of LCM to fibrosis, skin and wound healing  

In the literature to date, LCM has played a limited role in illuminating the pathogenesis of skin 

fibrosis.  However, this technique has been applied to fibrosis of other organs and to alternative 

conditions of the skin.  This is likely due to the fact that fibrosis of the internal organs is 

associated with a much higher risk of significant, even in some cases life-threatening, 

complications.  LCM has been pivotal in both liver fibrosis, where hepatic stellate cells (HSC) are 

the main culprits, and idiopathic pulmonary fibrosis (IPF), a condition with a startlingly poor 

prognosis [337, 338], as it provides a solution to the difficulty in isolating these cells from the 

melee of parenchymal constituents.  Prior to its advent, whole tissue samples were analysed 
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with IHC and ISH, which was impractical and resulted in “averaging out” of cellular signals [339, 

340].  The definitive procurement of compartments (i.e. fibroblastic foci) within a tissue section 

has highlighted the importance of EMI in the lung [341] and supported the theories for EMT in 

both renal and pulmonary fibrosis [342, 343].  LCM is only now coming to the fore in other areas 

of fibrosis including corneal, retroperitoneal and cardiac.  Most studies have concentrated on 

myocardial infarction models, some looking at p21 as a marker of perceived hyperoxia, 

indicating a phenotypic switch from fibroblasts to myofibroblasts [344, 345].  LCM has been 

pivotal in this field for the histological separation of infarcted, peri-infarct and non-infarcted 

areas, often separated by only millimetres.  The infarct boundary may be the key to 

understanding fibrosis as the peri-infarct region undergoes healing, but without loss of function 

[344]. 

 

Similar to fibrosis, LCM has, until recently, been focussed on the skin conditions that pose the 

most risk to patients, namely the carcinomas.  Malignant melanomas are characterised by 

significant intra-tumoural heterogeneity [346, 347], which has meant that analysis of tumour 

bulk may not reflect the presence of mutated cells due to drowning out of the molecular signal 

[321].  Not only has LCM aided the isolation of these sparse melanocytes but also contributed 

to identifying the clonal genetic relationship between an assumed primary and its metastasis 

[348].  Basal cell carcinoma (BCC) [349, 350], squamous cell carcinoma (SCC) [351] and benign 

conditions including psoriasis [352, 353], SLE [354] and neurofibromatosis [355] have benefitted 

from the precision and accuracy of this new technique.  More recently LCM has allowed a 

breakthrough in accessing the stem cells sequestered in the hair follicle bulge, whose multi-

potency may be the key to halting cancer progression and aberrant wound healing [356]. 

 

Relatively few studies have alluded to the potential benefit of this technique in human wound 

healing, especially given recent advances in high through-put technologies [357, 358].  LCM can 
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be used to isolate specific cells from different histological strata as exemplified in research on 

keratinocytes in burn wounds [359], localisation of CCN proteins to interfollicular epidermal and 

dermal layers [360] and even within the epidermis itself, genomic mapping of keratinocyte 

layers [361]. The modulation of TLR4 in acute wound healing in mice was achieved using LCM, 

showing its upregulation in early healing where it regulates wound inflammation and affects 

wound closure [362]. LMPC has been used to examine the proteomic profile of chronic wounds 

as well as the associated biofilm in porcine models, identifying a role for miRNA in this process 

[363, 364].  In humans, chronic wounds are highly heterogeneous.  A similar study used LCM to 

dissect out blood vessels from within 3mm punch biopsy sections but of human chronic wounds, 

describing a method applicable to a wide range of disease settings and with translational 

implications [365]. 

 

2.10.2 Application to keloid scarring 

Following a thorough search of the literature, the use of LCM has not been described in relation 

to KD, however, it has been employed in the investigation of hypertrophic scarring in animals. A 

recent study using Duroc pigs to look at collagen mRNA expression, highlighted the 

heterogeneity of fibroproliferative scars and favoured the use of LCM in the dissection of skin 

into its constituent parts [315].  Similarly, LCM would provide an excellent platform to overcome 

the histological heterogeneity through the isolation of specific sites described in keloid scars.  To 

date, there are no comprehensive studies combining both site-specific and in situ approaches to 

KD and LCM, with its precision, accuracy and previous evidence of success, would allow the 

dissection of keloid sites without risk of signal dilution or alteration of expression seen with 

traditional methods.  This technique offers access to analyse expression patterns of distinct 

regional components from within the natural architecture of keloid tissue maintained in its 

pathological state.   Therefore, LCM application to KD would be a unique opportunity to 



Chapter 2 

95 
 

investigate heretofore undetected or overlooked genes and pathways significant to not only 

understanding the pathogenesis but also aiding diagnosis and management. 

 

2.11 Summary 

Keloid scars are cutaneous fibroproliferative tumours that represent the extreme end of the 

abnormal wound healing spectrum.  In order to put the histological and molecular aberrations 

of KD into context, this literature review has described the structure of the normal skin and 

normal wound healing process as well as the range of potential outcomes, from scarless healing 

to hypertrophic or keloid scar formation.  This review describes keloid as a tumour-like bulky 

mass that is characterised by excess ECM, aggressive local invasion and multi-layered 

heterogeneity. Keloid lesions are known to differ between centre and margin on clinical, 

microscopic and molecular levels, resulting in diagnostic dilemmas and therapeutic resistance.  

The contribution of epithelial-mesenchymal interactions to keloid pathology compounded by 

these site-specific variations represents a significant challenge in the elucidation of significant 

underlying mechanisms.  Lack of a validated animal model for KD has led to reliance on 

alternative methods of investigation, including whole tissue and monolayer cell culture.  These 

current techniques fall considerably short of representing the complex, heterogeneous 

microenvironment that exists in keloid scars, as described in this chapter.  Therefore, the advent 

of specialised systems like LCM, provide an ideal platform to address these challenges facing KD 

research and overcome the limitations of heterogeneity and traditional dissection. The 

application of this contemporary approach to KD paves the way for potentially promising results. 
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3.1 Author contributions 

All of the experiments performed during the course of this PhD were designed and executed by 

the author, Natalie Jumper, unless otherwise stated.  Although the relevant experiments are 

described in brief in the appropriate results chapter, this chapter contains a more detailed 

explanation of the methods used in the realisation of this research. 

 

3. 2 Ethical approval 

Both normal skin and keloid tissue were acquired after obtaining full verbal and written consent 

from patients in line with the North West Research Ethics Committee (Ref. 11/NW/0683) and 

Declaration of Helsinki protocols.  All harvested tissue was stored, used and disposed of in 

accordance with the Human Tissue Act (HTA) 2004.  All samples were anonymised with a unique 

identifying number and recorded in a sample-tracking database for HTA records. 

 

3.3 Patient data and tissue collection 

A scar was considered to be keloid if it fulfilled the following criteria: growth beyond the 

boundaries of the original wound, failure to regress with time, present for at least one year and 

likely to recur with excision/unresponsive to treatment.  Keloid biopsies were harvested from 

the centre of the lesion (intralesional), the margin (perilesional) and the adjacent normal skin 

(extralesional) (Figure 3.1).  These biopsies were halved and immediately stored in either 10% 

(v/v) formalin buffer solution (Sigma-Aldrich, UK) for 24 hours at 4°C before processing or 

incubated in RNA stabilisation solution (RNAlater®, ThermoFisher Scientific, UK) for 24 hours 

before embedding in optimum cutting temperature (OCT) embedding matrix (CellPath, UK) and 

storage at -80°C.  Only those samples that were frozen were used for the laser capture 

microdissection. In cases where the keloid tissue was fully excised it was collected in fully 

supplemented Dulbecco’s Modified Essential Medium (DMEM) (Sigma-Aldrich, UK) so that the 
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final concentrations were: 10% (v/v) fetal bovine serum (FBS), L-glutamine (10µM) and penicillin 

(100µg/ml)/streptomycin (100 U/ml) (Sigma-Aldrich, UK).  This tissue was processed for cell 

culture within 12 hours wherever possible.  Normal skin samples were harvested following 

routine elective surgery and all biopsies and tissue were treated as for keloid. 

 

3.4 Laser Capture Microdissection (LCM) 

3.4.1 Cryosection and staining 

Following 24 hours in RNA stabilisation solution (RNAlater®, ThermoFisher Scientific, UK) tissue 

samples were embedded in OCT (CellPath, UK) using a cryomould in an RNase-free class II safety 

cabinet.  The specimens were then stored at -80°C until ready to be sectioned in the cryostat 

(Leica CM3050S).  Mounted on an OCT-laden chuck, the tissue was sectioned onto nuclease free 

polyethylene naphthalate (PEN) membrane slides (Carl Zeiss) at 8μm thickness. These slides 

were kept on dry ice until safely stored at -80°C. In order to preserve the RNA integrity the slides 

were stained immediately prior to capture using cresyl violet (Ambion, ThermoFisher Scientific, 

UK) in an RNase-free class II safety cabinet [1].  The slides were taken from frozen and placed 

into successive slide chambers using the following rapid staining protocol and kit (LCM staining 

kit, ThermoFisher Scientific): 

 

1. 95% (v/v) ethanol (40 seconds) 

2.  75% (v/v) ethanol (30 seconds) 

3. 50% (v/v) ethanol (30 seconds) 

4. 1 minute in 300μl cresyl violet (Ambion, UK) 

5.  50%(v/v) ethanol (30 seconds) 

6.  75% (v/v) ethanol (30 seconds) 

7.  95% (v/v) ethanol (30 seconds) 

8. 100% ethanol twice for one minute each. 
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3.4.2 Laser Microdissection (Figure 3.1) 

Laser microdissection is a technique employed to isolate single cells or cell subpopulations from 

within frozen, embedded or fresh tissue through the use of a microscope coupled to a high-

precision laser.  As previously discussed in the literature review, there are two main types of 

laser microdissection.  For work on this project the Carl Zeiss P.A.L.M MicroBeam LCM 4.2 (Carl 

Zeiss, Germany) fitted with an inverse microscope Axiovert 200 resp. 200M, was used [2].  This 

consists of a frequency tripled solid-state laser (FTSS) (ƛ=355nm) accompanied by an 

epifluorescent path into a microscope and focussed through an objective.  Depending on the 

objective the laser focus can be narrowed to less than 1μm, allowing for precision cutting of the 

specimen and ultra-selectivity from within a heterogeneous environment.  The slide is placed on 

a motorised computer-controlled stage facilitating flexibility and rapidity of movement.  The 

tissue section, adherent to the 1.35μm PEN membrane on the slide (avoids static and protects 

specimen from UV damage) (Carl, Zeiss), is viewed under the microscope or on screen and the 

required area for harvest chosen. This selected trajectory, or element, is cut out and separated 

from the sample.  The Zeiss P.A.L.M. uses “catapult “technology for the acquisition of desired 

cells, a technique known as Laser Micro-dissection Pressure Catapulting (LMPC).  This 

catapulting is thought to be initially driven by linear absorption (thermal ablation) and then 

mediated by plasma formation through focussed UV-A pulses [3].  The nonlinear absorption 

(plasma formation) accelerates the specimen, against inertia and hydrodynamic drag, to speeds 

of up to 300m/s within 200 nanoseconds whereupon it is slowed by air friction and captured in 

a microfuge tube cap in what is a non-contact system, avoiding contamination by adjacent cells. 

 

3.4.3 Laser Microdissection Pressure Catapulting 

The slide was mounted onto the movable stage and the caps loaded into the cap holder ready 

for use. Using both the microscope and the computer software (P.A.L.M. RoboSoftware, Carl 

Zeiss) the desired tissue section areas were highlighted by either free hand drawing or 
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employing available fixed shapes (circle or square) and the RoboLPC selection made from the 

menu.  This functions to automatically cut out and subsequently catapult the selected elements 

sequentially into the chosen microfuge tube cap.  Images were taken both before and after each 

element was cut and catapulted.  To further confirm the capture of each specimen the tube cap 

can be checked afterwards and the individual elements seen and counted if so wished.   

The captured elements were mixed with 350µl lysis buffer, RLT (Qiagen, UK) mixed with 2-

mercaptoethanol (Sigma-Aldrich, UK) in a ratio of 100:1, and the microtube briefly vortexed and 

inverted to immerse the elements in the cap (30 minutes) (Figure 3.1).  This was then either 

stored at -80°C or immediately RNA extracted.  Collection times were limited to a maximum of 

60-90 minutes, as studies suggest RNA degradation starts after this point [4]. 
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Figure 3.1 Flow of Laser Capture Microdissection (LCM) process from normal skin and 

site-specific keloid biopsy to microarray.  
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3.5 Gene expression experiments 

3.5.1 mRNA extraction from tissue, cells and laser captured material 

Tissue 

This took place in an RNase-free class II safety cabinet.  The tissue sample was put in a 2ml round 

bottom Eppendorf containing trizol (ThermoFisher Scientific, UK) with a sterile ball bearing and 

homogenised in a Qiagen tissue lyser for three four-minute cycles of 30 oscillations per second.  

Chloroform, at 0.2ml per 1ml of trizol, was added to the tube and shaken vigorously for 15 

seconds before centrifugation at >10,000 x g for 15 minutes.  The upper aqueous layer, which 

contains the RNA, was pipetted off the surface and transferred to a new Eppendorf.  An equal 

volume (1:1) of 70% (v/v) ethanol was added to the RNA and mixed using a pipette.  This mixture 

was then transferred to an RNeasy mini spin column (RNeasy Mini kit, Qiagen, UK) and 

centrifuged at >10,000 x g for 30 seconds.  Elute was discarded from the collection tube, 700μl 

of buffer RW1 added to the spin column and centrifugation repeated.  Following this a new 

collection tube was used for three cycles of 500μl buffer RPE at > 10,000 x g for 30 seconds, 30 

seconds and two minutes respectively.  A one-minute dry cycle spin was conducted and the spin 

column transferred to a new tube for the collection of the RNA yield.  30μl of RNase-free water 

was added directly to the silica gel membrane and then centrifuged for one minute at >10,000 

x g.  The yield was then quantified using a NanoDrop spectrophotometer (ThermoScientific, UK).   

 

Monolayer cells 

Either an RNeasy mini kit (Qiagen, UK) or an RNeasy micro kit (Qiagen, UK) was used depending 

on the expected RNA yield.  The cells were trypsinised, pelleted and then re-suspended in lysis 

buffer (RLT: 2-mercaptoethanol, 100:1).  The volume was dependent on number of cells present.  

An equal volume (1:1) of 70% (v/v) ethanol was added to each tube and mixed thoroughly by 

pipetting up and down.  The mixture was then added to a Qiagen spin column and centrifuged 

at > 10,000 x g for 30 seconds.  The flow-through was discarded, 350μl of buffer RW1 added and 
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centrifugation repeated.  An intervening DNase step was performed with 80µl incubation over 

15 minutes at room temperature.  A further 350µl of RW1 was added and centrifugation 

repeated.  Following this a new collection tube was used for three cycles of 500μl buffer RPE at 

> 10,000 x g for 30 seconds, 30 seconds and two minutes respectively.  A one minute dry cycle 

spin was conducted and the spin column transferred to a new tube for the collection of the RNA 

yield.  30μl of RNase-free water was added directly to the silica gel membrane and then 

centrifuged for one minute at >10,000 x g.  The yield was the quantified using a NanoDrop 

spectrophotometer (ThermoScientific, UK).    

In some cases trizol was used to extract RNA from monolayer cells.  In this case the Trizol 

(ThermoFisher Scientific, UK) was applied directly to the cells and left to incubate at room 

temperature for 5 minutes prior to using a cell scraper to remove the cells and collect in a 

microtube.  Chloroform was added to the tube and the procedure continued as is described 

above for tissue. 

 

Laser captured elements 

Due to the predicted low yield, the RNeasy Micro kit (Qiagen, UK) was used and performed as 

previously described [5]. 

An equal (1:1) volume of 70% (v/v) ethanol was added to the lysis buffer and mixed well by 

pipetting.  This 700μl mixture was then transferred to a mini-column and centrifuged at >10,000 

x g for 30 seconds. Elute was then discarded and 350μl of buffer RW1 added to the spin column 

and centrifugation repeated.  Following transfer to a new collection tube an intervening DNase 

step was performed with 80µl incubation over 15 minutes at room temperature.  A further 350µl 

of RW1 was added and centrifugation repeated. One wash with 500μl buffer RPE followed by a 

wash with 500µl freshly made 80% ethanol were conducted with centrifugations of 30 seconds 

and two minutes respectively, using a new collection tube each time.  Following a dry spin of 
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one minute, 15μl of RNase-free water was added to the silica-gel membrane of the spin column 

in order to elute the bound RNA.  This was collected in a new Eppendorf and the yielded RNA 

kept on ice whilst performing quantification using NanoDrop spectrophotometer 

(ThermoScientific, UK).  

 

3.5.2 Measurement of RNA concentration and integrity 

Concentration 

The concentration of extracted RNA was measured using the ThermoScientific NanoDrop 2000 

UV-vis microvolume spectrophotometer.  This is used to ascertain the concentration and purity 

ratios (260/280 and 260/230) of nucleic acids and protein.  Using a modified Beer Lambert 

equation (c= (A*ε)/b) the NanoDrop requires minimal volumes of RNA for analysis (1-1.5μl).  I 

used the NanoDrop 2000 to quantify all of my RNA samples, although the accuracy of the 

concentration of RNA below 20ng/μl is questionable and therefore less relevant in cases of laser 

captured material.  Gauging the concentration allowed selection of the appropriate lab chip for 

the integrity assessment on the Agilent Bioanalyser.  The extraction protocol was altered to 

improve the purity ratios, known to be affected by other molecules absorbed at the 260nm 

wavelength including residual salts (phenol, guanidine), carbohydrates and protein.  Acceptable 

values for RNA purity ratios included: 

260/280: 1.8 - 2.0 

260/230: 1.8 - 2.2 

 

Integrity 

All of the samples were further analysed using the Agilent 2100 Bioanalyser to measure the 

integrity of the RNA.  Based on the principles of electrophoresis and flow cytometry the charged 

biomolecules (in this case RNA) are driven through a gel-dye complex, past a laser detector and 
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along a voltage gradient, thereby being separated by size.  Using an external standard (ladder) 

for comparison and a marker to compensate for drift effect, 1μl of each sample was heat 

denatured at 70°C for two minutes, pipetted into a well-based chip and loaded into the machine.  

The RNA 600 Nano Labchip kit (Agilent Technologies, UK) was used for concentrations of 5ng/μl 

or greater and the Pico Labchip (Agilent Technologies, UK) for concentrations down to 200pg/μl.  

The data for total eukaryote RNA is presented as an electropherogram with two distinct 

ribosomal peaks, the 18s and 28s. 

 

RIN (RNA Integrity number): This number reflects the level of RNA degradation of a given sample.  

It takes the entire electrophoretic trace into account and gives a number between 1 and 10, 

based on how intact the RNA is.  This number is used for comparative purposes, extraction 

process or sample preservation methods, quantitative assessment for downstream analysis, be 

it microarray or qRT-PCR, and confers reproducibility.   

 

One of the difficulties encountered in LCM is maintenance of the RNA integrity of each sample 

throughout the entire process.  For this PhD, each step of the LCM procedure (preservation 

method, staining method, LCM protocol and extraction method) was optimised using the RIN.  

Although a higher RIN (~ 7-8) is considered desirable for downstream genomic studies, it cannot 

predict the usefulness of the sample for gene expression data.  The bioanalyser is unable to 

differentiate ribosomal RNA from other RNA and therefore the quality index may be 

underestimated.  Several studies have used FFPE samples, well known to be highly degraded, 

and yielded good quality data from RIN as low as 1.4 [6-8].  Although the RIN of the samples 

used in this project ranged from 2 to 8.6 for the laser-captured samples, of which some are 

represented in Figure 3.2, those with the higher RIN from these samples were chosen for 

microarray.  This is compared with cell culture or whole tissue samples, which consistently had 

RIN of 8-10. 
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Figure 3.2 Representation electropherograms for laser-captured samples showing the range 

of quality between intact and degraded samples. 

 

3.5.3 cDNA synthesis  

Total RNA concentration was estimated and normalised for all samples and cDNA synthesis was 

performed using qScriptTM cDNA SuperMix (Quanta Biosciences, MD, UK), according to the 

manufacturer’s protocol and as previously described [6].  Briefly, 16µl normalised RNA was 

added to 4µl qScript™ to give a total of 20µl for each reaction.  The 96-well plate was centrifuged 

to collect the reaction mix at the bottom and the incubated: 5 minutes at 25°C, 60 minutes at 

42°C and 5 minutes at 85°C.  Synthesised cDNA was stored at 4°C until quantitative real-time 

polymerase chain reaction was performed. 
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3.5.4 Primer design and quantitative real-time polymerase chain reaction (qRT-PCR) 

Specific primers for targeted analysis were designed for each gene.  The primer sequences for 

each gene used are detailed in the supplementary data of the results chapter in which the 

analysis was conducted.  The sequences for all genes were sourced from the National Centre for 

Biotechnology Information (NCBI: http://www.ncbi.nlm.nih.gov/).  The FASTA sequence was 

then imported into the Roche Universal Probe Library Assay Design Centre 

(https://lifescience.roche.com/ ) to design the specific primer sequences.  The criteria to select 

the most appropriate primer included: approximately 50% GC content, melting temperature 58-

60°C and 15-30 base pairs in length.  Final versions of the primer sets were submitted to Sigma-

Aldrich. 

 

Quantitative polymerase chain reactions were done in real time using the LightCycler®480 II 

platform (Roche Diagnostics, UK), as previously described [9].  Each reaction was carried out in 

a 96-well plate with a final volume of 10µl containing 4µl diluted normalised cDNA, 5µl 

LightCycler®480 probes master mix (Roche, UK), 0.2µM forward and reverse primers, 0.1µl 

probe from Roche Universal Probe Library and 0.5µl nuclease-free water (Qiagen, UK).  Each 

reaction was performed in triplicate and 2 housekeeping genes were used to allow relative 

quantification (GAPDH and RPL32).  The cycle initiated at 95°C for 10 minutes to activate the 

Hot-Start Taq polymerase and then each of the 40 amplification cycles consisted of a 10 second 

denaturation step at 95°C followed by a 30 second annealing and elongations step at 60°C and 

finally a cooling step at 40°C.  The fluorescence intensity was recorded prior to the cooling step.  

The amplified targets were analysed using the LightCycler®480 II software (1.5.0 SP3, Roche, 

UK). 

 

http://www.ncbi.nlm.nih.gov/
https://lifescience.roche.com/webapp/wcs/stores/servlet/CategoryDisplay?tab=Assay+Design+Center&identifier=Universal+Probe+Library&langId=-1
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3.5.5 RNA amplification and purification 

Laser capture microdissection produces very small quantities of RNA so in order to have 

sufficient samples for microarray, whole transcriptome amplification was performed.  The 

instructions from Ovation® Pico WTA system v2 kit (NuGen Technologies) were adhered to 

exactly for RNA amplification and cDNA synthesis.  In brief, samples were diluted to ensure 

concentrations were between 500pg and 50ng using RNase-free water (NuGen, UK).  For primer 

annealing, 5µl of RNA from each sample was heated to 65°C for two minutes. Then for first 

strand cDNA synthesis the sample was added to the first strand buffer and enzyme mix (mixture 

of random and oligodT primers) before placing in a pre-cooled thermal cycler and put through: 

4°C – 2min, 25°C – 30min, 42°C – 15min, 70°C – 15min and returned to 4°C. The resulting sample 

was mixed with second strand buffer and enzyme mix (cDNA) to synthesise the second strand 

and placed in a thermal cycler: 4°C – 1min, 25°C – 10min, 50°C – 30min, 80°C – 20min and 

returned to 4°C. The resultant cDNA clean-up was then performed using a bead purification 

process (Agencourt® RNAClean® XP Purification Beads) prior to amplification. This was achieved 

using a magnet block and several 70% ethanol washes.  The SPIA™ (single primer isothermal 

amplification) step elutes the cDNA from the beads using a DNA polymerase and RNase H in an 

isothermal assay put through thermal cycling: 4°C – 1min, 47°C – 75min, 95°C – 5min, return to 

4°C.   

 

The final 100µl volume was then purified using QIAquick PCR purification kit (Qiagen, UK) 

according to manufacturer’s instructions.  Briefly, 500µl buffer PB was added to the entire 100µl 

SPIA elute, vortexed and centrifuged before placing in a QIAquick spin column.  Half of the mix 

was placed into the column and centrifuged for 1 minute at 17,900 X g, the flow-through 

discarded and the second half treated the same.  700µl of freshly made 80% ethanol was added 

to the column and centrifuged at 17,900 X g for 1 minute before discarding the flow-through.  

This was repeated and then the column centrifuged for 2 minutes at 17,900 X g.  The column 
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was added to a new Eppendorf and 30µl room temperature nuclease-free water dispensed onto 

the membrane.  It was left to stand for 5 minutes and then centrifuged for 1 minute at 17,900 X 

g.  The resultant elute was measured with NanoDrop (ThermoScientific, UK) using ssDNA setting.  

All of the RNA was successfully amplified with acceptable purity ratios. This was then stored at 

-20°C. 

 

3.5.6 Microarray 

This was done using SureTag DNA Labeling Kit, which forms part of Agilent Whole Genome (8 x 

60K) Oligo Microarrays (Agilent Technologies, UK) containing 50,599 probes and is a one-colour 

microarray-based gene expression analysis.  The successful combination of these protocols has 

been previously demonstrated [10-12]. 

Each sample was diluted to contain 1.8µg of cDNA in a final volume of 26µl.  5µl of random 

primer was added to the sample and incubated for 5 minutes at 95°C.  They were then placed 

immediately in ice for 5 minutes and spun down in a centrifuge at 6000 x g for 1 minute.  The 

cyanine 3 labeling master mix was prepared by mixing the sample with appropriate volumes of 

reaction buffer (10µl per reaction), 10 x dNTPs (5µl per reaction), cyanine 3-dUTP (3µl per 

reaction) and Exo (-) Klenow (1µl per reaction).  This mix was then incubated at 37°C for 2 hours 

after which the samples were transferred to 65°C for 10 minutes to inactivate the enzyme.  

Samples were incubated on ice for 3 minutes and then centrifuged at 6000 x g for 1 minute. 

The cDNA was purified following Cy3 labeling. 430µl of 1xTE (pH 8.0) was added to each sample 

in a purification column and spun for 10 minutes at 14,000 x g at room temperature.  The flow-

through was discarded and a further 480µl of 1xTE added and again centrifuged at 14,000 x g 

for 10 minutes.  The flow-through was discarded and the tube inverted into an Eppendorf and 

spun for 1 minute at 1,000 x g.  The labelled cDNA sample was concentrated to dryness using a 

vacuum concentrator and re-suspended in 21.5µl of 1xTE buffer.  At this stage 1.5µl was placed 

in the NanoDrop (ThermoScientific, UK) to calculate the degree of labeling.   
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The labelled cDNA was prepared for hybridization by adding 10 x Gene Expression Blocking 

Agent (5µl per reaction) and 2 x Hi-RPM Hybridisation Buffer (25µl per reaction) then incubating 

at 95°C for 3 minutes before placing on ice.  The samples were centrifuged briefly and 40µl of 

each sample was loaded onto a window of the 8-sample slide (SurePrint G3 Human GE 8x60K 

V2).  The slides were hybridised at 65°C for 17 hours at 20 RPM before undergoing wash steps 

and storage in a cool dry ozone-free light-protected place.  The slides were then scanned (Agilent 

DNA Mircoarray Scanner G2505c) and the data analysed following quantile normalisation.  

Analysis is described in detail in chapter 4. 

 

3.6 Histochemistry & Immunopathology 

3.6.1 Paraffin embedding of formalin-fixed tissue (FFPE) 

This was performed using a Leica automated tissue processor (Leica 1020, Leica Biosystems, UK) 

under the following conditions: 70% ethanol for 2hrs, 90% ethanol 2hrs, 5 further steps 100% 

ethanol each for 2hrs, 3 xylene steps for 1hr each and two final immersion steps in wax at 2hrs 

each.  The tissue was then embedded in paraffin blocks and stored at room temperature.  Prior 

to sectioning (microtome: Leica, UK) the blocks were cooled.  5µm sections were cut, placed in 

a 52°C water bath and collected on electrostatically charged Superfrost Plus slides 

(ThermoFisher Scientific, UK).  Slides were dried on a rack at 65°C then placed onto a hot plate 

at 60°C overnight to fix the sections to the slides.  Slides were then stored at room temperature 

until use. 

 

3.6.2 De-waxing and rehydration of FFPE tissue sections 

Slides were de-waxed with two ten-minute cycles of heated xylene followed by a further two 

five-minute room temperature xylene incubations.  The slides were hydrated through sequential 

steps of an ethanol gradient (100% x 3, 95%, 90%, 80%, 70% and 50% (v/v) ethanol) and two 

changes of distilled water prior to staining/antigen retrieval. 
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3.6.3 Haematoxylin and eosin (H&E) staining 

Haematoxylin and eosin (H&E) staining highlights the contrast between the nuclei, stained 

purple with haematoxylin (Sigma-Aldrich, UK) and the cytoplasm/connective tissue 

counterstained pink with eosin (Sigma-Aldrich, UK), which binds to positively charged proteins.  

Harris haematoxylin, a progressive stain, was used in this staining protocol.  Sections were de-

waxed and rehydrated as described.   The slides were immersed in filtered haematoxylin for four 

minutes, rinsed with running water to remove excess stain and then submerged for one minute 

in filtered eosin to counter stain and then again rinsed in distilled water.  The slides were then 

dehydrated using an incremental ethanol gradient of 70%, 85%, 90% and absolute (v/v) 

solutions.  Two final ten-minute steps of xylene were followed by mounting with non-aqueous 

Shandon Consul-Mount (ThermoScientific, UK) and glass cover slips (22 x 64mm) for microscopic 

analysis. 

 

3.6.4 Herovici staining 

This stain differentiates collagen I (red-stained) from collagen III (blue-stained) as well as 

selectively stained nuclei.  De-waxed and hydrated slides were incubated in a solution containing 

ferric chloride and haematoxylin for 15 minutes then washed for 1 minute in running water.  

Slides were then incubated in a solution containing van Gieson (Sigma-Aldrich, UK) and methyl 

blue for 5 minutes before dipping in 1% acetic acid.  Slides were dehydrated in 3 sets of 100% 

ethanol followed by 4 x 5 minute xylene steps and then mounted. 

 

3.6.5 Peroxidase immunohistochemistry (IHC) protocol 

This was performed as previously described [13]. Slides were de-waxed and hydrated prior to 

antigen retrieval.  Antigen retrieval was performed as indicated for each antibody, which are 

separately discussed in the results chapter in which they feature, along with the associated 

incubation parameter details.  The predominant antigen retrieval method was citrate pH 6.0 in 
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a heated water bath, either 1 hour at 65°C or 20 minutes at 90°C.  Following this the slides were 

washed in TBS (Tris buffered solution) before blocking.  For immunohistochemistry the 

Novolink® polymer detection kit (Leica Biosystems, UK) was used from this point forward.  This 

included endogenous peroxidase block 30 minutes, protein block 45 minutes, primary antibody 

(diluent 1% BSA or Odyssey® (LI-COR, UK) blocking buffer) incubation 1hour at room 

temperature or overnight at 4°C, post primary block 30 minutes and Novolink® polymer 

incubation 30 minutes. Prior to the primary antibody TBS was used for washes and afterward 

TBS with 0.1% Tween®20 (ThermoFisher Scientific, UK).   After this, sections were incubated with 

Vector® NovaRED™ substrate kit (Vector, CA, USA), which allowed differentiation from melanin 

staining in pigmented skin.  Sections were counterstained with haematoxylin (Sigma-Aldrich, 

UK), rinsed in water and placed on a heat block at 55°C for 10 minutes to dry.  They were then 

dipped in xylene twice for 2 minutes each and cover-slipped. 

 

3.6.6 Immunofluorescence protocol 

Slides were de-waxed and hydrated prior to antigen retrieval.  Similar to IHC the antibody-

specific retrieval method and incubation parameters are detailed in the results chapter in which 

they feature.  For immunofluorescence staining, protein block using either Odyssey® blocking 

buffer (LI-COR, UK) or 10%human/10% donkey serum (Sigma-Aldrich, UK) was done at room 

temperature for 1 hour following antigen retrieval.  The primary antibodies were treated the 

same as above as were the wash steps.  All steps involving secondary antibody were conducted 

in darkness. Sections were incubated in Alexa Fluor®-conjugated secondary antibodies 

(ThermoFisher Scientific, UK) for one hour at room temperature.  4’,6-diamidino-2-phenylindole 

(DAPI; ThermoFisher Scientific, UK) 1/500 was applied for 15 minutes before washing and 

mounting using hard-set Prolong® Gold reagent (ThermoFisher Scientific, UK).   
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3.6.7 Immunocytochemistry protocol 

This is discussed in the specialised culture experiments (section 3.8.3). 

 

3.6.8 Rapid staining LCM protocol 

This is discussed under laser capture microdissection (section 3.4.1). 

 

3.6.9 Wide-field microscopy and image capture 

All histology was imaged using either a phase contrast microscope (Olympus BX51, Olympus, 

UK) analysed by MetaVue Software (Molecular Devices) and ImageJ (Fiji, 1.47t, NIH, USA) or 

scanned using a digital slide scanner (Panoramic 250 Flash III (3DHISTECH, Hungary)).   

 

3.7 Cell culture methodology 

All tissue culture methods and techniques were conducted in a class II safety cabinet.  Tissue 

was collected and transported at 4°C in sterile 50ml tubes (Falcon, UK) containing DMEM 

supplemented with heat-inactivated filtered FBS, L-glutamine and penicillin/streptomycin 

(referred to in methods as complete DMEM).  Complete serum-free keratinocyte medium 

(SFKM) was used to maintain keratinocytes following dispase incubation.  Complete SFKM 

(ThermoFisher Scientific, UK) was supplemented with Human Keratinocyte Growth Supplements 

(HKGS; ThermoFisher Scientific, UK), which consisted of: bovine insulin (5µg/ml), bovine 

transferrin (5µg/ml), human epidermal growth factor (0.2ng/ml), hydrocortisone (0.18µg/ml), 

bovine pituitary extract (0.2% v/v) and gentamicin (100U/ml).  It was processed immediately on 

arrival at the laboratory.  The methods detailed here represent the optimised protocols to yield 

maximal viable cell culture.   
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3.7.1 Establishment of primary keloid and normal skin keratinocytes 

Tissue samples were washed first in PBS containing penicillin/streptomycin (Sigma-Aldrich, UK) 

then cut into narrow strips approximately 1mm wide and 2cm long.  This tissue was placed in a 

sterile falcon tube containing Dispase II (2.4Uml-1; Roche Diagnostics, UK) and incubated 

overnight in a 37°C water bath.  Following incubation the epidermis was carefully separated 

from the dermis using a sterile scalpel and forceps.  The epidermal strips were diced and 

carefully placed in TrypLE™Express (ThermoFisher Scientific, UK) with complete SFKM for one 

hour in the water bath, with intermittent vigorous shaking to release the cells until the 

suspension was murky.  Trypsin neutralising solution (ThermoFisher Scientific, UK), equal in 

amount to the trypsin, was added and the cell-solution mixture and centrifuged at 1300 rpm for 

8 minutes.  The supernatant was discarded and the cells re-suspended in complete defined SFKM 

using gentle, repeated pipetting to ensure a homogenised cell suspension.  This was then seeded 

into T25 collagen1-coated or CellBind (Corning, UK) culture flasks containing 4mls of complete 

SFKM.  The flasks were then incubated (temperature 37°C, C02 5% and 95% humidity) 

undisturbed for 48 hours.  Following this the cell culture media was changed every 48 hours until 

70-80% confluent.  Only keratinocytes from passage 1-4 were used in all experiments.  All 

references to keratinocytes from this point forward refer to primary human keratinocytes  

 

3.7.2 Establishment of primary keloid and normal skin fibroblasts 

Following removal of the epidermis the remaining dermal portion of the skin was minced into 

pieces approximately 1mm³ in size.  As previously described [14, 15], these were transferred to 

a sterile falcon tube containing Collagenase A (2.5mg/ml: Roche Diagnostics, UK) and complete 

DMEM, which was left to incubate in the water bath at 37°C for approx. three hours. 

Alternatively the original tissue sample was halved, one portion used for the extraction of 

keratinocytes and the other for fibroblasts.  In this case the 1mm³ fragments were either 

incubated for 3-4 hours in the 37°C water bath or left overnight at 4° and re-warmed the next 
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morning for one hour in the water bath. Following this the tissue was vigorously pipetted to 

release the cells and subsequently centrifuged at 1800 rpm for 10 minutes.  The supernatant 

was then discarded and the cells re-suspended in complete DMEM and seeded into T25 flasks 

containing 5mls of sterile medium.  The cell culture medium was changed every 48-72 hours 

until the cells reached 80% confluence (temperature 37°C, C02 5% and 95% humidity).  All 

fibroblasts from this point forward refer to primary human fibroblasts. 

 

3.7.3 Cryopreservation of cultured cells 

Cells were washed in phosphate buffered saline (PBS; Sigma-Aldrich, UK), trypsinised, pelleted 

and re-suspended in 1ml of cryopreservation medium.  For keratinocytes the cryopreservation 

medium contained: 70% complete SFKM, 20% FBS and 10% dimethyl sulfoxide (DMSO: Sigma-

Aldrich, UK).  For fibroblasts the cryopreservation medium contained: 80% FBS, 10% complete 

DMEM and 10% DMSO.  The cryovials were placed in a freezing container (Nalgene®, Sigma-

Aldrich, UK) filled with isopropyl alcohol and stored at -80°C for 24 hours to facilitate controlled 

cooling of the cells and prevent ice crystal formation.  Following this, the vials were transferred 

to the liquid nitrogen container until required. 

 

3.7.4 Revival of cryopreserved cells 

The cryovial was retrieved from the liquid nitrogen and immediately placed in a 37°C water bath 

until the pellet was freed from the bottom of the vial.  With speed, the vial was emptied into a 

sterile 15ml tube and the appropriate medium added drop-wise until the pellet was dissolved.  

The cells were then centrifuged (fibroblasts at 1800rpm, keratinocytes at 1200rpm) for ten 

minutes and the supernatant discarded.  This is important so as to rid the cell environment of 

DMSO, a chemical toxic to their viability.  The cells were re-suspended in the appropriate 

medium and then added to sterile or collagen-coated T25 flasks (already containing sterile 
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complete medium) and stored in the incubator (temperature 37°C, C02 5% and 95% humidity).  

There is an expected cell loss of approximately 20% following thawing. 

 

3.7.5 Estimation of cell viability and cell number – trypan blue dye exclusion method 

This method uses a blue dye that cannot cross an intact cell membrane, relying on the principle 

that a dead cell has a disrupted membrane thereby staining blue.  10μl of trypan blue dye was 

thoroughly mixed with 90μl of cell suspension in a sterile Eppendorf tube.  This solution was 

then loaded into an improved Neubauer counting chamber.  Viable cells were counted using an 

inverted microscope, with all 25 squares of both chambers counted.  To estimate viable cell 

number the following calculation was used:  

 

 

Where the number of squares counted = 25 and the total number of squares = 25. 

 

For some experiments an alternative method of cell counting was employed.  In these cases the 

handheld automatic cell counter (Scepter 2.0, Merck Millipore, MA USA) was used. 

 

3.7.6 MTT cell viability colorimetric assay 

The MTT proliferation assay kit (Roche, UK) is based on the principle that the yellow tetrazolium 

salt (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) is cleaved to insoluble 

purple formazan crystals by metabolically active cells.  These formazan crystals are solubilised 

and the resultant coloured solution can be quantified using a spectrophotometer to measure 

absorbance.  In the case of fibroblasts, the cells were maintained in synchronisation medium 

(serum-free complete DMEM) for up to 16 hours prior to performing the assay, as previously 

described [16]. 

Number cells per ml =   Number cells counted X 25 X 10
4
 

Number squares counted 
X original dilution 
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To perform the assay the cells were pelleted and re-suspended in 5mls of medium.  The required 

number of cells (number of wells x number of time points x 5,000 cells per well) was added to a 

15ml tube.  The remainder was made up with complete media, on the basis that 200μl needed 

per well in a 96-well plate.  Once complete, the plates were kept in the incubator until the 

appropriate time point (24hrs, 48hrs, 72hrs, 96hrs, 1week and 2weeks).   Prior to each assay the 

medium from the wells was aspirated and kept for an LDH assay.  This was stored at -80°C. 

After aspiration of the 200μl medium in each well it was replaced with 100μl fresh complete 

medium (containing 10% (v/v) FBS in the case of fibroblasts) and 10μl of MTT reagent.  The plate 

was then incubated for 4 hours (temperature 37°C, C02 5% and 95% humidity) after which time 

100μl solubilisation reagent  was added to the wells and the plate left to incubate overnight 

(temperature 37°C, C02 5% and 95% humidity).  The next day 100μl of the reaction mix was 

transferred to wells in a new 96-well plate to read the absorbance on a spectrophotometer at 

550nm wavelength, with a background reference of 690nm (FLUOstar Optima, BMG Labtech).  

All samples were prepared in triplicate. 

In the case of keloid and normal skin fibroblasts treated with siRNA and/or rhNRG1, 5 x 103 cells 

were seeded into 96-well plate.  The next day cells were transfected with either ErbB2 or control 

siRNA (section 3.8.7) in serum-free Opti-MEM® (ThermoFisher Scientific, UK).  This medium was 

replaced 24 hours later with 50ng/ml rhNRG1 in serum-free Opti-MEM®.  This was replaced with 

fresh rhNRG1 each day until harvested at the appropriate time-point for MTT. 

 

3.8 Specialised culture experiments 

The methods presented here are the optimised protocols used to yield the results in the 

following chapters.  This optimisation was performed by the author, Natalie Jumper. 
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3.8.1 Reconstitution of all-trans retinoic acid (atRA) & all-trans retinol (vitamin A) 

For all experiments involving atRA and retinol the frozen aliquots from the following calculations 

were used and were kept in the dark: 

atRA (Sigma-Aldrich 100mg) Molecular weight 300.4 

Stock solution 

100mg dissolved in 5ml 100% DMSO 

100/5 x 300.4 = 0.0666M = 66,600µM (stored in aliquots at -20°C light protected) 

Working solution 1µM 

10,000 x 1,000/66,600 = 150.15µl aliquots 

Therefore, 150.15µl atRA stock dissolved in 849.85µl culture medium = 10,000µM 

Using a dilution factor of 10, 10,000µM diluted four times to get 1µM. 

atRA was made fresh from stock each time and always kept protected from light. 

Retinol (Sigma-Aldrich 100mg) Molecular weight 286.5 

Stock solution 

100mg dissolved in 5ml 100% DMSO 

100/5 x 286.5 = 0.0698M = 69,800µM (stored at -70°C in light protected aliquots) 

Working solution 10µM 

10,000 x 1,000/69,800 = 143.3µl aliquots 

143.3µl stock dissolved in 856.7µl culture medium = 10,000µM 
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Using a dilution factor of 10, 10,000µM diluted 3 times to get 10µM 

Retinol was made fresh from stock each time and always kept protected from light. 

 

3.8.2 Keratinocyte transfection 

In advance the AKR1B10-containing plasmid (Origene TrueClone®, USA) was transformed into a 

DH5a E. coli strain to scale up and the purified DNA NanoDrop-checked (ThermoScientific, UK) 

for purity and gel-checked (performed by Protein Expression Research Facility, University of 

Manchester). Transfection was performed as per manufacturer’s instructions (forward 

transfection) and has been previously applied in the literature [17, 18].  The day prior to 

transfection primary normal skin keratinocytes were seeded in complete SFKM at 1 x 106 cells 

per well in a collagen-coated 6-well plate.  This achieved a confluency of 80-90%, which is ideal 

for transfection using Turbofectin 8.0 (Origene, USA).  Following an optimisation step, 3µg of the 

AKR1B10 cloned into pCMV6-XL5 vector (Origene TrueClone®, USA) was used per well.  The 

Turbofectin 8.0 was added in a ratio of 1:2, at 6µl per well of a 6-well plate.  To 100µl of serum-

free Opti-MEM® (ThermoFisher Scientific, UK) 6µl of transfection reagent (Turbofectin 8.0) was 

added and incubated at room temperature for 5 minutes.  The plasmid was then added and 

gently pipette-mixed before incubating at room temperature for 20 minutes.  The medium in 

the 6-well plate was replaced with fresh complete SFKM and the transfection mixture added 

dropwise.  The plate was gently rocked then left in the incubator (temperature 37°C, C02 5% and 

95% humidity) for 24 hours.  For those keratinocytes used to determine the effect of AKR1B10 

overexpression on the RA pathway and downstream conditioned media experiments, the 

medium was replaced with fresh complete SFKM at 24 hours for a further 24 hours.  These cells 

were then harvested, under dimmed light, for western blot and qRT-PCR.  Successful 

transfection was confirmed with western blot, qRT-PCR and immunocytochemistry (Figure 3.2). 
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3.8.3 Immunocytochemistry 

For immunocytochemistry experiments, 2.5 x 104 normal skin keratinocytes were seeded onto 

collagen-coated 24 well plates with coverslips placed in the bottom.  Half of these keratinocytes 

for each patient were transfected with AKR1B10 as above and incubated for 24 hours.  The 

medium was then removed and the cells washed with PBS prior to fixation with 4% 

formaldehyde for 30 minutes at room temperature.  Cells were then permeabilised with 0.1% 

Triton X-100 (Sigma-Aldrich, UK) in PBS for 15 minutes and blocked in 10% human/10% donkey 

serum (Sigma-Aldrich, UK) in PBS for 1 hour at room temperature.  The primary antibody was 

diluted in Odyssey® blocking buffer (LI-COR, UK) and left overnight at 4°C.  The next day following 

washes the cells were incubated in Alexa Fluor®-conjugated secondary antibody (ThermoFisher 

Scientific, UK) for 1 hour at room temperature and then DAPI (ThermoFisher Scientific, UK) for 

10 minutes.  The coverslips were then reverse mounted onto slides and dried before storing in 

the dark at 4°C.  Antibody-specific antigen retrieval and incubation parameters are detailed in 

the results chapter in which they feature.  Images were captured using an Olympus IX71 inverted 

system microscope. 

 

3.8.4 Dual Luciferase assay and analysis (Figure 3.3) 

This protocol was optimised following a number of experimental combinations.  The presented 

protocol here is based on the method with combined optimal GFP reading, qRT-PCR and western 

blot confirmation of transfection.  Similar to the forward transfection, primary normal skin 

keratinocytes were seeded at 5 x 104 cells per well of a 96-well opaque collagen-coated white 

plate (Corning, UK) the day before transfection.  A clear 96-well plate was seeded simultaneously 

to allow assessment of cell confluence and viability following transfection.   

The following day the transfection mixture was prepared as above.  Per well of a 96 well plate 

0.3µl of transfection reagent (Turbofectin 8.0 (Origene, USA)) was added to 5µl of Opti-MEM® 

and incubated for 5 minutes.  150ng/well of AKR1B10 plasmid (Origene TrueClone®, USA) was 
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added to this and incubated at room temperature for a further 20 minutes.  The mixture was 

added to freshly replaced 150µl complete SFKM in half of the wells for each patient.  This was 

incubated (temperature 37°C, C02 5% and 95% humidity) for 24 hours.  At 24 hours the medium 

was replaced with 125µl fresh complete SFKM and the RARE Cignal dual luciferase reporter 

(SABioscience, Qiagen, UK) transfected using Attractene transfection reagent (Qiagen, UK) as 

per manufacturer’s instructions.  For each patient half of the wells were AKR1B10 positive and 

half negative.  Of these each had RARE reporter transfected into 4 wells, negative control into 2 

wells and positive control into one well.  Per well 25µl of Opti-MEM® was added to 0.6µl of 

Attractene and this was incubated for 5 minutes.  1µl of RARE reporter/negative control/positive 

control was then added and incubated for 20 minutes before being added to the appropriate 

well of the 96-well plate.  This was incubated (temperature 37°C, C02 5% and 95% humidity) for 

6 hours and then the medium removed and replaced with 150µl fresh complete SFKM.  After 24 

hours the positive control well in the clear 96-well plate was checked for constitutive GFP 

fluorescence in the FITC channel of a phase contrast microscope (Olympus IX51 microscope; 

Olympus, UK).  This confirmed transfection was successful and the luciferase activity measured.  

Additional controls included non-transfected (with either plasmid) cells and empty wells. 

The medium was replaced with 75µl of SFKM and the Dual-Glo® Luciferase Assay System 

(Promega, UK) used to measure luciferase firefly and Renilla activity.  An equal volume (75µl) of 

Dual-Glo® Reagent was added to each well and left for 15 minutes to allow cell lysis.  The firefly 

luminescence was then measured. (FLUOstar Optima, BMG Labtech)). Immediately afterwards 

75µl of Dual-Glo® Stop&Glo® was added to each well and left for 15 minutes before reading 

Renilla luminescence. 

For analysis the firefly reading was divided by Renilla readings to normalise for cell number.  This 

was done for both RARE reporter cells and also the negative controls.  The relative luciferase 

activity (RLA) was then measured by dividing the normalised RARE reporter value by the 

corresponding negative control to give a fold change increase over control.   
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This assay was repeated on both transfected and non-transfected cells, which were then treated 

either 10µM all-trans retinol or 1µM all-trans retinoic acid in the place of complete SFKM for 24 

hours before reading luminescence. 
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Figure 3.3 Reagent combinations and experimental workflow for keratinocyte 

transfection and dual luciferase assay. 
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3.8.5 Conditioned medium experiments 

Normal skin keratinocytes were seeded into 6-well plates and forward transfected as described 

above.  Both keloid and normal skin fibroblasts (3 x 105) were seeded into 6-well plates in 

complete DMEM containing 2% FBS (to synchronise cells).  The concentration seeded was to 

achieve ~60% confluence the next day for the addition of conditioned medium.  The medium 

was collected from transfected and non-transfected keratinocytes and placed directly onto 

fibroblasts.  The keratinocyte medium was replaced with fresh complete SFKM and all cells were 

incubated for 24 hours (temperature 37°C, C02 5% and 95% humidity).  At 24hrs the medium 

was removed from all fibroblasts and replaced with the medium from keratinocytes, as before.  

This was left for a further 24 hours.  The keratinocytes were harvested for qRT-PCR and western 

blot to ensure successful transfection.  After a total of 48 hours the fibroblasts were harvested 

using Trizol (ThermoFisher Scientific, UK) for RNA extraction and qRT-PCR or 

radioimmunoprecipitation assay buffer (RIPA buffer: Sigma-Aldrich, UK) supplemented with 

protease and phosphatase inhibitors cocktail (Halt™ Inhibitor Cocktail 100X, ThermoScientific, 

UK) for protein extraction and western blot. 

 

3.8.6 Treatment of cultured cells with neuregulin-1 

The appropriate concentration for addition to cultured cells was determined through literature 

review [19] and optimisation.   Lyophilised recombinant human neuregulin-1-β1 (rhNRG1) was 

purchased from PeproTech, USA.  This was reconstituted in water to a 0.1mg/ml concentration 

and stored at 4°C and used within a week or at -20°C as advised.  Cells were seeded into 6-well 

plates in complete DMEM and then serum-starved for 24 hours.  Test concentrations of 20ng/ml, 

50ng/ml and 100ng/ml were added to serum-starved fibroblasts for 6, 12, 24 or 72 hours and 

the cells harvested for RNA extraction using Trizol (ThermoFisher Scientific, UK).  The rhNRG1 

was diluted in fresh serum-free medium each time.  For final experiments a concentration of 

50ng/ml was chosen for 24 hours. 
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NSF and KF were seeded into 6-well plates in complete DMEM.  Once ~80% confluent, cells were 

serum-starved for 24 hours before adding 50ng/ml rhNRG1 for 24 hours.  Control cells were 

treated with serum-free medium for a total of 48 hours.  rhNRG1 treatment for MTT (section 

3.7.6) and migration assays (section 3.8.8) are discussed in the relevant parts of this chapter. 

 

3.8.7 ErbB2 siRNA transfection studies 

ErbB2 siRNA gene knockdown was performed using validated Ambion® Silencer® Select s613 

(5nmol) and Silencer® Select Negative Control No. 1 (5nmol) purchased from ThermoFisher 

Scientific, UK, according to manufacturer’s directions and as previously described in the 

literature [20-22]. The ErbB2 siRNA was reconstituted using nuclease-free water to a 

concentration of 50µM and stored at -20°C.  The negative control siRNA was reconstituted for a 

final concentration of 100µM stored at -20°C and a working stock of 10µM using nuclease-free 

water further diluted on the day of transfection.   

The siRNA were introduced to keloid fibroblasts (KF) using Lipofectamine® RNAiMAX 

(ThermoFisher Scientific, UK) in serum-free and antibiotic-free Opti-MEM® (ThermoFisher 

Scientific, UK).  KF were seeded in 6-well plates at 2.5 x 105.  Once 60-80% confluent, for one 

well of a 6-well plate: diluted siRNA (final concentration in 150µl Opti-MEM) was added to 

diluted Lipofectamine® RNAiMAX (7.5µl in 150µl Opti-MEM) and incubated at room 

temperature for five minutes.  The mixture was then added to the well so that final well volume 

was 2.5ml, and the plate gently rocked to ensure homogenisation.  This was incubated at: 

temperature 37°C, C02 5% and 95% humidity.    

Optimisation was carried out to establish the most effective concentration and time point.  Final 

concentrations of 2.5nM, 5nM, 10nM, 15nM, 20nM and 30nM were tested over 24, 48 and 72 

hours.  At each time point the KF were harvested using Trizol (ThermoFisher Scientific, UK) for 

RNA extraction or RIPA buffer (Sigma-Aldrich, UK) supplemented with protease and 

phosphatase inhibitors cocktail (Halt™ Inhibitor Cocktail 100X, ThermoScientific, UK) for western 
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blot.  For all experiments following optimisation a final concentration of 5nM for 48 hours was 

used as this was determined to result in the most efficient reduction in expression. 

 

3.8.8 In vitro scratch wound migration assay (scratch assay) 

This was performed as has been previously described in the literature [23-27].  Keloid and 

normal skin fibroblasts were seeded at 3 x 105 per well of a 6-well plate to achieve ~90% 

confluency.  NSF were either treated with 50ng/ml rhNRG1 or control (serum-free) complete 

DMEM.  KF were treated with 50ng/ml rhNRG1 alone, 5nM ErbB2 siRNA alone, 5nM negative 

control siRNA alone or combined ErbB2 siRNA with 50ng/ml rhNRG1.  A scratch wound was 

introduced using a 10µl pipette tip and non-adherent cells washed off.  At time 0 and at 48 hours 

fibroblasts were fixed with 4% formaldehyde for 30 minutes, permeabilised with 0.1% triton X-

100 (Sigma-Aldrich, UK) and treated with F-actin using 1:250 rhodamine isothiocyanate (Sigma-

Aldrich, UK) and 1:500 DAPI.  Three non-overlapping fields were captured using an inverted 

Olympus IX71.  The number of cells migrated into the wound site were counted and presented 

as mean ± SEM.  This was done in duplicate with six scratches per well, giving a total of 54 

measurements per experimental condition for each of keloid and normal skin fibroblasts. 

 

3.9 Specialised protein expression experiments 

3.9.1 Western blot 

Cells were washed with cold phosphate buffered saline (PBS; Sigma-Aldrich) and then either 

trypsinised, pelleted and re-suspended in radioimmunoprecipitation assay buffer (RIPA, Sigma-

Aldrich) or the RIPA added directly to the cells over ice and then scraped and collected.  The 

RIPA volume depended on number of cells and was supplemented with protease and 

phosphatase inhibitors cocktail (Halt™ Inhibitor Cocktail 100X, ThermoScientific, UK).  The 

protein was then extracted using 5 freeze-thaw cycles including a 1.5 minute lysis step.  The 
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concentration was determined using the bicinchoninic acid protein assay reagent kit (BCA; 

ThermoScientific, UK) and was plotted against a standard curve using bovine serum albumin 

(BSA).   

An equal amount of protein (30µg) was denatured (NuPage sample buffer; Thermoscientific and 

95°C heating x 5 minutes) and resolved on 4-12% Bis-Tris gels (ThermoFisher Scientific, UK) and 

electrophoresed according to the manufacturer’s instructions.  The protein was blotted onto 

polyvinylidene difluoride membranes (PVDF; ThermoFisher Scientific) using iBlot Dry Blotting 

System (Life Technologies/ThermoFisher Scientific).  Following transfer the PVDF membranes 

were incubated at room temperature for 1 hour in Odyssey® blocking buffer (LI-COR Biosciences, 

UK).  Each membrane was then incubated in its respective primary antibody diluted in blocking 

buffer and rocked overnight at 4°C.  The next day the membranes were washed in 3 x 1% 

Tween®20 (ThermoFisher Scientific, UK) PBS and a plain PBS for 5 minutes each before 

incubating in respective alkaline-phosphatase conjugated secondary antibodies (prepared using 

blocking buffer) at room temperature for 1 hour.   

Following washes the membrane was developed using one-step nitro blue tetrazolium/S-

bromo-4-chloroindoxyl phosphate (NBT/BCIP; ThermoScientific).  Each sample was blotted with 

its corresponding internal control (β-actin) each time. To analyse the blots the percentage of 

band intensity was calculated by Image J (Fiji, 1.47t, NIH, USA).  The band intensity for each 

target was divided by its own control and then compared with other samples using fold change.  

All antibody-specific incubation parameters are detailed in the results chapter in which they 

feature. 

 

3.9.2 High-throughput in-cell western blotting and quantification 

This was performed as previously described [9, 14, 15].  Both normal skin and keloid fibroblasts 

were seeded at 1 x 104 into a black opaque clear-bottom 96-well plate in 2%FBS DMEM the day 
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before conditioned medium addition.  Medium from both AKR1B10 transfected and non-

transfected (6-well plates) keratinocytes was taken immediately after the first 24 hour 

incubation and added to a row each of the same fibroblast patient.  This was repeated at 24 

hours (48hour transfected).  At 48 hours the plate was fixed for in-cell western blotting. 

The medium was removed and 150µl 4% formaldehyde (Sigma-Aldrich, UK) was added to each 

well for 20 minutes at room temperature.  The cells were then permeabilised using 200µl of 

0.1% Triton X-100 (Sigma-Aldrich, UK) for 5 washes at 5 minutes each and subsequently blocked 

by adding 150µL Odyssey® (LI-COR, UK) for 1.5 hours at room temperature with moderate 

shaking.  50µl of primary antibody was added to each well and 50µl of blocking buffer to control 

wells.  The plate was incubated at 4°C overnight and the next day washed with 1% Tween®20 

(ThermoFisher Scientific) PBS 5 times.  All rabbit primary antibodies were stained with IRDye® 

800CW goat anti-rabbit secondary antibody (1/800) (LI-COR, UK) and the mouse with IRDye® 

800CW goat anti-mouse (1/800). In addition, CellTag™ 700 (LI-COR, UK) stain was used to 

normalise for cell number.  This was added to the diluted secondary antibody at 1/500 blocking 

buffer and the plate left at room temperature for 1 hour.  The plate was protected from light 

from this point forward.  Following a further wash with 0.1% Tween®20 PBS the plate was dried 

and scanned immediately. In-cell western was also completed for fibroblasts that had been 

treated with 1µM all-trans retinoic acid (atRA) (Sigma-Aldrich, UK) for 24 hours prior to fixation.   

For analysis the expression of each protein marker was normalised against the CellTag™ reading 

in the 700 channel (800/700nm ratio).  The plate was imaged using an Odyssey infrared scanner 

(LI-COR) and the data acquired with Odyssey software, exported and analysed in Excel 

(Microsoft, UK).  The expression was then compared for those fibroblasts treated with AKR1B10-

overexpressing keratinocyte medium, non-transfected keratinocyte medium or retinoic acid.   

All antibody-specific concentrations are in the supplementary data of the results chapter in 

which they feature. 
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3.9.3 Co-immunoprecipitation 

The co-immunoprecipitation experiments were performed by Dr. Tom Hodgkinson assisted by 

the author, Natalie Jumper.  To determine ErbB dimerisation, co-immunoprecipitation of ErbB 

receptor complexes was performed according to manufacturer’s instructions (Pierce co-

immunoprecipitation (Co-IP) kit, ThermoFisher Scientific, UK) similar to that published in the 

literature [28-30]. NSF and KF were lysed in Co-IP Lysis Buffer, cell debris pelleted and protein 

quantified using BCA assay kit (ThermoFisher Scientific, UK). 1 mg of each cell population lysate 

was pre-cleared by 1 hour incubation with non-specific agarose resin.  This was then centrifuged 

at 1000 x g for 1 minute and saved for addition to immobilised antibody.  For each receptor 

subunit, the primary antibody was covalently bound to an amine-reactive resin and incubated 

with cleared cell lysate over-night at 4°C. Non-bound protein was removed, specifically bound 

complex-resin washed and proteins eluted. Immunoprecipitate was subjected to western blot. 

Blots from each Co-IP reaction were probed with anti-ErbB2, 3 and 4 antibodies and developed 

using nitro blue tetrazolium/S-bromo-4-chloroindoxyl phosphate (NBT/BCIP, 34042, 

ThermoFisher Scientific, UK).   

 

3.10 Statistics and analysis 

All data are presented as mean ± SEM (standard error of the mean) of at least three independent 

experiments unless otherwise stated.  For qRT-PCR, gene expression levels were normalised 

against two internal reference genes and the ΔΔCT calculated.  Using SPSS v22 (IBM) for two-

group comparison the Student’s t test used and for three or more group comparisons one way 

ANOVA was used for statistical analysis, where p < 0.05 was considered significant. Following 

ANOVA, individual group significance was determined using Tukey post-hoc analysis.  

For microarray, the data was quantile normalised [31, 32] and the initial analysis done in Array 

Studio v7.2 (Performed by Adam Taylor at GlaxoSmithKline).  Enrichment was performed using 

Ingenuity Pathway Analysis (IPA) database (Ingenuity Systems; www.ingenuity.com), which was 

http://www.ingenuity.com/
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performed by the author and is discussed in detail in results chapter 4.  Criteria for gene 

selection were: fold change ≥ 2, p-value < 0.05 ± q-value < 0.05. 
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Abstract  

Keloid disease (KD) is a fibroproliferative cutaneous tumour characterised by heterogeneity, 

excess collagen deposition and aggressive local invasion.  Lack of a validated animal model and 

resistance to a multitude of available therapies has resulted in difficult and ineffective clinical 

management of keloid scars. In order to address KD from a new perspective, we applied for the 

first time a site-specific in situ approach, through combined laser capture microdissection and 

whole genome array profiling. We aimed to analyse the utility of this approach compared with 

established methods of investigation, including whole tissue biopsy and monolayer cell culture 

techniques.  This study was not designed to prove or disprove specific hypotheses but to 

approach KD from a hypothesis-free and compartment-specific angle, using state-of-the-art in 

situ gene expression profiling technology. We sought to characterise expression differences 

between keloid lesional sites and elucidate potential contributions of significantly dysregulated 

genes to mechanisms underlying keloid pathobiology, thus informing future explorative 

research into KD.  Here, we highlight the advantages of our in situ strategy in generating 

expression data with improved sensitivity and accuracy over traditional methods. The in situ 

expression analysis supported an active role for the epidermis in the pathogenesis of KD, 

through identification of genes and upstream regulators implicated in epithelial-mesenchymal 

transition, inflammation and immune modulation.  We describe dermal expression patterns 

crucial to collagen deposition that are associated with TGFβ but which have not previously been 

examined in KD.  Additionally, this study supports the already proposed presence of a cancer-

like stem cell population in keloid scars and explores the possible contribution of gene 

dysregulation to the therapeutic resistance complicating KD management.  Through this 

innovative in situ gene profiling approach we provide better-defined gene signatures of distinct 

keloid regions thereby addressing KD heterogeneity, facilitating differential diagnosis with other 

cutaneous fibroses and highlighting key areas for prospective research. 
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Abbreviations 

DEG, differentially expressed genes; ECM, extracellular matrix; EMI, epithelial-mesenchymal 

interactions; EMT, epithelial-mesenchymal transition; IL, interleukin; KD, keloid; Kd, keloid 

dermis; KE, keloid epidermis; LCM, laser capture microdissection; MET, mesenchymal-epithelial 

transition; NS, normal skin; disease, TGF, transforming growth factor; 2D, 2-dimensional 

 

 

Introduction 

Keloid disease (KD) is a fibroproliferative cutaneous tumour of ill-defined pathogenesis 

characterised by clinical, behavioural and histological heterogeneity [1].  KD research has been 

hindered by lack of a validated animal model, a paucity of tissue for experimentation secondary 

to high rates of recurrence following excision [2] and both inter-patient and inter-lesional 

heterogeneity [3] that has resulted in a number of available therapies but no gold standard 

effective treatment option for KD [4].  In an effort to overcome this, many recent studies have 

considered KD in terms of different sites within the lesion: intralesional (centre), perilesional 

(margin) and extralesional (adjacent normal skin) [5]. 

The evidence for site-specific KD is threefold.  Macroscopically, the centre is often pale soft and 

shrunken when compared with the raised erythematous margin. Microscopically there are 

differences with respect to epidermal thickness, inflammatory infiltrate, collagen ratios and 

cellularity [6, 7].  Finally, on a molecular level, these sites have been shown to differ with regard 

to cell cycle phase and apoptotic factor expression [8].  While this site-specific approach has 

highlighted the diversity within KD, the use of whole tissue biopsy and monolayer culture fail to 

accurately reflect the in situ expression of this unique 3D microenvironment.   

Therefore, in addition to site-specific, the second aspect of our approach was to examine in situ 

signalling.  We achieved this by combining laser capture microdissection (LCM) and whole 

genome microarray (Figure 1a).  To date, LCM has played a limited role in cutaneous wound 
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healing but given its success both in other areas of fibrosis as well as benign and malignant 

dermatological conditions [9-11], we felt it was an ideal platform for application to KD.  This 

approach also allowed us to focus on individual expression in different regions of the keloid scar 

without the “averaging out” of signals consequential to whole tissue biopsy analysis or the 

altered expression that can result from the in vitro environment of monolayer cell culture [12].   

The overall aim of this study was not to validate specific theories but to apply an innovative 

hypothesis-free and compartment-specific approach to KD.  Thus, the first aim was to compare 

this combined LCM and microarray (in situ) approach to both whole tissue biopsy and monolayer 

culture methods of analysing  gene expression (Figure 1b).  The second aim was to enrich the 

data in terms of gene ontology, in an effort to explore the biological processes within different 

lesional sites of the keloid scar.  Finally, we aimed to examine differentially expressed genes 

(DEG) from each site of both epidermis and dermis compared with in situ normal skin (NS), to 

identify pathways for potential diagnostic and therapeutic exploitation.   

We show that our in situ approach most accurately reflects the in vivo environment without 

missing functionally important DEG through dilution and averaging out.  These DEG indicate an 

activated epidermis with a potential for epithelial-mesenchymal transition (EMT) and expose 

dermal collagen-promoting molecules of which TGFβ is an integral component but which remain 

overlooked in KD.  The sensitivity of this technique allowed us to unveil another piece of the 

complex inflammatory network contributing to KD, unravel some of the elements contributing 

to therapeutic resistance and strengthen the argument for a stem cell population in KD [13]. 
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Figure 1 Experimental approaches for the comparison of site-specific keloid disease with 

normal skin.  A) Schematic diagram demonstrating laser capture microdissection (LCM) of 

epidermis and dermis for each of the shown keloid biopsy sites, centre (intralesional), margin 

(perilesional) and keloid-adjacent normal skin (extralesional). LCM was performed for keloid 

sites and normal skin.  As shown the elements (epidermis separate to dermis) were delineated, 

cut using UV laser and catapulted into the cap of an overhanging tube, where images confirmed 

their presence. This was then immersed in lysis buffer and stored at -80°C.  B) The three methods 

of experimental technique used to compare keloid with normal skin: LCM, whole tissue biopsy 

and 2D monolayer cell culture.  C) Principal component analysis (PCA) plot for the gene 

expression derived from experimental approaches described above.  The epidermal and dermal 

samples are evident as separate clusters as are the laser captured material and the monolayer 

culture samples.   

 

Materials and Methods 

Study approval 

Keloid and NS tissue were harvested at the time of surgery following full verbal and written 

consent in accordance with Declaration of Helsinki and North West Research Ethics Committee 

(Ref. 11/NW/0683). In total there were 8 of each NS and keloid tissue donors used for 

microarray, with additional samples included for supporting data (Supplementary table S1). The 

scar was considered to be keloid if it fulfilled the following criteria:  growth beyond the 

boundaries of the original wound, failure to regress with time, present for at least on year and 

likely to recur with excision [14, 15]. 
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Tissue processing 

Tissue biopsies were taken from keloid scar centre, margin and extralesional sites (Figure 1a). 

NS biopsies were from patients undergoing routine elective surgery.  Biopsies were immediately 

preserved in either RNA stabilisation solution (RNAlater®, Life technologies Ltd, Paisley, UK) or 

10% (v/v) neutral buffered formalin (Sigma-Aldrich, UK).  The RNA stabilised samples were OCT-

embedded (CellPath, UK) and snap frozen before being stored at -80°C.   

 

Laser capture microdissection 

Serial 8μm cryosections (Leica CM3050S) of OCT-embedded keloid and NS samples were cut 

onto specialised PEN membrane slides (Carl Zeiss, UK).  To differentiate epidermis from dermis, 

whilst preserving tissue RNA integrity, a rapid staining protocol was performed (LCM Staining 

Kit, Ambion, Austin TX, USA) according to the manufacturer’s instructions [16, 17].   Using a 

P.A.L.M. LCM microscope (Carl Zeiss MicroBeam 4.2) epidermis and dermis of each sample was 

laser cut and catapulted away from the slide into separate overhanging microtube caps 

(AdhesiveCap 200 Opaque, Carl Zeiss Microscopy Ltd, Cambridge, UK).  At least three sequential 

sections from each patient were captured and pooled per sample. The captured tissue was 

mixed with lysis buffer (Buffer RLT with 1% 2-mercaptoethanol, RNeasy Micro Kit, Qiagen) and 

stored at -80°C until extraction according to manufacturer’s instructions (RNeasy Micro Kit, 

Qiagen).  Following extraction the samples were again stored at -80°C [18]. 

 

RNA amplification and microarray 

Extracted RNA was amplified using the Ovation® Pico WTA system v2 kit (NuGen Technologies) 

and purified with QIAquick PCR purification kit (Qiagen), according to manufacturer’s 

instructions. Prior to microarray, RNA quantity was estimated using a microvolume 

spectrophotometer (ThermoScientific NanoDrop 2000 UV-vis).  Agilent SureTag DNA Labeling 
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and hybridisation kit were used according to manufacturer’s instructions and slides (SurePrint 

G3 Human GE 8x60K V2) scanned using an Agilent Microarray Scanner G2505c [19-21]. This is a 

one-colour array platform yielding intensity values for each sample.    

 

Quantitative real-time polymerase chain reaction 

qRT-PCR was performed using the Lightcycler® 480 II platform (Roche Diagnostics, UK) as 

previously described [22].  A final reaction volume of 10μl contained normalised cDNA, 

LightCycler®480 probes master mix, forward and reverse primers, nuclease-free water (Qiagen, 

UK) and the associated probe from the Universal Probe Library (Roche, UK).  Reactions were 

performed in triplicate with two house-keeping genes (RPL32 and GAPDH) for relative 

quantification.  Amplified targets were analysed using the Lightcycler® II software (1.5.0 SP3, 

Roche, UK). 

 

Cell culture 

Primary keratinocytes and fibroblasts were established as previously described [22, 23].  In brief, 

tissue was cut and incubated in Dispase II (10mg/ml; Roche Diagnostics, UK) at 37°C.  The 

epidermis was stripped, diced and incubated in TrypLE™Express (ThermoFisher Scientific, UK) 

with serum-free keratinocyte medium (Epilife®, Invitrogen Life Technologies, ThermoFisher 

Scientific) for one hour before neutralising, centrifugation and dispersion into T25 flasks.  The 

dermis was further incubated in collagenase before adding to complete DMEM and grown in 

flasks.  Medium was changed every 48hrs until confluent.  Passages 1-3 were used.  Cells were 

lysed and RNA extracted using Qiagen RNeasy Micro Kit, according to manufacturer’s 

instruction. 
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Statistical analysis 

Data was extracted from the raw files and initial microarray analysis performed using Array 

studio v7.2 (OmicSoft Corporation, USA) and the data quantile normalised. A linear model was 

then fitted to the log2 transformed data for which both p-value and False Discovery Rate (FDR), 

controlled for using Benjamini-Hochberg method, were calculated for each group comparison 

[24].  Least squared means (LS means) and 95% confidence interval (where n>1) were outputted 

for each group.  The data was then filtered using the following criteria: maximum median signal 

intensity >8 (leaving 46802 probe sets), p-value <0.05, fold change >2 and for individual genes 

of interest, q-value < 0.05 (Supplementary Figure S3 & S4). Lists of DEG were loaded into 

Ingenuity Pathway Analysis (IPA, Qiagen). A full table of expanded gene names for each symbol 

discussed below can be found in Supplementary table S2.   

For qRT-PCR, expression was normalised against internal controls and ΔΔCT calculated.  

Statistical analysis was performed using Student’s t-test and one way ANOVA with Tukey post-

hoc correction (SPSS, IBM), where p-value <0.05 was considered significant [25].  Data are 

represented as mean ± SEM.  

 

Results & Discussion 

Microarray analysis reveals variable differential gene expression based on experimental 

approach 

Initial analysis was conducted to define site-specific gene expression, determine relationships 

between experimental approaches and establish networks based on correlation clustering.  We 

compared gene expression for both epidermis and dermis between different sites within the 

keloid lesion, based on their expression difference over their NS epidermal and dermal 

counterpart.  Additionally, we analysed whole tissue biopsy and monolayer culture (keratinocyte 

and fibroblast) expression for both KD and NS.  The number of significant DEG within these 

comparative groups as well as their direction of change is shown in Table 1.   
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Principal component analysis (PCA) was used to assess technical variability in the microarray QC 

metrics; the expected 5% of samples (2/40) lay outside the 95% confidence interval but were 

from two separate donors and therefore not excluded.  Following quantile normalisation [26], 

probe sets were filtered by calculating maximum group median and removed if minimum signal 

intensity was < 8 (on log2 scale), leaving 24,228 probes (approximately 40%).  PCA was employed 

to ascertain relationships between sample groups and compare variability between replicate 

arrays and experimental conditions [27].   

This plot indicated the most significant variability existed between different cell types, that is 

epidermis and dermis or keratinocyte and fibroblast, which fell into separate clusters (X-axis) 

but variability was also found between the in situ cell layer and it’s in vitro monolayer culture 

equivalent i.e. epidermis and keratinocyte (Y-axis) (Figure 1c).  Some of this variability could be 

attributed to the differentiation state of keratinocytes.  Additionally, while keratinocytes and 

fibroblasts constitute the major cell type in the epidermis and dermis respectively, the in situ 

tissue layer will comprise additional cells that contribute to expression.  As expected, gene 

signatures of keratinocyte/epidermis and fibroblast/dermis differed but intriguingly, this 

analysis also indicated there was differential gene expression dependent on the experimental 

approach. 
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Table 1. Number of significant differentially expressed genes within each comparative 

microarray group (filtered for fold change > 2 and p-value < 0.05). 

Harvest 

method 

Comparison Total sig. 

changes 

Up Down FDR-

corrected 

LCM Keloid centre vs normal epidermis 1165 591 574 18 

LCM Keloid margin vs normal 
epidermis 

911 562 349 11 

LCM Keloid extralesional vs normal 
epidermis 

1425 608 817 28 

LCM Keloid centre vs normal dermis  3640 1795 1845 1085 

LCM Keloid margin vs normal dermis 3818 1852 1966 882 

LCM Keloid extralesional vs normal 
dermis 

3313 1549 1765 423 

Monolayer Keloid vs normal keratinocytes* 356 207 149 21 

Monolayer Keloid vs normal fibroblasts 247 146 101 3 

Whole tissue Keloid vs normal skin* 12527 7583 4944 9076 

FDR, false discovery rate; LCM, laser capture microdissection    *the latter group has n = 1 

 

An in situ approach leads to improved accuracy and sensitivity of differential gene expression 

over monolayer culture and whole tissue biopsy dissection 

We compared differential gene expression of KD with NS samples from whole tissue biopsy, 

monolayer culture and in situ LCM, in order to determine both experimental approach most 

representative of the keloid microenvironment and also the method most likely to identify 

important or novel biomarkers/pathways.   

This was achieved by first comparing the DEG produced by each approach to establish any 

overlap or disparity.  As seen from Venn diagrams [28] (Figure 2a & 2b) only 0.2% and 0.5% of 

DEG were common to all three approaches in epidermis and dermis respectively.  Given that 

whole tissue biopsy incorporates both epidermis and dermis, it’s clear the in situ approach 

produces the highest number of DEG specific to either layer.  This data was uploaded to 

Ingenuity Pathway Analysis (IPA) Software (Ingenuity® Systems, www.ingenuity.com), which 

organised the DEG into known canonical pathways, biological functions, upstream regulators 

http://www.ingenuity.com/
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and interactive networks.  For both epidermis and dermis, while all three groups captured the 

predominant epidermal (PI3K, MAPK/ERK) and dermal (TGFβ) expression, the in situ approach 

incorporated the essential elements of both whole tissue and monolayer expression, providing 

a more complete picture of overall expression.  Also, there were a significant number of DEG in 

the in situ group alone that were not identified with monolayer or were averaged out in whole 

tissue analysis.  This is due to the dilution effect of looking at whole tissue as transcriptomes 

from different cell types that are pooled together, which reduces the sensitivity.  

In addition to comparing DEG between approaches, we examined the difference in degree of 

expression.  For this, we compared expression between in situ dermis, captured by LCM and 2D 

in vitro cultured fibroblasts for genes known to be dysregulated in KD.  Representative graphs 

are shown in Figure 3a, which demonstrate significantly increased expression of both TGFβ1 and 

CTGF with in vitro monolayer fibroblasts compared with in situ tissue, for both KD and NS.  This 

was also true for the rest of the genes analysed (Supplementary Figure S1). This might be 

somewhat expected considering 2D culture is a static physical environment, maintained with 

exogenous often undefined (foetal bovine serum) medium that lacks stimuli from other cell 

types and can alter cell morphology/polarity and phenotype [29].  These factors affect 

expression, with monolayer often resulting in higher-magnitude changes [12]. In this case, the 

overexpression seen with monolayer culture vs in situ approach falsely minimises the degree of 

gene upregulation in keloid compared with NS dermis. 

Given the sensitivity and accuracy of degree of expression, we concluded our in situ LCM 

approach would be the most fruitful going forward. 
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Figure 2.  Comparison of in situ KD expression to whole tissue biopsy and monolayer culture 

expression.  (A) Venn diagram comparing in situ keloid epidermal expression to whole tissue 

and keratinocyte culture expression.  The red arrow and text indicates where all 3 methods 

overlap and the results of enrichment using Ingenuity Pathway Analysis (IPA) for this group.  The 

blue arrows and text indicate where either alternative method overlaps with in situ expression 

and the associated enrichment for that group.  The green arrow and text indicates the 

enrichment analysis result for the 1388 genes that were identified in the in situ group alone.  In 

total 1500 genes were differentially expressed between in situ LCM epidermis and keratinocyte 

culture methods and 8647 between in situ LCM epidermis and whole tissue. 

(B) Venn diagram comparing in situ keloid dermal expression to whole tissue and fibroblast 

culture expression.  The red arrow and text indicates where all 3 methods overlap and the results 

of enrichment using IPA for this group.  The blue arrows and text indicate where either 

alternative method overlaps with in situ expression and the associated enrichment for that 

group.  The green arrow and text indicates the enrichment analysis result for the 3749 genes 

that were identified in the in situ group alone.  In total 3,833 genes were differentially expressed 

between in situ LCM dermis and fibroblast culture methods and 9,142 between in situ LCM 

dermis and whole tissue. 

ACKR3, atypical chemokine receptor 3; ATM, ataxia telangiectasia mutated; DACH1, dachshund 

family transcription factor 1; EGF, epidermal growth factor; EPHB4, ephrin (EPH) receptor B4; 

FOXF2, forkhead box F2; GNB, guanine nucleotide binding protein (G protein); IL, interleukin; 

IRAK4, interleukin-1 receptor associated kinase-4; KMT2A, lysine (K)-specific methyltransferase 

2A; MAPK/ERK, mitogen-activated protein kinase; MEN1, menin; OSM, oncostatin M; PAX8, 

paired box 8; PDGF, platelet-derived growth factor; PI3K, phosphoinositide 3-kinase; PKNOX1, 

PBX/knotted 1 homeobox 1; PTEN, phosphatase and tensin homolog; TGFβ, transforming 

growth factor beta; TNF, tumour necrosis factor; TNFR2, tumour necrosis factor receptor 2; 

TP53, tumour protein 53; UR, upstream regulators; VEGF, vascular endothelial growth factor. 
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In situ dissection reveals keloid sites contribute disproportionately to differential gene 

expression 

Given the advantages of LCM in situ tissue capture, we then sought to use this technique to 

define the contribution of different sites within the keloid lesion to specific gene expression as 

well as distinguish epidermal from dermal signalling.  To achieve this, we performed qRT-PCR 

for a number of genes known to be dysregulated in KD (Supplementary figure S2), of which two 

are represented in Figure 3b.  We demonstrated that TGFβ1 signalling is largely attributed the 

keloid centre as compared to the margin or extralesional dermis and identified IL-8 upregulation 

as localised largely to keloid centre epidermis.  By examining the keloid as separate components 

we were able to attribute specific expression to key sites, with the precision necessary for 

therapeutic targeting. 
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Figure 3.  Site-specific contribution to differential gene expression in KD.  (A) Comparison of 

gene expression between laser-captured dermal tissue (in situ) and fibroblasts for both keloid 

and normal skin. qRT-PCR graph for both TGFβ1 and CTGF (additional examples found in 

Supplementary Figure S1).  All data are mean ± SEM for at least three independent experiments. 

B) qRT-PCR for TGFβ1 and interleukin-8 (IL-8) showing relative contributions of different keloid 

sites to overall expression and comparison with normal skin (additional genes available in 

Supplementary Figure S2).  Data are mean ± SEM where * p-value <0.05 using Student’s t test 

and ANOVA with Tukey post hoc correction. CTGF, connective tissue growth factor; TGFβ, 

transforming growth factor beta. 

 

Enrichment of the site-specific in situ keloid epidermis suggests an active role in the 

pathogenesis of keloid disease 

We employed LCM to look at the epidermis as a separate entity from the dermis, which 

highlighted a number of DEG that have previously been overlooked with alternative methods of 

dissection.  Generally for the epidermis, the margin and centre shared more upregulated genes 

than either did with the extralesional tissue, however, the centre and extralesional sites had 

more downregulated genes in common than either did with the margin.  To interpret the 

expression differences and similarities between epidermal sites, the data was uploaded to IPA 

(Figure 4a).  The centre keloid epidermis (KE) alone was characterised by fibrosis, inflammation 

and apoptosis.  When taken together with the margin KE, collagen turnover and inflammation 

were distinguished as key events.  The upstream regulators TGFβ, PRRX1 and DAB2 supported 

an EMT hypothesis.  The identification of angiogenesis and cell-cell signalling networks as well 

as VEGF as an upstream regulator upheld the margin as the active site of keloid and emphasised 

the role of the epidermis in this process [7].  There were 232 DEG common to all three sites of 

the KE compared with NS epidermis (NSE).  Interestingly, retinoate biosynthesis was revealed to 
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be the top canonical pathway in this group with key molecules including IFN, TNF, HOXA13 and 

MAPK1 proposed as upstream regulators.   
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Figure 4.  Gene enrichment analysis of in situ site-specific keloid disease.  Venn diagram of 

keloid disease (KD) centre, margin and extralesional expression vs normal skin (NS), where A) 

refers to the epidermis and B) refers to the dermis. The red circle and text refer to the centre vs 

NS alone, the blue to margin vs NS and the green to extralesional keloid site alone vs NS. The 

black arrows and text refer to the enrichment results of where the expression of the indicated 

sites overlap. The orange arrow and text refers to the enrichment analysis of the indicated 

number of genes in common to all three keloid sites over NS.  In both A) and B) enrichment 

analysis was performed with Ingenuity Pathway Analysis (IPA) and included canonical pathways, 

diseases & functions, networks and upstream regulators of interest.  

ANGPT2, angiopoietin 2; BCO1, beta-carotene oxygenase 1; BMP2, bone morphogenetic protein 

2; BRD4, bromodomain containing 4; DAB2, Dab, mitogen-responsive phosphoprotein, homolog 

2 (drosophila) ; EGF, epidermal growth factor; EIF3E, eukaryotic translation initiation factor 3 subunit 

E; EOMES, eomesodermin; FBN1, fibrillin 1; FLT3, fms related tyrosine kinase 3; GSTP1, glutathione 

s-transferase pi 1; HIF, hypoxia-inducible factor; HOXA13, homeobox A13; IFN, interferon; 

IGFBP, insulin-like growth factor binding protein; IL, interleukin; IRF, interferon regulatory factor 

; JAK, janus kinase; MAPK, mitogen-activated protein kinase; MYC, c-Myc; MYOCD, myocardin; 

NRG1, neuregulin-1; OCT4, octamer-binding transcription factor 4; ORMDL3, orosomucoid like 

3;  OSM, oncostatin M; PDGF, platelet-derived growth factor; PTEN, phosphatase and tensin 

homolog; PXR, pregnane X receptor; PRRX1, paired related homeobox 1RXR, retinoid X receptor; 

SERPINE1(PAI-1), serpin peptidase inhibitor. Clade E (plasminogen activator inhibitor 1); SMO, 

smoothened;  SNAI1, snail family zinc finger 1; SOCS, suppressor of cytokine signalling; SPHK, 

sphingosine kinase; STAT, signal transducer and activator of transcription; STK11, 

serine/threonine kinase 11; TGF, transforming growth factor; TGM2, transglutaminase 2; TLE1, 

transducin like enhancer of split 1; TNF(R), tumour necrosis factor (receptor); TP53, tumour 

protein 53; TSPYL5, testis-specific protein Y encoded like 5; UR, upstream regulators; VEGF, 

vascular endothelial growth factor. 
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Enrichment of the site-specific in situ keloid dermis supports the presence of epithelial-

mesenchymal transition, immune modulation and keloid margin-related migration 

With regard to the keloid dermis (Kd), there was a significant increase in shared expression 

between centre and margin than with extralesional tissue, for both up and downregulated genes 

(Figure 4b).  Compared with NS dermis (NSD), there were 1208 DEG common to centre and 

margin Kd, where TGFβ signalling was identified by IPA as a top canonical pathway, as might be 

expected in KD.  The proposed upstream regulators in this group included SNAI1, SNAI2, SMO, 

Wnt3A and BMP2, which not only influence cell growth, proliferation and fibrosis but are also 

all involved in EMT [30-33].  When we examined all three sites of the Kd in situ together, we 

identified angiogenic factors (HIF1α, ANGPT2) and migration regulators (ErbB, SERPINE1) to be 

in common.  Enrichment of the margin Kd highlighted migration regulators (ErbB & tight junction 

signalling), the potential existence of embryonic stem cells (OCT4) in keloid tissue [34] as well as 

immune response modulators (IL-17, IL-12 & IRF7 [35]) to be significant, much of which was 

shared at its overlap with extralesional dermis expression.  These processes are consistent with 

the signature expected of an invading tumour margin [36]. 

 

The in situ keloid epidermis expresses an activated, pro-inflammatory profile with the 

potential for epithelial-mesenchymal transition 

In addition to expression overview and enrichment, we investigated the individual DEG of in situ 

sites for both KE and Kd compared with NS.  A full list of the top 100 upregulated and 50 

downregulated genes is available for each site in Supplementary tables S5-S16.  Additionally, a 

detailed table of expanded genes for each of the symbols below can be found in Supplementary 

Table S2. 

For the epidermis, the most significantly dysregulated genes were common to all three sites and 

indicated an activated, hyper-proliferative, pro-inflammatory and mesenchymally-poised 
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epithelium. Keratin 6α and 6β were both significantly upregulated in all three epidermal sites, 

supporting the hyper-proliferation seen on keloid histology [1].  K6 is induced in keratinocytes 

following injury where it is associated with migration through Src regulation [37, 38].  This 

activated epidermal expression [39] is reversible on wound closure and NSE (except the hair 

follicle) does not express K6 [40].  Mucin-like 1 (MUCL1) was also significantly overexpressed in 

the in situ epidermis and has been associated with aggressive breast tumorigenesis and 

recurrence [41]. Interestingly, it was demonstrated that MUCL1 may be required for 

proliferation of ErbB2-overexpressing breast cells [41] and this group have recently identified 

ErbB2 overexpression in margin Kd (chapter 6).  The inflammation-associated scavenger 

receptor CD36 is also a marker of epidermal activation and not present in NS keratinocytes 

without specific stimuli [42].  It was found to disappear from hypertrophic scars with age 

whereas keloid scars maintained their CD36 expression [43, 44], which is supported here by 

CD36 upregulation in all 3 sites of the KE.  The role of CD36 in signal transduction suggests it may 

contribute to epithelial-mesenchymal signalling and it has been shown to affect the secretion of 

TGFβ1 [45], which is dysregulated in KD [46, 47].  

The presence of EMT in KD is supported by our finding of S100A8, WDR66 and AKR1B10 

overexpression in all 3 epidermal sites in situ. The knockdown of keratinocyte S100A8, recently 

shown to be upregulated in both keloid and hypertrophic scar epidermis, resulted in a failure to 

activate co-cultured fibroblasts and reduction in dermal fibrosis [48].  As a mediator of 

neutrophil migration [49, 50], S100A8 is found in the suprabasal epidermis following injury, but 

gradually returns to baseline in a normally healed wound [51].  The role of S100A8 in conversion 

of wounded keratinocytes to a migratory phenotype may represent a potential link to EMT and 

contribution to tumorigenesis [51].  Also implicated in EMT is the protein WDR66, which in 

oesophageal carcinoma has been shown to affect vimentin and occludin expression where its 

knockdown attenuated both cell proliferation and motility [52].  While we did not find altered 

vimentin expression, we did identify upregulation of fibronectin (FN1) (p = 0.06) and α-

SMA/ACTA2 (p = 0.033) in the centre KE in situ. Our data also identified a significant upregulation 
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of AKR1B10 (as well as AKR1B1 and AKR1B15) in all three sites of the KE.  This enzyme has a key 

role in the metabolism of retinoic acid (RA) and our recent study found the induced 

overexpression of AKR1B10 in NS keratinocytes resulted in significant downregulation of E-

cadherin [23]. Additionally, the treatment of keloid fibroblasts with AKR1B10-overexpressing 

keratinocyte medium resulted in upregulation of TGFβ1, Collagen I and collagen III, supporting 

a role for pathological epithelial-mesenchymal interactions (EMI) in keloid pathogenesis.  

EMI encompass the essential cross-talk that governs the epidermal-dermal relationship in the 

skin and in addition to a multitude of essential organ development and physiologic processes, 

are essential for successful wound healing.  Dysregulation of the processes involved in EMI (e.g. 

malfunction of negative feedback loops) can lead to abnormal wound healing and fibrosis or 

contribute to tumorigenesis [53, 54].  Previous exploration into the contribution of these EMI to 

KD have highlighted the significance of the epidermis in the formation and maintenance of this 

fibrotic scar [55, 56]. 

BMP2, a member of the TGFβ superfamily, was downregulated in our microarray data and has 

been shown to attenuate renal fibrosis, by reversing TGFβ1-induced EMT and cellular fibrotic 

markers [32].  Similarly, the loss of claudin-4 (CLDN4) and CLDN23, integral components of the 

tight junctions that maintain epithelial cell contacts [57] and downregulated here in KE in situ, 

are strongly implicated in EMT, potentially through E-cadherin modulation and thought to be 

negatively regulated by TGFβ [58-60]. We also identified significant upregulation of NOTCH4 in 

all 3 epidermal sites and centre and margin Kd, which is linked with cancer stem cell activity and 

interestingly has very recently been associated with mesenchymal-epithelial transition (MET) 

[61, 62].   

A role for EMT has previously been implicated in the pathogenesis of KD [63, 64].  EMT is a 

potentially reversible process whereby epithelial cells lose adhesion properties (downregulation 

E-cadherin, CLDN4 and CLDN23) and gain migratory and invasive characteristics, transforming 
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into mesenchymal cells (upregulation FN1 and ACTA2) [65].  Here, we present DEG that in 

combination support a role for EMT or at least “partial EMT” in KD (Figure 5a). 
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Figure 5. In situ expression contributing to epithelial-mesenchymal transition (EMT) and 

collagen production in KD.  A) Schematic diagram of the differentially expressed genes (DEG) in 

KD that contribute to an activated, hyper-proliferative and inflammatory epidermis.  Also 

depicted are DEG from our microarray data hypothesised to contribute to EMT through 

upregulation (green arrow) or downregulation (red arrow), which are described along with the 

upstream regulators identified on enrichment analysis of our microarray data and which have 

been previously implicated in the EMT process.  B) Schematic diagram depicting where ADAMTS 

and BMP cleave the procollagen peptides to form tropocollagen and allow collagen fibril 

assembly necessary for collagen turnover (modified after [71]).  Once a collagen monomer, it 

may bind COMP.  Collagen production in KD may be increased by the potential existence of 

positive feedback loops between ADAMTS2/COMP/ADAM12 and TGFβ.   

ADAM, a disintegrin and metalloproteinase; ADAMTS, a disintegrin and metalloproteinase with 

thrombospondin motifs; AKR1B10, aldo-keto reductase family 1, member 10; BMP, bone 

morphogenetic protein ; CLDN, claudin; COMP, cartilage oligomeric protein; FGF, fibroblast 

growth factor; HOX, homeotic gene subset; IL, interleukin; K, keratin; LIMS2, LIM zinc finger 

domain containing 2; MAPK, mitogen-activated protein kinase; MUCL1, mucin-like 1; S100A8, 

S100 calcium-binding protein A8; TGFβ, transforming growth factor beta; WDR66, WD repeat 

domain 66; ZEB, zinc finger E-box-binding proteins. 

 

In situ keloid dermis expression reinforces the significance of TGFβ in KD pathogenesis through 

its regulation of the collagen network 

Collagen is the major structural protein of the ECM and fibrillar collagens (type I & III) are present 

in abundance in KD [1].  Fibroblasts are the most common producers of collagen and are subject 

to complex autocrine and paracrine cytokine signals to regulate its formation, of which TGFβ is 

crucial [66, 67].  In combination with these cytokines there are a number of enzymes and 

proteins that through cleavage or binding can affect collagen turnover [68].  
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Within the centre and margin Kd in situ, we identified dysregulation of a number of members of 

the ADAMTS family of enzymes, which are associated with tissue morphogenesis, remodelling, 

inflammation and angiogenesis [69].  Of these, ADAMTS14 and ADAMTS2 were the most 

significantly upregulated and are both pro-collagen N peptidases (pNP), responsible for the 

cleavage of type I and II pro-collagen necessary for fibril assembly and collagen biosynthesis 

(Figure 5b) [70, 71].  Interestingly, BMP1, responsible for the cleavage of the C-proteinase is also 

upregulated in centre and margin Kd (Figure 5b) [72]. The ADAMTS enzymes are associated with 

Dupuytren’s disease [73], craniofacial fibrosis [74], Ehlers Danlos [75] and cancer [76, 77], with 

ADAMTS2-knockout mice demonstrating skin fragility [78] and reduced liver fibrosis in vivo [79]. 

More recently, studies have argued for ADAMTS involvement in a positive TGFβ feedback loop, 

whereby ADAMTS2 is induced by but also targets TGFβ [80, 81]. To date the best described 

inhibitor of ADAMTS is TIMP3 [70, 82, 83], which we found to be significantly downregulated in 

our microarray data in both centre (p = 0.026) and margin (p = 0.037) Kd.  Interestingly, we 

identified upregulation of disintegrin and metalloproteinase ADAM12, the member of a family 

closely related to the ADAMTS group of proteins and which was also suggested to be involved 

in a positive feedback loop with TGFβ, resulting in continuous collagen production [84].  This 

proteinase is upregulated in several cancers and fibroses and was previously identified as 

upregulated in the keloid centre, where it was thought contribute to tissue remodelling [5, 85, 

86].  Through its association with TGFβ, ADAM12 has been implicated in EMT [87].   

Also involved in collagen fibril assembly, is cartilage oligomeric matrix protein (COMP), which 

was significantly upregulated in both centre and margin Kd. COMP binds with affinity to 

collagens, especially collagen I, and has been previously identified in KD [88], where similar to 

ADAMTS it may be involved in a positive TGFβ feedback loop [89, 90]. Another member of the 

collagen matrix regulators and also previously investigated in KD is collagen triple helix repeat 

containing 1 (CTHRC1), which was demonstrated to decrease TGFβ-induced keloid fibroblast 

collagen I expression [91].   However, despite the seemingly contradictory descriptions of the 

negative effect of CTHRC on collagen I expression [92, 93], it has been widely correlated with 
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tissue invasion and migration, where its expression was induced by TGFβ [94, 95]. Here, we 

found CTHRC1 significantly upregulated in centre and margin Kd in situ.  This may represent the 

result of a feedback mechanism to counteract the expression of TGFβ, ADAMTS and COMP but 

without further investigation the mechanism underlying CTHRC1 overexpression in keloid scars 

remains to be fully elucidated.  In addition to ADAMTS, ADAM12, COMP and CTHRC1, we 

identified asporin (ASPN) and Wnt1-inducible-signaling pathway protein 1 (WISP1) as 

upregulated in both centre and margin Kd, which are also correlated with TGFβ expression. 

ASPN, a small leucine-rich proteoglycan though to regulate tumour microenvironment, is known 

to bind TGFβ [96, 97] and has previously been found to be upregulated in the margin of KD [98]. 

The pro-proliferative WISP1, a member of the matricellular CCN family, was detected in 

Dupuytren’s disease [99] and is strongly associated with liver [100] and lung fibrosis, where it 

was induced by TGFβ1 [101] and implicated in EMT.  

TGFβ is considered a master regulator in KD, involved in several positive and negative feedback 

loops that culminate in the net production of excess ECM through angiogenesis, proliferation, 

inflammation, differentiation processes and as indicated here, collagen deposition (Figure 5b) 

[102, 103]. TGFβ is also a major player in EMT, where it effects change at transcriptional and 

translational levels through both Smad and non-Smad pathway signalling [104-108]. While 

TGFβ3 was significantly upregulated in the keloid centre and margin on microarray, TGFβ1 was 

confirmed as upregulated in Kd compared with normal skin dermis using qRT-PCR (Figure 3a).  

 

In situ expression indicates the potential contribution of IL-13, IL-17 and IL-37 to the 

inflammatory process underlying keloid disease 

The inflammatory phase of wound healing is a spatially and temporally precise process, essential 

to the supply of growth factor, chemokine and cytokine signalling necessary for repair.  

However, prolonged inflammation can result in impaired wound healing, leading to chronic 

wounds or excess scarring [109, 110].  KD is associated with an exaggerated inflammatory 
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response [6, 111].  Prolongation of the inflammatory phase with extended residency of these 

factors promotes proliferation, angiogenesis and increased deposition of ECM [112].  

Interleukins are a group of secreted cytokines central to the inflammatory process that have an 

incompletely understood role in KD and may represent potential therapeutic targets. 

 IL-13, a potent fibrosis-promoting cytokine secreted by activated TH2 T-cells [113, 114], has 

been shown to increase collagen I & III production in keloid fibroblasts in vitro [115].  We found 

significant upregulation of IL13RA1 in KE, epidermal and dermal upregulation of IL-4R and 

downregulation of IL13RA2 in Kd in situ (Table 2).  Together, IL-13RA1 and IL-4R bind both IL-13 

and IL-4 with high affinity to activate JAK/STAT6 signalling (Figure 6) [116]. IL-13RA2 is largely 

considered a high affinity decoy receptor thought to inhibit IL-13 signalling in vivo and protect 

against fibrosis [117, 118]. Although this has been disputed [116], IL-13 inhibition attenuated 

fibrosis and IL-13RA2-knockout mice have demonstrated enhanced IL-13-mediated responses in 

vivo [119-121].  Our current microarray findings, combined with previous evidence of KD 

containing an inflammatory niche populated by M2 macrophages [6], known to be IL-13 

recruited, supports an overexpression of IL-13 in KD. 

In addition to IL-13 dysregulation, in all 3 KE sites compared with NS epidermis we identified loss 

of IL-37, a relatively new member of the interleukin-1 (IL-1) family, which described as anti-

inflammatory has been shown to decrease the expression of IL-6, IL-1β, TNFα and IL-17 [122], 

all of which are associated with KD [13, 112]. It is thought IL-37 is involved in a negative feedback 

loop to control excess inflammation, whereby IL-37 induction by TNFα or toll-like receptors (TLR) 

results in suppression of TNFα and inhibition of pro-inflammatory cytokine release (Figure 5) 

[123]. While IL-37 itself has not previously been investigated in KD, this finding is supported by 

altered expression of IL-17, IL-1β and TNFα in our microarray data. 

IL-17 signalling was dysregulated in common to both margin and extralesional Kd sites on 

enrichment analysis (Figure 4b). The pro-inflammatory IL-17 is produced by a subset of activated 

CD4+ T-cells, namely TH17 and a subset of innate lymphoid cells termed ILC3s, whose 
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differentiation and cytokine production is regulated by a complex interplay of molecules [124-

126]. Studies have shown that IL-6 and TGFβ initiate TH17 differentiation, IL-23 in an 

autoregulatory feedback loop with IL-1β is responsible for the maintenance of IL-17 and that IL-

2, IL-27, IL-4 and IFNϒ are negative regulators [124, 127].  While we know KD shows an increased 

T-cell infiltrate in the dermis and that there is an inflammatory niche driven by the IL-17/IL-6 

axis, the complex interplay of this signalling mechanism remains incompletely understood [6, 

13, 128]. Here, we identify an imbalance in inflammatory cytokine signalling, which alters 

between the three KE and Kd sites compares to NS (Table 2).  Within the literature the 

association between these cytokines and their regulators/substrates is described with some 

variability and Figure 6 depicts an interpretation of these relationships and how they may 

interact in KD. The IL-17 environment is both cell-type and context-type dependent in 

contribution to neutrophil recruitment, angiogenesis and invasion [129, 130].  IL-17 is known to 

be involved in other fibrotic conditions [131-133] and in KD it may be that IL-17 expression 

differs between different sites within the keloid scar and that ongoing paracrine signalling 

produces the dynamic expression seen here.   

The dysregulation of IL13, IL-37 and IL-17 in KD from our microarray data are likely 

interconnected (Table 2) and the mechanisms underlying modulation of KD by these interleukins 

requires further elucidation to determine their contribution to its pathogenesis and potential 

for therapeutic exploitation (Figure  6). 
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Figure 6.  Cytokine relationship with potential inflammatory effects in KD.  Schematic diagram 

of the possible relationships existing between a number of cytokines and growth factors 

identified as dysregulated in KD epidermis and dermis in situ in our microarray data.  This figure 

should be correlated with Table 2 where the direction and fold change for each of these 

molecules can be found for each site within keloid epidermis and dermis.   

AP-1, activating protein 1; IL, interleukin; INF, interferon; JAK, janus kinase; MMP, matrix 

metalloproteinase; NFҡB, nuclear factor kappa B; ROR, retinoic acid-related orphan receptor c; 

STAT, signal transducer and activator of transcription; TGFβ, transforming growth factor beta; 

TNF, tumour necrosis factor. 
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Table 2.  Dysregulation of cytokines in site-specific KD microarray relating to IL-13, IL-37 and 

IL-17. All have p-value < 0.05. See Figure 6 for relationships. 

IL, interleukin; R, receptor; RA, receptor alpha; A, alpha; STAT, signal transducer and activator of 

transcription; SOCS, suppressor of cytokine signalling; ROR, retinoid-related orphan receptor

Molecule Keloid site Centre: 

direction & 

fold change 

Margin: 

direction & 

fold change 

Extralesional: 

direction & fold 

change 

IL-13RA1 Epidermis ↑  8.45 ↑ 4.8 ↑ 3 

IL-13RA2 Dermis ↓ 10.8 ↓ 8.67 ↓ 9.66 

IL-37 Epidermis ↓ 6.51 ↓ 4.85 ↓ 10.66 

IL-17RA Epidermis - - ↓ 2.6 

IL-17RA Dermis ↓ 2.9 ↓ 2.35 ↑ 3.36 

IL-1β Dermis - ↑ 3.83 ↑ 4.61 

IL-23A Dermis - - ↑ 2.73 

IL-6R Epidermis - ↑ 4.06 - 

IL-21R Dermis - ↑ 2.64 ↑ 2.01 

IL-2RA Dermis - ↑ 2.95 - 

IL-4R Epidermis ↑ 2.31 - - 

IL-4R Dermis ↑ 5.97 ↑ 11.41 ↓ 4.65 

IL-27 Dermis ↑ 2.34 ↑ 1.84 ↑ 2.15 

STAT3 Dermis - ↓ 2.02 ↓ 2.1 

SOCS3 Epidermis - - ↑ 3.64 

SOCS3 Dermis ↑ 4.32 ↑ 5.68 ↑ 5.69 

IL-8 Dermis - - ↑ 12.27 

RORc Dermis ↓ 4.92 - - 
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In situ analysis identifies loss of tumour suppression genes that combined with an expression 

profile promoting therapeutic resistance may account for currently ineffective keloid 

management 

The failure to switch on essential genes responsible for the attenuation of processes central to 

fibrosis can lead to exponential growth.  The loss of expression of these genes can be as 

significant in the pathogenesis of KD as the overexpression of others.  In this study, we identified 

a number of DEG previously associated with tumour suppression and drug resistance but not 

fully explored in KD. 

Looking at the dermis, both CEACAM1 and SOX9 were found to be downregulated in keloid 

centre and margin compared with NSD. CEACAM1, a glycoprotein that mediates cell adhesion 

and immunity, is dysregulated in a number of cancers and considered a tumour suppressor gene 

[134-136]. Loss of CEACAM1 has been implicated in the switch from superficial to pro-

angiogenic, invasive tumour [137].  The concomitant downregulation of SOX9 is likely to be 

linked given the correlation to CEACAM1 in the literature to date [138-140].   

We identified downregulation of ATF3 in both centre and margin KE compared with NSE in situ. 

Although not previously investigated in KD, this CREB family protein is downregulated in a 

number of cancers [141] and considered an adaptive-response gene with tumour-suppressing 

effects that to date, demonstrate dual-role cell-type dependency [142, 143].  ATF3 promotion 

of apoptosis, a key process in prevention of growth and invasion, may result from KLF6 induction 

of ATF3 [144] or through its activation of p53 [145].  We found a significant downregulation of 

KLF6 in the centre KE (p = 0.02) and interestingly, ATF3 has been shown to mediate apoptosis by 

anti-cancer therapies [146-148]. Also in KE in situ, UGT3A2, a member of the UDP-

glycosyltransferase superfamily that plays a role in drug metabolism and which may affect 

detoxification of therapeutic drugs, was found to be strongly under-expressed [149, 150].  

Our recent publication on the upregulation of AKR1B10 in KE, where we hypothesised its ability 

to catalyse the reduction of carbonyls and xenobiotics may render keloid susceptible to 
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chemotherapeutic resistance and thus explain some of the difficulties associated with 

management of KD to date [23, 151]. Both ALDH1A1 and the aforementioned upregulation of 

NOTCH4 in KE are also associated with drug resistance [152, 153]. The upregulation of these 

molecules and multi-drug resistant nature of keloid scars may indicate the presence of a cancer 

stem cell-like population within the scar, which has been touched on but not fully explored in 

the literature [154, 155]. Tubulin β3, class III (TUBB3), a cytoskeletal microtubule protein 

previously identified in solid tumours and extraocular fibrosis [156, 157], was also significantly 

upregulated in both centre and margin KE and Kd in situ.  This molecule has been linked to both 

overexpression of ErbB2 [158, 159], which we found upregulated in margin Kd (p = 0.0031) and 

loss of PTEN [160, 161], which was also significantly downregulated in the margin Kd in our 

microarray data (p = 2.86 x 10-5).  TUBB3 is associated with aggressive tumorigenesis in hypoxic 

environments [162], where it has been linked with chemoresistance, particularly taxanes [163-

165]. This may be relevant to KD where there is evidence of a similarly hypoxic environment [63, 

166, 167].   

KD is notoriously difficult to manage in the clinical setting, with several available treatments but 

no one absolutely effective therapy [168-170].  Drug resistance has formed a major part of this 

failure [171].  In identifying DEG that may contribute to this seemingly multi-drug-resistant 

disease, it may be possible to tailor management by targeting these molecules with adjuvant 

therapies. 

 

Microarray data was validated through qRT-PCR of interesting targets 

We chose four candidate genes from each of the KE and Kd for qRT-PCR validation of the 

microarray findings.  For the epidermis, the dysregulation of AKR1B10 and associated AKR1B1, 

AKR1B15 and ALDH1A1 all related to the retinoic acid pathway and as such were previously 

validated [23].  Also in the KE, we wanted to validate genes representing different areas of 

interest including epidermal activation and inflammation (CD36), EMT (WDR66 and BMP2) and 
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the possible existence of a cancer-like stem cell population (NOTCH4).  As the most abundant 

protein in keloid ECM, collagen has long been investigated as a potential therapeutic target.  Our 

identification of ADAMTS14, ADAMTS2, COMP and ADAM12 represent significant alternative 

targets to TGFβ and as such were chosen for validation in the dermis.  qRT-PCR for these genes 

not only reflected the microarray findings but also preserved the site-specific differences in 

expression, thus validating our data (Figure 7). 
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Figure 7.  qRT-PCR validation of candidate genes.  Four candidate genes were chosen from each 

of the epidermis and dermis for validation by qRT-PCR.  The bar graphs represent the qRT-PCR 

data for the keloid sites and normal skin in situ and the line graph represents the associated 

microarray fold change in gene expression.  In all cases the line graph follows the trend of the 

bar graph indicating the PCR reflects the microarray, thus validating the data. Data are presented 

as mean ± SEM and are from at least three independent experiments. 

ADAM, a disintegrin and metalloproteinase; ADAMTS, a disintegrin and metalloproteinase with 

thrombospondin motifs; BMP2, bone morphogenetic protein 2; CD36, cluster of differentiation 

36; COMP, cartilage oligomeric protein; NOTCH4, notch 4; WDR66, WD repeat domain 66. 

 

Conclusions and perspectives 

In this study we have combined LCM and microarray to examine KD by looking at the lesion as 

separate components; epidermis and dermis as well as centre, margin and extralesional sites.  

First, we showed this in situ approach was both more accurate and more sensitive than either 

whole tissue biopsy or monolayer cell culture methods in the dissection of the heterogeneous 

lesion that is keloid scar.  

Through this strategy, we have distinguished several genes that are either novel or supportive 

of emerging literature with respect to KD pathobiology. In this study, expression patterns 

indicate the residence of a cancer-like stem cell population in KD, an area that is surprisingly 

under-researched in this field given the association with both EMT and drug resistance [171, 

172]. The plausible presence of such a cell population in KD, which to date has been associated 

with inflammatory infiltrate [13, 34, 128], provides a reasonable explanation for the persistent 

growth, recurrence and multi-drug resistance that are characteristic of this disorder. The in situ 

strategy detailed in this study could benefit the isolation and characterisation of these cancer-

like stem cells from within the keloid tissue and therefore constitutes an interesting focus for 

future work. 
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The multi-level ECM regulators, ADAMTS14 and ADAMTS2, make attractive KD therapeutic 

targets.  The potential redundancy of both these proteins with ADAMTS3, which we did not find 

to be upregulated in KD, indicates possible attenuation of their effect without the consequences 

of complete abrogation. IL-37 overexpression in vivo in transgenic mice has resulted in 

dampened IL-6, IL-1β and IL-17 [173], which are all previously shown to be upregulated in KD 

[13]. This suggests therapeutic induction of IL-37 expression in KE, in order to dampen the 

pathologic inflammatory response, may be a prospective management strategy. Interestingly, 

there is differential gene expression between extralesional keloid and NS tissue.  This may 

represent a field cancerisation effect whereby keloid tumour invasive growth is mediated by 

paracrine signalling with the adjacent NS and that within this extralesional perimeter the risk of 

keloid recurrence following treatment is greatest.  Therefore, establishment of the extent of this 

extralesional expression divergence from that of NS may have clinical implications for KD 

management. 

Given the clinically distinct keloid phenotypes and the morphological heterogeneity within the 

keloid scar, which is fully reflected here by the isolated gene expression profile of defined KD-

associated lesion compartments, it is most likely a gene signature rather than a single biomarker 

that will prove valuable as a diagnostic tool when distinguishing KD from other cutaneous 

fibroses.  Improved differential diagnosis prevents the morbidity and mortality associated with 

inappropriate management of clinically comparable conditions, some of which may have more 

serious consequences if improperly treated (for example; dermatofibrosarcoma protuberans 

and systemic sclerosis).  The heterogeneity of KD has been addressed through the innovative in 

situ gene expression profiling approach in this study, which has provided a better-defined gene 

signature of distinct regions of keloid tissue pathobiology.   

Therefore, there are differences evident between not only keloid and normal skin but also 

between each of these distinct keloid sites and normal skin.  The use of IPA for data analysis as 

depicted in figures 2 and 4 of this paper highlight a number of upstream regulators of 
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proliferation and apoptosis as key differences between keloid and normal skin, which is in 

keeping with the literature [5, 8].  IPA analysis from both the epidermal and dermal 

compartments compared with normal skin identify MYC, p53, EIF3E, DAB2 and several other 

regulators as key players in the centre and margin sites of the keloid scar, where the balance 

between proliferation and apoptosis is altered [5, 8, 264].  Particularly in the dermis, cell growth 

and proliferation were highlighted as important networks from the expression profiles where 

the centre and margin or centre and extralesional in situ dermis overlap. 

It is likely that the complex nature of KD results from an interplay of simultaneously occurring 

processes, such that inflammation recruits factors that trigger EMT, which in turn can trigger 

cellular reversion to a stem cell-like state and thus exacerbate drug resistance [174].  While TGFβ 

is an attractive therapeutic target, the pleiotropic nature of this molecule makes a simplistic 

TGFβ-neutralisation strategy imprudent.  Therefore, it would be useful if alternative molecular 

mechanisms that are important in KD pathobiology but more specific to it, could be selectively 

targeted therapeutically.  Several novel, potentially important molecular targets and KD 

pathobiology candidate mechanisms have been dissected here that invite and facilitate further 

studies.   

 

Acknowledgements 

The authors are grateful to Yaron Har-Shai and Guyan Arscott for their assistance with tissue 

sample provision and to Adam Taylor for his contribution to analysis. We thank Leo Zeef of the 

Bioinformatics and Genomic Technologies Core Facilities at the University of Manchester for 

providing support with regard to microarrays.



Chapter 4  

193 
 

References 

1. Jumper N, Paus R, Bayat A. Functional histopathology of keloid disease. Histol 
Histopathol. 2015;30: 1033-57. 

2. Berman B, Kaufman J. Pilot study of the effect of postoperative imiquimod 5% cream on 
the recurrence rate of excised keloids. Journal of the American Academy of Dermatology. 
2002;47: S209-11. 

3. Marttala J, Andrews JP, Rosenbloom J, Uitto J. Keloids: Animal models and pathologic 
equivalents to study tissue fibrosis. Matrix Biol. 2016. 

4. Butler PD, Longaker MT, Yang GP. Current progress in keloid research and treatment. J 
Am Coll Surg. 2008;206: 731-41. 

5. Seifert O, Bayat A, Geffers R, Dienus K, Buer J, Lofgren S, et al. Identification of unique 
gene expression patterns within different lesional sites of keloids. Wound repair and 
regeneration : official publication of the Wound Healing Society [and] the European 
Tissue Repair Society. 2008;16: 254-65. 

6. Bagabir R, Byers RJ, Chaudhry IH, Muller W, Paus R, Bayat A. Site-specific 
immunophenotyping of keloid disease demonstrates immune upregulation and the 
presence of lymphoid aggregates. Br J Dermatol. 2012;167: 1053-66. 

7. Syed F, Ahmadi E, Iqbal SA, Singh S, McGrouther DA, Bayat A. Fibroblasts from the 
growing margin of keloid scars produce higher levels of collagen I and III compared with 
intralesional and extralesional sites: clinical implications for lesional site-directed 
therapy. Br J Dermatol. 2011;164: 83-96. 

8. Lu F, Gao J, Ogawa R, Hyakusoku H, Ou C. Biological differences between fibroblasts 
derived from peripheral and central areas of keloid tissues. Plast Reconstr Surg. 2007;120: 
625-30. 

9. Mitsui H, Suarez-Farinas M, Belkin DA, Levenkova N, Fuentes-Duculan J, Coats I, et al. 
Combined use of laser capture microdissection and cDNA microarray analysis identifies 
locally expressed disease-related genes in focal regions of psoriasis vulgaris skin lesions. 
The Journal of investigative dermatology. 2012;132: 1615-26. 

10. Marmai C, Sutherland RE, Kim KK, Dolganov GM, Fang X, Kim SS, et al. Alveolar epithelial 
cells express mesenchymal proteins in patients with idiopathic pulmonary fibrosis. Am J 
Physiol Lung Cell Mol Physiol. 2011;301: L71-8. 

11. Makhzami S, Rambow F, Delmas V, Larue L. Efficient gene expression profiling of laser-
microdissected melanoma metastases. Pigment Cell Melanoma Res. 2012;25: 783-91. 

12. Mabry KM, Payne SZ, Anseth KS. Microarray analyses to quantify advantages of 2D and 
3D hydrogel culture systems in maintaining the native valvular interstitial cell phenotype. 
Biomaterials. 2016;74: 31-41. 

13. Zhang Q, Yamaza T, Kelly AP, Shi S, Wang S, Brown J, et al. Tumor-like stem cells derived 
from human keloid are governed by the inflammatory niche driven by IL-17/IL-6 axis. PLoS 
One. 2009;4: e7798. 

14. Lee JY, Yang CC, Chao SC, Wong TW. Histopathological differential diagnosis of keloid and 
hypertrophic scar. Am J Dermatopathol. 2004;26: 379-84. 

15. Bayat A, Arscott G, Ollier WE, McGrouther DA, Ferguson MW. Keloid disease: clinical 
relevance of single versus multiple site scars. British journal of plastic surgery. 2005;58: 
28-37. 

16. Clement-Ziza M, Munnich A, Lyonnet S, Jaubert F, Besmond C. Stabilization of RNA during 
laser capture microdissection by performing experiments under argon atmosphere or 
using ethanol as a solvent in staining solutions. RNA. 2008;14: 2698-704. 

17. Kolijn K, van Leenders GJ. Comparison of RNA extraction kits and histological stains for 
laser capture microdissected prostate tissue. BMC research notes. 2016;9: 1-6. 



Chapter 4  

194 
 

18. Harries MJ, Meyer K, Chaudhry I, J EK, Poblet E, Griffiths CE, et al. Lichen planopilaris is 
characterized by immune privilege collapse of the hair follicle's epithelial stem cell niche. 
J Pathol. 2013;231: 236-47. 

19. Kameda T, Shide K, Yamaji T, Kamiunten A, Sekine M, Hidaka T, et al. Gene expression 
profiling of loss of TET2 and/or JAK2V617F mutant hematopoietic stem cells from mouse 
models of myeloproliferative neoplasms. Genomics data. 2015;4: 102-8. 

20. Masuda A, Katoh N, Nakabayashi K, Kato K, Sonoda K, Kitade M, et al. An improved 
method for isolation of epithelial and stromal cells from the human endometrium. The 
Journal of reproduction and development. 2016;62: 213. 

21. Leguen I, Le Cam A, Montfort J, Peron S, Fautrel A. Transcriptomic Analysis of Trout Gill 
Ionocytes in Fresh Water and Sea Water Using Laser Capture Microdissection Combined 
with Microarray Analysis. PloS one. 2015;10: e0139938. 

22. Ashcroft KJ, Syed F, Bayat A. Site-specific keloid fibroblasts alter the behaviour of normal 
skin and normal scar fibroblasts through paracrine signalling. PLoS One. 2013;8: e75600. 

23. Jumper N, Hodgkinson T, Arscott G, Har-Shai Y, Paus R, Bayat A. The aldo-keto reductase 
AKR1B10 is upregulated in keloid epidermis, implicating retinoic acid pathway 
dysregulation in the pathogenesis of keloid disease. The Journal of investigative 
dermatology. 2016 Jul;136(7):1500-12.  

24. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful 
approach to multiple testing. Journal of the royal statistical society Series B 
(Methodological). 1995: 289-300. 

25. Sidgwick GP, McGeorge D, Bayat A. Functional testing of topical skin formulations using 
an optimised ex vivo skin organ culture model. Arch Dermatol Res. 2016;308: 297-308. 

26. Bolstad BM, Irizarry RA, Åstrand M, Speed TP. A comparison of normalization methods 
for high density oligonucleotide array data based on variance and bias. Bioinformatics. 
2003;19: 185-93. 

27. Ringnér M. What is principal component analysis? Nature biotechnology. 2008;26: 303-
4. 

28. Oliveros J. Venny. An interactive tool for comparing lists with Venn’s diagrams.(2007–
2015). 

29. Baker BM, Chen CS. Deconstructing the third dimension: how 3D culture 
microenvironments alter cellular cues. J Cell Sci. 2012;125: 3015-24. 

30. Lee WJ, Park JH, Shin JU, Noh H, Lew DH, Yang WI, et al. Endothelial-to-mesenchymal 
transition induced by Wnt 3a in keloid pathogenesis. Wound repair and regeneration : 
official publication of the Wound Healing Society [and] the European Tissue Repair 
Society. 2015;23: 435-42. 

31. Lamouille S, Xu J, Derynck R. Molecular mechanisms of epithelial-mesenchymal 
transition. Nat Rev Mol Cell Biol. 2014;15: 178-96. 

32. Yang YL, Ju HZ, Liu SF, Lee TC, Shih YW, Chuang LY, et al. BMP-2 suppresses renal 
interstitial fibrosis by regulating epithelial-mesenchymal transition. J Cell Biochem. 
2011;112: 2558-65. 

33. Pratap A, Singh S, Mundra V, Yang N, Panakanti R, Eason JD, et al. Attenuation of early 
liver fibrosis by pharmacological inhibition of smoothened receptor signaling. J Drug 
Target. 2012;20: 770-82. 

34. Grant C, Chudakova DA, Itinteang T, Chibnall AM, Brasch HD, Davis PF, et al. Expression 
of embryonic stem cell markers in keloid-associated lymphoid tissue. J Clin Pathol. 2016. 

35. Honda K, Yanai H, Negishi H, Asagiri M, Sato M, Mizutani T, et al. IRF-7 is the master 
regulator of type-I interferon-dependent immune responses. Nature. 2005;434: 772-7. 

36. Lu P, Weaver VM, Werb Z. The extracellular matrix: a dynamic niche in cancer 
progression. J Cell Biol. 2012;196: 395-406. 



Chapter 4  

195 
 

37. Pan X, Hobbs RP, Coulombe PA. The expanding significance of keratin intermediate 
filaments in normal and diseased epithelia. Curr Opin Cell Biol. 2013;25: 47-56. 

38. Rotty JD, Coulombe PA. A wound-induced keratin inhibits Src activity during keratinocyte 
migration and tissue repair. J Cell Biol. 2012;197: 381-9. 

39. Luo S, Yufit T, Carson P, Fiore D, Falanga J, Lin X, et al. Differential keratin expression 
during epiboly in a wound model of bioengineered skin and in human chronic wounds. 
Int J Low Extrem Wounds. 2011;10: 122-9. 

40. Leigh IM, Navsaria H, Purkis PE, McKay IA, Bowden PE, Riddle PN. Keratins (K16 and K17) 
as markers of keratinocyte hyperproliferation in psoriasis in vivo and in vitro. Br J 
Dermatol. 1995;133: 501-11. 

41. Conley SJ, Bosco EE, Tice DA, Hollingsworth RE, Herbst R, Xiao Z. HER2 drives Mucin-like 
1 to control proliferation in breast cancer cells. Oncogene. 2016. 

42. Hakvoort TE, Altun V, Ramrattan RS, van der Kwast TH, Benner R, van Zuijlen PP, et al. 
Epidermal participation in post-burn hypertrophic scar development. Virchows Arch. 
1999;434: 221-6. 

43. Santucci M, Borgognoni L, Reali UM, Gabbiani G. Keloids and hypertrophic scars of 
Caucasians show distinctive morphologic and immunophenotypic profiles. Virchows 
Arch. 2001;438: 457-63. 

44. Alessio M, Gruarin P, Castagnoli C, Trombotto C, Stella M. Primary ex vivo culture of 
keratinocytes isolated from hypertrophic scars as a means of biochemical 
characterization of CD36. Int J Clin Lab Res. 1998;28: 47-54. 

45. Xiong W, Frasch SC, Thomas SM, Bratton DL, Henson PM. Induction of TGF-beta1 
synthesis by macrophages in response to apoptotic cells requires activation of the 
scavenger receptor CD36. PLoS One. 2013;8: e72772. 

46. He S, Liu X, Yang Y, Huang W, Xu S, Yang S, et al. Mechanisms of transforming growth 
factor beta(1)/Smad signalling mediated by mitogen-activated protein kinase pathways 
in keloid fibroblasts. Br J Dermatol. 2010;162: 538-46. 

47. Zhou P, Shi L, Li Q, Lu D. Overexpression of RACK1 inhibits collagen synthesis in keloid 
fibroblasts via inhibition of transforming growth factor-beta1/Smad signaling pathway. 
Int J Clin Exp Med. 2015;8: 15262-8. 

48. Zhong A, Xu W, Zhao J, Xie P, Jia S, Sun J, et al. S100A8 and S100A9 Are Induced by 
Decreased Hydration in the Epidermis and Promote Fibroblast Activation and Fibrosis in 
the Dermis. Am J Pathol. 2016;186: 109-22. 

49. Ryckman C, Vandal K, Rouleau P, Talbot M, Tessier PA. Proinflammatory activities of S100: 
proteins S100A8, S100A9, and S100A8/A9 induce neutrophil chemotaxis and adhesion. 
The Journal of Immunology. 2003;170: 3233-42. 

50. Ong C, Khoo Y, Mukhopadhyay A, Masilamani J, Do D, Lim I, et al. Comparative proteomic 
analysis between normal skin and keloid scar. British Journal of Dermatology. 2010;162: 
1302-15. 

51. Kerkhoff C, Voss A, Scholzen TE, Averill MM, Zänker KS, Bornfeldt KE. Novel insights into 
the role of S100A8/A9 in skin biology. Experimental dermatology. 2012;21: 822-6. 

52. Wang Q, Ma C, Kemmner W. Wdr66 is a novel marker for risk stratification and involved 
in epithelial-mesenchymal transition of esophageal squamous cell carcinoma. BMC 
Cancer. 2013;13: 137. 

53. Kalluri R, Neilson EG. Epithelial-mesenchymal transition and its implications for fibrosis. J 
Clin Invest. 2003;112: 1776-84. 

54. Thiery JP, Sleeman JP. Complex networks orchestrate epithelial-mesenchymal 
transitions. Nat Rev Mol Cell Biol. 2006;7: 131-42. 

55. Hahn JM, Glaser K, McFarland KL, Aronow BJ, Boyce ST, Supp DM. Keloid-derived 
keratinocytes exhibit an abnormal gene expression profile consistent with a distinct 



Chapter 4  

196 
 

causal role in keloid pathology. Wound repair and regeneration : official publication of 
the Wound Healing Society [and] the European Tissue Repair Society. 2013;21: 530-44. 

56. Do DV, Ong CT, Khoo YT, Carbone A, Lim CP, Wang S, et al. Interleukin-18 system plays an 
important role in keloid pathogenesis via epithelial-mesenchymal interactions. Br J 
Dermatol. 2012;166: 1275-88. 

57. Shang X, Lin X, Alvarez E, Manorek G, Howell SB. Tight junction proteins claudin-3 and 
claudin-4 control tumor growth and metastases. Neoplasia. 2012;14: 974-IN22. 

58. Lin X, Shang X, Manorek G, Howell SB. Regulation of the Epithelial-Mesenchymal 
Transition by Claudin-3 and Claudin-4. PLoS One. 2013;8: e67496. 

59. Michl P, Barth C, Buchholz M, Lerch MM, Rolke M, Holzmann KH, et al. Claudin-4 
expression decreases invasiveness and metastatic potential of pancreatic cancer. Cancer 
Res. 2003;63: 6265-71. 

60. Bujko M, Kober P, Mikula M, Ligaj M, Ostrowski J, Siedlecki JA. Expression changes of cell-
cell adhesion-related genes in colorectal tumors. Oncol Lett. 2015;9: 2463-70. 

61. Harrison H, Farnie G, Howell SJ, Rock RE, Stylianou S, Brennan KR, et al. Regulation of 
breast cancer stem cell activity by signaling through the Notch4 receptor. Cancer Res. 
2010;70: 709-18. 

62. Bonyadi Rad E, Hammerlindl H, Wels C, Popper U, Ravindran Menon D, Breiteneder H, et 
al. Notch4 Signaling Induces a Mesenchymal-Epithelial-like Transition in Melanoma Cells 
to Suppress Malignant Behaviors. Cancer Res. 2016. 

63. Ma X, Chen J, Xu B, Long X, Qin H, Zhao RC, et al. Keloid-derived keratinocytes acquire a 
fibroblast-like appearance and an enhanced invasive capacity in a hypoxic 
microenvironment in vitro. Int J Mol Med. 2015;35: 1246-56. 

64. Yan L, Cao R, Wang L, Liu Y, Pan B, Yin Y, et al. Epithelial-mesenchymal transition in keloid 
tissues and TGF-beta1-induced hair follicle outer root sheath keratinocytes. Wound 
repair and regeneration : official publication of the Wound Healing Society [and] the 
European Tissue Repair Society. 2015;23: 601-10. 

65. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. The Journal of 
clinical investigation. 2009;119: 1420-8. 

66. Verrecchia F, Mauviel A. Transforming growth factor-beta and fibrosis. World J 
Gastroenterol. 2007;13: 3056-62. 

67. Lan CC, Fang AH, Wu PH, Wu CS. Tacrolimus abrogates TGF-beta1-induced type I collagen 
production in normal human fibroblasts through suppressing p38MAPK signalling 
pathway: implications on treatment of chronic atopic dermatitis lesions. J Eur Acad 
Dermatol Venereol. 2014;28: 204-15. 

68. Steplewski A, Fertala A. Inhibition of collagen fibril formation. Fibrogenesis Tissue Repair. 
2012;5: S29. 

69. Kelwick R, Desanlis I, Wheeler GN, Edwards DR. The ADAMTS (A Disintegrin and 
Metalloproteinase with Thrombospondin motifs) family. Genome Biol. 2015;16: 113. 

70. Bekhouche M, Colige A. The procollagen N-proteinases ADAMTS2, 3 and 14 in 
pathophysiology. Matrix Biol. 2015;44-46: 46-53. 

71. Colige A, Vandenberghe I, Thiry M, Lambert CA, Van Beeumen J, Li SW, et al. Cloning and 
characterization of ADAMTS-14, a novel ADAMTS displaying high homology with 
ADAMTS-2 and ADAMTS-3. The Journal of biological chemistry. 2002;277: 5756-66. 

72. Broder C, Arnold P, Vadon-Le Goff S, Konerding MA, Bahr K, Muller S, et al. 
Metalloproteases meprin alpha and meprin beta are C- and N-procollagen proteinases 
important for collagen assembly and tensile strength. Proc Natl Acad Sci U S A. 2013;110: 
14219-24. 

73. Johnston P, Chojnowski AJ, Davidson RK, Riley GP, Donell ST, Clark IM. A complete 
expression profile of matrix-degrading metalloproteinases in Dupuytren's disease. J Hand 
Surg Am. 2007;32: 343-51. 



Chapter 4  

197 
 

74. Zhou SH, Yang WJ, Liu SW, Li J, Zhang CY, Zhu Y, et al. Gene expression profiling of 
craniofacial fibrous dysplasia reveals ADAMTS2 overexpression as a potential marker. Int 
J Clin Exp Pathol. 2014;7: 8532-41. 

75. Colige A, Nuytinck L, Hausser I, van Essen AJ, Thiry M, Herens C, et al. Novel types of 
mutation responsible for the dermatosparactic type of Ehlers-Danlos syndrome (Type 
VIIC) and common polymorphisms in the ADAMTS2 gene. The Journal of investigative 
dermatology. 2004;123: 656-63. 

76. Kumar S, Rao N, Ge R. Emerging Roles of ADAMTSs in Angiogenesis and Cancer. Cancers 
(Basel). 2012;4: 1252-99. 

77. Cal S, Lopez-Otin C. ADAMTS proteases and cancer. Matrix Biol. 2015;44-46: 77-85. 
78. Li SW, Arita M, Fertala A, Bao Y, Kopen GC, Langsjo TK, et al. Transgenic mice with inactive 

alleles for procollagen N-proteinase (ADAMTS-2) develop fragile skin and male sterility. 
Biochem J. 2001;355: 271-8. 

79. Kesteloot F, Desmouliere A, Leclercq I, Thiry M, Arrese JE, Prockop DJ, et al. ADAM 
metallopeptidase with thrombospondin type 1 motif 2 inactivation reduces the extent 
and stability of carbon tetrachloride-induced hepatic fibrosis in mice. Hepatology. 
2007;46: 1620-31. 

80. Wang WM, Lee S, Steiglitz BM, Scott IC, Lebares CC, Allen ML, et al. Transforming growth 
factor-beta induces secretion of activated ADAMTS-2. A procollagen III N-proteinase. The 
Journal of biological chemistry. 2003;278: 19549-57. 

81. Bekhouche M, Leduc C, Dupont L, Janssen L, Delolme F, Vadon-Le Goff S, et al. 
Determination of the substrate repertoire of ADAMTS2, 3, and 14 significantly broadens 
their functions and identifies extracellular matrix organization and TGF-beta signaling as 
primary targets. FASEB J. 2016. 

82. Jones GC, Riley GP. ADAMTS proteinases: a multi-domain, multi-functional family with 
roles in extracellular matrix turnover and arthritis. Arthritis Res Ther. 2005;7: 160-9. 

83. Wang WM, Ge G, Lim NH, Nagase H, Greenspan DS. TIMP-3 inhibits the procollagen N-
proteinase ADAMTS-2. Biochem J. 2006;398: 515-9. 

84. Dulauroy S, Di Carlo SE, Langa F, Eberl G, Peduto L. Lineage tracing and genetic ablation 
of ADAM12(+) perivascular cells identify a major source of profibrotic cells during acute 
tissue injury. Nat Med. 2012;18: 1262-70. 

85. Shih B, Wijeratne D, Armstrong DJ, Lindau T, Day P, Bayat A. Identification of biomarkers 
in Dupuytren's disease by comparative analysis of fibroblasts versus tissue biopsies in 
disease-specific phenotypes. J Hand Surg Am. 2009;34: 124-36. 

86. Kveiborg M, Albrechtsen R, Couchman JR, Wewer UM. Cellular roles of ADAM12 in health 
and disease. The international journal of biochemistry & cell biology. 2008;40: 1685-702. 

87. Ruff M, Leyme A, Le Cann F, Bonnier D, Le Seyec J, Chesnel F, et al. The Disintegrin and 
Metalloprotease ADAM12 Is Associated with TGF-beta-Induced Epithelial to 
Mesenchymal Transition. PLoS One. 2015;10: e0139179. 

88. Naitoh M, Kubota H, Ikeda M, Tanaka T, Shirane H, Suzuki S, et al. Gene expression in 
human keloids is altered from dermal to chondrocytic and osteogenic lineage. Genes 
Cells. 2005;10: 1081-91. 

89. Inui S, Shono F, Nakajima T, Hosokawa K, Itami S. Identification and characterization of 
cartilage oligomeric matrix protein as a novel pathogenic factor in keloids. Am J Pathol. 
2011;179: 1951-60. 

90. Agarwal P, Schulz JN, Blumbach K, Andreasson K, Heinegard D, Paulsson M, et al. 
Enhanced deposition of cartilage oligomeric matrix protein is a common feature in 
fibrotic skin pathologies. Matrix Biol. 2013;32: 325-31. 

91. Li J, Cao J, Li M, Yu Y, Yang Y, Xiao X, et al. Collagen triple helix repeat containing-1 inhibits 
transforming growth factor-b1-induced collagen type I expression in keloid. Br J 
Dermatol. 2011;164: 1030-6. 



Chapter 4  

198 
 

92. Bauer Y, Tedrow J, de Bernard S, Birker-Robaczewska M, Gibson KF, Guardela BJ, et al. A 
novel genomic signature with translational significance for human idiopathic pulmonary 
fibrosis. Am J Respir Cell Mol Biol. 2015;52: 217-31. 

93. LeClair R, Lindner V. The role of collagen triple helix repeat containing 1 in injured arteries, 
collagen expression, and transforming growth factor beta signaling. Trends Cardiovasc 
Med. 2007;17: 202-5. 

94. Eriksson J, Le Joncour V, Nummela P, Jahkola T, Virolainen S, Laakkonen P, et al. Gene 
expression analyses of primary melanomas reveal CTHRC1 as an important player in 
melanoma progression. Oncotarget. 2016. 

95. Wang CY, Zhang JJ, Hua L, Yao KH, Chen JT, Ren XQ. MicroRNA-98 suppresses cell 
proliferation, migration and invasion by targeting collagen triple helix repeat containing 
1 in hepatocellular carcinoma. Mol Med Rep. 2016;13: 2639-44. 

96. Ding Q, Zhang M, Liu C. Asporin participates in gastric cancer cell growth and migration 
by influencing EGF receptor signaling. Oncol Rep. 2015;33: 1783-90. 

97. Hurley PJ, Sundi D, Shinder B, Simons BW, Hughes RM, Miller RM, et al. Germline Variants 
in Asporin Vary by Race, Modulate the Tumor Microenvironment, and Are Differentially 
Associated with Metastatic Prostate Cancer. Clin Cancer Res. 2016;22: 448-58. 

98. Shih B, McGrouther DA, Bayat A. Identification of novel keloid biomarkers through 
profiling of tissue biopsies versus cell cultures in keloid margin specimens compared to 
adjacent normal skin. Eplasty. 2010;10: e24. 

99. van Beuge MM, Ten Dam EJ, Werker PM, Bank RA. Wnt pathway in Dupuytren disease: 
connecting profibrotic signals. Transl Res. 2015;166: 762-71 e3. 

100. Jian YC, Wang JJ, Dong S, Hu JW, Hu LJ, Yang GM, et al. Wnt-induced secreted protein 
1/CCN4 in liver fibrosis both in vitro and in vivo. Clin Lab. 2014;60: 29-35. 

101. Berschneider B, Ellwanger DC, Baarsma HA, Thiel C, Shimbori C, White ES, et al. miR-92a 
regulates TGF-beta1-induced WISP1 expression in pulmonary fibrosis. The international 
journal of biochemistry & cell biology. 2014;53: 432-41. 

102. Andrews JP, Marttala J, Macarak E, Rosenbloom J, Uitto J. Keloids: The paradigm of skin 
fibrosis - Pathomechanisms and treatment. Matrix Biol. 2016. 

103. Wu CS, Wu PH, Fang AH, Lan CC. FK506 inhibits the enhancing effects of transforming 
growth factor (TGF)-beta1 on collagen expression and TGF-beta/Smad signalling in keloid 
fibroblasts: implication for new therapeutic approach. Br J Dermatol. 2012;167: 532-41. 

104. Katsuno Y, Lamouille S, Derynck R. TGF-beta signaling and epithelial-mesenchymal 
transition in cancer progression. Curr Opin Oncol. 2013;25: 76-84. 

105. Derynck R, Muthusamy BP, Saeteurn KY. Signaling pathway cooperation in TGF-beta-
induced epithelial-mesenchymal transition. Curr Opin Cell Biol. 2014;31: 56-66. 

106. Strzyz P. Cancer biology: TGF [beta] and EMT as double agents. Nature Reviews Molecular 
Cell Biology. 2016. 

107. David CJ, Huang Y-H, Chen M, Su J, Zou Y, Bardeesy N, et al. TGF-β Tumor Suppression 
through a Lethal EMT. Cell. 2016;164: 1015-30. 

108. Valcourt U, Carthy J, Okita Y, Alcaraz L, Kato M, Thuault S, et al. Analysis of Epithelial–
Mesenchymal Transition Induced by Transforming Growth Factor β. TGF-β Signaling: 
Methods and Protocols. 2016: 147-81. 

109. Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: molecular and cellular 
mechanisms. The Journal of investigative dermatology. 2007;127: 514-25. 

110. Qian LW, Fourcaudot AB, Yamane K, You T, Chan RK, Leung KP. Exacerbated and 
prolonged inflammation impairs wound healing and increases scarring. Wound repair and 
regeneration : official publication of the Wound Healing Society [and] the European 
Tissue Repair Society. 2016;24: 26-34. 



Chapter 4  

199 
 

111. Zhang M, Xu Y, Liu Y, Cheng Y, Zhao P, Liu H, et al. Chemokine-Like Factor 1 (CKLF-1) is 
Overexpressed in Keloid Patients: A Potential Indicating Factor for Keloid-Predisposed 
Individuals. Medicine (Baltimore). 2016;95: e3082. 

112. Dong X, Mao S, Wen H. Upregulation of proinflammatory genes in skin lesions may be the 
cause of keloid formation (Review). Biomed Rep. 2013;1: 833-6. 

113. Borthwick LA, Wynn TA. IL-13 and TGF-β1: Core Mediators of Fibrosis. Current 
Pathobiology Reports. 2015;3: 273-82. 

114. Baraut J, Farge D, Jean-Louis F, Masse I, Grigore EI, Arruda LC, et al. Transforming growth 
factor-beta increases interleukin-13 synthesis via GATA-3 transcription factor in T-
lymphocytes from patients with systemic sclerosis. Arthritis Res Ther. 2015;17: 196. 

115. Oriente A, Fedarko NS, Pacocha SE, Huang SK, Lichtenstein LM, Essayan DM. Interleukin-
13 modulates collagen homeostasis in human skin and keloid fibroblasts. J Pharmacol Exp 
Ther. 2000;292: 988-94. 

116. McCormick SM, Heller NM. Commentary: IL-4 and IL-13 receptors and signaling. Cytokine. 
2015;75: 38-50. 

117. Granel B, Allanore Y, Chevillard C, Arnaud V, Marquet S, Weiller PJ, et al. IL13RA2 gene 
polymorphisms are associated with systemic sclerosis. J Rheumatol. 2006;33: 2015-9. 

118. Chiaramonte MG, Mentink-Kane M, Jacobson BA, Cheever AW, Whitters MJ, Goad ME, 
et al. Regulation and function of the interleukin 13 receptor alpha 2 during a T helper cell 
type 2-dominant immune response. J Exp Med. 2003;197: 687-701. 

119. Wood N, Whitters MJ, Jacobson BA, Witek J, Sypek JP, Kasaian M, et al. Enhanced 
interleukin (IL)-13 responses in mice lacking IL-13 receptor alpha 2. J Exp Med. 2003;197: 
703-9. 

120. Keane MP, Gomperts BN, Weigt S, Xue YY, Burdick MD, Nakamura H, et al. IL-13 is pivotal 
in the fibro-obliterative process of bronchiolitis obliterans syndrome. J Immunol. 
2007;178: 511-9. 

121. Kolodsick JE, Toews GB, Jakubzick C, Hogaboam C, Moore TA, McKenzie A, et al. 
Protection from fluorescein isothiocyanate-induced fibrosis in IL-13-deficient, but not IL-
4-deficient, mice results from impaired collagen synthesis by fibroblasts. J Immunol. 
2004;172: 4068-76. 

122. Charrad R, Berraies A, Hamdi B, Ammar J, Hamzaoui K, Hamzaoui A. Anti-inflammatory 
activity of IL-37 in asthmatic children: Correlation with inflammatory cytokines TNF-
alpha, IL-beta, IL-6 and IL-17A. Immunobiology. 2016;221: 182-7. 

123. Imaeda H, Takahashi K, Fujimoto T, Kasumi E, Ban H, Bamba S, et al. Epithelial expression 
of interleukin-37b in inflammatory bowel disease. Clin Exp Immunol. 2013;172: 410-6. 

124. Chen Z, O'Shea JJ. Regulation of IL-17 production in human lymphocytes. Cytokine. 
2008;41: 71-8. 

125. Benevides L, da Fonseca DM, Donate PB, Tiezzi DG, De Carvalho DD, de Andrade JM, et 
al. IL17 Promotes Mammary Tumor Progression by Changing the Behavior of Tumor Cells 
and Eliciting Tumorigenic Neutrophils Recruitment. Cancer Res. 2015;75: 3788-99. 

126. Isailovic N, Daigo K, Mantovani A, Selmi C. Interleukin-17 and innate immunity in 
infections and chronic inflammation. J Autoimmun. 2015;60: 1-11. 

127. Loubaki L, Hadj-Salem I, Fakhfakh R, Jacques E, Plante S, Boisvert M, et al. Co-culture of 
human bronchial fibroblasts and CD4+ T cells increases Th17 cytokine signature. PloS one. 
2013;8: e81983. 

128. Qu M, Song N, Chai G, Wu X, Liu W. Pathological niche environment transforms dermal 
stem cells to keloid stem cells: a hypothesis of keloid formation and development. Med 
Hypotheses. 2013;81: 807-12. 

129. Gu FM, Li QL, Gao Q, Jiang JH, Zhu K, Huang XY, et al. IL-17 induces AKT-dependent IL-
6/JAK2/STAT3 activation and tumor progression in hepatocellular carcinoma. Mol 
Cancer. 2011;10: 150. 



Chapter 4  

200 
 

130. Jadidi-Niaragh F, Ghalamfarsa G, Memarian A, Asgarian-Omran H, Razavi SM, Sarrafnejad 
A, et al. Downregulation of IL-17-producing T cells is associated with regulatory T cell 
expansion and disease progression in chronic lymphocytic leukemia. Tumour Biol. 
2013;34: 929-40. 

131. Francois A, Gombault A, Villeret B, Alsaleh G, Fanny M, Gasse P, et al. B cell activating 
factor is central to bleomycin- and IL-17-mediated experimental pulmonary fibrosis. J 
Autoimmun. 2015;56: 1-11. 

132. Wang L, Chen S, Xu K. IL-17 expression is correlated with hepatitis Brelated liver diseases 
and fibrosis. Int J Mol Med. 2011;27: 385-92. 

133. Okamoto Y, Hasegawa M, Matsushita T, Hamaguchi Y, Huu DL, Iwakura Y, et al. Potential 
roles of interleukin‐17A in the development of skin fibrosis in mice. Arthritis & 
Rheumatism. 2012;64: 3726-35. 

134. Nittka S, Gunther J, Ebisch C, Erbersdobler A, Neumaier M. The human tumor suppressor 
CEACAM1 modulates apoptosis and is implicated in early colorectal tumorigenesis. 
Oncogene. 2004;23: 9306-13. 

135. Cruz PV, Wakai T, Shirai Y, Yokoyama N, Hatakeyama K. Loss of carcinoembryonic antigen-
related cell adhesion molecule 1 expression is an adverse prognostic factor in 
hepatocellular carcinoma. Cancer. 2005;104: 354-60. 

136. Busch C, Hanssen TA, Wagener C, B OB. Down-regulation of CEACAM1 in human prostate 
cancer: correlation with loss of cell polarity, increased proliferation rate, and Gleason 
grade 3 to 4 transition. Hum Pathol. 2002;33: 290-8. 

137. Oliveira-Ferrer L, Tilki D, Ziegeler G, Hauschild J, Loges S, Irmak S, et al. Dual role of 
carcinoembryonic antigen-related cell adhesion molecule 1 in angiogenesis and invasion 
of human urinary bladder cancer. Cancer Res. 2004;64: 8932-8. 

138. Ashkenazi S, Ortenberg R, Besser M, Schachter J, Markel G. SOX9 indirectly regulates 
CEACAM1 expression and immune resistance in melanoma cells. Oncotarget. 2016. 

139. Zalzali H, Naudin C, Bastide P, Quittau-Prevostel C, Yaghi C, Poulat F, et al. CEACAM1, a 
SOX9 direct transcriptional target identified in the colon epithelium. Oncogene. 2008;27: 
7131-8. 

140. Roda G, Dahan S, Mezzanotte L, Caponi A, Roth-Walter F, Pinn D, et al. Defect in CEACAM 
family member expression in Crohn's disease IECs is regulated by the transcription factor 
SOX9. Inflamm Bowel Dis. 2009;15: 1775-83. 

141. Yan C, Boyd DD. ATF3 regulates the stability of p53: a link to cancer. Cell Cycle. 2006;5: 
926-9. 

142. Hackl C, Lang SA, Moser C, Mori A, Fichtner-Feigl S, Hellerbrand C, et al. Activating 
transcription factor-3 (ATF3) functions as a tumor suppressor in colon cancer and is up-
regulated upon heat-shock protein 90 (Hsp90) inhibition. BMC Cancer. 2010;10: 668. 

143. Zhou H, Yuan Y, Ni J, Guo H, Deng W, Bian ZY, et al. Pleiotropic and puzzling effects of 
ATF3 in maladaptive cardiac remodeling. Int J Cardiol. 2016;206: 87-8. 

144. Huang X, Li X, Guo B. KLF6 induces apoptosis in prostate cancer cells through up-
regulation of ATF3. The Journal of biological chemistry. 2008;283: 29795-801. 

145. Xie JJ, Xie YM, Chen B, Pan F, Guo JC, Zhao Q, et al. ATF3 functions as a novel tumor 
suppressor with prognostic significance in esophageal squamous cell carcinoma. 
Oncotarget. 2014;5: 8569-82. 

146. Eo HJ, Kwon TH, Park GH, Song HM, Lee SJ, Park NH, et al. In Vitro Anticancer Activity of 
Phlorofucofuroeckol A via Upregulation of Activating Transcription Factor 3 against 
Human Colorectal Cancer Cells. Mar Drugs. 2016;14. 

147. Jiliang S, Hui L, Gonghui L, Renan J, Liang S, Mingming C, et al. TR4 nuclear receptor 
enhances the cisplatin chemo-sensitivity via altering the ATF3 expression to better 
suppress HCC cell growth. Oncotarget. 2016. 



Chapter 4  

201 
 

148. Song HM, Park GH, Eo HJ, Jeong JB. Naringenin-Mediated ATF3 Expression Contributes to 
Apoptosis in Human Colon Cancer. Biomol Ther (Seoul). 2016;24: 140-6. 

149. Meech R, Rogers A, Zhuang L, Lewis BC, Miners JO, Mackenzie PI. Identification of 
residues that confer sugar selectivity to UDP-glycosyltransferase 3A (UGT3A) enzymes. 
The Journal of biological chemistry. 2012;287: 24122-30. 

150. MacKenzie PI, Rogers A, Elliot DJ, Chau N, Hulin JA, Miners JO, et al. The novel UDP 
glycosyltransferase 3A2: cloning, catalytic properties, and tissue distribution. Mol 
Pharmacol. 2011;79: 472-8. 

151. Morikawa Y, Kezuka C, Endo S, Ikari A, Soda M, Yamamura K, et al. Acquisition of 
doxorubicin resistance facilitates migrating and invasive potentials of gastric cancer 
MKN45 cells through up-regulating aldo-keto reductase 1B10. Chem Biol Interact. 
2015;230: 30-9. 

152. Januchowski R, Wojtowicz K, Zabel M. The role of aldehyde dehydrogenase (ALDH) in 
cancer drug resistance. Biomed Pharmacother. 2013;67: 669-80. 

153. Nwabo Kamdje AH, Bassi G, Pacelli L, Malpeli G, Amati E, Nichele I, et al. Role of stromal 
cell-mediated Notch signaling in CLL resistance to chemotherapy. Blood Cancer J. 2012;2: 
e73. 

154. Simoes BM, O'Brien CS, Eyre R, Silva A, Yu L, Sarmiento-Castro A, et al. Anti-estrogen 
Resistance in Human Breast Tumors Is Driven by JAG1-NOTCH4-Dependent Cancer Stem 
Cell Activity. Cell Rep. 2015;12: 1968-77. 

155. Honoki K, Fujii H, Kubo A, Kido A, Mori T, Tanaka Y, et al. Possible involvement of stem-
like populations with elevated ALDH1 in sarcomas for chemotherapeutic drug resistance. 
Oncol Rep. 2010;24: 501-5. 

156. Whitman M, Hunter DG, Engle EC. Congenital Fibrosis of the Extraocular Muscles. In: 
Pagon RA, Adam MP, Ardinger HH, Wallace SE, Amemiya A, Bean LJH, et al., editors. 
GeneReviews(R). Seattle (WA)1993. 

157. Leandro-Garcia LJ, Leskela S, Landa I, Montero-Conde C, Lopez-Jimenez E, Leton R, et al. 
Tumoral and tissue-specific expression of the major human beta-tubulin isotypes. 
Cytoskeleton (Hoboken). 2010;67: 214-23. 

158. Lebok P, Ozturk M, Heilenkotter U, Jaenicke F, Muller V, Paluchowski P, et al. High levels 
of class III beta-tubulin expression are associated with aggressive tumor features in breast 
cancer. Oncol Lett. 2016;11: 1987-94. 

159. Miyamoto A, Akasaka K, Oikawa H, Akasaka T, Masuda T, Maesawa C. 
Immunohistochemical study of HER2 and TUBB3 proteins in extramammary Paget 
disease. Am J Dermatopathol. 2010;32: 578-85. 

160. McCarroll JA, Gan PP, Erlich RB, Liu M, Dwarte T, Sagnella SS, et al. TUBB3/betaIII-tubulin 
acts through the PTEN/AKT signaling axis to promote tumorigenesis and anoikis 
resistance in non-small cell lung cancer. Cancer Res. 2015;75: 415-25. 

161. Tsourlakis MC, Weigand P, Grupp K, Kluth M, Steurer S, Schlomm T, et al. betaIII-tubulin 
overexpression is an independent predictor of prostate cancer progression tightly linked 
to ERG fusion status and PTEN deletion. Am J Pathol. 2014;184: 609-17. 

162. Raspaglio G, Petrillo M, Martinelli E, Puma DDL, Mariani M, De Donato M, et al. Sox9 and 
Hif-2α regulate TUBB3 gene expression and affect ovarian cancer aggressiveness. Gene. 
2014;542: 173-81. 

163. Duran GE, Wang YC, Francisco EB, Rose JC, Martinez FJ, Coller J, et al. Mechanisms of 
resistance to cabazitaxel. Mol Cancer Ther. 2015;14: 193-201. 

164. Ferrandina G, Zannoni GF, Martinelli E, Paglia A, Gallotta V, Mozzetti S, et al. Class III beta-
tubulin overexpression is a marker of poor clinical outcome in advanced ovarian cancer 
patients. Clin Cancer Res. 2006;12: 2774-9. 

165. Mariani M, Shahabi S, Sieber S, Scambia G, Ferlini C. Class III β-tubulin (TUBB3): more than 
a biomarker in solid tumors? Current molecular medicine. 2011;11: 726-31. 



Chapter 4  

202 
 

166. Zhang Z, Nie F, Kang C, Chen B, Qin Z, Ma J, et al. Increased periostin expression affects 
the proliferation, collagen synthesis, migration and invasion of keloid fibroblasts under 
hypoxic conditions. Int J Mol Med. 2014;34: 253-61. 

167. Touchi R, Ueda K, Kurokawa N, Tsuji M. Central regions of keloids are severely ischaemic. 
Journal of plastic, reconstructive & aesthetic surgery : JPRAS. 2016;69: e35-41. 

168. Jones CD, Guiot L, Samy M, Gorman M, Tehrani H. The Use of Chemotherapeutics for the 
Treatment of Keloid Scars. Dermatol Reports. 2015;7: 5880. 

169. van Leeuwen MC, Stokmans SC, Bulstra AE, Meijer OW, Heymans MW, Ket JC, et al. 
Surgical Excision with Adjuvant Irradiation for Treatment of Keloid Scars: A Systematic 
Review. Plast Reconstr Surg Glob Open. 2015;3: e440. 

170. Arno AI, Gauglitz GG, Barret JP, Jeschke MG. Up-to-date approach to manage keloids and 
hypertrophic scars: a useful guide. Burns. 2014;40: 1255-66. 

171. Song N, Wu X, Gao Z, Zhou G, Zhang WJ, Liu W. Enhanced expression of membrane 
transporter and drug resistance in keloid fibroblasts. Hum Pathol. 2012;43: 2024-32. 

172. Moon J-H, Kwak SS, Park G, Jung H-Y, Yoon BS, Park J, et al. Isolation and characterization 
of multipotent human keloid-derived mesenchymal-like stem cells. Stem cells and 
development. 2008;17: 713-24. 

173. Clavel G, Thiolat A, Boissier MC. Interleukin newcomers creating new numbers in 
rheumatology: IL-34 to IL-38. Joint Bone Spine. 2013;80: 449-53. 

174. Singh A, Settleman J. EMT, cancer stem cells and drug resistance: an emerging axis of evil 
in the war on cancer. Oncogene. 2010;29: 4741-51. 



Chapter 4  

203 
 

Supplementary Material to Chapter 4 

Table S1 – Demographic data for the samples used in this study. 

No. Tissue type Gender, 

Age 

Ethnicity Time 

present 

Previous 

Treatment 

Location of 

keloid 

1 Keloid F, 42yrs Israeli 7-8 yrs Nil Left shoulder 

2 Keloid F, 25 yrs Ethiopian 18 mnths Nil Right shoulder 

3 Keloid F, 19 yrs Caucasian 2-3 yrs Nil Left ear helix 

4 Keloid F, 30 yrs Caucasian 8 yrs Nil Central sternum 

5 Keloid F, 32 yrs Caucasian 13 yrs Radiation, 

steroid, 

silicone 

Breasts bilaterally 

6 Keloid F, 41 yrs Israeli 6 yrs Steroid, 

silicone 

Left deltoid 

7 Keloid F, 18yrs Jamaican 

Afrocarribean 

1 yr none Bilateral ear lobes 

8 Keloid M, 23yrs Jamaican 

Afrocarribean 

4 yrs none Bilateral ear lobes 

9 Keloid F, 27yrs Jamaican 

Afrocarribean 

2 yrs Surgery Right ear lobe 

10 Keloid M, 20yrs Jamaican 

Afrocarribean 

2 yrs Surgery Chin 

11 Keloid F, 19yrs Jamaican 

Afrocarribean 

2 yrs Surgery Sternum 

12 Keloid F, 41yrs Jamaican 

Afrocarribean 

6 yrs None Sternum 

13 Keloid M, 20yrs Jamaican 

Afrocarribean 

15 yrs None Right ear lobe 
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14 Keloid F, 22yrs Jamaican 

Afrocarribean 

3 yrs None Bilateral ear lobes 

15 Normal 

skin 

F, 57yrs Caucasian - - Facelift & 

blepharoplasty 

16 Normal 

skin 

M, 47yrs Caucasian - - Abdominoplasty 

17 Normal 

skin 

F, 19yrs Caucasian - - Bilateral breast 

reduction 

18 Normal 

skin 

F, 26yrs Caucasian - - Abdominoplasty 

19 Normal 

skin 

F, 41yrs Caucasian - - Abdominoplasty 

20 Normal 

skin 

F, 43yrs Caucasian - - Bilateral breast 

reduction 

21 Normal 

skin 

F, 43yrs Caucasian - - Bilateral breast 

reduction 

22 Normal 

skin 

F, 34yrs Caucasian - - Abdominoplasty 

23 Normal 

skin 

F, 47yrs Caucasian - - Mastopexy 

24 Normal 

skin 

F, 20yrs Caucasian - - Bilateral breast 

reduction 

25 Normal 

skin 

F, 42yrs Caucasian - - Bilateral breast 

reduction 

26 Normal 

skin 

F, 56yrs Caucasian - - Abdominoplasty 

27 Normal 

skin 

F, 51yrs Caucasian - - Abdominoplasty 
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Table S2 – Expanded names for each of the gene symbols used throughout the manuscript text 

and figures. 

Gene symbol Expansion 

ACKR3 atypical chemokine receptor 3 

ADAM a disintegrin and metalloproteinase 

ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs 

AKR1B aldo-keto reductase family 1, member 

ALDH1A1 aldehyde dehydrogenase 1 family member A1 

ANGPT angiopoietin  

AP-1 activating protein 1 

ASPN asporin 

ATF3 activating transcription factor 3  

ATM ataxia telangiectasia mutated 

BMP2 bone morphogenetic protein 2 

BRD4 bromodomain containing 4 

CCN Cyr61, CTGF, Nov (family of matricellular proteins) 

CD36 cluster of differentiation 36 

CEACAM carcinoembryonic antigen-related cell adhesion molecule  

CLDN claudin 

CNTF ciliary neurotrophic factor 

COMP cartilage oligomeric protein 

CREB cAMP response element binding 

CTGF and connective tissue growth factor  

CTHRC1 collagen triple helix repeat containing 1 

DAB2 Dab, mitogen-responsive phosphoprotein, homolog 2 (drosophila)  

DACH1 dachshund family transcription factor 1 

EIF3E eukaryotic translation initiation factor 3 subunit E 

EOMES eomesodermin 

EPHB4 ephrin (EPH) receptor B4 

ErbB epidermal growth factor receptor family 

FBN1 fibrillin 1 

FLT3 fms related tyrosine kinase 3 

FN1 fibronectin 1 

FOXF2 forkhead box F2 

GNB1 G protein subunit beta 1 

HIF-1α hypoxia-inducible factor-1 alpha 

HOXA13 homeobox A13 

IFN interferon 

IGFBP4 insulin-like growth factor binding protein 4 

IL interleukin 

ILC innate lymphoid cell 

IRAK4 interleukin 1 receptor associated kinase 4 

IRF7 interferon regulatory factor 7 

JAK janus kinase 
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K keratin 

KLF6 kruppel-like factor  

KMT2A lysine methyltransferase 2A 

LIMS2 LIM zinc finger domain containing 2 

MAPK/ERK mitogen-activated protein kinase 

MEN1 menin1 

MMP matrix metalloproteinase 

MUCL1 mucin-like 1 

MYC c-Myc 

MYOCD myocardin 

NF-ҡB nuclear factor kappa B 

NOTCH notch 

NRG1 neuregulin-1 

OCT4 octamer-binding transcription factor 4 

ORMDL3  orosomucoid like 3 

OSM oncostatin M 

PAX8 paired box 8 

PDGF platelet-derived growth factor 

PI3K phosphoinositide 3-kinase 

PKNOX1 PBX/knotted 1 homeobox 1 

PRRX1 paired related homeobox 1 

PTEN phosphatase and tensin homolog 

PXR pregnane X receptor 

RORc retinoic acid-related orphan receptor c 

RXR retinoid X receptor 

S100A8 S100 calcium-binding protein A8 

SERPINE1/PAI-1 serpin peptidase inhibitor. Clade E (plasminogen activator inhibitor 1) 

SMO smoothened 

SNAI1 snail family zinc finger 1 

SNAI2 snail family transcriptional repressor 2  

SOCS suppressor of cytokine signalling 

SOX9 SRY (sex-determining region Y)-box 9  

SPHK1 sphingosine kinase 1 

STAT signal transducer and activator of transcription 

TGFβ transforming growth factor beta  

TGM2 transglutaminase 2 

TIMP3 tissue inhibitor of metalloproteinases-3 

TLE1 transducin like enhancer of split 1 

TNF tumour necrosis factor 

TNFR tumour necrosis factor receptor 

TP53 tumor protein p53 

TSPYL5 testis-specific protein Y encoded like 5 

TUBB3 Tubulin β3, class III  

UGT3A2 UDP glycosyltransferase family 3 member A2 

VEGF vascular endothelial growth factor 

WDR66 WD repeat domain 66 
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WISP1 Wnt 1 inducible signaling pathway protein 1 

Wnt wingless-type MMTV integration site 

ZEB zinc finger E-box-binding proteins 

α-SMA/ACTA2 alpha smooth muscle actin/actin, alpha 2, smooth muscle, aorta 
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Table S3 – Details of primers used for qRT-PCR in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Forward primer 

Reverse primer 

Accession number 

(Roche Diagnostics, UK) 

Amplicon 

size (bp) 

ADAM12 Ggtaataagaacggtgactgctg 

gggactaggaagagcgttagtg 

cat. no. 04685067001 78 

ADAMTS2 Tggaagcctttgggaagag 

cttcagcggaagacaggtg 

cat. no. 04687663001 61 

ADAMTS14 Ctttgggccctcaggtatg 

agaagccatcctcatggttg 

cat. no. 04686900001 92 

BMP2 Cagaccaccggttggaga 

cccactcgtttctggtagttct 

cat. no. 04687647001 95 

CD36 Gctcgggagactgaatctctt 

gagtgcagtgacgcgatct 

cat. no. 04687965001 71 

COMP Ccaagtgggctacatcagg 

gtccaagaccacgttgctg 

cat. no. 04688104001 73 

NOTCH4 Gttttgaaggccccacct 

gtggtggcagtgatggaag 

cat. no. 04685016001 62 

WDR66 Ggtgcagtggaaaatcacct 

cagaccatagaatggggtcaa 

cat. no. 04686896001 82 

GAPDH agccacatcgctcagacac 
gcccaatacgaccaaatcc 

cat. no. 04688589001 66 

RPL32 gaagttcctggtccacaacg 
gagcgatctcggcacagta 

cat. no. 04686900001 77 
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Figure S1 – qRT-PCR graphs showing differences in the degree of expression between LCM 

keloid and NS dermis and monolayer keloid and NS fibroblasts.  FGF7, fibroblast growth factor 

7; PDGFRA, platelet derived growth factor alpha. 
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Figure S2 – qRT-PCR graphs showing the in situ (LCM) contribution of both epidermis and 

dermis from keloid centre, margin and extralesional sites as well as normal skin to the overall 

gene expression of fibrosis-associated genes known to be dysregulated in KD.  CTGF, 

connective tissue growth factor; FGF7, fibroblast growth factor 7; PDGFRA, platelet derived 

growth factor receptor A.



Chapter 4  

211 
 

 



Chapter 4  

212 
 

 



Chapter 4  

213 
 

 

 

 



Chapter 4  

214 
 

  



Chapter 4  

215 
 

 



Chapter 4  

216 
 

 



Chapter 4  

217 
 

 



Chapter 4  

218 
 

 



Chapter 4  

219 
 

 



Chapter 4  

220 
 

 



Chapter 4  

221 
 

 



Chapter 4  

222 
 

 



Chapter 4  

223 
 

 



Chapter 4  

224 
 

 



Chapter 4  

225 
 

 



Chapter 4  

226 
 

 



Chapter 4  

227 
 

 



Chapter 4  

228 
 

 



Chapter 4  

229 
 

 



Chapter 4  

230 
 

 



Chapter 4  

231 
 

 



Chapter 4  

232 
 

 



Chapter 4  

233 
 

 



Chapter 4  

234 
 

 



Chapter 4  

235 
 

 



Chapter 4  

236 
 

 



Chapter 4  

237 
 

 



Chapter 4  

238 
 

 



Chapter 4  

239 
 

 



Chapter 4  

240 
 

 



Chapter 4  

241 
 

 



Chapter 4  

242 
 

 



Chapter 4  

243 
 

 



Chapter 5  

244 
 

 

Chapter 5 

 

The Aldo-Keto Reductase AKR1B10 Is Up-Regulated in 
Keloid Epidermis, Implicating Retinoic Acid Pathway 
Dysregulation in the Pathogenesis of Keloid Disease 
 

 

 

Jumper N, Hodgkinson T, Arscott G, Har-Shai Y, Paus R, Bayat A. The aldo-keto reductase 

AKR1B10 is upregulated in keloid epidermis, implicating retinoic acid pathway dysregulation in 

the pathogenesis of keloid disease. The Journal of investigative dermatology. 2016 Mar 26. pii: 

S0022-202X(16)30985-X. doi: 10.1016/j.jid.2016.03.022.  

 

 

 

 

 

 

Declaration: 

Natalie Jumper, the first author, carried out all of the analysis, experimental work, interpretation 

of data, design and composition of the article and accompanying figures.  The other authors 

provided human tissue samples, technical advice or assistance, guidance and final approval of 

the paper.  This PDF version of the paper has been incorporated into the thesis in format in 

which it was published in the Journal of Investigative Dermatology.  Supplementary material is 

included at the end of the article.



ORIGINAL ARTICLE

1500
The Aldo-Keto Reductase AKR1B10 Is
Up-Regulated in Keloid Epidermis, Implicating
Retinoic Acid Pathway Dysregulation in the
Pathogenesis of Keloid Disease

Natalie Jumper1, Tom Hodgkinson1, Guyan Arscott2, Yaron Har-Shai3, Ralf Paus4,5 and Ardeshir Bayat1,4
Keloid disease is a recurrent fibroproliferative cutaneous tumor of unknown pathogenesis for which clinical
management remains unsatisfactory. To obtain new insights into hitherto underappreciated aspects of keloid
pathobiology, we took a laser capture microdissection-based, whole-genome microarray analysis approach to
identify distinct keloid disease-associated gene expression patterns within defined keloid regions. Identifica-
tion of the aldo-keto reductase enzyme AKR1B10 as highly up-regulated in keloid epidermis suggested that an
imbalance of retinoic acid metabolism is likely associated with keloid disease. Here, we show that AKR1B10
transfection into normal human keratinocytes reproduced the abnormal retinoic acid pathway expression
pattern we had identified in keloid epidermis. Cotransfection of AKR1B10 with a luciferase reporter plasmid
showed reduced retinoic acid response element activity, supporting the hypothesis of retinoic acid synthesis
deficiency in keloid epidermis. Paracrine signals released by AKR1B10-overexpressing keratinocytes into
conditioned medium resulted in up-regulation of transforming growth factor-b1, transforming growth factor-
b2, and collagens I and III in both keloid and normal skin fibroblasts, mimicking the typical profibrotic keloid
profile. Our study results suggest that insufficient retinoic acid synthesis by keloid epidermal keratinocytes may
contribute to the pathogenesis of keloid disease. We refocus attention on the role of injured epithelium in
keloid disease and identify AKR1B10 as a potential new target in future management of keloid disease.

Journal of Investigative Dermatology (2016) 136, 1500e1512; doi:10.1016/j.jid.2016.03.022
INTRODUCTION
Keloid disease (KD) is a benign, fibroproliferative cutaneous
tumor of unknown pathogenesis, with a notoriously high rate
of recurrence, for which clinical management remains
decidedly unsatisfactory (Bijlard et al., 2015; Har-Shai et al.,
2007; Ud-Din and Bayat, 2013), despite the description of a
number of significantly dysregulated pathways (Jones et al.,
2015; Shih et al., 2010; Trisliana Perdanasari et al., 2014).
This failure of major therapeutic progress is compounded by
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lack of a validated animal model for KD (Marttala et al.,
2016).

These limitations have led many keloid researchers to rely
on monolayer culture, co-culture, and whole-tissue biopsy
studies that do not fully reflect the heterogeneity that exists
both between and within keloid lesions (Syed et al., 2011) or
the complex epithelial-mesenchymal tissue interactions
likely to occur during KD development (Canady et al., 2013;
Chua et al., 2011; Lim et al., 2009). Whole-tissue analysis of
entire keloid lesions can result in “averaging out” of cellular
signals (Crystal et al., 2002; El-Serag et al., 2009; Yazdi et al.,
2010), thus missing functionally important differentially
expressed genes. Monolayer culture has been shown to alter
cell behavior, affecting both gene and protein expression
(Baker and Chen, 2012; Pampaloni et al., 2007). Although
two chamber co-culture studies have been invaluable in
highlighting the significance of the epidermis and investi-
gating the role of epithelial-mesenchymal interactions in KD
(Lim et al., 2002; Lim et al., 2013; Xia et al., 2004), the lack
of direct cell-cell contact is not representative of the three-
dimensional architecture and in situ signaling occurring
within this dynamic microenvironment (van den Broek et al.,
2014; Zhang et al., 2006).

Clinically evident as variation between center and margin,
keloid tumor sites differ on histological (Ashcroft et al., 2013;
Jumper et al., 2015) and molecular levels with regard to
collagen ratio, immune cell infiltrate, cell cycle phase, and
apoptosis (Bagabir et al., 2012; Seifert et al., 2008; Syed et al.
2011). Recognizing discrepancies in gene and protein
uthors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

http://dx.doi.org/10.1016/j.jid.2016.03.022
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expression profiles between these sites, we chose a site-
specific gene profiling approach for this study. Given previ-
ous evidence of changes surrounding the keloid lesion (Iqbal
et al., 2010) we included the extralesional (adjacent normal
skin) site to investigate potential field cancerization effects in
this tumorigenic entity (Ud-Din et al., 2013). Specifically, we
intended to identify distinct gene signature and candidate
biomarkers in defined tissue compartments within and
around keloid tumors. This was achieved using laser capture
microdissection (LCM), which allowed isolation of epidermal
versus dermal compartments within site-specific keloid
tissue.

To our knowledge, this differential LCM and microarray
profiling approach of the whole genome in distinct KD
epidermal and dermal sites is previously unreported in the
field. Through the combination of these techniques, the cur-
rent study identified up-regulation of the aldo-keto reductase
AKR1B10, a key enzyme in retinoic acid (RA) metabolism
(Ruiz et al., 2012) (Figure 1a), in keloid epidermis (KE) when
compared with normal skin epidermis (NSE). This highly
efficient cytosolic enzyme has a specificity for retinaldehyde
(Crosas et al., 2003; Ruiz et al., 2011), implicating it in the
classical RA synthesis pathway, where it acts to convert
retinal back to retinol in a rate-limiting step before the irre-
versible oxidation of retinal by aldehyde dehydrogenase
(ALDH/retinaldehyde dehydrogenase) to RA (Ruiz et al.,
2009). Because this suggested a potential role for RA in KD
pathobiology, a further aim of our study was to explore this
role through induced overexpression of AKR1B10 in primary
normal human epidermal keratinocytes (NHEK), so as to
reproduce the RA pathway dysregulation seen in KE.

RA is a physiologically active metabolite of retinol
(vitamin A) acting both directly, through transcriptional
regulation (retinoic acid receptors [RAR]-a, -b, and -g/
retinoid X receptor-a, -b, and -g) of retinoid responsive genes,
and indirectly by influencing numerous cytokines and their
signaling pathways (Dong et al., 2012; Napoli, 2012; Zhang,
Kong, et al., 2014). Constitutive or iatrogenic abnormalities
in RA metabolism are attracting interest in dermatology and
skin disease models (Amann et al., 2014; Duncan et al.,
2013; Everts et al., 2015; Regen et al., 2015), but this re-
mains to be systematically investigated in KD pathobiology.

In view of this and on the basis of our microarray findings,
we hypothesized that excess AKR1B10 expression and
activity in KE may result in reduced RA levels, thus triggering
profibrotic downstream effects that contribute to KD patho-
genesis. This hypothesis was probed by overexpressing
AKR1B10 in NHEK and examining paracrine signaling
between AKR1B10-overexpressing human keratinocytes and
dermal fibroblasts.

RESULTS
AKR1B10 messenger RNA expression is up-regulated
in KE in situ

The site-specific gene profiling approach in this study was
achieved by harvesting keloid biopsy samples from center
(intralesional), margin (perilesional), and adjacent lesional
(extralesional) sites (Figure 1b), which were then compared
with normal skin. LCM was used to separate epidermis from
dermis, after which expression of each of the KE sites was
compared with each other and with NSE. This yielded
seven lists of comparisons that were filtered for P-value
(<0.05) and fold change (�2). AKR1B10 was found to be
significantly up-regulated within all three sites of KE
compared with NSE. The extralesional KE had the highest fold
change at 86 (P ¼ 2.14 � 10e6), but intralesional KE
(fold change ¼ 75, P ¼ 1.19 � 10e6) and perilesional KE
(fold change ¼ 64, P ¼ 5.85 � 10e6) showed similar
expression (see Supplementary Table S1 online).

Next, we aimed to validate these findings through quanti-
tative real-time PCR (qRT-PCR) of laser-captured KE and
NSE. qRT-PCR showed that AKR1B10 was most significantly
up-regulated in adjacent extralesional KE (P ¼ 0.00073)
but was also increased in intralesional (P ¼ 0.0011) and
perilesional epidermis (P ¼ 0.0037), which correlated
directly with expression differences seen in the microarray
(Figure 1c).

Both AKR1B1 (P ¼ 0.0022) and AKR1B15 (P ¼ 8.55 �
10e6), which have a 71% and 91% amino acid identity,
respectively, with AKR1B10 (Salabei et al., 2011), were also
significantly up-regulated in all three KE sites on microarray
(see Supplementary Table S1) and validated with qRT-PCR
(see Supplementary Figure S1 online).

From within the aldo-keto reductase family of proteins,
AKR1B10 has the highest catalytic efficiency (Ƙcat/Ƙm) and
specificity for retinaldehyde; therefore, we focused on this
enzyme for subsequent studies (Gallego et al., 2007; Ruiz
et al., 2012).

AKR1B10 protein expression is increased in KE

To determine whether KE AKR1B10 protein levels were
increased compared with NSE, immunohistochemistry was
performed on tissue from NSE, keloid center, and keloid
margin biopsy samples. Strong AKR1B10 expression was
observed in 14 of 14 (100%) keloid samples, which showed
diffuse granular cytoplasmic staining throughout the
epidermis. There was no positive staining in NSE. When only
center and margin sections were considered, AKR1B10
staining was positive in 6 of 6 examined patients, supporting
the hypothesis that gene expression findings translated into
protein expression changes (Figure 1d). This overexpression
appears to be restricted to the KE, such that Western blot
analysis of whole-tissue biopsy samples for AKR1B10 showed
no difference between keloid and normal skin (not shown),
highlighting the importance of the role of LCM in isolating
signals that would otherwise be masked by whole-tissue
extraction approaches.

Prominent AKR1B10 overexpression on transcript and
protein levels in KE led to our hypothesis that an abnormality
in intraepidermal RA metabolism may generate signals
contributing to KD pathogenesis.

RA signaling is dysregulated in KE in situ

Having established AKR1B10 dysregulation in KE and postu-
lated a resultant RA imbalance, we sought to identify any
other related relevant classical RA synthesis pathway mole-
cules that might also be dysregulated. RA concentrations are
tightly controlled through autoregulatory enzyme feedback
affecting retinoic acid response element promotor regions of
other classical synthesis pathway members, including lec-
ithin:retinol acetyltransferase, cellular retinoic acid binding
www.jidonline.org 1501
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Figure 1. AKR1B10 overexpression

in keloid versus normal skin. (a)

Classical retinoic acid biosynthesis

pathway. (b) Keloid biopsy site

diagram including intralesional

(center), perilesional (margin), and

extralesional (adjacent normal-

appearing skin) sites. (c) AKR1B10

quantitative real-time PCR validation

of microarray data. Bars represent

quantitative real-time PCR of

epidermal sites within keloid

compared with normal skin. The line

graph shows the corresponding

microarray data. (d) AKR1B10

immunohistochemistry expression in

keloid (n ¼ 14) and normal skin tissue

(n ¼ 12). Keloid shows strong red

suprabasal epidermal staining for

AKR1B10 (black arrows). No

expression was observed in normal

skin or negative control. Micrographs

ieiii, scale bar ¼ 100 mm; ivevi, scale

bar ¼ 50 mm. Data are represented as

mean � standard error of the mean

from at least three independent

experiments. *P < 0.01, **P < 0.005

using Student’s t test. ADH, alcohol

dehydrogenase; AKR1B10, aldo-keto

reductase family 1 member B10;

ALDH, aldehyde dehydrogenase; GE,

gene expression; NAD, nicotinamide

adenine dinucleotide (þ is oxidised

form); NADH, hydroxylamine

reductase; PPAR, peroxisome

proliferatoreactivated receptor-a;
RA, retinoic acid; RAR, retinoic acid

receptor; (R)DH, retinol

dehydrogenase; (R)ALDH,

retinaldehyde dehydrogenase; RXR,

retinoid X receptor; SDR, short-chain

dehydrogenase.
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protein 2 (CRABP2), cytochrome P450-26 enzymes (CYP26),
and ALDH1a1 (Amann et al., 2015; Fisher and Voorhees,
1996; Pavez Lorie, Cools, et al., 2009). Therefore, we re-
examined the microarray data for potential candidates.
Journal of Investigative Dermatology (2016), Volume 136
We found significant up-regulation of both alcohol dehy-
drogenase 7 in margin KE (fold change ¼ 8, P ¼ 0.001) and
ALDH1a1 in all three KE sites (fold change >15, P < 0.001),
responsible for catalyzing the oxidation of retinol and retinal,
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respectively (Duester, 2001; Xu et al., 2015). We also
observed significant down-regulation of CRABP1 in center
and extralesional KE (P ¼ 0.025) and CYP26B1 in center
(P ¼ 0.0092) and margin (P ¼ 0.0002) KE, which together
promote the catabolism and inactivation of RA by conversion
to 4-hydroxyRA and 4-oxo-RA (Okano et al., 2012;Won et al.,
2004). In KE, when compared with NSE using immunohisto-
chemistry, increased expression of AKR1B10was co-localized
with the up-regulation of CRABP2, which transports RA to the
nucleus for signaling (Budhu and Noy, 2002).

This co-localization suggests that these processes may be
interdependent within KE keratinocytes, evident as intense
yellow staining that indicates coexpression of AKR1B10 and
CRABP2 in KE (Figure 2a and b). The position of these mol-
ecules within the pathway is shown graphically in Figure 2c,
and relevant microarray data tabulated with fold change
and P-values for these genes are shown in Supplementary
Table S1. To validate these findings, we performed qRT-PCR
for ALDH1a1 (P < 0.05), CRABP2 (P < 0.05), CRABP1,
and CYP26B1 (P < 0.05) (see Supplementary Figure S1).
Altered expression of these enzymes and transporter proteins
within the classical RA pathway indicates that RA signaling is
dysregulated in KE.

Induced overexpression of AKR1B10 in normal skin
keratinocytes mimics KE RA pathway expression

The short half-life and delicate nature of a light- and oxygen-
sensitive polyene chain prevented the ideal scenario of direct
quantification of specific RA metabolites in keloid tissue,
particularly because the tissue was excised in an operating
theater (Gundersen, 2006; Kane and Napoli, 2010). We
therefore used a strategy using primary NHEK to examine
whether the induced overexpression of AKR1B10 would
produce the same changes as observed in the KE RA pathway.
To achieve this, NHEK (n ¼ 8) were transiently transfected
with an AKR1B10-containing cytomegalovirus vector. First,
successful AKR1B10 expression was validated using qRT-PCR
(P < 0.005), Western blot analysis (P < 0.005), and immu-
nocytochemistry (Figure 3aec). We then compared the gene
expression of transfected and nontransfected NHEK.

This showed that CRABP2 (P < 0.01) was significantly
upregulated in AKR1B10-overexpressing primary NHEK, as
was ALDH1a1 (P < 0.05). CRABP1 showed only a trend
toward down-regulation, but CYP26B1 (P < 0.05) was signif-
icantly down-regulated, suggesting reduced RA degradation
(Chen et al., 2003; Pavez Lorie, Li, et al., 2009) (Figure 3d).
Thus, we were satisfied that this surrogate cell culture
approach recreated the key elements of the RA metabolism-
related abnormality we had observed in KE in situ.

AKR1B10-overexpressing keratinocytes show an
abnormal secretion profile

To observe the effect of AKR1B10 up-regulation on retinol
homeostasis, epidermal differentiation, and NHEK secretory
profile, we compared messenger RNA and protein expres-
sions of AKR1B10-transfected and nontransfected cells.
qRT-PCR showed that the expression of lecithin:retinol ace-
tyltransferase (P ¼ 0.037), an enzyme catalyzing retinyl ester
synthesis to promote retinol storage (Amann et al., 2015;
Kurlandsky et al., 1996), was significantly increased in
AKR1B10-overexpressing keratinocytes, which is likely a
consequence of retinol excess (Figure 3e). Keratins 14
(P ¼ 1.04 � 10e5) and 6B (P ¼ 8.2 � 10e6), associated with
basal layer epidermal proliferation and hyperproliferation/
wound healing, respectively (Moll et al., 2008; Ramot et al.,
2013), were also significantly up-regulated in AKR1B10-
overexpressing keratinocytes (Figure 3f). Keratin 6B up-
regulation is consistent with the persistence of activated
keratinocytes in KE, suggested by our microarray-based
observation that keratin 6b was also prominently overex-
pressed in KE (see Supplementary Table S1).

RAwas previously shown to modulate transforming growth
factor (TGF)-b expression in keratinocytes, which in turn
suppresses keratinocyte proliferation (Batova et al., 1992;
Choi and Fuchs, 1990; Glick et al., 1989). Given this and
the decreased expression of transforming growth factor re-
ceptor beta 2 and TGbR2 in KE microarray data (see
Supplementary Table S1), we next investigated whether
AKR1B10 overexpression in primary NHEK affects TGF-b
secretion. qRT-PCR of AKR1B10-transfected cells showed
significantly decreased TGF-b1 (P ¼ 0.0037) and TGF-b2
(P ¼ 0.0007) compared with nontransfected keratinocytes
(Figure 3e). Therefore, we further analyzed the microarray
data and confirmed an inverse correlation between KE
AKR1B10 expression and modules associated with profibrotic
molecules, including TGF-b (see Supplementary Figure S2
online). These findings are consistent with reduced RA
pathway signaling activity, because RA mostly up-regulates
TGF-b secretion (Foitzik et al., 2005; Obinata et al., 2011).
Furthermore, the cell culture data suggest that our microarray-
based observation is clinically relevant in the context of KD.

AKR1B10-positive keratinocytes showed significantly
decreased gene expression of E-cadherin (P ¼ 0.034)
(Figure 3e). Although the epithelial-mesenchymal transition
has been hypothesized to play a role in KD (Supp et al., 2014)
and studies have shown E-cadherin loss in keloid (Ma et al.,
2015; Yan et al., 2015), we have yet to identify a controlling
factor for this change. RA has been previously associated
with epithelial-mesenchymal plasticity (Werner et al., 2015)
and shown to activate E-cadherin expression in other
epithelial cell lines (von Gise et al., 2011; Woo and Jang,
2012). Furthermore, it has been shown that AKR1B10
knockdown results in significant up-regulation of E-cadherin
and subsequent reduction of proliferation, migration, and
invasion of pancreatic cancer cells (Chung et al., 2012;
Zhang et al., 2014). However, we did not observe signifi-
cant up-regulation of vimentin (see Supplementary Figure S3
online) (Yan et al., 2015), which may indicate that AKR1B10
contributes to but is not the driving force behind the
epithelial-mesenchymal transition.

Overall, the altered expressions of lecithin:retinol acetyl-
transferase, keratin 14 (see Supplementary Figure S4 online),
keratin 6B, TGF-b1 and 2, and E-cadherin reported here lend
credence to the hypothesis of reduced RA levels resulting
from excess AKR1B10.

AKR1B10 overexpression in normal keratinocytes reduces
RAR transactivation

RARs are thought to exert their effects through binding RA
response elements located in the promotors of target genes
(Al Tanoury et al., 2014; Germain et al., 2006; Samarut and
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Figure 2. Keloid tissue retinoic

acid pathway dysregulation. (a)

Immunofluorescence showing

increased epidermal staining intensity

of AKR1B10 (green) and CRABP2 (red)

for keloid (n ¼ 5) (scale bar ¼ 200 mm)

compared with normal skin tissue

(n ¼ 6) (scale bar ¼ 100 mm).

(b) Magnified images of merged

AKR1B10 and CRABP2 for both keloid

and normal skin tissue. Strong yellow

staining in keloid epidermis, indicated

by the black arrows, shows co-

localization of AKR1B10 and

CRABP2, particularly in the

suprabasal layers. Normal skin

epidermis, by contrast, remains red-

orange. Scale bar ¼ 50 mm. (c)

Detailed diagram of the classical

retinoic acid biosynthesis pathway.

Green represents up-regulation and

red represents down-regulation of

molecules identified from microarray

data and confirmed on quantitative

real-time PCR, which is available

in Supplementary Table S1. ADH,

alcohol dehydrogenase; AKR1B10,

aldo-keto reductase family 1 member

B10; ALDH, aldehyde dehydrogenase;
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Rochette-Egly, 2012). Therefore, we also wished to ascertain
the effect of AKR1B10 overexpression on RAR-activated
signal transduction pathways in NHEK. To this end, NHEK
were double transfected, first with AKR1B10 and then with a
reporter plasmid expressing firefly luciferase under the con-
trol of RA response element. Resultant cell luminescence was
compared with the negative control, giving a fold change in
Journal of Investigative Dermatology (2016), Volume 136
activity (relative luciferase activity) for both AKR1B10-
transfected and nontransfected NHEK.

Treatment with all-trans-retinoic acid was used to affirm
the integrity of this assay, in which addition of 1mmol/L all-
trans-retinoic acid resulted in increased relative luciferase
activity in transfected and nontransfected keratinocytes
(Figure 3g). The addition of all-trans-retinol also resulted in



Figure 3. AKR1B10 overexpression in

normal skin keratinocytes. (a)

AKR1B10 expression quantified by

Western blot test (n ¼ 10). (b)

Quantitative real-time PCR (n ¼ 10).

(c) Immunocytochemistry (n ¼ 8).

Arrows identify transfected

keratinocytes. Scale bar ¼ 50 mm.

(d, e) Quantitative real-time PCR for

retinoic acid pathway molecule

expression and downstream signaling

after AKR1B10 overexpression. (f)

Keratin 14 and 6b quantitative real-

time PCR in transfected versus

nontransfected keratinocytes. (g)

AKR1B10-transfected versus

nontransfected relative luciferase

activity, treated with 10 mmol/L retinol

or 1 mmol/L all-trans-retinoic acid (n ¼
10). Data from at least three

independent means � standard error

of the mean. *P < 0.05, **P < 0.005,

Student’s t test. AKR, aldo-keto

reductase; AKR1B10, aldo-keto

reductase 1, member B10; ALDH1a1,

aldehyde dehydrogenase 1, member

A1; atRA, all-trans-retinoic acid;

CRABP, cellular retinoic acid binding

protein; CYP26B1, cytochrome

P450, family 26, subfamily B1;

K, keratin; LRAT, lecithin:retinol

acetyltransferase; N, not transfected

with AKR1B10; RARE, retinoic acid

response element; T, transfected with

AKR1B10; TGF-b, transforming

growth factor-beta.
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increased activity in both transfected and nontransfected
cells, confirming that NHEK are capable of baseline endog-
enous RA synthesis. There was a significant increase in the
relative luciferase activity of nontransfected compared with
transfected keratinocytes treated with retinol, indicating
functioning AKR1B10 enzyme activity, whereby less RA
production resulted in comparatively reduced transactivation
(Figure 3g). Overall, activity was shown to be significantly
decreased in AKR1B10-overexpressing keratinocytes com-
pared with nontransfected cells (Figure 3g), suggesting that
reduced transactivation was attributable to the activity of this
enzyme diminishing the generation of RA.
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AKR1B10-transfected keratinocytes secrete signals that
enhance the profibrotic activity of human dermal fibroblasts

Having investigated the effects of AKR1B10 overexpression
on classical RA pathway and receptor transactivation, we
next sought to analyze the downstream effects of NHEK
AKR1B10 up-regulation. Keloid fibroblasts (KF) (n ¼ 5) and
normal skin fibroblasts (NSF) (n ¼ 5) were subjected to
conditioned media from AKR1B10-transfected and non-
transfected NHEK (n ¼ 6). Both KF and NSF incubated in
conditioned medium from transfected keratinocytes showed
a trend toward increased expression of fibrotic factors, with
TGF-b2 increased in both, TGF-b1 significantly increased in
both (P < 0.01), and TGF-b3 and fibroblast growth factor 7
significantly increased in NSF (P < 0.05) (Figure 4a).

Connective tissue growth factor expression was signifi-
cantly decreased in KF exposed to transfected keratinocyte
medium (P < 0.01) (Figure 4a). This correlates with previ-
ous findings in which NSF and KF showed reduced con-
nective tissue growth factor when co-cultured with keloid
keratinocytes, highlighting the importance of epithelial-
mesenchymal interactions in keloid pathogenesis (Khoo
et al., 2006).

In KF and NSF treated with conditioned medium from
transfected keratinocytes, there was a significant increase in
both collagen I and collagen III overall gene expression (P <
0.005) compared with fibroblasts treated with medium from
nontransfected keratinocytes (Figure 4b) (see Supplementary
Figure S5 online for more detail). To assess whether this
increased collagen messenger RNA expression produced a
corresponding increase in protein, in-cell Western blot
analysis was performed for both KF and NSF (n ¼ 3) using
media from transfected and nontransfected keratinocytes
(n ¼ 3). These results corresponded with the qRT-PCR results,
in which 3 of 3 KF and 2 of 3 NSF showed significant increase
in collagen I expression (P < 0.05) and 2 of 3 KF and 3 of 3
NSF expressed increased collagen III protein (P < 0.05)
(Figure 4c) (see Supplementary Figure S5 for more detail).
Furthermore, KF (n ¼ 3) treated with 24 hours of 1 mmol/L all-
trans-retinoic acid showed significantly decreased collagen
III protein expression in only 2 of 3 patients and no significant
TGF-b1 expression alteration, using in-cell Western blot
analysis (see Supplementary Figure S6 online). This suggests
that RA treatment of KF, although having some effect on
collagen, does not completely abrogate the fibrotic signature
of these cells.

Therefore, these results indicate that AKR1B10-
overexpressing keratinocytes secrete paracrine signals that
enhance the fibrogenic activity of dermal fibroblasts and may
contribute to KD pathobiology but that RA application may
not be selective enough to correct this abnormality.

DISCUSSION
In this study, we have shown that the highly efficient,
retinaldehyde-specific aldo-keto reductase enzyme AKR1B10
is up-regulated in KE and that its induced overexpression in
normal skin keratinocytes affects the classical RA pathway,
recreating KE expression patterns. Additionally, AKR1B10
overexpression reduces RAR activity and produces paracrine
effects downstream consistent with keloid fibrosis, thereby
implicating RA in KD pathogenesis. To our knowledge,
Journal of Investigative Dermatology (2016), Volume 136
AKR1B10 up-regulation in KD has not been previously re-
ported, and the localization of its overexpression to the KE
emphasizes the potentially critical role of the epithelium and
epithelial-mesenchymal interactions in the pathogenesis of
this fibrotic tumor and corroborates the LCM-based, site-
specific targeted approach in this study.

Here, in an innovative approach to KD, we have combined
LCM and whole-genome microarray to isolate separate in situ
gene profiles of KE and keloid dermis for selected keloid sites
and compared these with normal skin. Traditionally, the bulk
of KD research has focused on the dermis, where fibroblasts
are considered the culprits of pathological extracellular
matrix deposition (Dohi et al., 2015; Kashiyama et al., 2012;
Schneider and Wickstrom, 2015). Therefore, despite the facts
that the epidermis is invariably the first layer affected by the
trauma that initiates keloid formation and that epidermal
injury may well be a condition sine qua non for KD devel-
opment, comparatively few studies have focused on the role
of the epidermis and implications for epithelial-mesenchymal
interactions in keloid pathogenesis (Hahn et al., 2013; Yan
et al., 2015). Our focus on KE is especially relevant,
because the epidermis is the site of wound closure, a driving
force in immune cell recruitment and cytokine/chemokine
production that is crucial to cutaneous wound healing, where
it engages in intimate bidirectional communication with
underlying mesenchyme (Achachi et al., 2015; Eming et al.,
2014; Martin and Nunan, 2015).

Our identification of AKR1B10 up-regulation in all three
KE sites compared with NSE compares with several other
studies showing up-regulated AKR1B10 in early versus late
wound healing (Nuutila et al., 2012), perhaps indicating a
prolonged inflammatory phase in KD, several metaplastic
conditions (Breton et al., 2008; Gomes et al., 2005; Li et al.,
2008; Tsuzura et al., 2014), and cancers (Fukumoto et al.,
2005; Ha et al., 2014; Kropotova et al., 2014). We vali-
dated significant up-regulation of AKR1B10 in extralesional
KE, which may represent molecular transformation through
paracrine signaling, that precedes the histological changes
evident in KD. Because AKR1B10 has been previously asso-
ciated with recurrence (Ma et al., 2012; Yoshitake et al.,
2007), the overexpression in extralesional epidermis may
have clinical implications in terms of determining excision
margins (Tan et al., 2010). This dysregulation of AKR1B10 in
KE has three major implications for KD pathogenesis. First,
AKR1B10 mediates degradation of acetyl-CoA carboxylase a,
which is the rate-limiting step in de novo long-chain fatty
acid synthesis (Davis et al., 2000; Zang et al., 2005), resulting
in the stimulation of cell growth and survival (Cao et al.,
1998; Ma et al., 2008), processes central to keloid tumori-
genesis. Second, AKR1B10 catalyzes the reduction of car-
bonyls and xenobiotics (Shen et al., 2011), thereby
moderating susceptibility to many chemotherapeutic agents
(Balendiran et al., 2009; Jin and Penning, 2007; Morikawa
et al., 2015; Zhong et al., 2011), which may explain the
incomplete efficacy of these treatments when used in KD
(Jones et al., 2015). Finally, through its effects on RA meta-
bolism, AKR1B10 excess in KE provides not only mechanistic
but also more concrete evidence for RA involvement in KD
than previous studies in which supplementation of RA in vitro
showed reduced KF proliferation and procollagen levels



Figure 4. Effect of conditioned media

on keloid fibroblasts and normal skin

fibroblasts. (a) Fold change difference

(quantitative real-time PCR) in the

expression of profibrotic genes by

keloid fibroblasts (n ¼ 5) and normal

skin fibroblasts (n ¼ 5) treated

with AKR1B10-transfected or

nontransfected medium (n ¼ 6).

(b) Quantitative real-time PCR and

(c) in-cell Western blot test for

collagen I and III expression for

fibroblasts treated with AKR1B10-

transfected or nontransfected medium

(n ¼ 3). In-cell Western blot test

fluorescence images accompany the

graphs. Each bar on all graphs (aec)

represents fold change of fibroblasts

treated with transfected versus

nontransfected medium and

associated significance with that fold

change. Data are mean � standard

error of the mean from at least three

independent experiments. *P < 0.05

using Student’s t test. AKR1B10, aldo-

keto reductase family 1, member B10;

Col, collagen; CTGF, connective

tissue growth factor; FGF, fibroblast

growth factor; KF, keloid fibroblasts;

NSF, normal skin fibroblasts; NT,

treated with non-transfected

keratinocyte medium; T, treated with

transfected keratinocyte medium;

TGFB1, transforming growth factor-

b1; TGFB2, transforming growth

factor-b2.
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(Abergel et al., 1985; Cruz and Korchin, 1994; Oikarinen
et al., 1985; Uchida et al., 2003), in addition to clinical
improvement after topical and oral RA administration
(Daly and Weston, 1986; Janssen de Limpens, 1980; Kwon
et al., 2014; Michaelis et al., 1975; Panabiere-Castaings,
1988).

We hypothesized a reduction in keloid intraepidermal RA
levels because of dysregulation of the RA synthesis pathway.
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We then showed this pathway dysregulation through qRT-
PCR, confirming the altered expression of RA response
element-regulated pathway molecules identified in our
microarray data. This same altered expression of ALDH1a1,
CRABP2, CRABP1, CYP26B1, and TGF-b2 in AKR1B10-
transfected NHEK validated our use of cell culture data as
clinically relevant in the context of KD. We supported our
microarray-based hypothesis of deficient RA levels in KE using
these AKR1B10-overexpressing transfected primary NHEKs,
which indicated reduced transactivation at RAR nuclear re-
ceptors and a secretory profile expression that may contribute
to hyperproliferation (keratin 14 and keratin 6b up-
regulation), epithelial-mesenchymal transition (E-cadherin
suppression), and TGF-b dysregulation, all postulated to play a
role in KD (Lee et al., 2015; Prathiba et al., 2001; Yan et al.,
2015). We showed that the proposed reduction in epidermal
RA had paracrine effects resulting in increased TGF-b1, TGF-
b2, collagen I, and collagen III in KF, correspondingwell to the
dermal phenotype in KD patients, with abnormal extracellular
matrix production and a profibrotic expression profile (Chen
et al., 2013; Sidgwick and Bayat, 2012).

The clinical implications of our findings are 2-fold. First, the
persistence of collagen and TGF-b expression after all-trans-
retinoic acid treatment of KF in our study suggests that blanket
application of this metabolite to keloid tumors will not be
consistently successful. Largely, RA has been postulated to
abrogate factors that contribute to fibrosis and cancer by
regulating immunity, extracellular matrix deposition, cell
proliferation, and epidermal differentiation (Bidad et al.,
2011; Ohata et al., 1997; Tabata et al., 2006; Zouboulis,
2001). Functioning optimally within a narrow, ill-defined
concentration range, RA is a pleiotropic molecule with a
bimodal effect on these processes, and when levels deviate
outside this range in either direction, fibrosis (Zaitseva et al.,
2008; Zhou et al., 2012) or cancer (Connolly et al., 2013;
Tang and Gudas, 2011) can result. That is to say, both RA
deficiency and excess can result in a similar phenotype, such
that exogenous RA application may reinforce keloid forma-
tion. It is likely that previous topical RA treatment in KD was
only partially successful because of its effect on multiple
molecules and not classic pathway activation alone.

Second, our demonstration of a paracrine effect of the
proposed RA-deficient keratinocytes on fibroblasts provides
an argument for epidermal therapy that also affects
the dermis. AKR1B10 represents an attractive, alternative,
more-specific therapeutic target than RA, and the knock-
down of this enzyme has been shown to be effective in
reducing proliferation and enhancing sensitivity to carbonyl-
containing compounds (Matkowskyj et al., 2014; Yan et al.,
2007). In particular, the overexpression of this enzyme
in the epidermis has beneficial therapeutic implications,
in that topical application may circumvent requirement
for invasive procedures, which themselves incur a risk of
keloid recurrence. Current AKR1B10-selective inhibitors
are under investigation and include nonsteroidal anti-
inflammatory drugs such as sulindac and diclofenac
(Cousido-Siah et al., 2015; Endo et al., 2010; Li et al., 2013),
triterpenoids such as oleanolic acid (Takemura et al., 2011),
steroidal derivatives (Zhang, Wang, et al., 2014), and novel
synthetic compounds (Kumar et al., 2015; Porte et al., 2013).
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Therefore, modulation of KE RA expression through topical
application of AKR1B10 antagonists alone, after excision or
as adjuvant treatment, holds promise for the future manage-
ment of the complex disorder that is KD.

MATERIALS AND METHODS
Tissue procurement and processing

In line with North West Research Ethics Committee (Ref. 11/NW/

0683) and Declaration of Helsinki protocols, both keloid and normal

skin biopsy samples were harvested with full written informed

consent. Keloid biopsy samples, fitting clinical criteria previously

described (Suarez et al., 2014), were taken from center (intrale-

sional), margin (perilesional), and adjacent normal skin (extrale-

sional) of excised tissue, and normal skin biopsy samples were taken

after routine elective surgical procedures (Supplementary Table S2

online). The biopsies were stored in RNA stabilization solution and

then embedded in optimum cutting temperature before cryosection

(Leica CM3050S, Leica Microsystems, Milton Keynes, UK) or were

formalin fixed and paraffin embedded.

LCM and microarray analysis

Laser microdissection pressure catapulting was performed using

PALM MicroBeam 4.2 (Carl Zeiss, Munich, Germany), where a UV

laser isolated epidermis from dermis. RNA extraction, amplification,

and microarray are detailed in the Supplementary Materials and

Methods online.

Cell cultures

Primary fibroblast/keratinocyte cultures were established as previ-

ously described (Ashcroft et al., 2013), and conditioned media ex-

periments are detailed in the Supplementary Materials and Methods.

Keratinocyte transfection

Transfection of primary human normal skin keratinocytes with

AKR1B10 (OriGene TrueClone, OriGene Technologies, MD) was

performed using Turbofectin 8.0 (OriGene), and efficiency of trans-

fection was determined by Western blot analysis with b-actin as the

internal control. Further details are provided in the Supplementary

Materials and Methods.

Luciferase assay

RA response element receptor activity was performed using a

luciferase Cignal reporter plasmid (SABioscience, Qiagen, Man-

chester, UK) and measured with Dual-Glo Luciferase Assay System

(Promega, WI) according to the manufacturer’s protocol. Data were

normalized by Renilla luciferase luminescence intensity (see

Supplementary Materials and Methods for details). The assay was

repeated, cells were treated with either 10mmol/L all-trans-retinol or

1mmol/L all-trans-retinoic acid for 24 hours, and luminescence was

quantified.

qRT-PCR

qRT-PCR was performed as described previously (Ashcroft et al.,

2013). Details and primer list (see Supplementary Table S3 online)

can be found in Supplementary Material and Methods. Each reaction

was performed in triplicate and normalized using ribosomal protein

L32 and glyceraldehyde-3-phosphate dehydrogenase as house-

keeping reference genes.

Immunohistochemistry and immunocytochemistry

AKR1B10 tissue detection was performed using the Novolink

peroxidase detection kit (Leica Biosystems, Milton Keynes, UK)

and red chromogen counterstaining (Vector NovaRED, Vector

Laboratories, Peterborough, UK). Combined AKR1B10/CRABP2
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immunofluorescent staining was performed on keloid and normal

skin tissue. AKR1B10 immunocytochemistry was done on trans-

fected NHEK to confirm plasmid incorporation and protein expres-

sion. Further methodology is described in the Supplementary

Materials and Methods and the antibody list in Supplementary

Table S4a online.

Western blot analysis

Western blot analyses of whole tissue and cell lysates are detailed in

the Supplementary Materials and Methods. In-cell Western blot

analysiswas performed for collagen I and III and for TGF-b1 according
to manufacturer’s instructions (LiCor, Cambridge, United Kingdom)

(details are given in the Supplementary Materials and Methods, with

the antibodies listed in Supplementary Tables S4b and c).

Statistical analysis

Microarray data analysis was completed using Array studio version

7.2 (Array Studio, OmicSoft, NC). Differentially expressed genes for

keloid sites were compared with each other and with normal skin,

then filtered by P-value less than 0.05 and fold change of greater

than or equal to 2. For qRT-PCR, gene expression levels were

normalized against internal controls, and DDCT was calculated for

fold change in target genes. Data are represented as mean � stan-

dard error of the mean. Statistical analysis was calculated using

Student’s t test, and a P-value less than 0.05 was considered statis-

tically significant. The overall experimental flow is detailed in

Supplementary Figure S7 online.
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Supplementary Material to Chapter 5 

Supplementary Figure S1 – qRT-PCR validation of relevant genes from the RA pathway found 

to be dysregulated in microarray data.  The left column contains qRT-PCR data and the 

corresponding microarray graph is on the right.  Data are the mean ± SEM; *p <0.05, students 

t-test analysis. 
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Supplementary Figure S2 – Correlation plot showing negative correlation of AKR1B10 to 

analysis module with a strong remodelling component via TGFβ and Wnt signalling using 

MetaCore enrichment analysis output modules.  The plot below illustrates the interpretation 

of the dots from the one above. 
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Supplementary Figure S3 – qRT-PCR for vimentin in AKR1B10-transfected vs non-transfected 

keratinocytes (p = 0.5887). Data are the mean ± SEM; *p <0.05, Students t-test analysis. 
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Supplementary Figure S4 – Western blot of keratin 14 in transfected and non-transfected 

samples, where N represents the non-transfected cell band and T represents the transfected 

cells protein band.  The relative band intensity was quantified using Image J and is shown 

below (n = 4). 
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Supplementary Figure S5 – Collagen I & III gene expression.  A)  Relative gene expression of 

collagen I for keloid and normal skin fibroblasts treated with conditioned media of AKR1B10-

transfected vs non-transfected keratinocytes. B)  Relative gene expression of collagen III for 

keloid and normal skin fibroblasts treated with conditioned media of AKR1B10-transfected vs 

non-transfected keratinocytes.  C)  Fold change increase in keloid and normal skin fibroblast 

expression of collagens I & III for n = 6 transfected vs non-transfected media.  Data are the 

mean ± SEM; *p <0.05, Students t-test analysis. 
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Supplementary Figure S6 – In-cell western results for each keloid and normal skin fibroblast 

patient for collagen I & III.  Graphs represent fold change for each patient treated with the 

medium of AKR1B10-transfected vs non-transfected keratinocytes.  Data are the mean ± SEM; 

*p <0.05, Students t-test analysis. 
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Supplementary Figure S7 – Quantitative data graphs for in-cell western performed on keloid 

fibroblasts.  The graphs show expression of collagen III and TGFβ1 for keloid fibroblasts 

following 24hrs incubation in 1µM atRA.  Graphs represent fold change of transfected vs non-

transfected expression.  Data are the mean ± SEM; *p <0.05, Students t-test analysis. 

 

 

 

 

 

 

 

 

 

  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Fo
ld

 c
h

an
ge

 t
ra

n
sf

ec
te

d
 v

s 
n

o
n

-
tr

an
sf

ec
te

d

Collagen III

* * 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Fo
ld

 c
h

an
ge

 t
ra

n
sf

ec
te

d
 v

s 
n

o
n

-
tr

an
sf

ec
te

d

TGFβ1



Chapter 5  

252 
 

Supplementary Figure S8 – Flow chart depicting summary in chronological order of 

experimental process and results leading to identification of RA in keloid and how this was 

investigated. 
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Supplementary Tables 

Supplementary Table S1 – Microarray expression of genes relevant to this study. 

Agilent Probe 

ID 

Ref Sequence Gene 

symbol 

Site within lesion Fold 

change 

p-value 

A_24_P129341 NM_020299.4 AKR1B10 Centre epidermis 75.56 1.19E-06 

A_24_P129341 NM_020299.4 AKR1B10 Margin epidermis 64.69 5.85E-06 

A_24_P129341 NM_020299.4 AKR1B10 Extralesional epidermis 86.03 2.14E-06 

A_23_P258190 NM_001628.2 AKR1B1 Centre epidermis 14.3 0.0022 

A_23_P258190 NM_001628.2 AKR1B1 Margin epidermis 8.94 0.0148 

A_23_P258190 NM_001628.2 AKR1B1 Extralesional epidermis 10.57 0.0093 

A_33_P3380992 NM_001080538.2 AKR1B15 Centre epidermis 22.25 8.55E-06 

A_33_P3380992 NM_001080538.2 AKR1B15 Margin epidermis 16.02 9.22E-05 

A_33_P3380992 NM_001080538.2 AKR1B15 Extralesional epidermis 21.68 2.44E-05 

A_23_P92562 NM_001166504.1 ADH7 Margin epidermis 8.77 0.001 

A_23_P83098 NM_000689.4 ALDH1a1 Centre epidermis 22.96 0.0008 

A_23_P83098 NM_000689.4 ALDH1a1 Margin epidermis 31.49 0.0006 

A_23_P83098 NM_000689.4 ALDH1a1 Extralesional epidermis 15.12 0.0048 

A_23_P115064 NM_001878.3 CRABP2 Centre epidermis 3.17 0.0279 

A_33_P3326483 NM_004378.2 CRABP1 Centre epidermis -7.16 0.0255 

A_33_P3326483 NM_004378.2 CRABP1 Extralesional epidermis -8.25 0.025 

A_23_P210109  NM_019885.3 
 

CYP26B1 Centre epidermis -4.87 0.0092 

A_23_P210109  NM_019885.3 
 

CYP26B1 Margin epidermis -13.21 0.0002 

A_23_P76249 NM_005555  
 

KRT6B Centre epidermis 146.02 0.0006 

A_23_P76249 
 

NM_005555  
 

KRT6B Margin epidermis 42.92 0.0105 

A_23_P76249 
 

NM_005555  
 

KRT6B Extralesional epidermis 18.67 0.0411 

A_24_P402438 
 

NM_001135599.2 TGFβ2 Centre epidermis -2.57 0.1386 
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A_24_P402438 
 

NM_001135599.2 TGFβ2 Margin epidermis -3.78 0.0542 

A_24_P402438 
 

NM_001135599.2 TGFβ2 Extralesional epidermis -2.42 0.1915 

A_33_P3313825 
 

NM_001024847.2 TGFβR2 Centre epidermis -1.99 0.05525 

A_33_P3313825 
 

NM_001024847.2 TGFβR2 Margin epidermis -2.58 0.0145 

A_33_P3313825 
 

NM_001024847.2 TGFβR2 Extralesional epidermis -1.76 0.1306 
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Supplementary Table S2 – Demographic data of samples used in this study. 

No. Tissue type Gender, 

Age 

Ethnicity Time 

present 

Previous 

Treatment 

Location of 

keloid 

1 Keloid F, 42yrs Israeli 7-8 yrs Nil Left shoulder 

2 Keloid F, 25 yrs Ethiopian 18 mnths Nil Right shoulder 

3 Keloid F, 19 yrs Caucasian 2-3 yrs Nil Left ear helix 

4 Keloid F, 30 yrs Caucasian 8 yrs Nil Central sternum 

5 Keloid F, 32 yrs Caucasian 13 yrs Radiation, 

steroid, silicone 

Breasts bilaterally 

6 Keloid F, 41 yrs Israeli 6 yrs Steroid, silicone Left deltoid 

7 Keloid F, 18yrs Jamaican 

Afrocarribean 

1 yr none Bilateral ear lobes 

8 Keloid M, 23yrs Jamaican 

Afrocarribean 

4 yrs none Bilateral ear lobes 

9 Keloid F, 27yrs Jamaican 

Afrocarribean 

2 yrs Surgery Right ear lobe 

10 Keloid M, 20yrs Jamaican 

Afrocarribean 

2 yrs Surgery Chin 

11 Keloid F, 19yrs Jamaican 

Afrocarribean 

2 yrs Surgery Sternum 

12 Keloid F, 41yrs Jamaican 

Afrocarribean 

6 yrs None Sternum 

13 Keloid M, 20yrs Jamaican 

Afrocarribean 

15 yrs None Right ear lobe 

14 Keloid F, 22yrs Jamaican 

Afrocarribean 

3 yrs None Bilateral ear lobes 

15 Normal skin F, 57yrs Caucasian - - Facelift & 

blepharoplasty 
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16 Normal skin M, 47yrs Caucasian - - Abdominoplasty 

17 Normal skin F, 19yrs Caucasian - - Bilateral breast 

reduction 

18 Normal skin F, 26yrs Caucasian - - Abdominoplasty 

19 Normal skin F, 41yrs Caucasian - - Abdominoplasty 

20 Normal skin F, 43yrs Caucasian - - Bilateral breast 

reduction 

21 Normal skin F, 43yrs Caucasian - - Bilateral breast 

reduction 

22 Normal skin F, 34yrs Caucasian - - Abdominoplasty 

23 Normal skin F, 47yrs Caucasian - - Mastopexy 

24 Normal skin F, 20yrs Caucasian - - Bilateral breast 

reduction 

25 Normal skin F, 42yrs Caucasian - - Bilateral breast 

reduction 

26 Normal skin F, 56yrs Caucasian - - Abdominoplasty 

27 Normal skin F, 51yrs Caucasian - - Abdominoplasty 
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Supplementary Table S3 – Details of primers used for qRT-PCR. 

Gene Forward primer 

Reverse primer 

Accession number 

(Roche Diagnostics, UK) 

Amplicon 

size (bp) 

AKR1B10 aaagcaacgttcttggatgc 

tggaagtggctgaaattgg 
 

cat. no. 04686900001 95 

AKR1B1 ttttcccattggatgagtcg 

ccttcatccaccagctcttc 

cat. no. 04688082001 91 

AKR1B15 ggaaaaggaacgttcttgga 

cctctcgatctggaagtggt 

cat. no. 04686993001 108 

ALDH1a1 tgttagctgatgccgacttg 

ctggatgcggctatacaaca 

cat. no. 04689046001 91 

CRABP2 tgcgcaccacagagattaac 

tcccatttcaccaggctct 

cat. no. 04688678001 91 

CRABP1 cagcgagaatttcgacgag 

tagaactgatccccgtcctg 

cat. no. 04688961001 120 

CYP26B1 acatccaccgcaacaagc 

ggatcttgggcaggtaactct 

cat. no. 04688007001 78 

RAR, gamma cattggctccctgtgttctc 

ggggtagaggggagatgtaaac 

cat. no. 04688538001 74 

LRAT tgcttgtagcactggtctcac 

tggggaatgagacggataag 

cat. no. 04689062001 66 

STRA6 ctatggcagctggtacatcg 

tatgctggtgtggcagga 

cat. no. 04686926001 85 

CRBP1 aggcatagatgaccgcaagt 

acccttctgcacacactgg 

cat. no. 04687663001 73 

TGFβ1 actgcaagtggacatcaacg 

ggccatgagaagcaggaa 
 

cat. no. 04688104001 94 

TGFβ2 gagagcgcaagtgaaagagg 

tccctagaccgtcaggctaa 
 

cat. no. 04688554001 62 

TGFβ3 agtgcagacacaacccacag 

ggtcctcccaacatagtacagg 
 

cat. no. 04684974001 129 

Keratin 14 cctcctcccagttctcctct 
atgaccttggtgcggattt 

cat. no. 04686926001 79 

Keratin 6B tctcagtcccacagctctca 
gaggacaagcaacctgagga 

cat. no. 04688970001 66 

Involucrin acccatcaggagcaaatgaa 
agctcgacaggcaccttct 

cat. no. 04686896001 68 

Filaggrin ggactctgagaggcgatctg 
tgctcccgagaagatccat 

cat. no. 04687965001 60 

E-cadherin cccgggacaacgtttattac 
gctggctcaagtcaagtcc 

cat. no. 04687680001 72 
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FGF7 aagtctagcacacagcacttgg 
agcattgcttcaggctcttatt 

cat. no. 04685067001 71 

CTGF ccgtactcccaaaatctcca 
ttagctcggtatgtcttcatgc 

cat. no. 04688945001 75 

Collagen Ia1 agggtcaccgtggcttct 

tccagagggaccttgttcac 
 

cat. no. 04689020001 77 

Collagen III ctggaccccagggtcttc 
gaccatctgatccagggtttc 

cat. no. 04686934001 78 

GAPDH agccacatcgctcagacac 
gcccaatacgaccaaatcc 

cat. no. 04688589001 66 

RPL32 gaagttcctggtccacaacg 
gagcgatctcggcacagta 

cat. no. 04686900001 77 
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Supplementary Table S4a – Concentration, incubation parameters and detection method of 

primary and secondary antibodies used in this study for immunohistochemistry. 

 

Primary 

antibody, 

product code & 

company 

Primary ab raised 

species, isotype, 

concentration 

Incubation 

details 

Secondary ab, 

company, 

concentration, 

incubation 

Detection method 

AKR1B10, 

ab192865 

[EPR14421], 

Abcam 

Rabbit (monoclonal), 

IgG, 1:500 dilution 

4°C overnight Universal antibody by 

Novolink™ 

Leica Biosystems, 

Newcastle Ltd. 

1 hour room temp 

Peroxidase 

NovaRED™ 

Vector® 

AKR1B10, 

ab57547, Abcam 

Mouse (monoclonal), 

IgG2a, 3µg/ml 

4°C overnight Alexa Fluor®488 goat 

anti-mouse IgG 

(green), Life 

technologies, 1:250 

dilution, 1hr room 

temp 

Fluorescence 1:500 

DAPI 

CRABP2, 

ab74365, Abcam 

Rabbit (polyclonal), 

IgG, 1:100 dilution 

4°C overnight Alexa Fluor®546 goat 

anti-rabbit IgG (red), 

Life technologies, 

1:250 dilution, 1hr 

room temp 

Fluorescence, DAPI 

1:500 

AKR1B10, 

ab192865 

[EPR14421], 

Abcam 

Rabbit (monoclonal), 

IgG, 1:50 dilution 

4°C overnight Alexa Fluor®488 goat 

anti-mouse IgG 

(green), Life 

technologies, 1:250 

dilution, 1hr room 

temp 

Fluorescence 

Immunocytochemistry 
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Supplementary Table S4b - Concentration, incubation parameters and detection method of 

primary and secondary antibodies used in this study for western blotting. 

 

  

Primary antibody, 

product code & 

company 

Primary ab raised 

species, isotype, 

concentration 

Incubation 

details 

Secondary ab, company, 

concentration, incubation 

Detection 

method 

Β-actin, ab8227, 

Abcam 

Rabbit (polyclonal), 

IgG, 1:800 dilution 

4°C overnight Goat IgG conjugated to alkaline 

phosphatase, ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 

AKR1B10, ab192865 

[EPR14421], Abcam 

Rabbit (monoclonal), 

IgG, 1:5000 dilution 

4°C overnight Goat IgG conjugated to alkaline 

phosphatase, ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 

Keratin 14, ab7800 

[LL002], Abcam 

Mouse (monoclonal), 

IgG3, 2µg/ml dilution 

4°C overnight Goat IgG conjugated to alkaline 

phosphatase, ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 
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Supplementary Table S4c - Concentration, incubation parameters and detection method of 

primary and secondary antibodies used in this study for in-cell western. 

 

 

 

 

 

 

 

  

Primary antibody, 

product code & 

company 

Primary ab raised 

species, isotype, 

concentration 

Incubation 

details 

Secondary ab, company, 

concentration, 

incubation 

Detection 

method 

Collagen I, ab34710, 

Abcam 

Rabbit (polyclonal), 

IgG, 1:500 dilution 

4°C overnight IRDye® 800CW goat anti-

rabbit, Li-Cor, 1:800 

dilution, 1hr room temp 

In-cell western 

fluorescence 

Collagen III, ab6310 

[FH-7A], Abcam 

Mouse (monoclonal), 

IgG1, 1:300 dilution 

4°C overnight IRDye® 800CW goat anti-

mouse, 1:800 dilution, 

1hr room temp   

In-cell western 

fluorescence 

TGFβ1, ab27969 

[TB21], Abcam 

Mouse (monoclonal), 

IgG1, 1: 200 dilution 

4°C overnight IRDye® 800CW goat anti-

mouse, 1:800 dilution, 

1hr room temp   

In-cell western 

fluorescence 
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Supplementary Materials and Methods 

Laser Capture Microdissection (LCM) 

LCM is a platform combining an inverted light microscope to a high-precision ultraviolet laser 

enabling isolation of single cells or cell subpopulations from within a tissue section [1, 2].  Both 

keloid and normal skin biopsies were cryosectioned (Leica CM3050S) in 8µm thick sections onto 

polyethylene naphthalate (PEN) membrane slides (Carl Zeiss, UK) and stored at -80°C until the 

day of LCM.  In order to preserve the RNA integrity the slides were stained immediately prior to 

capture using cresyl violet in an RNase-free class II safety cabinet.  The slides were taken from 

frozen and placed into successive slide chambers using the following procedure: 

1.  95% (v/v) ethanol (40 seconds) 

2.  75% (v/v) ethanol (30 seconds) 

3.  50% (v/v) ethanol (30 seconds) 

4.  1 minute in 300μl cresyl violet (Ambion, UK) 

5.  50% (v/v) ethanol (30 seconds) 

6.  75% (v/v) ethanol (30 seconds) 

7.  95% (v/v) ethanol (30 seconds) 

8.  100% ethanol twice for one minute each. 

The slides were air dried and taken for LCM using Carl Zeiss P.A.L.M MicroBeam LCM 4.2 fitted 

with an inverse microscope Axiovert 200 resp. 200M.  Using the P.A.L.M. RoboSoftware the 

epidermis was easily discernible form the dermis and several elements from at least three 

epidermal sections of each biopsy were captured and pooled in an Eppendorf containing buffer 

200ul RLT (Qiagen, UK) and 2-mercaptoethanol (Sigma-Aldrich, UK) in a ratio of 100:1. Images 
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were taken before and after each capture to confirm elements were present.  These samples 

were RNA extracted and amplified before microarray. 

 

RNA isolation of tissue and cells, cDNA synthesis and qRT-PCR 

Tissue samples 

This took place in an RNase-free class II safety cabinet.  The tissue sample was put in a 2ml round 

bottom Eppendorf containing trizol (Life technologies, UK) with a sterile ball bearing and 

homogenised in a Qiagen tissue lyser for three four minute cycles of 30 oscillations per second.  

Chloroform, at 0.2ml per 1ml of trizol, was added to the tube and shaken vigorously for 15 

seconds before centrifugation at >10,000 x g for 15 minutes.  The upper aqueous layer, which 

contains the RNA, was pipetted off the surface and transferred to a new Eppendorf.  An equal 

volume (1:1) of 70% (v/v) ethanol was added to the Eppendorf and mixed using a pipette.  This 

mixture is then transferred to an RNeasy mini spin column (Qiagen, UK) and centrifuged at 

>10,000 x g for 30 seconds.  The elute was discarded from the collection tube, 700μl of buffer 

RW1 added to the spin column and centrifugation repeated.  Following this a new collection 

tube was used for three cycles of 500μl buffer RPE at > 10,000 x g for 30 seconds, 30 seconds 

and two minutes respectively.  A one-minute dry cycle spin was conducted and the spin column 

transferred to a new tube for the collection of the RNA yield.  30μl of RNase-free water was 

added directly to the silica gel membrane and then centrifuged for one minute at >10,000 x g.  

The yield was then quantified using a NanoDrop spectrophotometer (Thermo Scientific, UK).   

 

Monolayer cells  

The cells were trypsinised, pelleted and then resuspended in lysis buffer (RLT: 2-

mercaptoethanol, 100:1).  The volume was dependent on number of cells present.  An equal 

volume (1:1) of 70% (v/v) ethanol was added to each tube and mixed thoroughly by pipetting 
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up and down.  The mixture was then added to a Qiagen spin column and centrifuged at > 10,000 

x g for 30 seconds.  The flow-through was discarded, 350μl of buffer RW1 added and 

centrifugation repeated.  An intervening DNase step was performed with 80µl incubation over 

15 minutes at room temperature.  A further 350µl of RW1 was added and centrifugation 

repeated.  Following this a new collection tube was used for three cycles of 500μl buffer RPE at 

> 10,000 x g for 30 seconds, 30 seconds and two minutes respectively.  A one minute dry cycle 

spin was conducted and the spin column transferred to a new tube for the collection of the RNA 

yield.  30μl of RNase-free water was added directly to the silica gel membrane and then 

centrifuged for one minute at >10,000 x g.  The yield was the quantified using a NanoDrop 

spectrophotometer (Thermo Scientific, UK).    

Note: In cases where a low yield was predicted i.e for LCM captures the RNeasy Micro kit was 

used (Qiagen, UK). 

 

cDNA & qRT-PCR 

The RNA was normalised for all the samples and cDNA synthesis was performed using qScriptTM 

cDNA SuperMix (Quanta Biosciences, MD, UK).   Quantitative polymerase chain reactions were 

done in real time using the LightCycler®480 II platform (Roche Diagnostics, UK).  Each reaction 

was carried out in a 96-well plate with a final volume of 10µl containing 4µl diluted normalised 

cDNA, 5µl LightCycler®480 probes master mix, 0.2µM forward and reverse primers, 0.1µl probe 

from Roche Universal Probe Library and 0.5µl nuclease-free water (Qiagen, UK).  Each reaction 

was performed in triplicate and 2 housekeeping genes were used to allow relative quantification 

(GAPDH and RPL32).  The cycle initiated at 95°C for 10 minutes to activate the Hot-Start Taq 

polymerase and then each of the 40 amplification cycles consisted of a 10 second denaturation 

step at 95°C followed by a 30 second annealing and elongations step at 60°C and finally a cooling 

step at 40°C.  The fluorescence intensity is recorded prior to the cooling step.  The amplified 
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targets were analysed using the LightCycler®480 II software (1.5.0 SP3, Roche, UK).  Details of 

primer sequences are in Supplementary Table S3. 

 

RNA amplification and purification 

The instructions from Ovation® Pico WTA system v2 kit (NuGen Technologies) were adhered to 

exactly for RNA amplification and cDNA synthesis.  In brief, samples were diluted to ensure 

concentrations were 500pg and 50ng using RNase-free water (Qiagen, UK).  For primer 

annealing, 5µl of RNA from each sample was heated to 65°C for two minutes. Then for first 

strand cDNA synthesis the sample was added to the first strand buffer and enzyme mix (mixture 

of random and oligodT primers) before placing in a pre-cooled thermal cycler and then put 

through: 4°C – 2min, 25°C – 30min, 42°C – 15min, 70°C – 15min and returned to 4°C. The 

resulting sample was mixed with second strand buffer and enzyme mix (cDNA) to synthesise the 

second strand and placed in a thermal cycler: 4°C – 1min, 25°C – 10min, 50°C – 30min, 80°C – 

20min and returned to 4°C. The resultant cDNA cleanup was then performed using a bead 

purification process (Agencourt® RNAClean® XP Purification Beads) prior to amplification. This 

was achieved using a magnet block and several 70% ethanol washes.  The SPIA (single primer 

isothermal amplification) step elutes the cDNA from the beads using a DNA polymerase and 

RNase H in an isothermal assay put through thermal cycling: 4°C – 1min, 47°C – 75min, 95°C – 

5min, return to 4°C.  The final 100µl volume was then purified using QIAquick PCR purification 

kit (Qiagen, UK).  The resultant elute was measured with NanoDrop (ThermoScientific, UK) using 

ssDNA setting. 

 

Microarray 

This was done using SureTag DNA Labeling Kit, which forms part of Agilent Whole Genome (8 x 

60K) Oligo Microarrays (Agilent Technologies, UK) containing 50,599 probes and is a one-colour 
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microarray-based gene expression analysis.  Each sample was diluted to contain 1.8µg of cDNA 

in a final volume of 26µl.  5µl of random primer is added to the sample and incubated for 5 

minutes at 95°C.  They are then placed immediately in ice for 5 minutes and spun down in a 

centrifuge at 6000 x g for 1 minute.  The cyanine 3 labeling master mix is prepared by mixing the 

sample with appropriate volumes of reaction buffer (10µl per reaction), 10 x dNTPs (5µl per 

reaction), cyanine 3-dUTP (3µl per reaction) and Exo (-) Klenow (1µl per reaction).  This mix is 

then incubated at 37°C for 2 hours after which the samples are transferred to 65°C for 10 

minutes to inactivate the enzyme.  Samples are incubated on ice for 3 minutes and then 

centrifuged at 6000 x g for 1 minute. 

The cDNA is purified following Cy3 labeling. 430µl of 1xTE (pH 8.0) is added to each sample in a 

purification column and spun for 10 minutes at 14,000 x g at room temperature.  The flow-

through is discarded and a further 480µl of 1xTE is added and again centrifuged at 14,000 x g for 

10 minutes.  The flow-through is discarded and the tube inverted into an Eppendorf and spun 

for 1 minute at 1,000 x g.  The labelled cDNA sample is concentrated to dryness using a vacuum 

concentrator and resuspended in 21.5µl of 1xTE buffer.  At this stage 1.5µl is placed in the 

NanoDrop (ThermoScientific, UK) to calculate the degree of labelling.   

The labelled cDNA is prepared for hybridization by adding 10 x Gene Expression Blocking Agent 

(5µl per reaction) and 2 x Hi-RPM Hybridisation Buffer (25µl per reaction) then incubating at 

95°C for 3 minutes before placing on ice.  The samples were centrifuged briefly and 40µl of each 

sample was loaded onto a window of the 8-sample slide (SurePrint G3 Human GE 8x60K V2).  

The slides were hybridised at 65°C for 17 hours at 20 RPM before undergoing wash steps and 

storage in a cool dry ozone-free light-protected place.  The slides were then scanned (Agilent 

DNA Mircoarray Scanner G2505c) and the data analysed following quantile normalisation.   
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Establishment of primary keratinocytes 

Tissue samples were washed first in PBS containing penicillin/streptomycin then cut into narrow 

strips approximately 1mm wide and 2cm long.  This tissue was placed in a sterile falcon tube 

containing Dispase II (10mg/ml; Roche Diagnostics, UK) and incubated overnight in a 37°C water 

bath.  Following incubation the epidermis was carefully separated from the dermis using a sterile 

scalpel and forceps.  The epidermal strips were diced and carefully placed in TrypLE™Express 

(Invitrogen, UK) with serum-free keratinocyte media (Epilife®, Invitrogen Life Technologies, UK) 

for one hour in the water bath, with intermittent vigorous shaking to release the cells until the 

suspension was murky.  Trypsin neutralising solution (Invitrogen, UK), equal in amount to the 

trypsin, was added and the cell-solution mixture and centrifuged at 1300 rpm for 8 minutes.  The 

supernatant was discarded and the cells resuspended in complete defined SFKM using gentle, 

repeated pipetting to ensure a homogenised cell suspension.  This was then seeded into T25 

collagen1-coated CellBind (Corning, UK) culture flasks containing 4mls of SFKM.  The flasks were 

then incubated undisturbed for 48 hours.  Following this the cell culture media was changed 

every 48 hours until 80% confluent.  Only keratinocytes from passage 2-4 were used in all 

experiments. 

 

Keratinocyte Transfection 

In advance the AKR1B10-containing plasmid was transformed into a DH5a E. coli strain to scale 

up and the purified DNA NanoDrop checked for purity and gel-checked.  The day prior to 

transfection primary normal skin keratinocytes were seeded in SFKM (Epilife®, Invitrogen Life 

Technologies, UK) at 1 x 106 cells per well in a collagen-coated 6-well plate.  This achieved a 

confluency of 80-90%, which is ideal for transfection using Turbofectin 8.0 (Origene, USA).  

Following an optimisation step, 3µg of the AKR1B10 cloned into pCMV6-XL5 vector (Origene 

TrueClone®, USA) was used per well.  The Turbofectin 8.0 was added in a ratio of 1:2, at 6µl per 

well of a 6-well plate.   



Chapter 5  

268 
 

To 100µl of serum-free OptiMEM® (Life Technologies, UK) 6µl of transfection reagent 

(Turbofectin 8.0) was added and incubated at room temperature for 5 minutes.  The plasmid 

was then added and gently pipette-mixed before incubating at room temperature for 20 

minutes.  The media in the 6-well plate was replaced with fresh SFKM and the transfection 

mixture added dropwise.  The plate was gently rocked and left in the incubator at 37°C/5%CO2 

for 24 hours.  For those keratinocytes used to determine effect of AKR1B10 overexpression on 

the RA pathway and downstream conditioned media experiments, the media was replaced with 

fresh SFKM at 24 hours for a further 24 hours.  These cells were then harvested, under dimmed 

light, for western blot and qRT-PCR. 

 

Dual luciferase assay and analysis 

Similar to the forward transfection, primary normal skin keratinocytes were seeded at 5 x 104 

cells per well of a 96-well opaque collagen-coated white plate the day before transfection.  A 

clear 96-well plate was seeded simultaneously to allow assessment of cell confluence and 

viability following transfection.  The following day the transfection mixture was prepared as 

above.  Per well of a 96 well plate 0.3µl of transfection reagent (Turbofectin 8.0 (Origene, USA)) 

was added to 5µl of OptiMEM® and incubated for 5 minutes.  150ng/well of AKR1B10 plasmid 

was added to this and incubated at room temperature for a further 20 minutes.  The mixture 

was added to freshly replaced 150µl SFKM in half of the wells for each patient.  This was 

incubated at 37°C/5%CO2 for 24 hours.  At 24 hours the media was replaced with 125µ fresh 

SFKM and the RARE Cignal dual luciferase reporter (SABioscience, Qiagen, UK) transfected using 

Attractene transfection reagent (Qiagen, UK).  For each patient half of the wells are AKR1B10 

positive and half negative.   Of these each has RARE reporter transfected into 4 wells, negative 

control into 2 wells and positive control into one well.  Per well 25µl of OptiMEM® is added to 

0.6µl of Attractene and this is incubated for 5 minutes.  1µl of RARE reporter/negative 

control/positive control is then added and incubated for 20 minutes before being added to the 
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appropriate well of the 96-well plate.  This is incubated at 37°C/5%CO2 for 6 hours and then the 

media removed and replaced with 150µl fresh SFKM.  After 24 hours the positive control well in 

the clear 96-well plate is checked for constitutive GFP fluorescence in the FITC channel of a phase 

contrast microscope (Olympus IX51 microscope; Olympus, UK).  This confirms transfection is 

successful and the luciferase activity can be measured.  Additional controls include non-

transfected (with either plasmid) cells and empty wells. 

The media is replaced with 75µl of SFKM and the Dual-Glo® Luciferase Assay System (Promega, 

UK) is used to measure luciferase firefly and Renilla activity.  An equal volume (75µl) of Dual-

Glo® Reagent is added to each well and left for 15 minutes to allow cell lysis.  The firefly 

luminescence is then measured. (FLUOstar Optima, BMG Labtech)). Immediately afterwards 

75µl of Dual-Glo® Stop&Glo® is added to each well and left for 15 minutes before reading Renilla 

luminescence. 

For analysis the firefly reading is divided by Renilla readings to normalise for cell number.  This 

is done for both RARE reporter cells and also the negative controls.  The relative luciferase 

activity (RLA) is then measured by dividing the normalised RARE reporter value by the 

corresponding negative control to give a fold change increase over control.   

 

Western blotting and analysis 

Keratinocytes were washed with phosphate buffered saline (PBS; Sigma-Aldrich) and then 

trypsinised using TrypLE™Express (Invitrogen, UK) and the corresponding neutraliser 

(Invitrogen, UK) added before pelleting at 1300 RPM for 8 minutes.  The supernatant discarded 

and the pellet resuspended in radioimmunoprecipitation assay buffer (RIPA, Sigma-Aldrich), 

volume depending on number of cells.  The RIPA buffer was supplemented with protease and 

phosphatase inhibitor cocktail (ThermoScientific, UK).  The protein was then extracted using 5 

freeze-thaw cycles including a 1.5 minute lysis step.  The concentration was determined using 
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the bicinchoninic acid protein assay reagent kit (BCA; ThermoScientific, UK) and was plotted 

against a standard curve using bovine serum albumin (BSA).   

An equal amount of protein (30µg) was denatured (NuPage sample buffer; Thermoscientific and 

95°C heating x 5 minutes) and resolved on 4-12% Bis-Tris gels (Life Technologies) and 

electrophoresed according to the manufacturer’s instructions.  The protein was blotted onto 

polyvinylidene difluoride membranes (PVDF; Life Technologies) using iBlot Dry Blotting System 

(Life Technologies).  Following transfer the PVDF membranes were incubated at room 

temperature in Odyssey® blocking buffer (LI-COR Biosciences, Cambridge, UK).  Each membrane 

was then incubated in its respective primary antibody diluted in blocking buffer and rocked 

overnight at 4°C.  The next day the membranes were washed in 1% tween (Fisher Bioreagents, 

UK) PBS before incubating in respective alkaline-phosphatase conjugated secondary antibodies 

at room temperature for 1 hour.  Following washes the membrane was developed using one-

step nitro blue tetrazolium/S-bromo-4-chloroindoxyl phosphate (NBT/BCIP; ThermoScientific).  

Each sample was blotted with its corresponding internal control (β-actin) each time.  Antibodies 

are detailed in Supplementary Table S4b. To analyse the blots the percentage of band intensity 

was calculated by Image J (Fiji, 1.47t, NIH, USA).  The band intensity for each target was divided 

by its own control and then compared with other samples using fold change. 

 

In-cell western 

Both normal skin and keloid fibroblasts were seeded into a black opaque clear-bottom 96-well 

plate in 2%FBS DMEM the day before conditioned media addition.  Media from both AKR1B10 

transfected and non-transfected (6-well plates) keratinocytes was taken immediately after the 

first 24 hour incubation and added to a row each of the same fibroblast patient.  This was 

repeated at 24 hours (48hour transfected).  At 48 hours the plate was fixed for in-cell western 

blotting. 
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The media was removed and 150µl 4% formaldehyde (Sigma-Aldrich, UK) was added to each 

well for 20 minutes at room temperature.  The cells were then permeabilised using 200µl of 

0.1% Triton X-100 for 5 washes at 5 minutes each and subsequently blocked by adding 150µL 

Odyssey® (Li-Cor, Cambridge, UK) for 1.5 hours at room temperature with moderate shaking.  

50µl of primary antibody in the listed concentration (Supplementary Table S4c) was added to 

each well and 50µl of blocking buffer to control wells.  The plate was incubated at 4°C overnight 

and the next day washed with 1% tween PBS 5 times.  All rabbit primary antibodies were stained 

with IRDye® 800CW goat anti-rabbit secondary antibody (1/800) (Li-Co r, UK) and the mouse 

with IRDye® 800CW goat anti-mouse (1/800)  In addition, CellTag™ 700 stain was used to 

normalise for cell number.  This was added to the diluted secondary antibody at 1/500 blocking 

buffer and the plate left at room temperature for 1 hour.  The plate was protected from light 

from this point forward.  Following a further wash with 0.1% tween PBS the plate was dried and 

scanned immediately.  

For analysis the expression of each protein marker was normalised against the CellTag™ reading 

in the 700 channel (800/700nm ratio).  The data was acquired with Odyssey software, exported 

and analysed in Excel (Microsoft, UK).   

In-cell western was also completed for fibroblasts that had been treated with 1µM all-trans 

retinoic acid (atRA) (Sigma-Aldrich, UK) for 24 hours prior to fixation.  The protocol was identical 

and the dilutions for atRA are described below. 

 

Reconstitution of all-trans retinoic (atRA) acid & all-trans retinol (vitamin A) 

For all experiments involving atRA and retinol the frozen aliquots from the following calculations 

were used and were kept in the dark: 

atRA (Sigma-Aldrich 100mg) Molecular weight 300.4 
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Stock solution 

100mg dissolved in 5ml 100% DMSO 

100/5 x 300.4 = 0.0666M = 66,600µM (stored in aliquots at -20°C light protected) 

Working solution 1µM 

10,000 x 1,000/66,600 = 150.15µl aliquots 

Therefore, 150.15µl atRA stock dissolved in 849.85µl culture medium = 10,000µM 

Using a dilution factor of 10, 10,000µM diluted four times to get 1µM. 

atRA was made fresh from stock each time and always kept protected from light. 

Retinol (Sigma-Aldrich 100mg) Molecular weight 286.5 

Stock solution 

100mg dissolved in 5ml 100% DMSO 

100/5 x 286.5 = 0.0698M = 69,800µM (stored at -70°C in light protected aliquots) 

Working solution 10µM 

10,000 x 1,000/69,800 = 143.3µl aliquots 

143.3µl stock dissolved in 856.7µl culture medium = 10,000µM 

Using a dilution factor of 10, 10,000µM diluted 3 times to get 10µM 

Retinol was made fresh from stock each time and always kept protected from light. 
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Immunohistochemistry (peroxidase detection), Immunofluorescence and 

Immunocytochemistry 

The paraffin slides were de-waxed by first putting them through three ten minute cycles of 

heated xylene.  The subsequent steps all took place at room temperature, each lasting five 

minutes.  This included a fourth xylene step followed by hydration through an ethanol gradient 

(100% x 3, 95%, 90%, 80%, 70% and 50% (v/v) ethanol) and two changes of distilled water prior 

to stain application.  For antigen retrieval citrate buffer was used at either 95°C for 20 minutes 

or 60°C for 1 hour.   

For immunohistochemistry the Novolink® polymer detection kit (Leica Biosystems, UK) was used 

from this point forward.  This included endogenous peroxidase block 30 minutes, protein block 

45 minutes, primary antibody (diluent 1%BSA or Odyssey® (Li-Cor, UK) blocking buffer) 

incubation 1hour at room temperature or overnight at 4°C, post primary block 30 minutes and 

Novolink® polymer incubation 30 minutes. Prior to the primary antibody tris buffered saline was 

used for washes and afterward tris buffered saline with 0.1% tween (Fisher, UK).   After this 

sections were incubated with Vector® NovaRED™ substrate kit (Vector, CA, USA), which allowed 

positive staining detection in those with pigmented skin.  Sections were counterstained with 

haematoxylin, rinsed in water and placed on a heat block at 55°C for 10 minutes to dry.  They 

were then dipped in xylene twice for 2 minutes each and coverslipped. 

For immunofluorescence staining, protein block using either Odyssey® blocking buffer or 

10%human/10% donkey serum was done at room temperature for 1 hour following antigen 

retrieval.  The primary antibodies were treated the same as above as were the wash steps.  All 

steps involving secondary antibody were conducted in darkness.   Sections were incubated in 

Alexa Fluor®-conjugated secondary antibodies for one hour at room temperature.  4’,6-

diamidino-2-phenylindole (DAPI; Invitrogen, UK) 1/500 was applied for 15 minutes before 

washing and mounting using hard-set Prolong® Gold reagent (Invitrogen, UK). 
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For immunocytochemistry experiments, 2.5 x 104 normal skin keratinocytes were seeded onto 

collagen-coated 24 well plates with coverslips placed in the bottom.  Half of these keratinocytes 

for each patient were transfected with AKR1B10 as above and incubated for 24 hours.  The 

medium was then removed and the cells washed with PBS prior to fixation with 4% 

formaldehyde for 30 minutes at room temperature.  Cells were then permeabilised with 0.1% 

Triton X-100 in PBS for 15 minutes and blocked in 10% human/10% donkey serum in PBS for 1 

hour at room temperature.  The primary antibody was diluted in Odyssey® blocking buffer and 

left overnight at 4°C.  The next day following washes the cells were incubated in Alexa Fluor®-

conjugated secondary antibody for 1 hour at room temperature and then DAPI for 10 minutes.  

The coverslips were then reverse mounted onto slides and dried before storing in the dark at 

4°C.  

All histology was analysed using a phase contrast microscope (Olympus IX51, Olympus, UK) and 

then scanned using a digital slide scanner (Panoramic 250 Flash III (3DHISTECH, Hungary)).  All 

antibodies and incubation parameters re detailed in Supplementary table S4a.
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ABSTRACT 

 

Keloid disease is a fibroproliferative tumour characterised by aggressive local invasion, evident 

from a clinically and histologically active migrating margin.  During combined laser capture 

microdissection and microarray analysis-based in situ gene expression profiling, we identified 

upregulation of the polypeptide growth factor neuregulin-1 (NRG1) and ErbB2 oncogene in 

keloid margin dermis, leading to the hypothesis that NRG1 contributed to keloid margin 

migration through ErbB2-mediated signalling.  The aim of this study was to probe this hypothesis 

through functional in vitro studies.  Exogenous NRG1 addition to keloid and normal skin 

fibroblasts (KF/NSF) altered cytokine expression profiles, significantly increased in vitro 

migration and keloid fibroblast Src and protein tyrosine kinase 2 (PTK2/FAK) gene expression.  

ErbB2 siRNA knockdown attenuated both KF migration and Src/PTK2 expression, which were not 

recovered following NRG1 administration, suggesting the NRG1/ErbB2/Src/PTK2 signaling 

pathway may be a novel regulator of KF migration, thus promoting fibrosis and representing a 

potential new therapeutic target. 

 

Key words: keloid disease, laser capture microdissection, neuregulin-1, ErbB2, migration 

 

Abbreviations 

CTGF, connective tissue growth factor; ECM, extracellular matrix; FAK/PTK2, focal adhesion 

kinase; IL, interleukin; KD, keloid disease; KF, keloid fibroblasts; KMD, keloid margin dermis; 

LCM, laser capture microdissection; NRG1, neuregulin-1; NS, normal skin; NSF, normal skin 

fibroblasts; qRT-PCR, quantitative real-time polymerase chain reaction; rhNRG1, recombinant 

human neuregulin-1; siRNA, small interfering RNA; STAT, signal transducer and activator of 

transcription; TGFβ, transforming growth factor receptor beta   
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INTRODUCTION 

Representing the extreme end of the cutaneous scarring spectrum, keloid disease (KD) is a 

fibroproliferative tumour characterised by excess extracellular matrix (ECM) deposition, 

increased inflammatory cytokine expression and aggressive local invasion (1). While KD is often 

referred to as benign, in that it does not metastasize, it behaves in a tumorigenic fashion by 

actively invading adjacent normal skin (NS) and spreading beyond the boundaries of the original 

wound (2, 3).  To date, although significant progress has been made, the mechanisms underlying 

the migration required for keloid invasion have not been fully elucidated.  The invasion and 

spread of keloid scars represent a significant clinical challenge not currently controlled with 

available therapies (4). 

To embrace this challenge and address the concept of keloid migration, we pursued in-house 

microarray evidence from specific keloid tissue compartments demonstrating involvement of 

neuregulin-1 (NRG1) and ErbB2 (HER-2/Neu).  The microarray data encompassed differential 

gene expression between intralesional (centre), perilesional (margin) and extralesional in situ 

keloid and NS dermis (Figure 1a), which was achieved using laser capture microdissection (LCM).  

Support for our focus on the margin as the active site of keloid migration arises from a clinically 

raised erythematous border, histological evidence of a hyper-cellular advancing tongue in the 

papillary keloid margin dermis (KMD) (5) and increased migration and collagen in fibroblasts 

from the growing margin of the keloid scar (6, 7).  NRG1 is a polypeptide growth factor 

upregulated in several human cancers (8-10), is secreted from fibroblasts (11) and plays a role 

in skin pigmentation (12), keratinocyte migration in wound healing (13), hypertrophic scarring 

(14) and fibrosis (15).  NRG1 binds either ErbB3 or ErbB4 resulting in recruitment and 

heterodimerisation with ErbB2, an orphan receptor with no affinity ligand of its own (16) but 

which is implicated in tumorigenesis (17, 18).  

The functional association between NRG1 and ErbB2 on cell migration has been observed in 

cardiac myocytes, schwann cells and glioma tissue, indicating the NRG-1β/ErbB-dependent 
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activation of Src/FAK modulates cell-cell contact, cell motility and focal adhesion complex 

formation (19-21).  Indeed protein tyrosine kinase 2 (PTK2/FAK), a non-receptor protein tyrosine 

kinase, was shown to be upregulated in KD, where it influences cell migration through alteration 

of the focal-complex assembly disassembly cycle (22-24). The aggressive invasion evident in KD 

supports the hypothesis of a mechanobiological aetiology (25, 26), where rapid focal adhesion 

turnover and modulation of tension actin filaments produce a “migration-related disease” (27).  

Our site-specific approach localised upregulation of NRG1 and ErbB2 to the isolated KMD, 

leading to our hypothesis that NRG1 overexpression promotes fibrosis and fibroblast migration 

into adjacent NS through ErbB2-mediated signaling. 

In this study, we confirmed our microarray finding of NRG1 and ErbB2 overexpression in KMD 

compared with NS on both gene and protein levels.  We then sought to demonstrate the pro-

fibrotic and pro-migratory effects of NRG1 and to establish whether these effects are dependent 

on ErbB2 upregulation.  We showed that keloid fibroblast (KF) expression reflects that of the 

KMD, supporting the use of functional in vitro assays to test our hypothesis.  Exogenous NRG1 

administration resulted in upregulation of pro-fibrotic factors, Src and PTK2 as well as increased 

fibroblast migration on in vitro scratch assay.  The use of ErbB2 siRNA attenuated this migration 

and the expression of Src and PTK2 in KF.  Failure to recover this expression with re-introduction 

of NRG1 suggested the effects were mediated through ErbB2. 

 

METHODS 

Sample preparation 

Keloid (centre, margin and extralesional) (Figure 1a) and NS biopsies were harvested according 

to Declaration of Helsinki protocols with full written consent (North West Research Ethics 

Committee Ref. 11/NW/0683).  Biopsies were stored in RNA stabilisation solution then OCT-

embedded for serial cryosection or formalin-fixed and paraffin-embedded (FFPE).  Demographic 
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data detailed in Supplementary Table S2, which indicates that some of the keloid and NS 

samples differ in terms of ethnicity and prior treatment. 

 

Laser Capture Microdissection and Microarray analysis 

To preserve RNA integrity a rapid staining protocol was used (LCM Staining Kit, Ambion, USA) 

prior to laser capture microdissection (PALM, Carl Zeiss, MicroBeam 4.2, Germany).  The LCM, 

mRNA extraction, amplification and microarray analysis were performed as described previously 

(28).  

 

Quantitative real-time polymerase chain reaction (qRT-PCR) 

Performed on mRNA from laser-captured elements and cultured fibroblasts, as previously 

described (28). Primer lists detailed in Supplementary Table S3.  Reactions were performed in 

triplicate and normalised against two house-keeping genes, RPL32 and GAPDH. 

 

Cell culture 

Primary fibroblast culture was established using standard techniques as described (7). In brief, 

tissue was minced, incubated in collagenase, combined with complete DMEM for 3 hours at 

37°C.  Cells were pelleted and grown in tissue culture flasks with medium changes every 48-

72hrs until confluent.  Passages 1-3 were used. 

 

Fibroblast treatment with neuregulin 

NSF and KF were seeded into 6-well plates in complete DMEM.  Once confluent, cells were 

serum-starved for 24 hours before adding 50ng/ml recombinant human neuregulin-β1 (rhNRG1-
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β1) (PeproTech, UK) for 24 hours.  Control cells were treated with serum-free medium for a total 

of 48 hours.  Cells were harvested using Trizol (Life Technologies, UK) for RNA extraction (RNeasy 

Mini Kit, Qiagen) or radioimmunoprecipitation assay buffer (RIPA, Sigma-Aldrich) for western 

blot analysis. 

 

Co-immunoprecipitation and western blot analysis 

To determine ErbB dimerisation, co-immunprecipitation of ErbB receptor complexes was 

performed according to the manufacturer’s protocol (Pierce co-immunoprecipitation (Co-IP) kit, 

ThermoFisher Scientific, UK). This is discussed in detail in Supplementary Material and the 

antibody list detailed in Supplementary table S4. Blots were developed using nitro blue 

tetrazolium/S-bromo-4-chloroindoxyl phosphate (NBT/BCIP, 34042, ThermoFisher Scientific, 

UK).   

 

Immunostaining 

FFPE sections (5µm) were stained for ErbB2 using manufacturer’s instructions for Novolink® 

peroxidase detection kit (Leica Biosystems, UK) and red chromogen Vector® NovaRED™ 

substrate kit (Vector, CA, USA) to differentiate from melanin then counterstained with 

haematoxylin.  Combined ErbB2/NRG1 immunofluorescence was performed using citrate buffer 

(pH 6) antigen retrieval for 20min at 90°C.  A negative control was performed in each without 

primary antibody. (Antibody incubation details Supplementary Table S5). 

 

siRNA gene knockdown of ErbB2 

Following optimisation, 5nM ErbB2 siRNA (Silencer® select s613 validated, ThermoFisher 

scientific UK) or control siRNA (Silencer® Select Negative Control No. 1, ThermoFisher scientific 
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UK) was introduced to KF using Lipofectamine® RNAiMAX (Life Technologies, UK) according to 

manufacturer’s instructions.  Culture medium (Opti-MEM I, ThermoFisher Scientific, UK) for 

RNAi transfection was antibiotic and serum-free.  Cells were harvested for RNA extraction or 

protein analysis by western blot. 

 

In vitro scratch migration assay 

This is described in detail in the Supplementary Material.  In brief, fibroblasts were seeded into 

six well plates and a scratch introduced with a 10µl pipette tip.  Cells were then treated with 

either rhNRG1, ErbB2 siRNA or both rhNRG1 and ErbB2 siRNA together.  Images were taken at 

time 0 and 48 hours and compared to quantify the number of migrated cells which were then 

presented as mean ± SEM. 

 

Cell viability assay 

1x104 KF and NSF seeded per well into 96-well plates and serum-starved for experiment 

duration.  Cells were treated with 50ng/ml rhNRG1 for 72 hours, 5nM ErbB2 siRNA or control 

siRNA as indicated.  Controls were treated with serum-free medium alone.  Metabolically active 

cell number was assessed using MTT assay as described previously (29).  Absorbance (550nm-

690nm) was measured (FLUOstar Optima, BMG Labtech, UK) and expressed as mean ± SEM from 

three independent experiments. 

 

Statistics 

For qRT-PCR, gene expression levels were normalised against two internal controls and ΔΔCT 

calculated.  All data are represented as mean ± SEM.  Statistical analysis was calculated using 
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Student’s t test and one way ANOVA with Tukey post-hoc correction (SPSS, IBM), where p-value 

< 0.05 considered statistically significant.  

 

RESULTS 

 

In situ keloid dermis and cultured keloid fibroblasts showed increased NRG1 and Erbb2 mRNA 

expression but Erbb3 & Erbb4 downregulation compared with normal skin  

Combined LCM and microarray allowed site-specific comparison of keloid centre, margin and 

adjacent lesional sites with NS for epidermis and dermis (Figure 1a).  NRG1 was identified as 

most significantly upregulated in KMD (fold change 22.24, p-value 1.59E-05) but was also 

upregulated in keloid centre dermis (fold change 10.71, p-value 0.0002). Given the upregulation 

of NRG1, we examined the microarray data for potential interaction candidates using criteria of 

fold change >2 and p-value < 0.05.  ErbB2 was identified as most significantly upregulated in 

KMD (fold change 2.56, p-value 0.0031).  ErbB3 (fold change 15.6, p-value 6.82E-07) and ErbB4 

(fold change 5.42, p-value 0.0145), however, were significantly downregulated in KMD.  Findings 

were validated using qRT-PCR, which reflected the microarray expression pattern (Figure 1b).  

Full expression data is detailed in Supplementary Table S1.  Additionally, qRT-PCR (n=5) 

confirmed KF expressed increased NRG1α (p=0.044) and NRG1β (p=2.7E-05) as well as ErbB2 

(p=0.011) with reduced expression of ErbB3 (p=0.009) and ErbB4 (p=0.034) compared with NSF 

(Figure 1c).  Therefore, KF in culture maintain the NRG1/ErbB gene expression of in situ keloid 

dermis, which is the presumed site leading keloid migration (30, 31).  Given the complex nature 

of KD and the fact that there is no validated animal model for KD (32), the in vitro experiments 

are essential to confirm in situ observations made in human KD tissue in order to progress 

towards mechanistic understanding of the pathogenesis. 
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Figure 1. Neuregulin-1 (NRG1) and ErbB2 gene expression for in situ keloid tissue and keloid 

fibroblasts (KF) compared with normal skin.  (A) Schematic diagram of keloid biopsy sites for 

combined laser capture microdissection and microarray approach. (B) qRT-PCR (bar graph) 

validation of microarray data (line graph represents fold change) for NRG1, ErbB2, ErbB3 and 

ErbB4 for in situ keloid vs normal skin. (C) qRT-PCR of KF and normal skin fibroblasts (NSF) (n=5) 

for NRG1, ErbB2, ErbB3 and ErbB4. This downregulation of ErbB3 and ErbB4 may discourage 

homodimerisation thus promoting heterodimerisation with upregulated ErbB2 and generating 

the most efficient signalling.  Data are mean ± SEM from three independent experiments (*p < 

0.05). 

 

Keloid dermis and keloid fibroblasts show increased NRG1 and ErbB2 protein expression 

compared with normal skin 

To assess whether gene expression findings translated into protein changes, we performed 

immunohistochemistry for ErbB2 (Figure 2a, b) and immunofluorescence for combined NRG1 

and ErbB2 (Figure 2a).  89% of keloid dermis samples showed increased ErbB2 expression (n=9) 

compared with NS (n=5), where there was no dermal expression.  Interestingly, positive ErbB2 

expression in keloid dermis was associated with histological features considered to be 

pathognomonic of KD (5), including dermal nodule (Figure 2bi), horizontal fibrous band (Figure 

2bii), obliteration of papillary/reticular border (Figure 2biii) and papillary dermal inflammatory 

infiltrate (Figure 2biv). Combined NRG1/ErbB2 immunofluorescent staining (yellow stain) 

demonstrated co-localisation within the dermis (Figure 2a), which was increased in KD (n=13) 

compared with NS (n=6). Similar to ErbB2 immunohistochemistry, this co-localised expression 

in keloid dermis was more frequently in areas of inflammatory infiltrate. When only KMD 

sections were considered, both NRG1 and ErbB2 were positive in 6/6 examined patients, 

supporting microarray data. 
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Protein expression, determined by western blot (n=5), showed a trend toward increased 

expression of both NRG1 and ErbB2 (Figure 2c) with decreased ErbB3 and ErbB4 expression in 

KF compared with NSF (Supplementary figure S1).  Overall, our results show increased NRG1 

and ErbB2 protein expression in keloid dermis compared with NS, supporting gene expression 

findings. 
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Figure 2.  Neuregulin-1 (NRG1) and ErbB2 protein expression in keloid versus normal skin (NS).  

(A) ErbB2 immunohistochemistry for KD (n=9) and NS (n=5) show ErbB2 (black arrows) in KD 

sections only. Combined NRG1 (green/FITC) ERbB2 (red/TRITC) immunofluorescence for KD 

(n=13) and NS (n=6).  Dermal co-localisation (white arrows indicating yellow stain) increased in 

KD vs NS.  Negative control with no primary antibody treatment shown also. (B) ErbB2 

immunohistochemistry of keloid margin (n=6). Positive staining associated with i) hyper-cellular 

dermal nodule ii) horizontal fibrous band iii) papillary-reticular border obliteration iv) Papillary 

dermis (PD) inflammatory infiltrate. (C) Western blot and mean fold change quantification for 

NRG1 and ErbB2 in keloid fibroblasts and NS fibroblasts.  Scale bar = 50µm. Scale bar of inset 

magnification = 10µm. RD, reticular dermis. 

 

Increased levels of Erbb2/Erbb2 homodimers and Erbb2/Erbb3 heterodimers in keloid fibroblasts 

compared with normal skin 

To evaluate ErbB dimerisation status, co-immunoprecipitation was performed using KF and NSF 

lysates (n=3) and the immunoprecipitate subjected to western blot analysis (Figure 3).  KF 

immunoprecipitation of ErbB2 led to increased co-precipitation of ErBB2 (p=0.003) and ErbB3 

when compared with NSF.  Additionally, ErbB3 and ErbB4 homodimers preferentially occurred 

in NSF versus KF.  Assay specificity was demonstrated by absence of immunoreactivity in 

negative controls. These results suggest KF express higher levels of ErbB2/ErbB2 homodimers 

and ErbB2/ErbB3 heterodimers than NSF. 
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Figure 3.  Co-immunoprecipitation of total keloid and normal skin fibroblast protein lysate (n=3) 

and western blot analysis with antibody against ERbb2, ErbB3 and ErbB4.  The 

immunoprecipitate (IP) pull down and associated western blot (WB) for each specific antibody 

probed shown with the accompanying quantification graph under the relevant headings.  

Quantification was performed with ImageJ analysis and this was repeated three times. Data are 

represented as mean ± SEM where *p<0.05 using Student’s t test. The western blots show each 

sample for n=3 for both KF and NSF. The patient lanes are marked with “P” and the negative 

control lanes for that same patient marked with “N”. KF, keloid fibroblasts; NSF, normal skin 

fibroblasts.   

 

Treatment of normal skin fibroblasts with rhNRG1 produced keloid-like release of pro-fibrotic 

cytokines 

As the more active isoform, exogenous rhNRG1- β1 was added to NSF at 50ng/ml for 24 hours 

and compared with untreated (serum-free medium) NSF (n=5).  qRT-PCR was performed for a 

number of pro-fibrotic genes known to be dysregulated in KD (1, 33-35) (Figure 4a, b).  NSF 

treatment with rhNRG1 resulted in significant upregulation of collagen I (p=0.0016), collagen III 

(p=0.001) and fibronectin (p=0.007) as well as pro-inflammatory cytokines transforming growth 

factor receptor (TGFβ1) (p=0.04), IL-6 (p=0.0059) and IL-8 (p=0.0019).  These results indicate 

exposure to NRG1 produces a pro-fibrotic response in NSF that reflects the keloid expression 

profile. 

 

Treatment of keloid fibroblasts with rhNRG1 reinforces pro-fibrotic cytokine release  

Figure 4b shows KF treatment with 50ng/ml rhNRG1 for 24 hours (n=5) stimulated significant 

upregulation of TGFβ1 (p=3.97E-07).  There was also upregulation of fibroblast growth factor 
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(FGF7) (40) (p=0.0086) (Supplementary figure S2) as well as a trend toward increased expression 

of collagen I, collagen III, fibronectin and IL-6 (Supplementary figure S3 & S4). 

 

Treatment with rhNRG1 enhanced migration in both keloid and normal skin fibroblasts 

In vitro scratch assay was used to assess migration capacity of KF and NSF (Figure 4c). Untreated 

fibroblasts were compared to those stimulated with 50ng/ml rhNRG1 over 48 hours.  Untreated 

KF showed significantly more migration than NSF.  Additionally, rhNRG1 treatment resulted in 

significantly increased migration for KF (p=0.02) and NSF (p=5.0E-05) over untreated cells (Figure 

4d).  A 72-hour MTT assay (n=4) on all fibroblasts confirmed cell numbers remained constant for 

experimental duration and were equal between KF and NSF (Figure 4e). 

Given that NRG1 is known to affect cell migration and motility through effects on Src/FAK and 

signal transducer and activator of transcription (STAT3) (20, 36-38), here we investigated the 

effect of rhNRG1 on these molecules in KF and NSF.  Figure 4f demonstrates qRT-PCR of KF (n=5) 

treated with rhNRG1 showed significant upregulation of Src (p=0.006), PTK2/FAK (p=0.04) and 

STAT3 (p=0.005).  NSF (n=5) also showed significant upregulation of Src (p=0.016) and STAT3 

(p=0.004) but not PTK2. 
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Figure 4.  Fibroblast (n=5) treatment with recombinant human neuregulin-1 (rhNRG1).  (A) 

qRT-PCR showing significantly increased collagen I, collagen III, fibronectin (FN), IL-6 and IL-8 

expression in rhNRG1-treated normal skin fibroblasts (NSF) and (B) significantly increased 

transforming growth factor (TGFβ1) in keloid fibroblasts (KF) and NSF. (C)  Representative 

micrographs of in vitro scratch migration assay (n=3) showing KF/NSF response towards injury 

at 0hrs and 48hrs with/without rhNRG1 treatment. (D)  Average number of migrated KF and NSF 

based on time 0 were plotted on the graph.  (E)  72hr MTT assay on rhNRG1-treated and 

untreated fibroblasts (n=4).  (F) qRT-PCR for Src, FAK/PTK2 and signal transducer and activator 

of transcription (STAT3) of rhNRG1-treated vs untreated KF or NSF.  Data are mean ± SEM from 

at least three independent experiments (*p<0.05, **p<0.005). 

 

Erbb2 knockdown in keloid fibroblasts attenuates pro-fibrotic cytokine expression and reduces 

cell migration  

To clarify ErbB2 involvement in keloid fibrosis and migration, KF (n=5) were treated with 5nM 

ErbB2 siRNA or scrambled siRNA negative control for 48 hours and successful knockdown 

confirmed by western blot (Figure 5a). qRT-PCR of ErbB2 knockdown KF showed significantly 

less expression of collagen I (p=1E-05), collagen III (p=0.019), fibronectin (p=0.012) and TGFβ1 

(p=0.04) than negative control (Supplementary figure S5 & S6).   

The MTT assay (n=4) of siRNA-treated KF confirmed viability was maintained over the 72 hour 

experimental period with minimal cell proliferation in serum-free environment, as expected 

(Figure 5b).  Therefore, the significantly reduced cell migration seen in ErbB2 knockdown KF 

(p=0.005) was not due to apoptosis (Figure 5c, d).  Reduced migration of ErbB2 siRNA-

transfected KF, seen with in vitro scratch assay, is supported by significantly reduced gene 

expression of PTK2 (p=0.0002) and Src (p=0.003) compared with negative control (Figure 5e).
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Figure 5.  ErbB2 siRNA-transfected keloid fibroblasts (KF). (A) Quantification (n=5) and blot 

showing significant (~90%) ErbB2 protein (30µg) expression reduction in siRNA-transfected (red 

arrow) vs untreated (blue arrow) and negative control (black arrow) KF.  (B)  72hr MTT of keloid 

fibroblasts (KF). (C) Average number of migrated KF plotted on the graph. (D) Representative 

micrographs of in vitro scratch migration assay (n=3). Fibroblast migration response towards 

injury at time 0 and 48hrs following treatment: negative control, ErbB2 siRNA or both ErbB2 

siRNA and neuregulin (NRG1) together. (E) qRT-PCR for PTK2, Src and STAT3 expression of KF 

treated with negative control, ErbB2 siRNA or both ErbB2 siRNA and rhNRG1 together.  Data are 

mean ± SEM from at least three independent experiments (*p<0.05, **p<0.005). 

 

Erbb2 knockdown keloid fibroblasts do not recover cell migration with rhNRG1 treatment 

Having demonstrated the effect of ErbB2 knockdown on KF migration, we next sought to 

determine whether the observed pro-migratory effects of NRG1 on KF were mediated through 

ErbB2.  Addition of rhNRG1 to KF transfected with ErbB2 siRNA did not result in a significant 

increase in migration (p=0.29) on in vitro scratch assay (Figure 5c, d).  Nor did addition of rhNRG1 

to ErbB2 knockdown KF restore the expression of PTK2 or Src (Figure 5e), suggesting effects of 

NRG1 in KD are mediated by ErbB2 overexpression and other ErbB members are unable to 

compensate for ErbB2 loss or they may use alternate signaling mechanisms. 

 

DISCUSSION 

Keloid disease is a quasineoplastic cutaneous tumour characterised by migration into 

surrounding skin beyond the original wound borders, failure to regress and high recurrence rates 

following excision (1). Our identification of NRG1 and ErbB2 upregulation in the clinically and 

histologically active (5, 39) KMD in situ, suggested a heretofore unexamined mechanism 

underlying invasive migration contributing to KD pathogenesis.   
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Here, we have demonstrated KF reflect in situ KMD tissue, with increased NRG1 and ErbB2 but 

decreased ErbB3 and ErbB4 expression compared to NS.  ErbB2 overexpression leads to 

homodimerisation and constitutive activity through autophosphorylation, leading to ligand-

independent signaling (40, 41).  Alternatively, ErbB2 is the preferred dimerization partner of 

both ErbB4 and kinase-impaired ErbB3 (42, 43), which even at low levels can produce potent 

signal transduction through ErbB2/ErbB3 heterodimerisation (44).  Given heterodimerisation 

with ErbB2 generates the most robust signaling downstream, we hypothesised the 

downregulation of ErbB3 and ErbB4 discouraged their homodimerisation in favour of ErbB2 (45), 

achieving maximal signaling activity with NRG1 affinity (46) (Supplementary figure S7).  This is 

supported by our finding of increased ErbB2 homodimers and ErbB2/ErbB3 heterodimers in the 

co-immunoprecipitation of KF versus NSF.  Although ErbB3 and ErbB4 serve as the NRG1 

receptors, we have shown that ErbB2 ablation hinders keloid cell’s ability to respond to NRG1 

(17).   

This study has shown that rhNRG1 treatment elicited a keloid-like pro-fibrotic cytokine 

expression profile in NSF, with significant upregulation of collagen I, collagen III, TGFβ1, 

fibronectin, IL-6 and IL-8. These observations led us to hypothesise a possible mechanism 

whereby paracrine NRG1 signals from migrating/advancing KF may alter the expression profile 

of adjacent NSF, thereby driving keloid expansion at the margin into extralesional/normal skin 

(Supplementary figure S8) (11). NRG1 was recently found to be upregulated in hypertrophic 

scar fibroblasts, where it regulated ECM expression through connective tissue growth factor 

(CTGF) (14).  Here, although we found exogenous rhNRG1 treatment resulted in decreased CTGF 

expression in KF (Supplementary Figure S9 & S10), this does not detract from previous findings 

in hypertrophic scarring. Indeed, these differences may have clinical implications given the 

continued difficulties with differential diagnosis between keloid and hypertrophic scars. 

However, further studies are required to explore the mechanisms underlying these divergent 

responses to rhNRG1 in vitro.  
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We demonstrated reinforcement of TGFβ1 overexpression in rhNRG1-treated KF.  TGFβ1, a 

pleiotropic growth factor already known to be upregulated in KD (1, 35), has been postulated to 

facilitate scar expansion through pro-inflammatory and pro-migratory effects (47, 48).  

Interestingly, our finding of NRG1 and ErbB2 co-localisation in keloid dermis was frequently 

observed within previously described areas of keloid inflammatory infiltrate (49). TGFβ1 is 

known to influence cell migration through MMP regulation (50) and its effect on single cell 

motility is thought to require synergy with the EGFR family of tyrosine kinase receptors (51, 52), 

such as ErbB2 (53-55). Both ErbB2 and TGFβ also independently activate PI3K/Akt (56, 57) and 

MAPK/Erk (58, 59) pathways, which are regulators of migration and are both known to be 

dysregulated in KD (60, 61).   

Our finding of TGFβ1 upregulation and CTGF downregulation following rhNRG1 treatment of KF 

is curious, especially as TGFβ is well known to induce CTGF in KF (57).  Thus, NRG1 upregulation 

may only be one contributing element in the regulatory systems that underlie increased TGFβ1 

in KD (3); in combination with other factors inducing TGFβ1 overexpression, this may override 

the negative effects of NRG1 on the CTGF expression seen here.  Alternatively, the incompletely 

understood complexity of Smad/non-Smad signaling, as well as the other signaling regulators 

that are known to affect CTGF expression and to be dysregulated in KD including mechanical 

stress/tension (1, 62-64), may drive the overall expression of CTGF in KD in vivo.  While this is an 

interesting finding and represents a focus for future research, further investigation into this 

relationship was beyond the scope of the current study.   

 NRG1 adheres to ECM in vivo, thereby activating ErbB2 receptors on invading cells and 

contributing to cell migration (19). Here, we show rhNRG1 stimulation promoted significant cell 

migration in both NSF and KF.  Additionally, we demonstrated rhNRG1 treatment resulted in 

significant upregulation of Src in NSF and both Src and PTK2 in KF.  Importantly, the small but 

significant upregulation of PTK2 in concert with Src, seen only in KF and which is considered 

essential to the establishment of an invasive cell phenotype (65, 66), may contribute to the 
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migratory fibroblast phenotype that differentiates keloids from normal scars.  We established 

the role of ErbB2 in this study through ErbB2 siRNA studies, which resulted in significant 

reduction in both cell migration in vitro and also downregulation of Src and PTK2 gene 

expression in KF. PTK2 facilitates migration through ECM-integrin junction signaling (67), also 

playing a role in inflammation and fibrosis (68).  The site-specific approach in our study highlights 

identification of ErbB2 and NRG1 dysregulation in keloid dermis as opposed to epidermis and 

interestingly, dermal PTK2 has been suggested as more vital to cutaneous healing than 

epidermal (68). 

 To determine whether the effects of NRG1 and ErbB2 on migration were co-dependent, we 

treated the ErbB2 knockdown KF with rhNRG1.  This treatment failed to significantly increase in 

vitro migration or gene expression of Src and PTK2 in KF, indicating NRG1 requires ErbB2 for its 

pro-migratory effects in KF.  STAT3 has been previously implicated in keloid migration (69) and 

it has been suggested that increased ErbB2 can activate STAT3 via Src (70, 71).  Interestingly, our 

results revealed a significant STAT3 increase (p<0.01) in both NSF and KF treated with rhNRG1.  

However, ErbB2 knockdown in KF did not significantly reduce STAT3 or known STAT3 modulator 

IL-6 when compared with untreated KF controls (72-74).  Additionally, STAT3 in KMD in our 

microarray data was marginally downregulated (fold change 2.02, p-value 0.0051), suggesting 

NRG1 is not the dominant regulator of STAT3 and any stimulation of these molecules may 

contribute to fibroblast migration through alternative mechanisms (75).  Although STAT3 has 

been shown to play a significant role in keloid pathogenesis, the site-specific nature of this study 

may account for differences in observed expression (76). 

One of the limitations of our study was the availability of optimal keloid tissue samples with few 

of the keloid samples having previous treatment and only some of the keloid patients were 

Caucasian, whereas all of the NS samples were from Caucasian patients. Given the ethical 

implications of excising normal skin tissue from keloid-prone patients distant to the scar, we 

matched the samples to the maximum degree within our control.  Although not ideal, the 
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extralesional tissue may be interpreted as a type-matched control and in the extralesional 

dermis, NRG1, ErbB2 and ErbB3 were not dysregulated (Supplementary Table S1).   

In summary, we have shown NRG1 and ErbB2 upregulation in KMD and that suppression of 

ErbB2 expression in KF neutralises the pro-fibrotic cytokine expression profile and pro-migratory 

effects of NRG1.  This study examines the molecular mechanisms underlying keloid migration, 

which is an essential component of the invasion that is pathognomonic of KD.   Confirmation of 

the functional importance of these findings through keloid organ culture may provide further 

evidence supporting the exposure in this study of a potential role for NRG1/ErbB2/FAK/Src 

signaling localised to KMD, which presents an intriguing aspect of keloid migration not 

previously investigated. The potential future clinical implications include current availability of 

targeted therapies for ErbB2, which with site-specific application may be a novel strategy in the 

management of KD. 
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Supplementary Material to Chapter 6 

Methods 

Co-Immunoprecipitation and western blot 

This was performed according to the manufacturer’s protocol (Pierce co-immunoprecipitation 

(Co-IP) kit, ThermoFisher Scientific, UK). Normal skin fibroblasts and keloid fibroblasts were 

lysed in Co-IP Lysis Buffer, the cell debris was pelleted and the protein quantified through the 

bicinchoninic acid protein assay reagent kit (BCA; ThermoScientific, UK). 1 mg of each cell 

population lysate was pre-cleared by 1 hour incubation with non-specific agarose resin. For 

each receptor subunit, the primary antibody was covalently bound to an amine-reactive resin 

and incubated with cleared cell lysate over-night at 4°C. Input lysate was also incubated with 

negative control resin as per the manufacturer’s protocol. Non-bound protein was removed, 

control and specifically bound complex-resin washed and proteins eluted. Immunoprecipitate 

was subjected to western blot.  Blots from each Co-IP reaction were probed with anti-ErbB2, 3 

and 4 antibodies and developed using nitro blue tetrazolium/S-bromo-4-chloroindoxyl 

phosphate (NBT/BCIP, 34042, ThermoFisher Scientific, UK).  The western blots were analysed 

using ImageJ software, including only the area where the protein band was located and each 

quantification repeated three times to ensure accuracy.   

 

For western blot alone, each sample was run on the same blot as its own internal control using 

GAPDH.  In order to compare samples the fold change over control was used and the mean of 

these fold changes quantified and presented on the bar graphs. 

 

In vitro scratch assay 

Both normal skin and keloid fibroblasts were seeded into 6-well plates (3 x 105) and grown to 

confluence (~90%). Normal skin fibroblasts were treated with 50ng/ml rhNRG1 for 24hrs. Keloid 
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fibroblasts were treated with 50ng/ml rhNRG1 alone, 5nM ErbB2 siRNA alone or combined 

rhNRG1 and ErbB2 siRNA.  Control wells treated with serum-free medium alone or negative 

control siRNA and were performed in tandem. Scratch wounds were introduced using a sterile 

10µl pipette tip, cells were washed to remove cell debris and then treated as described above. 

Six scratch wound were introduced into each well and experiments performed in duplicate.  

Images were taken at time 0 and marks made adjacent to the scratch beneath the plate surface 

as reference points.  Final images were taken at 48 hrs and this image compared with the original 

scratch wound at time 0. Fibroblasts were fixed with 4% formaldehyde for 30 minutes, 

permeabilised with 0.1% triton X-100 (Sigma-Aldrich, UK) and stained with F-actin using 

rhodamine isothiocyanate 1:250 (Sigma-Aldrich, UK) and nuclei stained with 1:500 DAPI.  Three 

non-overlapping fields were captured at 10x (inverted Olympus IX71) for each scratch, equating 

to a total of 54 measurements for each experimental condition (n=3) for each of keloid and 

normal skin fibroblasts. The number of cells (defined as cells with nuclei) migrated into the 

wound site counted and presented as mean ± SEM.   
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Table S1 – Microarray expression of genes relevant to this study 

 

Agilent Probe ID Ref Sequence Gene 

symbol 

Site within lesion Fold 

change 

p-value 

A_33_P3284345 
 

NM_013956.3 
 

NRG1 Centre dermis 10.71 0.0002 

A_33_P3284345 NM_013956.3 
 

NRG1 Margin dermis 22.24 1.59E-05 

A_33_P3284345 NM_013956.3 
 

NRG1 Extralesional dermis -2 0.42 

A_33_P3292596 
 

NM_004448.3 ErbB2 Margin dermis 2.56 0.0031 

A_33_P3292596 
 

NM_004448.3 ErbB2 Extralesional dermis 1.03 0.927 

A_23_P349416 
 

NM_001982.3 
  

ErbB3 Centre dermis -10.14 3.53E-06 

A_23_P349416 
 

NM_001982.3 
  

ErbB3 Margin dermis -15.6 6.82E-07 

A_23_P349416 
 

NM_001982.3 
  

ErbB3 Extralesional dermis -1.25 0.6075 

A_32_P183765 
 

NM_005235.2 ErbB4 Centre dermis -6.83 0.0038 

A_32_P183765 
 

NM_005235.2 ErbB4 Margin dermis -5.42 0.0145 

A_32_P183765 
 

NM_005235.2 ErbB4 Extralesional dermis -5.96 0.013 
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Table S2 – Demographic data of samples used in this study 

No. Tissue 

type 

Gender, 

Age 

Ethnicity Time 

present 

Previous 

Treatment 

Location of 

keloid 

1 Keloid F, 42yrs Israeli 7-8 yrs Nil Left shoulder 

2 Keloid F, 25 yrs Ethiopian 18 mnths Nil Right shoulder 

3 Keloid F, 19 yrs Caucasian 2-3 yrs Nil Left ear helix 

4 Keloid F, 30 yrs Caucasian 8 yrs Nil Central sternum 

5 Keloid F, 32 yrs Caucasian 13 yrs Radiation, 

steroid, 

silicone 

Breasts bilaterally 

6 Keloid F, 41 yrs Israeli 6 yrs Steroid, 

silicone 

Left deltoid 

7 Keloid F, 18yrs Jamaican 

Afrocarribean 

1 yr none Bilateral ear lobes 

8 Keloid M, 23yrs Jamaican 

Afrocarribean 

4 yrs none Bilateral ear lobes 

9 Keloid F, 27yrs Jamaican 

Afrocarribean 

2 yrs Surgery Right ear lobe 

10 Keloid M, 20yrs Jamaican 

Afrocarribean 

2 yrs Surgery Chin 

11 Keloid F, 19yrs Jamaican 

Afrocarribean 

2 yrs Surgery Sternum 

12 Keloid F, 41yrs Jamaican 

Afrocarribean 

6 yrs None Sternum 

13 Keloid M, 20yrs Jamaican 

Afrocarribean 

15 yrs None Right ear lobe 

14 Keloid F, 22yrs Jamaican 

Afrocarribean 

3 yrs None Bilateral ear lobes 
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15 Normal skin F, 57yrs Caucasian - - Facelift & 

blepharoplasty 

16 Normal skin M, 47yrs Caucasian - - Abdominoplasty 

17 Normal skin F, 19yrs Caucasian - - Bilateral breast 

reduction 

18 Normal skin F, 26yrs Caucasian - - Abdominoplasty 

19 Normal skin F, 41yrs Caucasian - - Abdominoplasty 

20 Normal skin F, 43yrs Caucasian - - Bilateral breast 

reduction 

21 Normal skin F, 43yrs Caucasian - - Bilateral breast 

reduction 

22 Normal skin F, 34yrs Caucasian - - Abdominoplasty 

23 Normal skin F, 47yrs Caucasian - - Mastopexy 

24 Normal skin F, 20yrs Caucasian - - Bilateral breast 

reduction 

25 Normal skin F, 42yrs Caucasian - - Bilateral breast 

reduction 

26 Normal skin F, 56yrs Caucasian - - Abdominoplasty 

27 Normal skin F, 51yrs Caucasian - - Abdominoplasty 
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Table S3 – Details of primers used for qRT-PCR 

 

 

 

 

Gene Forward primer 

Reverse primer 

Accession number 

(Roche Diagnostics, UK) 

Amplicon 

size (bp) 

NRG1 Cccatgaaagtccaaaacca 
ccggttatggtcagcactct 

cat. no. 04686900001 68 

NRG1 Tgtcacccagactcctagcc 
acgattacagagtggctttcg 

cat. no. 04689011001 78 

ErbB2 Ttgctcccaatcacaggag 
ggggaatctcagcttcacaa 

cat. no. 04685091001 88 

ErbB3 Aatcaagtctaaccccaacagc 
ccaccaccacttcctgagat 

cat. no. 04689135001 68 

ErbB4 Aggagtgaaattggacacagc 
caaactggtttcctgacatgg 

cat. no. 04688481001 61 

PTK2/FAK gtctgccttcgcttcacg 

gccgagatcatgccactc 
 

cat. no. 04686926001 92 

Src ggagacagacctgtccttcaa 

ccaccagtctccctctgtgt 
 

cat. no. 04688112001 70 

STAT3 Cccttggattgagagtcaaga 
aagcggctatactgctggtc 

cat. no. 04685130001 108 

IL-6 Caggagcccagctatgaact 
gaaggcagcaggcaacac 

cat. no. 04685059001 91 

IL-8 Aaaacccaggtgagagctga 
tctgagatcccgtcagagc 

cat. no. 04688678001 65 

FN Gcgagagtgcccctactaca 
gttggtgaatcgcaggtca 

cat. no. 04688490001) 71 

TGFβ1 actgcaagtggacatcaacg 

ggccatgagaagcaggaa 
 

cat. no. 04688104001 94 

FGF7 aagtctagcacacagcacttgg 
agcattgcttcaggctcttatt 

cat. no. 04685067001 71 

CTGF ccgtactcccaaaatctcca 
ttagctcggtatgtcttcatgc 

cat. no. 04688945001 75 

Collagen Ia1 agggtcaccgtggcttct 

tccagagggaccttgttcac 
 

cat. no. 04689020001 77 

Collagen III ctggaccccagggtcttc 
gaccatctgatccagggtttc 

cat. no. 04686934001 78 

GAPDH agccacatcgctcagacac 
gcccaatacgaccaaatcc 

cat. no. 04688589001 66 

RPL32 gaagttcctggtccacaacg 
gagcgatctcggcacagta 

cat. no. 04686900001 77 
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Table S4 – Concentration, incubation parameters and detection method of primary and 

secondary antibodies used in this study for co-immunoprecipitation and western blot 

 

 

 

 

 

 

 

Primary antibody, 

product code & 

company 

Primary ab raised 

species, isotype, 

concentration 

Incubation 

details 

Secondary ab, company, 

concentration, 

incubation 

Detection method 

ErbB2, ab16901 

[3B5] 

Mouse(monoclonal), 

IgG fraction, 

2.5µg/ml dilution 

4°C overnight Goat IgG conjugated to 

alkaline phosphatase, 

ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 

ErbB2, mAb#4290 

(D8F12)XP® 

Rabbit (monoclonal), 

IgG, 1:1000 dilution 

4°C overnight Goat IgG conjugated to 

alkaline phosphatase, 

ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 

ErbB3, ab20161 

[RTJ2] 

Mouse (monoclonal) 

IgG1  

2.5µg/ml dilution 

4°C overnight Goat IgG conjugated to 

alkaline phosphatase, 

ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 

ErbB4, ab19391 

[HFR-1] 

Mouse (monoclonal) 

IgG2b 

3µg/ml dilution 

4°C overnight Goat IgG conjugated to 

alkaline phosphatase, 

ab97048, Abcam 

1:2000 dilution 

1hr room temp 

NBT/BCIP 
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Table S5 – Concentration, incubation parameters and detection method of primary and 

secondary antibodies used in this study for immunohistochemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primary antibody, 

product code & 

company 

Primary ab raised 

species, isotype, 

concentration 

Incubation 

details 

Secondary ab, company, 

concentration, 

incubation 

Detection 

method 

ErbB2, ab16901 

[3B5] 

Mouse(monoclonal), 

IgG fraction, 

2.5µg/ml dilution 

4°C overnight Universal antibody by 

Novolink™ 

Leica Biosystems, 

Newcastle Ltd. 

1 hour room temp 

Peroxidase 

NovaRED™ 

Vector® 

NRG1-1α/β1/2 

(c-20): sc-348 

Rabbit (polyclonal),  

IgG, 1:100 dilution 

4°C overnight Alexa Fluor®488 goat 

anti-mouse IgG (green), 

Life technologies, 1:250 

dilution, 1hr room temp 

Fluorescence 

1:500 DAPI 

ErbB2, ab16901 

[3B5] 

Mouse(monoclonal), 

IgG fraction, 

2.5µg/ml dilution 

4°C overnight Alexa Fluor®546 goat 

anti-rabbit IgG (red), Life 

technologies, 1:250 

dilution, 1hr room temp 

Fluorescence 

1:500 DAPI 
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Figure S1 – Western blot for ErbB3 and ErbB4 in fibroblasts 

While there is a trend toward increased ErbB3 in NSF and ErbB4 in KF neither is significant. 

 

 

 

 

Figure S2 – qRT-PCR gene expression of fibroblast growth factor 7 (FGF7) in keloid fibroblasts 

was significantly upregulated following addition of 50ng/ml rhNRG1. 
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Figure S3 – qRT-PCR gene expression of collagen I (col I), collagen III (col III) and fibronectin 

(FN) in keloid fibroblasts. Following addition of 50ng/ml rhNRG1there was a trend toward 

increased expression of these genes but the results were not statistically significant. 

 

 

Figure S4– qRT-PCR gene expression of IL-6 in keloid fibroblasts. Following addition of 50ng/ml 

rhNRG1there was a trend toward increased expression but the results were not statistically 

significant. 
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Figure S5– qRT-PCR gene expression in keloid fibroblasts treated with negative control siRNA 

or treated with ErbB2siRNA. This graph shows significant downregulation of collagen I, 

collagen III and fibronectin following treatment with ErbB2 siRNA 

 

 

Figure S6– qRT-PCR gene expression in keloid fibroblasts treated with negative control siRNA 

or treated with ErbB2siRNA. This graph shows significant downregulation of TGFβ1 following 

treatment with ErbB2 siRNA.  
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Figure S7 - Schematic diagram representing possible ErbB signalling permutations with NRG1 

ligand. EGFR/ErbB1 doesn’t interact with NRG1.  ErbB2 heterodimerisation results in the most 

potent signalling, particularly with ErbB3.  NRG1 doesn’t interact with ErbB2 directly but 

overexpression can result in homodimerisation and constitutive activation.   
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Figure S8- Conceptual illustration of the proposed mechanism underlying keloid margin 

dermis migration.  KF NRG1/ErbB2 overexpression promotes migration and through 

paracrine signalling induces migration and fibrosis in adjacent NSF resulting in a 

continuous cycle of migration and expansion. 

 

 

 

 

 

 

 



Chapter 6  
 

318 
 

Figure S9 - qRT-PCR gene expression in keloid and normal skin fibroblasts for CTGF, untreated 

and treated with 50ng/ml rhNRG1. There was a small decrease in CTGF expression in keloid 

fibroblasts and increase in CTGF expression in normal skin fibroblasts but neither of these was 

statistically significant. 

 

Figure S10 – qRT-PCR expression of CTGF in keloid fibroblasts following treatment with 

exogenous rhNRG1 at 20, 50 and 100ng/ml over a period of 24 hours.  These are compared 

with untreated fibroblasts.  There is a decrease in CTGF expression with rhNRG1 treatment at 

all time points. 
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7.1 Discussion layout 

This chapter has been structured so as to begin with a brief description of the challenges facing 

KD research, which first established the focus of this thesis.  Second, the specific questions 

arising out of the four aims of this project are addressed and finally, an overarching discussion 

of the findings from this thesis, in the context of the current literature and the implications for 

keloid disease is provided.  To finish, the strengths and limitations of this thesis as well as the 

potential for future work that may arise from this project are considered. 

 

7.2 Contributions of this thesis to keloid disease research 

7.2.1 The challenges 

This thesis has attempted to shed light on the complex pathobiology of keloid disease (KD) and 

in doing so, address some of the many challenges facing keloid research including overcoming 

existing experimental limitations and proposing new management strategies.  To date, the 

elucidation of the mechanisms underlying keloid pathogenesis has been hindered by the 

heterogeneity that exists between patients, between keloid scars and within this 

fibroproliferative scar itself [1-3].  This lesional heterogeneity has been evidenced on a 

macroscopic, microscopic and molecular level, resulting in varied descriptions and reports in 

the literature that complicate the diagnosis and management of KD.  Recent studies have 

endeavoured to address these differences within the keloid scar by separating the lesion into 

component parts and examining the gene and protein expression of each of these sites 

individually [4, 5].  This advance has brought to light not only the disparity between centre and 

margin regions within the keloid scar but also the variation in expression between the different 

strata: epidermis, papillary and reticular dermis [6].  In the past, KD was accepted as a dermal 

disorder, embracing fibroblasts as the culprits of its formation [7].  More recently, this focus has 
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shifted and the role of the epidermis explored for its potential contribution to the aberrant 

wound healing processes that result in abnormal scarring [8, 9].    

Although keloid scars have been examined through site-specific analysis in recent years, to date 

there are no comprehensive studies combining this approach with an in situ technique such as 

laser capture microdissection (LCM). Traditional methods of investigation, including whole 

tissue analysis and monolayer cell culture, fail to fully reflect the natural architecture of the 

tissue optimal for the experimental dissection of these keloid sites [10-12].  Lack of a validated 

animal model for KD limits investigative options and complicates gene/molecular pathway 

manipulation, leaving researchers heavily reliant on exploring alternative methods [2, 13].  

Previous research using monolayer culture and whole tissue has greatly added to the field in 

identifying differences in expression between keloid sites but it is the interactions between 

these sites that was hypothesised here to contribute to keloid formation and that have not been 

recreated in the lab with traditional methods. The precision and accuracy of LCM has provided 

an in situ setting with which to examine the relationships between these sites within the keloid 

scar and further KD research [14, 15].Given previous success in the fields of both cutaneous 

disease and fibrosis, LCM offered an ideal platform for the investigation of heterogeneous 

tissues, such as KD [12, 16, 17].   

 

7.2.2 Aims and specific questions addressed 

The first aim of this research was to investigate the in situ site-specific expression of KD by 

pairing LCM with whole genome microarray and subsequently comparing this approach with 

traditional methods of keloid research, including whole tissue biopsy analysis and 2D monolayer 

cell culture.   
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Is a site-specific in situ approach the optimal strategy to investigate the pathogenesis of keloid 

disease and identify potentially significant differential gene expression? 

The work in this thesis has demonstrated that an in situ site-specific approach is both more 

accurate and more sensitive than either whole tissue or monolayer culture methods of 

dissection (Chapter 4).  The reason this strategy is optimal lies in the heterogeneous nature of 

keloid scars, whereby better-defined expression profiles of distinct lesional sites facilitates 

improved understanding of KD pathobiology, the potential for enhanced differential diagnosis 

and targeted therapies.  Although LCM is more technically challenging than traditional methods, 

requiring specialised equipment and time-consuming experimental optimisation, this in situ 

approach incorporated the expression profiles of both alternative methods of dissection, 

leading to a global picture for each keloid region, with a large number of genes from which to 

identify potentially significant differential expression. 

 

The second aim of this project was to compare the genomic expression between well-defined 

distinct keloid sites and normal skin. 

 

Is there differential gene expression between different sites within the keloid epidermis and 

dermis? 

The data analysis from this in situ site-specific approach identified a number of differentially 

expressed genes (DEG) not only between keloid and normal skin but also between the three 

chosen sites (centre, margin and extralesional) within the keloid epidermis and dermis (Chapter 

4).  A combination of Ingenuity Pathway Analysis (IPA) gene ontology investigation and a 

thorough search of the current literature for individual top significant DEG of interest, 

demonstrated the variation in molecular processes specific to the different sites and highlighted 
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the contribution of the epidermis as a separate entity to the dermis in KD pathobiology.  

Through understanding the different mechanisms ongoing in different compartments of the 

keloid lesion, for example migration and angiogenesis at the invading margin, it may be possible 

to target therapies to specific sites and improve the efficacy of treatment.   

 

The third aim of this thesis was to develop and explore hypotheses arising from the site-specific 

gene profiling approach so as to enhance understanding of KD pathobiology and promote new 

strategies for diagnosis and management. 

 

Do the DEG and expression patterns identified between keloid sites within the epidermis and 

dermis offer new insight to KD pathobiology from which novel hypotheses can be developed? 

The success of this strategy led to the development of a number of hypotheses for potential 

mechanisms underlying keloid pathobiology, two of which were then explored in detail, forming 

the latter two results chapters of this thesis.  There were several intriguing lines of potential 

investigation outlined in chapter 4, which could also have been developed into full hypotheses.  

The existence of EMT in keloid scars, the role of ADAMTS in keloid dermal collagen deposition, 

the loss of epidermal IL-37 in the keloid inflammatory process and the contribution of gene 

dysregulation to the therapeutic resistance associated with KD, all form the basis of novel 

hypotheses relevant to KD research.  These findings offer new insight into KD pathobiology that 

through further studies may prove to benefit the future management of KD. 

 

The fourth and final aim of this thesis was to probe hypotheses arising out of the data analysis 

using functional in vitro studies. 
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As the first comprehensive study to combine a site-specific and in situ approach to KD, this thesis 

is unique in its exploration of retinoic acid pathway dysregulation and the contribution of 

neruegulin-1 to keloid pathology.   Both of the hypotheses outlined below were probed in detail 

forming chapter 5 and chapter 6 of this thesis. 

 

Hypothesis I: Upregulation of AKR1B10 in keloid epidermis in situ implicates dysregulated 

retinoic acid metabolism in the pathogenesis of keloid disease 

Hypothesis II: Neuregulin-1 (NRG1) upregulation in keloid margin dermis promotes keloid 

fibroblast migration through ErbB2 mediated signalling 

The importance of the findings resulting from the pursuit of both of these hypotheses is 

discussed below, where in combination with the findings from chapter 4, the significance of 

interrupted retinoic acid metabolism and NRG1/ErbB2 signaling are put into context with regard 

to the current literature and relevance to KD. 

 

7.2.3 General discussion 

As demonstrated in chapter 4, combined LCM and whole genome microarray presents an in situ 

approach to dissecting KD that is more sensitive and more accurate than traditional methods of 

investigation.  Whole tissue analysis can be diluted by the heterogeneity of multi-component 

transcriptomes causing reduced sensitivity and here it was shown that monolayer cell culture 

resulted in distorted magnitudes of differential gene expression, masking the significance of 

keloid and normal skin divergence. The uniquely applied in situ technique to KD described in 

this thesis incorporated the expression patterns of both of whole tissue and monolayer 

methods, giving a more complete and spatially resolved overall picture of relative keloid gene 

expression. Therefore, subsequent analysis performed in this thesis focussed on the in situ 
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expression to perform both gene enrichment using Ingenuity Pathway Analysis (IPA) and 

specific filtering criteria (fold change > 2, p-value < 0.05 and for DEG q-value < 0.05).  The 

potential importance of this approach to KD was highlighted by the exposure of several DEG in 

the epidermis, previously overlooked with traditional methods of dissection.  Analysis revealed 

an activated pro-inflammatory epidermis with dysregulation of S100A8, WDR66 and AKR1B10, 

supporting a role for EMT in keloid pathogenesis [8, 18].  As one of the most significantly 

upregulated genes common to all three sites of the keloid epidermis with fold changes over 

sixty times that of the normal skin epidermis and not previously identified in KD, AKR1B10 was 

further explored (Chapter 5).   

 

The role of this highly efficient aldo-keto reductase enzyme in KD may be multi-factorial, making 

the novel identification of its dysregulation in KD one of the cornerstones of this thesis. As a 

rate-limiting enzyme in de novo synthesis of long chain fatty acids, AKR1B10 contributes to 

tumour cell growth and knockdown of this enzyme has shown this is achieved through acetyl-

coA carboxylase-α (ACCA) stability [19].  AKR1B10 is also associated with recurrence and 

therapeutic resistance, both of which are significant obstacles in the management of KD [20, 

21]. Perhaps most significantly, AKR1B10 has a specificity for retinaldehyde that implicates it in 

the retinoic acid (RA) biosynthesis pathway, which may be the governing link between many of 

the processes contributing to KD [22].  The combination of upregulated AKR1B10, ADH7, 

ALDH1A1, CRABP2 and downregulation of CRABP1 and CYP26B1, led to the hypothesis that 

there was an overall deficiency of RA in keloid epidermis in situ.  As a pleiotropic metabolite 

acting through both direct transcriptional regulation and indirect influence of numerous 

cytokines and their signaling pathways, the dysregulation of RA has far-reaching effects in terms 

proliferation, apoptosis, differentiation, inflammation, immune regulation, metabolism and 

angiogenesis [23-25]. In the current work, identification of this altered epidermal RA 
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metabolism emphasises the potentially critical role of the epidermis in keloid pathobiology and 

the downstream effects of its communication with the underlying dermis. By recreating the 

keloid epidermal expression pattern through induced overexpression of AKR1B10, the resultant 

reduction of RARE transactivation produced pro-fibrotic responses in keloid fibroblasts with 

increased TGFβ1, collagen I and collagen III.  These paracrine signals may be an essential 

component in the development and maintenance of KD and the revelation of the potential 

regulation of these processes by RA described in this thesis not only enriches our knowledge on 

the mechanisms underlying keloid pathobiology but also delivers alternative therapeutic 

options to address the existing management conundrums [26].  This is particularly interesting 

as RA has been used for the management of KD in the past, where topical, oral and in vitro 

administration have shown both clinical improvement and reduced collagen production and cell 

proliferation [27-29].   

 

Despite this success, the molecular and mechanistic role of RA was never fully explored in KD 

until this current work and over the last 20 years the investigation of RA in KD and use of RA, its 

isomeric forms and its derivatives in management, had largely fallen out of favour in the 

literature.  This is especially curious as the constitutive abnormalities in RA metabolism in 

dermatology in general are attracting increasing interest [30, 31].  One reason for this may be 

the mixed reports regarding the effects of RA on fibrosis in the literature and the report of keloid 

and hypertrophic scar formation following isotretinoin treatment [32].   The pleiotropy of RA 

combined with the narrow ill-defined target range within which it optimally functions, results 

in a bi-modal effect of this metabolite on significant processes, including those responsible for 

the production and maintenance of keloid scars [33, 34].  The failure of RA to abrogate the 

expression of TGFβ and collagen in chapter 5, demonstrated the utility of mechanistic 

investigation whereby previous clinical treatment with RA likely triggered simultaneous 
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uncontrolled signaling activation/inhibition and not just classical pathway activation alone.  This 

thesis affirms the importance of targeted therapies in a heterogeneous condition such as KD, 

where manipulation of significant modulators like TGFβ and RA cannot restrain the tide of 

multiple concurrent effects.  Therefore, with further studies AKR1B10 presents an ideal 

candidate for focussed interference in KD.  From the continued discussion below it is evident 

that RA pervades many of the other aspects of keloid pathology discussed in this thesis, lending 

increased significance to the findings presented here.   

 

Retinoic acid is a well-established immune modulator and regulator of inflammation [35, 36].  

Given the evidence in the literature to date of the significant role of immune responses and 

presence of inflammation in KD [37, 38], the identification of AKR1B10 overexpression and the 

postulated dysregulation of RA metabolism put forward in this thesis, presents intriguing 

potential for elucidation of keloid immune mechanisms.  RA is also known to interact with TGFβ, 

itself firmly established to be dysregulated in KD, to direct immune function [39]. In the context 

of this thesis, the complex alteration in the expression of IL-1β, IL-2, IL-4, IL-6, IL-13 and IL-17 

receptors as well as STAT3 indicated in chapters 4 and 6, may be intricately connected with the 

identified RA metabolism dysregulation identified in chapter 4.  In the gut, RA has been shown 

to regulate the functional differentiation of T cells, mediate the TGFβ-dependent expression of 

Foxp3 (transcription factor for regulatory T cells that serves to inhibit immune responses) and 

modulate TH1, TH2 and TH17 cell generation [40, 41].  This same study on mesenteric lymph 

node-dendritic cells, showed that RA inhibits TH2 cell-induced IL-13 [42], however, there are 

several studies that contend RA promotes inflammatory TH2 [23].  Stimulation of murine T cells 

with exogenous RA in vitro resulted in the inhibition of TH1, TH2 and TH17 polarisation with 

resultant reduction in pro-inflammatory IL-17, IFN-ϒ and IL-4 as well as the enhancement of 

anti-inflammatory Foxp3+ cells [43].  Through a SOCS3-dependent mechanism, RA has been 
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shown to inhibit the expression of IL-6, which itself influences TH17 generation and acts in 

concert with TGFβ via STAT3 to induce RORc in T cells, a transcription factor related to retinoic 

acid receptors (RAR) and retinoid X receptors (RXR) [42-44].  Furthermore, RA has been shown 

to suppress the expression of IL-1 family of cytokines in dermatological diseases [45].  By 

regulating the fate of dendritic cells, RA influences the expression of numerous cytokines and 

chemokines involved in immunological function and control of inflammation, including the 

modulation of innate lymphoid cells (ILC) [42].  The existence of contradictory reports in the 

literature regarding the exact role of RA in various aspects of immune modulation and ILC 

regulation highlights the fact that this is still a nascent field of research and as previously noted, 

deviation of RA concentrations outside a restricted range may affect different molecules in 

different ways. The direction of change in expression of many of the inflammatory markers (IL-

1β, IL-4R, IL-6R, IL-13R and IL-17R as well as STAT3) described in chapter 4 of this thesis correlate 

with the hypothesised deficiency in RA demonstrated in chapter 5. Therefore, RA is an ideal 

therapeutic target to modulate inflammation in KD, however, given the aforementioned 

pleiotropy and lack of consistency within the literature as well as the incomplete mechanistic 

understanding of the immunological role in KD, further studies and a deeper insight is required 

before altering significant members of the immune system. 

 

Altered RA metabolism is likely to play a significant role in stem cell biology and therefore may 

have effects in KD beyond those identified here [46]. The theory of cancer-like stem cells, as 

compared with mesenchymal stem cells, has been previously alluded to in keloid pathobiology 

[47] but considering the association of these cells with several other heterogeneous solid 

tumours it is a surprisingly under-investigated topic in keloid research [48].  Keloid scars are 

often described as tumorigenic or quasineoplastic, given the propensity for continued growth 

and invasion [49, 50].  This theory suggests the majority of tumour-like mesenchymal cells in 
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keloid scars are derived from a much smaller population of multipotent cancer-like stem cells 

that allow unlimited self-renewal and exponential growth [51].  The designation of OCT4 as an 

upstream regulator in the analysis presented in this work (Chapter 4) supports a recent study 

that identified embryonic stem cell (ESC) markers within the specialised keloid-associated 

lymphoid tissue (KALT) [52].  It may be that the described ESC-like population and the cancer-

like stem cell niche are linked, whereby environmental stressors, such as hypoxia, induce de-

differentiation of fibroblasts to a stem cell-like state, a process thought to partially depend on 

Notch signaling [51].   

 

Several of the genes discussed throughout the current work have been connected with 

therapeutic resistance including ALDH1A1 and AKR1B10, which metabolises carbonyl 

compounds, xenobiotics and may mediate chemoresistance of cancer cells [21, 53].  Also 

detected were UGT3A2, which plays a role in drug metabolism and TUBB3, which in particular 

has been connected with taxane resistance [54, 55].  Additionally, some chemotherapeutic 

resistance has been reported in ErbB2 positive breast tumours [56]. While the description of 

the significant upregulation of both NOTCH4 and ALDH1A1 in this thesis are only two of the 

molecules that have been linked with these types of cells in the literature [57-59], the well-

reported therapeutic resistance associated with KD also lends itself to the existence of a cancer-

like stem cell population or niche within the scar.  Given the plasticity of these cells and their 

dynamic adaptive nature to different signals, it may be that the variation in keloid phenotypes 

arises as a result of this subpopulation of cells responding to alternative environments.  Hypoxia, 

a frequently proposed aetiological factor in keloid development, is a well-established factor in 

the cancer microenvironment and along with modulators including IL-6, Wnt and Notch 

(Chapter 4), may participate in a positive feedback loop promoting the maintenance of these 

cancer-like stem cells. Further support for the presence of these cells lies in the consistent 



Chapter 7  
 

330 
 

records of keloid recurrence [60].  Most treatments are associated with partial resolution and 

frequent relapse, with the secondary keloid worse than the original [61].  If cancer-like stem 

cells reside within keloid scars and are not eliminated with surgery or treatment, it is a 

reasonable assumption that they would contribute to re-growth.  Additionally, individual 

significant DEG discussed throughout this thesis have independently been associated with 

tumour return and thus may contribute to keloid recurrence in a similar fashion.   AKR1B10 was 

overexpressed in 87.5% of recurrent breast tumours and is subsequently being investigated in 

a clinical trial as a potential marker for recurrence [20], ALDH1A1 was found to correlate with 

tumour recurrence in bladder cancer [62] and both ErbB2 and NOTCH4 have been associated 

with recurrence in breast and salivary adenoma cancers [63, 64].  COMP and CTHRC1 as well as 

ADADM12 have all been associated with recurrence and investigated for markers of relapse in 

various cancers [65, 66], with the latter showing positivity in desmoid tumours which bear some 

similarity to keloid scars in terms of heterogeneity, local aggressive invasion without metastasis 

and high recurrence rates [67, 68].  The persistence and recapitulation of keloid scars following 

treatment has been well established but to date been incompletely understood.  This thesis 

highlights the multi-factorial nature of this recurrence and underlines the benefits of a site-

specific and targeted approach, most likely requiring polytherapy.       

 

Epithelial-mesenchymal transition (EMT) is also a relatively under-investigated topic in KD [8, 

69].  Therefore, although the evidence supporting this concept in keloid pathology is minimal 

to date [9], the findings in this thesis support the likelihood of this phenomenon or indeed a 

“partial EMT” process contributing to KD.  Enrichment studies using IPA produced a number of 

upstream regulators (Wnt, MAPK, HOX, ZEB, PRXX1 etc) previously linked with EMT in other 

pathologies (Chapter 4). Downregulation of BMP2, CLDN4 and CLDN23 as well as upregulation 

of WDR66 and α-SMA in the keloid epidermis in situ (Chapter 4) indicate an epithelium 



Chapter 7  
 

331 
 

undergoing cell-cell junction dissolution and adoption of mesenchymal markers.  A possible role 

for RA in this process is supported here primarily by the downregulation of E-cadherin in 

AKR1B10-overexpressing keratinocytes (Chapter 5) but also RA has been associated with 

reciprocal activation of BMP2 [70-72], whose loss may therefore result from the hypothesised 

RA deficiency in the keloid epidermis. The presence of EMT in KD is additionally supported by 

the prominence of TGFβ throughout this thesis (Chapters 4, 5 & 6).  Long considered the master 

regulator of fibrosis [73, 74], TGFβ has been implicated in multiple aspects of keloid 

pathobiology, including inflammation, differentiation, proliferation, EMT, collagen deposition, 

migration and invasion [61, 75, 76].  As the histological hallmark of KD, collagen excess has been 

a therapeutic target for some time and although its production has been abrogated through 

therapies mediating TGFβ expression, the definitive interruption of its formation has not been 

achieved.  To this end, the identification of enzymes crucial to collagen assembly and production 

in chapter 4, including ADAMTS14, ADAMTS2, COMP, CTHRC1 and ADAM12 may represent 

alternative targets, especially as a number of them are thought to be locked in a positive 

feedback loop with TGFβ1 [77, 78].   

 

ADAMTS2 and ADAMTS14 in particular are interesting targets; not previously investigated in KD 

and possibly associated with a degree of redundancy with ADAMTS3 [79], which was not found 

to be dysregulated in this study, modulation of these enzymes could be a useful adjuvant 

therapy to reduce keloid tumour bulk, but this would need follow-up investigation.  TGFβ, 

previously inculpated in keloid migration in the literature [80], was also found in this current 

work to be induced by neuregulin-1 (NRG1), a peptide significantly upregulated in keloid margin 

dermis and not previously associated with KD (Chapter 6).  Cell migration is a necessary 

component of the invasion that is pathognomonic of KD and the exposure of 

NRG1/ErbB2/FAK/Src signaling as contributory to this process in the keloid margin, represents 
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an appealing hypothesis.  In addition to migration at the margin dermis of the keloid scar, the 

overexpression of NRG1 and ErbB2 may also have paracrine effects on the epidermis, co-

operating with other factors to produce hyper-proliferation and keratinocyte migration [81, 82].  

ErbB2, one of the four EGF receptor tyrosine kinase family members is a well-known oncogene 

associated with breast cancer [83].  Interestingly, in a cohort of ductal carcinoma in situ (DCIS) 

samples there was a strong correlation between AKR1B10 and ErbB2 [84].  This reciprocity is 

further supported by ability of RA to decrease the duration of signaling at EGF receptors in 

breast cancer, thereby decreasing cell proliferation [85].   

 

Given the incidence of KD in darker-skinned individuals it was interesting to note that NRG1 is 

highly expressed in individuals with Fitzpatrick type IV skin (darker) and that treatment with 

rhNRG1 resulted in melanocyte proliferation and pigmentation [86].  Further to this, TUBB3 and 

RA are also associated with melanogenesis. TUBB3 is considered to be a novel biomarker of 

melanocytes [87] and may play a role in the pigmentation response of the skin through 

interaction with MC1R [88].  Widely used as a topical treatment for melasma and photoaged 

skin, the mechanism by which RA affects pigmentation remains undistinguished but is thought 

to involve ALDH1A1 [89].  Similar to other effects of RA, there is some discrepancy in the 

literature with regard to the influence of RA on skin pigment and the inability to replicate the 

clinically observed depigmentation using in vitro experiments [90]. That said, when the ethnic 

differences in gene expression were examined for women with uterine leiomyoma (benign 

fibrotic tumours of the myometrium) it was observed that the expression of RARα and RXRα 

differed significantly in black women [91].  Determination of the differences in RA metabolism 

between ethnicities in KD may reveal similarly intriguing results.  
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A further field of interest in keloid disease but significantly under-investigated is the role of 

epigenetics, which is the alteration of gene expression without changing the DNA sequence.  A 

recent publication postulated the keloid methylome is hypomthylated, suggesting an activated 

state, as methylation generally represses gene transcription [92].  This study also described the 

dysregulation of genes involved in histone degradation in keloid disease, which may play a role 

in the pathogenesis of this condition.  Of further interest is the potential link with retinoic acid, 

which has also been associated with methylation and is often given as treatment in combination 

with epigenome-altering drugs [93].  The suggestion that retinoic acid receptors (RAR) interact 

with co-repressors to affect HDAC (histone deacetylase) expression and maintain chromatin in 

a condensed state [94] ties in with the findings in this thesis, such that loss of RA results in an 

activated state in keloid disease.  This would be an interesting focus for future work in keloid 

disease research. 

 

In summary, this thesis successfully addresses the challenges of overcoming keloid 

heterogeneity while maintaining the existing pathological microenvironment by combining site-

specific and in situ approaches. The comprehensive work presented here is unique in its 

achievement of looking at both of these major variables at once.  The management of KD is 

notoriously difficult with both clinicians and patients frustrated by lack of an effective 

treatment.  Through the identification of RA metabolism dysregulation in KD and the 

exploration of this in relation to the underlying pathobiology, this work not only adds a 

significant contribution to our fundamental understanding of KD but also carries clinical 

implications. 
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7.3 Thesis strengths and limitations 

There are several strengths of the research presented in this thesis.  Foremost, the use of human 

tissue samples for in situ analysis and further experimentation with human tissue and primary 

cells, allows for parallels to be drawn in terms of translational research.  In both the retinoic 

acid and neuregulin-1 studies, the expression pattern of the transfected keratinocytes and 

keloid fibroblasts respectively, reflected that of the in situ tissue expression, supporting the use 

of the in vitro work for functional studies.   

 

The comprehensive study of KD from both a site-specific and in situ LCM approach had not been 

previously described and proved more sensitive and accurate when compared with traditional 

methods of investigation, including whole tissue biopsy and monolayer cell culture analysis.  

Results were consistent and there were a number of significant and novel findings from this 

work.  The identification of so many relevant differentially expressed genes provides a firm basis 

for future hypotheses and potential studies that may prove fundamental in the pathogenesis of 

KD and the wider study of fibrosis.   Exploration of two central hypotheses using multiple, 

corroborating investigative methodologies, revealed previously uninvestigated mechanisms 

contributing keloid scarring.  Additionally, the work in this thesis has been peer reviewed or is 

under review as part of submission to scientific journals, thereby supporting its strengths and 

value in presenting it to the wider academic community. 

 

The major, yet unavoidable, weakness of this study lies in the ethnic divergence of keloid from 

control tissue samples.  All of the normal skin control biopsies were harvested from Caucasian 

patients whereas only 3 of the keloid scar samples were from Caucasian patients.  Therefore, 

while there was some variation between keloid and normal skin, there were also some age-

matched, location-matched and type-matched skin samples.  Given the nature of KD, the limited 
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availability of samples and the ethical considerations of obtaining normal skin from keloid-

prone patients, these differences were controlled for as far as was possible.  The extralesional 

tissue, while not wholly representative of patient-matched normal skin given the field 

cancerisation effect, generally shows an opposing pattern of expression than keloid centre and 

margin, suggesting this unique dataset may also serve as a patient-matched control.   

 

A further limitation of the work concerns the exposure of the potential role of 

NRG1/ErbB2/FAK/Src in keloid migration in the margin dermis.  Further analysis of the effects 

of exogenous rhNRG1 supplementation and ErbB2 siRNA on both PTK2 and Src expression 

should be conducted on a protein level.  This could be achieved through the implementation of 

western blot and would add further weight to the conclusions drawn regarding the role of this 

signaling mechanism in keloid migration and invasion. 

 

As with all scientific research it is only through repeated studies with large sample numbers can 

true patterns be established and progress confirmed. 

 

7.4 Future work 

The current work contributes significantly to the understanding of keloid pathobiology and 

consequent to offering new insight and perspectives on a complex disorder such as KD, raises a 

number of interesting targets for future research (Figure 7.1).  The overall analysis of the 

extensive microarray data described in chapter 4 revealed several concepts that should form 

the basis of future studies in KD.   
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As a disorder characterised primarily by collagen excess, the exposure of the overexpression of 

key enzymes in the regulation of collagen production offers new targets for an unresolved 

burden in KD.  ADAMTS14 and ADAMTS2 have not been previously investigated in KD and given 

the association with other fibroses [95, 96] as well as the evidence of the effect of their knockout 

on fibrosis [95], these molecules represent ideal candidates for targeted studies.  Furthermore, 

the likely involvement of ADAMTS2 in a positive feedback loop with TGFβ1 offers an attractive 

alternative to the manipulation of such a pleiotropic molecule as TGFβ, especially as there may 

be some redundancy between ADAMTS2 and ADAMTS14 with ADADMTS3 [79].  A follow-up 

study interrogating the role of these three metallopeptidases in KD would involve first 

confirming their expression patterns in a sufficient number of tissue samples compared with 

normal skin.  Additional in vitro studies to corroborate these findings and support the use of cell 

culture for functional studies would be recommended.  Pending the results of this validation, 

further work would entail siRNA studies to evaluate the significance of these enzymes in 

collagen synthesis in KD and establish any redundancy between them so as to balance their 

knockdown and allow for appropriate ECM regulation. 

Now largely accepted as partially the result of a prolonged inflammation, the literature 

describes not only inflammatory infiltrate and specialised keloid-associated lymphoid tissue 

(KALT) but also significant disturbance of immune regulation in KD, thus far evidenced by 

dysregulation of several chemokines and cytokines [37, 97, 98].   Indeed, inflammation is 

considered an essential process in fibrosis and thought to involve elements of both innate and 

adaptive immune responses [99]. Chapter 4 exposes dysregulated IL-13, IL-4 and IL-17 receptors 

as well as IL-37 downregulation in keloid epidermis in-situ, unveiling yet more pieces of the 

complex puzzle that constitutes the inflammatory mechanisms underlying keloid pathogenesis.  

The plausible presence of innate lymphoid cells (ILCs) alluded to in chapter 4, has not been 

previously examined in KD and given the correlation with not only cytokine dysregulation (IL-

13, IL-17 and RORc) but also retinoic acid [100], would constitute a fascinating subject for 
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further work in keloid research.  ILCs have been implicated in wound healing and fibrosis but 

the exploration of these cells in humans is still in the nascent stages and some of the groups 

remain to be precisely defined [101-103].  Initial experiments would involve locating the 

different subgroups of ILCs within keloid tissue through immunostaining for the appropriate 

characteristic markers [104].  Following localisation, LCM could be used to isolate these cells 

and determine their expression profiles, thus advancing our understanding of their role in KD.  

If these cells prove to contribute to keloid fibrosis they may represent a novel therapeutic 

target.   

 

Similarly, alluded to in chapter 4 and broached in the discussion, is the existence of cancer-like 

stem cells in KD.  Keloid derived precursor cells (KPCs) have previously been identified, 

demonstrating characteristic self-renewal, clonogenicity and multipotency [47].  Indeed these 

cells may even arise as a result of EMT [105].  LCM could significantly advance the study of these 

cells in KD, by allowing accurate isolation from the tissue and focussed analysis of their 

expression profile. The molecular distinction from tumour bulk cells would allow directed 

therapies or as in other studies, treatments to differentiate the stem cell niche back to an 

epithelial-like state [105, 106].   

 

Alongside this thesis, some preliminary work was done on the development of an organotypic 

keloid model.  Given that there is no validated animal model for KD, heavy reliance on in vitro 

techniques necessitates the development of reliable and reproducible model that recapitulates 

the in vivo environment as closely as possible. An organotypic culture model entails combining 

cells of different lineages in experimentally defined ratios to recreate an organ, in this case the 

skin [107, 108].  The substitution of keloid keratinocytes and fibroblasts into this direct cell-cell 

contact model would reflect the 3D architecture of keloid scars more closely than monolayer 
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cells.  In addition to dimensionality, this model would allow for manipulation of various 

parameters including cell signaling, gene expression modification and constituent alteration 

such as inhibitors or treatments.  More so than 2-chamber co-culture models, the organotypic 

models have in vivo relevance, strengthened by direct contact of epidermal and dermal layers 

and the formation of a dermo-epidermal junction [109], allowing for maintenance of EMI, which 

in this thesis were established to play a role in KD.  With improving technology and the evolution 

of composite scaffolds, the ability to develop increasingly complex 3D models that incorporate 

multiple cell types, blood vessels and nerves, will be essential in conditions for which there are 

no alternatives, such as KD.  The establishment of a working organotypic model for KD is a 

fundamental step in this process and would form the basis of relevant future work. 

 

In this work, the significant upregulation of AKR1B10 led to the implication of RA metabolism 

dysregulation in keloid pathogenesis.  There is a lot of scope for the continuation of this work, 

which would include targeting AKR1B10 in keloid as well as examining the effect of RA on keloid 

inflammation and EMT.  It has been shown in this thesis that AKR1B10 overexpression in 

keratinocytes has pro-fibrotic effects on the underlying fibroblasts.  The first aim would be to 

use in vitro siRNA studies to knock down AKR1B10 in keloid keratinocytes and analyse the effect 

of this on RA metabolism pathway, transactivation and epithelial-mesenchymal interactions.  

This work would be greatly aided by the development of an organotpyic model, in which 

AKR1B10-negative keloid keratinocytes could be combined with keloid fibroblasts.  These 

models would also benefit investigation of topical treatments, especially given the 

overexpression of AKR1B10 in the keloid epidermis.  The effects of AKR1B10 and RA on both 

EMT markers and inflammatory markers is justified by the involvement of RA in these processes 

in the literature as well as the support provided in this thesis. 
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ADAMTS, A disintegrin and metalloproteinase with thrombospondin motif; AKR1B10, aldo-keto reductase family 1, 

member B10; CSC, cancer-like stem cell; EMT, epithelial-mesenchymal transition; IHC, immunohistochemistry; KK, 

keloid keratinocyte; ILC, innate lymphoid cell; RA, retinoic acid 

Figure 7.1 Proposed future work.  The diagram addresses questions raised from the thesis and 

suggests techniques to approach the aims established from these questions. 
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7.5 Concluding remarks 

This thesis has demonstrated that combined site-specific and in situ techniques with whole 

genome microarray represents a robust approach to elucidating the mechanisms underlying the 

pathogenesis of KD.  Although technically challenging, through careful optimisation the 

application of LCM methodology to KD is one of the major contributions in this thesis.  It is 

through the employment of LCM that novel hypotheses concerning the pathobiology of KD were 

formed. The localisation of previously unexplored migration pathways in keloid margin dermis 

exemplifies the utility of this approach and represents a potential target to control the invasion 

of keloid into normal skin, a hallmark of tumorigenic behaviour.  The LCM-facilitated exposure 

of altered retinoic acid metabolism in keloid epidermis was not only shown to contribute to 

dermal fibrosis through EMI but given the pleiotropic nature of RA, this metabolite may 

represent the nexus in a network of dysregulated mechanisms underlying KD.  RA has been 

shown to be intertwined with several of the characteristic aberrations of KD, including immune 

responses, inflammation, EMT, cancer-like stem cells, collagen deposition, pigmentation, 

therapeutic resistance and keloid recurrence.  RA is also linked with some of the aetiological 

hypotheses underlying keloid formation such as hypoxia, the sebum theory and cell cycle 

control.  Given the altered metabolism of RA was identified in keloid epidermis, further studies 

into the effect of targeted AKR1B10 knockdown may reveal a treatment strategy that can be 

topically applied, facilitating patient compliance and reducing the risk of recurrence.  Overall, 

the application of a site-specific in situ approach to keloid disease research has provided a 

competitive alternative to traditional methods of dissection and produced novel hypotheses on 

the mechanisms underlying KD pathobiology that may instruct future research and benefit both 

diagnostic and management strategies. 
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Summary. Keloid disease is a benign, yet locally
aggressive and recurrent cutaneous fibroproliferative
condition characterised by excessive scarring. Unique to
humans, keloids represent the end-point of a spectrum of
abnormal wound healing, are aesthetically disfiguring
and can cause major functional impairment. Its
heterogeneous phenotype can confound clinical
diagnosis leading to mismanagement. This review
examines the histological morphology of keloid disease
relative to the underlying pathobiology, places it in the
context of other cutaneous fibroses and highlights gaps
within the literature that hinder differential diagnosis.
The pathological similarity to hypertrophic scarring,
dermatofibrosarcoma protuberans, dermatofibroma and
scleroderma emphasise the importance of detailing the
architectural and cellular components of this unique
entity. In the papillary dermis keloid tumours show a
tongue-like advancing edge that resembles invasive
tumour growth. A thickened but flattened epidermis,
hyalinised haphazardly arranged collagen bundles that
dominate the dermis with subsequent obliteration of the
papillary-reticular boundary along with displacement
and eventually destruction of skin appendages,
exemplify additional hallmark findings associated with
keloid disease. Compared to healthy skin, keloid scars
show an increased type I/III collagen ratio, decreased
fibrillin-1 and decorin expression, increased dermal
cellularity and increased expression of fibronectin,

versican, elastin and tenascin in the reticular dermis and
hyaluronan and osteopontin in the epidermis. We
illustrate these “pathognomonic” features of keloid
disease by representative micrographs and discuss them
in the context of inflammation, hypoxia and tension - as
key elements of keloid disease. Finally, we highlight
deficits within the keloid research literature as well as
discuss important areas for future research in keloid
histology.
Key words: Keloid, Histopathology, ECM, Cutaneous
fibroses 

Introduction

Keloid scars invariably arise following skin trauma
that entails damage to both epidermis and dermis. While
the pathogenesis of keloid disease (KD) remains
incompletely elucidated, it does represent an
abnormality of normal wound healing mechanisms
(Butler et al., 2008; Gauglitz et al., 2011). Despite an
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increased incidence in the third decade (Seifert and
Mrowietz, 2009) and a higher preponderance among
dark-skinned individuals (Sun et al., 2014), there are
case reports describing keloid in different anatomical
locations affecting humans of both genders, all ages
(Tirgan et al., 2013) and ethnicities (Shih and Bayat
2012). KD has been described as an inability to restrain
the wound healing process, resulting in an excess of scar
tissue (Gauglitz et al., 2011). An imbalance between the
phases of inflammation, proliferation and remodelling is
thought to contribute to the distinguishing histologic
features associated with KD and other cutaneous
fibroses, such as hypertrophic scars, dermato-
fibrosarcoma protuberans (DFSP) and dermatofibroma.
Despite significant recent progress in the pathobiology
of KD (see for recent literature: (Suarez et al., 2013;
Ogawa et al., 2014; Spiekman et al., 2014; Chen et al.,
2015)) we have yet to identify the one pivotal pathway
that determines keloid development, the course of KD
and/or its response to therapy. The histological features
associated with KD likely reflect a combination of
distinct pathobiological elements, whose relative
importance is likely to differ between affected
individuals and which may underlie the heterogeneity
that exists not only between and within keloid lesions
but also between patients. 

Much of keloid research to date has focussed on
identifying potential biomarkers for KD associated with
the classical four phases of wound healing (haemostasis,
inflammation, proliferation and remodelling). These
integrated phases of wound healing are regulated by
numerous transcription factors, cytokines and growth
factors, which are beyond the scope of this review (see:
(Gurtner et al., 2008; Muller et al., 2012; Ding and
Tredget, 2014; Haertel et al., 2014; Olczyk et al., 2014).
By approaching the histology from a pathobiological
angle that compares KD with normal wound healing one
can attempt to understand the dynamic histological
features of KD and can correlate them with the emerging
advances in molecular keloid research (Arbi et al.,
2015). 

Written from a pathobiological perspective, this
review focuses on the histology of KD, emphasising its
cellular and extracellular matrix (ECM) components and
how these allow one to distinguish KD from similar
fibrotic cutaneous conditions. Whilst this review
attempts to facilitate differential diagnosis, we also
highlight gaps within the KD literature and delineate
promising areas for future research in this field.
Haemostasis (Day 1)

As the first phase of wound healing, the initial
formation of a haemostatic clot may not be considered
histologically relevant in KD, where the clinical criteria
for diagnosis require lesions to be present for at least a
year. However, the cytokine release from de-granulated
platelets e.g. platelet-derived growth factor, stimulate
surrounding fibroblasts to lay down early ECM and

through chemotaxis, are responsible for much of the
inflammatory infiltrate seen in histological sections
(Weyrich et al., 2009). Additionally, it has been
hypothesised that inadequate removal of the fibrin clot in
keloid, secondary to PAI-1 excess, may lead to sustained
fibroblastic release of collagen and result in fibrosis
(Simone et al., 2014).
Inflammation 

“Appropriate inflammation” is an essential part of
the normal wound healing mechanism (Guo and
Dipietro, 2010) but persistence of this process can lead
to many of the features observed in KD. It has been
hypothesised that the sustained release of cytokines and
growth factors from immune cells results in continued
cell proliferation and ECM deposition (Reinke and Sorg,
2012). The presence, even in mature keloid scars, of an
inflammatory infiltrate (Fig. 1A), keloid-associated
lymphoid tissue (KALT) and excess matrix, supports this
theory. Immunohistochemistry has demonstrated the
persistence of a number of pro-inflammatory immune
cells, primarily macrophages and lymphocytes, known to
be involved in chronic inflammation. Also discussed
here, as well as schematically depicted in Fig. 5, are
cells with an immune role shown to be present in keloid
tissue when compared with normal skin, including mast
cells, Langerhans cells and fibrocytes (antigen
presenting function).
Macrophages

These cells, derived from circulating monocytes, are
a heterogeneous population dependent on their mode of
activation. Macrophages can be classically (M1, CD68+)
or alternatively (M2, CD163+) activated and both of
these are present within the keloid PD and RD. At both
intralesional and perilesional sites, these cells were
increased in comparison with normal skin and normal
skin scars (Bagabir et al., 2012). The classically
activated macrophages are degradative and therefore are
responsible for much of the destruction of the ECM.
Additionally, macrophages can produce collagen
(usually collagen VII) and may also secrete perlecan and
versican (Schnoor et al., 2008). These cells have been
found to lie in close contact with both other immune
cells and fibroblasts suggesting that, through their
release of cytokines, these immune cells may be engaged
in a paracrine loop resulting in the evident histological
changes (Shaker et al., 2011). 
Lymphocytes

Immune cell infiltrate in keloid tissue was shown by
Martin and Muir to demonstrate that T-cell lymphocytes
were present in higher numbers over a longer period of
time when compared with normal scar tissue.
Additionally, a more abundant T-cell population,
particularly Th cells, was noted at the margin of the

1034
Histopathology of keloid disease



1035

Fig. 1. Morphological analysis of keloid and normal skin using haematoxylin and eosin (H&E). The tissue was formalin-fixed and paraffin-embedded
before cutting 5μm sections and stained using a standard protocol. A. Thickened flattened epidermis of keloid (black arrow) with inflammation (orange
arrow). Evidence of hyperkeratosis (K). B. Normal skin with thin epidermis and rete ridges. C. Whorls of haphazard hyalinised thickened collagen in
keloid. D. Organised fine collagen of normal skin. E. Increased cellularity in keloid (black arrow). F. Reduced cellularity in normal skin. G and H.
Horizontal fibrous band in upper dermis of keloid (black arrow).



keloid tissue when compared with the less active centre
(Martin and Muir, 1990). Lymphocytes are
morphologically identified as small round cells with
round nuclei but immunohistochemistry is required to

reliably differentiate between B and T cells. T-cell
lymphocytes, typically those that are CD3+, are
consistently found to be increased in keloid tissue,
mostly perivascularly, but also dispersed between
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Fig. 2. Morphological analysis of keloid and normal skin using Herovici staining. A and B. Larger volume of sub-epidermal area with increased
Collagen III:I ratio vs normal skin (blue arrows). C and D. Transition from thin sub-epidermal Collagen I to thick coarse Collagen I with intervening
collagen III vs normal skin. E and F. Thickened haphazard collagen I:III ratio vs normal skin.
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Fig. 3. H&E staining of keloid tissue demonstrating specified features. A. Obliteration of the papillary-reticular boundary. B. Combination of multiple
features including inflammation (orange arrow) fine to coarse collagen fibres (black arrows), hyper-cellularity and thickened flattened epidermis. C.
Thickened epidermis but not flattened. D. Finer collagen but remains hyper-cellular. E. Nodule within dermis. F. Focal point of collagen explosion. G
and H. Advancing edge within papillary dermis as shown by black arrows.



collagen bundles (Moshref and Mufti, 2010; Shaker et
al., 2011). There has also been a reported increase in the
CD4+:CD8+ ratio within T lymphocytes in keloid
samples, however the significance of this remains
undetermined (Boyce, 1994; Bagabir et al., 2012). One
study looked at 28 hypertrophic and 26 keloid samples,
determining there was a delayed-type immune reaction
that seemed to be age-dependent in hypertrophic scars,
maintaining the possibility to differentially diagnose
these lesions (Santucci et al., 2001). While T
lymphocytes invariably showed increased numbers in
keloid tissue when compared with normal skin or normal
scar, the distribution of B-cell lymphocytes was more
erratic. Many of the earlier studies reported few B
lymphocytes in either normal or scarred dermis (Martin
and Muir, 1990; Boyce, 1994), however more
contemporary works, using the pan-B cell marker CD20,
have identified a higher number at both central and
marginal sites when compared with controls (Shaker et
al., 2011; Bagabir et al., 2012). Interestingly, a recent

study identified novel patterns of KD-associated
inflammatory infiltrates that resemble tertiary lymphoid
follicles and has coined this “keloid-associated lymphoid
tissue” (KALT). Despite being present in only some of
the KD samples examined, the presence of aggregates
emphasises the importance of an immune role in KD and
supports the need for further investigation (Bagabir et
al., 2012). Perhaps this phenomenon shows some
similarities to the most recently described perivascular
clustering of leukocytes that may be essential for the
elicitation of effective contact hypersensitivity responses
in murine skin (Natsuaki et al., 2014).
Mast cells (MC)

Found in large numbers in a study including 44
keloid samples, MC were evidenced to be in close
contact with fibroblasts, a term referred to as “cell talk”
(Shaker et al., 2011). These cells release histamine when
de-granulated, which may be responsible for the pruritus
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Fig. 4. Keloid and normal keratinocytes in monolayer in vitro culture P0. A and C. keloid keratinocytes form looser colonies than their normal skin
counterparts (B and D).



and erythema associated with keloids, explaining why
these symptoms are attenuated with the application of
corticosteroid and/or compression (Lavker and
Schechter, 1985; Hassel et al., 2007; Schneider et al.,
2013). When normal scar and hypertrophic scar tisssue
were analysed, it was found that the MC numbers
increased with increasing scar age, although it was
highlighted that the activation of these cells and not just
the number of cells was of significance (Niessen et al.,
2004). Several studies have shown that MC are
increased in keloid tissue (Kamath et al., 2002;
Ammendola et al., 2013; Dong et al., 2014). A recent
study showed an increased number of mature and
activated MC, both intralesionally and perilesionally in
keloid tissue when compared with normal skin and
normal scars (Bagabir et al., 2012). Direct cell-cell
contact between MC and KF has recently been shown
using transmission electron microscopy and was
hypothesised to be responsible for KF proliferation
through the MC release of cytokines and growth factors.
This group also postulated that increased collagen may
attract MC, which then reduce collagen bulk through
phagocytosis (Arbi et al., 2015). 
Langerhans cells

Despite the finding that the release of IL-1a and
attraction of T lymphocytes by activated Langerhans
cells can influence collagen levels, there is limited
evidence in the literature on their abnormal presence in
keloid tissue (Niessen et al., 2004). One study, using

CD207 staining, found no difference in numbers
between keloid and normal skin or normal scars
(Bagabir et al., 2012). A separate group using anti-CD1a
showed the presence of these cells in hypertrophic scars
diminished over time finding reduced cells positive in
old hypertrophic scars but did show positive staining
present in approximately 40% of keloid tissue samples
(Santucci et al., 2001).
Fibrocytes

Fibrocytes are mesenchymal precursor cells
expressing myeloid (CD45RO) and haematopoietic
(CD34) antigens, as well as structural proteins including
collagen I, collagen III, fibronectin and vimentin (Abe et
al., 2001; Bucala, 2012). Morphologically distin-
guishable by their spindle shape and mid-length fibre-
like projections, these cells may account for up to 10%
of cells infiltrating wound sites (Bucala et al., 1994). 

Fibrocytes have been shown to be a population
distinct from MSC (mesenchymal stem cells), identified
by a double positive CD34/collagen I and/or
CD45/collagen I stain (Iqbal et al., 2012). Discussed
here because of their their pro-angiogenic and immune
role (Reilkoff et al., 2011), acting as antigen-presenting
cells, fibrocytes also contribute to both the proliferation
and remodelling phases of wound healing through
differentiation into fibroblast and myofibroblast
populations (Bellini and Mattoli, 2007). 

Although less dense than normal fibroblasts within
keloid tissue (0.4 versus 4.8 per area (Ueda et al.,
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Fig. 5. Inflammation
in keloid scar tissue.
Schematic diagram
representing the
histological features
of keloid that are
associated with
inflammation including
inflammatory infiltrate,
hypercellularity, KALT
(keloid associated
lymphoid tissue) and
an excess of ECM
produced by these
cells.



1999)), fibrocytes are thought to contribute to excess
scarring through collagen production, both themselves
and by induction of fibroblasts, as well as by
differentiation into αSMA-expressing myofibroblasts,
which exert contractile forces on the healing wound
(Iqbal et al., 2012). Fibrocytes have been shown to affect
keratinocyte proliferation and impact the re-
epithelialisation process (Kao et al., 2011) and are
postulated to be the source of scarring in burn wounds,
where it may be difficult for fibroblasts to migrate from
the healthy wound edge (Mathangi Ramakrishnan et al.,
2012). 

This, in addition to their increased prolyl-4-
hydroxylase (Aiba and Tagami, 1997) release, an
enzyme responsible for the stabilisation of the collagen
triple helix, is thought to result in the excess ECM
deposition that is the hallmark of KD (McCoy et al.,
1980; Ala-Kokko et al., 1987). As fibrocytes are derived
from CD14+ cells in the peripheral blood (Curran and
Ghahary 2013), these have been used as an upstream
target for therapeutics. Serum amyloid P (SAP) inhibits
fibrocyte differentiation thereby decreasing the
myofibroblast population in the wound and reducing
scarring (Naik-Mathuria et al., 2008; Blakaj and Bucala,
2012). Although not the primary source of collagen, it
may be that targeting fibrocytes is an important strategy
for targeting the scar tissue volume in KD. 
Proliferation 

This wound healing phase is marked by the
formation of granulation tissue, re-epithelialisation, neo-
angiogenesis and new ECM deposition (Baum and
Arpey, 2005). While the features associated with these

processes are discussed under proliferation, there is
significant overlap with both the inflammatory and
remodelling phases whereby cells, cytokines and growth
factors from all three stages contribute to the
dysregulation leading to keloid histology (Shih et al.,
2010). 

It is postulated that a prolonged proliferation phase
is responsible for the majority of features considered
characteristic of KD (Young et al., 2013) and these are
schematically depicted in Fig. 6. While an
overproduction of collagen is the subject of much focus
in the literature, it is the microscopic changes in the non-
collagenous ECM elements that distinguish keloid from
other cutaneous fibroses and are therefore discussed in
further detail.
Epidermal proliferation

The majority of literature to-date has described the
keloid epidermis as thickened with flattened rete ridges
(Fig. 1A,B), presumably secondary to pressure from the
large collagen bundles occupying the dermis that
impinge upon the epidermis (Lee et al., 2004; Kose and
Waseem, 2008). The normal epidermis, composed
mostly of keratinocytes in distinct stages of
differentiation is also populated by Merkel cells,
Langerhans cells, T lymphocytes (CD4+, CD8+ or γδ-T
cell receptor+) and melanocytes, complemented by
intraepidermal nerve fibres arising from distally located,
extracutaneous sensory neurons arising from spinal
dorsal root ganglia (Kanitakis, 2002; Fradette et al.,
2003; Di Meglio et al., 2011). 

Although not extensively studied, keloid epidermis
exhibits an increased immune cell infiltrate (discussed
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Fig. 6. Proliferation in keloid
scar tissue. Schematic
diagram representing the
histological features of keloid
disease associated with
proliferative stage of wound
healing. Hypercellularity
resulting in both thickened
epidermis and an advancing
edge in the dermis. Increased
ECM deposition resulting in
blurring of the papillary-
reticular boundary. ECM
molecules known to show
increased staining in keloid
tissue are depicted here.



below) at both the lesion centre and margin (Bagabir et
al., 2012) as well as positively expressing immune cell
mediators, COX-1 and COX-2 (Abdou et al., 2014). The
keloid epidermis expresses osteopontin, although this
was not compared with normal skin (Miragliotta et al.,
2014), positively stained compared with normal skin for
TGFβ-1 (Abdou et al., 2011) and no difference was
shown between KD, HTS and normal skin with regard to
epidermal insulin-like growth factor-1 receptor staining
(Hu et al., 2014). There is however, a noticeable paucity
of information in the literature on melanocytes and
Merkel cells in keloid epidermis and any abnormalities
in these cell types compared to the epidermis of healthy
skin or normal scars.
Keratinocytes

Keratinoctyes change their morphology with
differentiation status, allowing formation of a stratified
epithelium that generates a protective barrier (Eckert,
1989). Under certain pathological conditions, epidermal
keratinocytes express alternate keratins to those found in
normal skin. This is also seen in KD, where hyper-
proliferation marker keratin 16 has been shown to be
expressed as well as keratin 2e, normally found in the
cornified envelope but in keloid, it is expressed in the
basal epidermis (Bloor et al., 2003; Ong et al., 2010).
Histochemically this goes along with epidermal
hypergranulosis and hyperkeratosis (Figs. 1A, 2C)
(Moshref and Mufti, 2010). 

This keloid keratinocyte (KK) hyper-proliferation is
thought to account for the consistently thickened
epidermis observed in keloid histology and may
contribute to BMZ changes. With most of the
histological disorganisation occurring below the DEJ,
the basal cells in keloid tissue appear regular with
minimal disarray, albeit showing some vacuolar changes
(Moshref and Mufti, 2010). Whilst previously thought
only to be a result of aberrations in dermal tissue,
namely fibroblasts, the effect of local paracrine loops

involving keratinocytes and the epidermis has now been
realised in the context of cutaneous wound healing and
scar formation (Garner, 1998; Machesney et al., 1998). 

3D models and co-cultures have been employed to
demonstrate dysregulation of EMI in keloid formation
(Lim et al., 2001, 2002) and investigate keloid pathology
(Supp et al., 2012; van den Broek et al., 2014).
Additionally, KF expression was shown to be altered
when in direct cell-cell contact with keratinocytes when
compared with exposure only to keratinocyte medium
(Funayama et al., 2003). As well as their autocrine and
paracrine roles in initiating inflammatory responses
(Pasparakis et al., 2014), keratinocytes participate in
regulation of fibroblast proliferation, apoptosis and
collagen production, thus participating in ECM synthesis
(Kose and Waseem, 2008; Wang et al., 2015). 

While KK have been compared to normal skin
keratinocytes (NSK) on a transcriptional level (Xia et al.,
2006) there is limited evidence in the literature
comparing their monolayer cell morphologies. One
study implicates this cell’s role in EMT by showing
immunohistochemical evidence of desmosomal
discontinuity impacting keratinocyte adhesion. They also
describe KK displaying detached, more widely
disbanded colonies when compared with NSK and
showed evidence of faster migration using a scratch
assay (Hahn et al., 2013). We also found that NSK
formed tighter, more compact colonies when compared
with KK in monolayer culture as shown in Fig. 4.
Melanocytes

While there are a few studies that investigated the
expression of melanocytic factors in KF, including
melanocortin-1 receptor (Luo et al., 2013) and
propiomelanocortin (Teofoli et al., 1997), the only
reference to keloid tissue pigmentation was from that of
one grafted into a hamster cheek pouch, where they
hypothesised that grafted keloid tissue must contain
melanoblasts that differentiated into melanocytes in the
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Fig. 7. Schematic representation of defined sites used
to investigate site-specific keloid disease pathobiology.



hamster environment, something that does not occur in
the human samples (Hochman et al., 2005). There is
some evidence that melanocytes induce fibroblast
proliferation resulting in increased ECM deposition (Gao
et al., 2013) and that reduction in melanocytes may be
responsible for the relative success of current therapies
(Har-Shai et al., 2006). A recent study investigating the
effect of melanocytes and fibroblasts on the contractile
behaviour of keratinocytes suggested that the balance of
melanocytes rather than the presence or absence is more
significant (Rakar et al., 2014). Given the recent
experimental findings in mice, that wounding or UV
trauma of the epidermis recruits melanocyte stem cells
from the hair follicle epithelium into the epidermis
(Chou et al., 2013) and the concept that melanocytes
may play a more active role in damage response and
tissue remodelling than widely appreciated (Paus, 2013),
there is clearly a lot of scope for further research for
defining the role of the melanocyte in keloid
pathobiology. 
Dermal proliferation

Extracellular matrix deposition
The dermis of human skin is composed of two

distinct layers: papillary and reticular. It has been noted
in several histological keloid specimens that, as a result
of matrix overproduction, the distinction between the
papillary and reticular dermis becomes blurred (Fig. 3A)
(Huang et al., 2012).

Collagen
Collagen, an abundant triple helix protein

(Mienaltowski and Birk, 2014), is the main ECM
constituent and is found in abundance in KD. It is
generally accepted that keloids contain surplus amounts
of collagen within the dermis, accounting for most of the
bulk of the scar tissue. Lee et al. in 2004 referred to this
haphazard collagen pattern (Fig. 1C) as “keloidal
collagen”, identifying it as a histological hallmark of
KD, albeit with a low sensitivity (Lee et al., 2004). The
discord regarding the exact quantity, type, morphology
and location of this collagen is due to much of the
literature being based on individual findings, often using
small sample numbers or lacking comparisons to normal
and hypertrophic scars. 

These factors, compounded by the inherent
heterogeneity of keloid fibrosis, have led to confusion in
diagnosis and inappropriate management strategies
(Atiyeh et al., 2005). There is little disagreement over
the “keloidal collagen” being thickened, hyalinised and
eosinophilic with a distinct glassy appearance. Whether
confined to a particular zone (Bux and Madaree, 2010)
or diffusely distributed throughout the dermis (Moshref,
2010), the collagen bundles have been described as
organised parallel to the surface (Ehrlich et al., 1994) but
more frequently haphazardly arranged (Knapp et al.,

1977; Da Costa et al., 2008). These bundles occur with
higher frequency and increased thickness in the
perilesional sub-papillary (Bux and Madaree, 2010) or
RD when compared with intralesional and extralesional
sites (Syed et al., 2011). 

Furthermore, it has been described that the ratio of
the two primary collagens involved in wound healing,
types I and III, is altered in keloids (Abergel et al., 1985)
with more recent studies supporting an elevated collagen
I/III ratio (Fig. 2) based on raised collagen I and
unaltered collagen III levels (Uitto et al., 1985; Peltonen
et al., 1991) . This ratio may vary between different sites
within the keloid tissue as demonstrated in a recent study
revealing increased collagen I and III production within
perilesional sites of the keloid, both in vitro and in vivo,
when it is compared with intralesional and extralesional
sites (Syed et al., 2011).

In addition to “keloidal collagen” several other
features allow one to distinguish keloid from
hypertrophic scarring (Lee et al., 2004). These are
summarised in Table 4. The most significant of these
was the presence of a PD tongue-like advancing edge,
which has also been described in relation to keloid
histology previously and may be a point of
differentiation from hypertrophic scars (Fig. 3G,H)
(Cosman and Wolff, 1972; Moshref and Mufti, 2010).

The expression of other collagens in keloid tissue,
such as collagen V, collagen VI and collagen VII,
remains to be systematically analysed. Additionally the
absence of collagen nodules, originally believed to be a
diagnostic marker of KD (Linares and Larson, 1974;
Ehrlich et al., 1994), cannot be safely used to exclude
KD, as several studies have identified their presence in
both keloid (Fig. 3E) and hypertrophic scars (Kischer
and Brody, 1981; Lee et al., 2004). 

Non-collagenous matrix
The role of the ECM is both structural and

regulatory, requiring a balanced composition to maintain
optimal structure and function (Mitts et al., 2010).
Composed of varying amounts of glycosaminoglycans,
proteoglycans and elastic fibres, a disturbance in the
proportions of these molecules can result in excess
matrix, consistent with the formation of raised dermal
scarring. Microfibrillar proteins constitute the bulk of the
non-collagenous ECM, along with hyaluronan and
fibronectin. Deposited in early natal life, microfibrillar
proteins, consisting of an elastin core and surrounding
fibrillin microfibrils, extend from the DEJ through the
papillary dermis (PD), where they are thin, to the
reticular dermis (RD), where they form thick bands
(Kielty, 2006; Kadoya et al., 2015). Microfibrillar
proteins also influence cell migration and adhesion
through sequestration and presentation of wound healing
cytokines such as TGFβ (Ramirez and Rifkin, 2009;
Massam-Wu et al., 2010). 

In KD, immunohistochemistry, stereology and
multiphoton microscopy have shown that elastin and
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fibrillin are disorganised when compared with normal
skin and normal scar tissue. Fibrillin-1 deposition is
decreased throughout the tissue (Amadeu et al., 2004)
whereas elastin is almost absent in the PD yet
significantly increased in the RD, where it forms nodes
(Chen et al., 2011). It has been speculated that this may
result from an initial overproduction of both collagen
and elastin by KF, followed by the continued presence of
collagen without elastin. 

Hyaluronan (HA), a glycosaminoglycan thought to
be of central importance to scarless fetal wound healing
(Namazi et al., 2011), is a significant ECM component.
Hyaluronan has structural and regulatory roles as well as
implications in angiogenesis and inflammation (Frenkel,
2014). It has been postulated to be important in effective
epithelialisation and may influence fibroblast
morphology (Tan et al., 2011), thus securing itself and
the molecules involved in its synthesis and degradation
as potential targets in keloid therapeutics (Sidgwick et
al., 2013). 

In keloids, HA has been shown to exhibit a different
expression pattern from that of normal and hypertrophic
scarring: using biotinylated hyaluronic acid binding
protein (HABP), normal skin, normal scar tissue and to a
lesser degree hypertrophic scars showed HA to be
principally concentrated in the PD and yet scanty in the
epidermis (Bertheim and Hellstrom, 1994). In contrast,
keloids consistently demonstrated the opposite
phenomenon, with staining reduced in the PD and being
maximal in the intercellular space between keratinocytes
in the suprabasal layers of the epidermis (Meyer et al.,
2000; Tan et al., 2011). On this basis, HA alone has been
used to classify scar types for the purpose of
experimentation (Hellstrom et al., 2014). 

Fibronectin, a linking glycoprotein that binds to
integrins and other matrix molecules, forming an early
component of granulation tissue (Martino et al., 2011; To
and Midwood 2011), is more strongly expressed in
keloid than normal tissue (Kischer and Hendrix, 1983;
Ashcroft et al., 2013) and can be further enhanced by
TGFβ1 and abrogated by triamcinolone acetonide
treatment (Lee et al., 2013). While some studies describe
diffuse fibronectin staining in both normal skin and
keloid (Knaggs et al., 1994), those that yielded more
intense staining in keloid tissue describe it as increased
at the DEJ and co-localised with fibroblasts between
collagen bundles in the dermis (Sible et al., 1994). KF
also produce more fibronectin in culture than normal
dermal fibroblasts (Babu et al., 1989). During normal
wound healing with respect to the above, keloid
fibronectin is gradually replaced by neo-dermis; notably
however its expression is maintained in abnormal
scarring (Santucci et al., 2001). This continued presence
may result in prolonged interaction with other matrix
proteins or cells forming the bulky growth that is typical
of KD. If the keloid lesion can be confirmed to stain
positive for fibronectin, reducing fibronectin expression
might be therapeutically beneficial (different ways of
reducing fibronectin expression have already been

reported) (Lee et al., 2011; Liang et al., 2013).
Besides these larger and better-investigated

molecules, little is known in the literature on the
histology of ECM in KD, such as dermatopontin,
periostin, small leucine-rich proteoglycans (SLRP) and
tenascin (Sidgwick and Bayat, 2012). The latter, a
hexameric glycoprotein involved in fibrosis, has been
shown to have some homology with fibronectin and
potentially influence its biologic activity, similarly
disappearing from the wound with the replacement of
granulation tissue during normal wound healing
(Shrestha et al., 1996; Halper and Kjaer, 2014). Having
been previously associated with scleroderma (Lacour et
al., 1992), hyper-proliferative skin conditions
(Schalkwijk et al., 1991) and acne-associated KD
(Knaggs et al., 1994), the role of tenascin was
investigated in KD. This protein was diffusely expressed
in keloid tissue, especially the RD, when compared with
normal skin where it formed a linear band at the DEJ but
failed to show any deeper positive staining (Dalkowski
et al., 1999). This was supported in a more recent study
where reduction in the overexpression of tenascin was
seen using cryotherapy (Abdel-Meguid et al., 2014). 

The ECM component dermatopontin has been
implicated in wound re-epithelialisation (Krishnaswamy
and Korrapati, 2014), delayed healing (Krishnaswamy et
al., 2014) and fibrosis (Kuroda et al., 1999), although
little is known on its role in KD. Due to the decreased
expression of dermatopontin in KF (Russell et al., 2010),
it was directly compared to leiomyomas, which also
showed reduced dermatopontin mRNA expression in
microarray analysis; the authors further reported that
dermatopontin protein expression is also reduced in
keloid tissue compared to healthy skin (Catherino et al.,
2004). 

As the most abundant glycoprotein in normal skin
dermis, the SLRP decorin binds to other matrix proteins
including collagen, fibronectin and thrombospondin,
playing a role in ECM assembly and therefore an
attractive protein to investigate in wound healing (Tracy
et al., 2014). Decorin is thought to interact with
dermatopontin to alter TGFβ expression, thereby
affecting collagen fibrillogenesis (Zhang et al., 2006)
and has been implicated in the inflammatory process of
wound healing, involving toll-like receptors 2 and 4
(Merline et al., 2011), which have also been investigated
in pathological scarring (Wang et al., 2011; Chen et al.,
2013). Decorin has been shown to be comparable in
normal skin and mature scars but reduced in early
wound healing and delayed in abnormal wound healing
such as post-burn hypertrophic scars (Scott et al., 1995;
Sayani et al., 2000). Keloid immunohistochemistry
showed no difference when compared with normal skin
(Tan et al., 1993; Hunzelmann et al., 1996), although
proteoglycan composition analysis by a more recent
study reported decreased decorin expression in keloid
versus normal skin (Carrino et al., 2012). This finding is
supported by two recent studies that showed up-
regulation of decorin in treated versus untreated keloid
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samples (Trisliana Perdanasari et al., 2014; Chen et al.,
2015). Interestingly, this molecule has recently been
shown to be reduced in the tumour microenvironment
when compared with normal tissue controls and
therefore of potentially significant importance in a
tumour suppression role (Neill et al., 2012; Bozoky et
al., 2014). Decorin’s postulated role (namely, to control
TGFβ1 activity, thus manipulating collagen bundle
formation) (Okamoto et al., 1999) along with the
delayed appearance of decorin in hypertrophic scarring
(Sayani et al., 2000) suggests there is a period in early
keloid formation, where decorin administration or up-
regulation could be therapeutically beneficial. 

Analysis of biglycan, another SLRP, has generated
contradictory results in the literature. In normal skin,
biglycan descriptions range from no presence at all

(Scott et al., 1995) to a linear band adjacent to the BMZ.
In comparison, keloid tissue reportedly showed either
indistinguishable staining from normal skin (Tan et al.,
1993) or positive expression in the collagen nodules of
the dermis, encouraging the theory that biglycan is
associated with collagen deposition (Hunzelmann et al.,
1996).

Periostin has been investigated in KD with regard to
it’s role in promoting angiogenesis (Zhang et al., 2015),
a histological feature associated with this scar (Huang et
al., 2012). Keloid tissue shows increased staining in both
epidermis and dermis when compared with normal skin
(Zhou et al., 2010) and significant co-localisation with
CD31, suggesting a correlation with blood vessel density
(Zhang et al., 2015). In hypertrophic scarring, periostin
has been shown to increase dermal fibroblast
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Table 1. Summary of the ECM molecules previously investigated in keloid disease tissue.

ECM molecule Location within keloid tissue Technique Ref.

Collagen I Abundant expression throughout dermis Histochemistry (Masson’s trichome) Kauh et al., 1997
h thicker bundles at margin, especially reticular dermis Histochemistry (Herovici) Syed et al., 2011

Collagen III Thinner vs collagen I, h in papillary dermis of keloid margin Herovici Syed et al., 2011
Strongly h in keloid vs normal skin IHC Naitoh et al., 2001

Collagen IV Along BMZ and h proximal to small blood vessels IHC Naitoh et al., 2001

Collagen VI Co-localised with col I proximal to small blood vessels
Also h papillary dermis IHC Peltonen et al., 1991

Fibronectin

h at dermo-epidermal junction
Co-localised with cells in deep dermis between collagen bundles IHC Sible et al., 1994

Intense localisation with fibroblasts upper reticular IHC Kischer and Hendrix, 1983

Diffuse positivity in keloid tissue IHC Knaggs et al., 1994; Santucci
et al., 2001; Liang et al., 2013

Hyaluronan (HA)

Gross HA stain in upper layers epidermis
PD- mesh-like staining, RD- Intense staining HABP Bertheim and Hellstrom,

1994
h Intercellular in spinous & granular layers 
iHA in keloid dermis HABP Meyer et al., 2000

i intensity stain in papillary dermis HABP Tan et al., 2011

Elastin

i superficial dermis
hdeep dermis, parallel to collagen

IHC
Histomorphometric Amadeu et al., 2004

i elastic fibres all scar types Verhoeff van Giesson stain Kamath et al., 2002
i elastic fibres, due to impaired fibrillin-1 IHC Ikeda et al., 2009
h elastin deep dermis, node structure Multiphoton microscopy Chen et al., 2011

Fibrillin

i superficial and deep dermis
Thin fibres, no candelabra pattern

IHC
Histomorphometric Amadeu et al., 2004

Altered distribution, thick irregular bundles IHC Ikeda et al., 2009
Altered fibrillin distribution, related to TGFβ IHC Nie et al., 2008

Tenascin Diffusely expressed in dermis
Associated with h collagen bundles in reticular dermis IHC Dalkowski et al., 1999

Dermatopontin i stain compared with normal skin IHC Catherino et al., 2004

Decorin Indistinguishable from normal skin, strong stain in dermis, weaker
in epidermis IHC Tan et al., 1993; Hunzelmann et

al., 1996; Catherino et al., 2004

Biglycan h in nodular areas of keloid IHC Hunzelmann et al., 1996
Indistinguishable from normal skin IHC Tan et al., 1993

Periostin
h in epidermis and dermis vs normal skin
Co-localisation with CD31 IHC Zhang et al., 2015

h especially in acellular node region of deep dermis IHC Zhou et al., 2010
Versican Intense deposition in keloid but not normal skin IHC Yagi et al., 2012



proliferation and differentiation into myofibroblasts
(Crawford et al., 2015), but this has yet to be
investigated in KD.

Finally, versican is a large proteoglycan capable of
sequestering large amounts of water through its
glycosaminoglycans and therefore, similar to HA, is
theorised to be responsible for some of the volume in
keloid scars (Yagi et al., 2013). Moreover, in the hair
follicle mesenchyme, versican expression is correlated
with inductive properties of specialised fibroblasts that
engage in intimate EMI with the adjacent epithelium
(Kishimoto et al., 1999; Soma et al., 2005; Ohyama et
al., 2010). Versican immunostaining has revealed intense
deposition in keloid tissue when compared with normal
skin (Yagi et al., 2012) and this was confirmed in a
separate protein study using composite gels (Carrino et
al., 2012). 

Fibroblasts
Fibroblasts are elongated spindle-shaped cells,

defined by their ability to secrete ECM. They are a
heterogeneous cell type, differing in function and
morphology even within an organ (Sorrell and Caplan,
2009). Although identified morphologically, the varied
fibroblast subtypes or derivatives express specific
proteins that can be used to differentiate them within
tissues. It has been shown that KF differ from NSF in
ECM production, especially collagen, which is produced
in excess in keloid scars (Lim et al., 2002). While there

has been some debate in the past over the degree of
cellularity in keloid tissue, the consensus is in favour of
a high cellularity, with the predominance of those cells
being fibroblasts (Shaker et al., 2011). 

It has been noted that in addition to the haphazard
collagen deposition, the fibroblasts themselves also lie in
a disorganised fashion (Lee et al., 2004) and are
frequently degenerate or necrotic (Bux and Madaree,
2010). Further to this, the cell phenotype can be
heterogeneous within the scar itself as well as between
scar types. It has been shown that the superficial
(papillary) and deep (reticular) fibroblasts within keloid
exhibit differential expression and are postulated to
result in alternative keloid phenotypes clinically (Supp et
al., 2012). These altered phenotypic KF respond
differently to the NSF, not only in relation to cytokines
and growth factors but also to immunomodulatory
treatments (Russell et al., 1995). Other than phenotype, a
key factor in the production of excess matrix appears to
be the interaction of fibroblasts with both keratinocytes
and the immune cell infiltrate (Martin and Muir, 1990;
Shaker et al., 2011). Additionally, the fibroblasts of non-
keloid tissue have been shown to respond in a keloid-
like manner to the media taken from KF (Ashcroft et al.,
2013). 

Vascularity
Opinion diverges with regard to the vascularity of

keloid scars. Studies have been conducted using

1045
Histopathology of keloid disease

Table 2. Summary of the cells identified in keloid disease, their morphology and stain used to identify them within the tissue.

Cell type Morphology Stain Present/Absent in KD Sample no. Ref.

Keratinocyte Differentiation status dependent Cytokeratins K2e/K16 Present in epidermis
(K6/K16 also present in HTS)

n=14 Machesney et al., 1996
n=10 Bloor et al., 2003
n=10 Ong et al., 2010

Langerhans
cell

Dendritic suprabasal cells, 2%
epidermis

CD1a, S-100, Langerin
(CD207) Present within epidermis

n=26 Santucci et al., 2001
n=25 Bagabir et al., 2012

Melanocyte Highly dendritic, basal epidermal Fontana-masson, Mel-5 Present/increased within
epidermis

n=1 into
fragments Hochman et al., 2005

Fibrocyte Spindled, mid-length fibre-like projections CD34/Coll I; CD45/Coll I; CD86 Present within dermis n=11 Iqbal et al., 2012

Fibroblast Spindle-shaped TE-7, Fibronectin, vimentin Increased activity within
dermis

n=12
n=39

Theoret et al., 2013;
Chong et al., 2015

Myofibroblast Spindled, fusiform indented nuclei αSMA, transgelin, cytoglobin,
P4Hβ Present within dermis

n=40 Lee et al., 2004
n=26 Santucci et al., 2001

Mast cell Large, mononuclear, Metachromatic
granules

CD117, anti-chymase, anti-
tryptase, c-kit Increased in dermis

n=5 Dong et al., 2014
n=25 Bagabir et al., 2012

Lymphocyte
Spherical/ovoid, densely packed
nuclear chromatin dominating
cytoplasm

Giemsa/wright, CD45
T: CD3, CD4&8, TCR
B: CD20, CD38, CD79a

Present in epidermis &
dermis, ?increased in both

n=25 Bagabir et al., 2012
n=8 Boyce et al., 2001

Macrophage Large with granules & vacuoles vs
monocytes CD68 (M1) CD163 (M2) Increased in reticular &

papillary dermis
n=25 Bagabir et al., 2012
n=44 Shaker et al., 2011

Endothelial
cell

Elongated, flat & aligned in direction
blood flow CD31, VEGF, vWf Present in epidermis & dermis

n=15 Zhang et al., 2015
n=9 Kischer et al., 1982



stereological analysis of dermal vessels (Amadeu et al.,
2003), transmission electron microscopy (Ueda et al.,
2004), doppler assessment and quantitative microscopic
examination in combination with CD31, CD34, CD105,
αSMA and VEGF immunostaining. While some of the
literature favours hypervascularity associated with long
and dilated vessels (Amadeu et al., 2003), the bulk of
studies investigating keloid blood supply found limited
microvasculature associated with luminal occlusion
(Beer et al., 1998; Bux and Madaree, 2010; Har-Shai et
al., 2011), most frequently attributed to obstruction by
endothelial cells (Kischer et al., 1982; Kischer, 1992).
The impaired blood supply within the keloid tissue has
encouraged the hypothesis that hypoxia is a key element
in the pathogenesis of KD (Butler et al., 2011). Bux and
Madaree proposed that the impaired vasculature explains
the features of degeneration and necrosis evident in
keloid tissue and that the capillary occlusion results from
chronic inflammation, occurring predominantly at the
level of the subpapillary plexus (Bux and Madaree,
2010). 

Due to the site-specific differences observed
clinically (Syed et al., 2011), between keloid centre and
margin, a more recent paper examined the differences in
vascular density between these sites of the keloid lesion.
Whilst there was no significant vascular density
differences, it was noted that the vessels located
centrally were more flattened, based on major and minor
axes (Kurokawa et al., 2010). This correlated with the
histological finding of an advancing edge with increased
cellularity and microvasculature compared with the
occluded vessels of the centre. 
Remodelling 

This phase of wound healing, in contrast to the
relatively short preceding phases, can last for months to
years and is thought to be delayed in keloid. The
ultimate role of this phase is to increase the tensile
strength within the wound, decrease the thickness of the
newly formed tissue and promote terminal
differentiation of the epidermis, thereby restoring a
functional barrier (Carlson and Longaker, 2004). The
role of the myofibroblast, which begins with contraction

during the phase of proliferation, is instrumental in this
phase and the failure to undergo apoptosis likely to be
causative in keloid scar formation.
Myofibroblasts

Myofibroblasts are mesenchymal cells expressing
characteristics of both fibroblasts and smooth muscle
cells. The origin of this hybrid cell has long been under
debate, with reports of differentiation from pericytes,
fibroblasts, smooth muscle cells and most recently from
fibrocytes (Hinz et al., 2012). Myofibroblasts, like their
predecessors, are spindle-shaped cells but have fusiform
indented nuclei, a fibronectin-rich but laminin-deplete
layer at their surface and, in addition to expressing
fibronectin and vimentin, express α smooth muscle actin
(αSMA) (Eyden et al., 2009). It is these non-muscle
myosin microfilaments in combination with gap
junctions that allow participation in wound closure and
may cause the contracture postulated to be causative in
hypertrophic and keloid scarring (Van De Water et al.,
2013; Tholpady et al., 2014). 

There has been much controversy over whether there
are myofibroblasts in KD (Matsuoka et al., 1988) and
whether there is αSMA positive staining (Sarrazy et al.,
2011). It had been suggested that αSMA is used as a
differentiation marker between keloid and hypertrophic
scars (Ehrlich et al., 1994), however it was confirmed
that keloid cells do express αSMA (Lee et al., 2012) and
due to the variability in expression in both forms of
scarring (45% of keloid and 70% hypertrophic), this
cannot be a reliable method of distinction (Lee et al.,
2004). 

Other markers have been used to detect
myofibroblasts in keloid including transgelin, cytoglobin
and prolyl-4-hydroxylase β, interestingly all of which
are controlled by hypoxia, theorised to be one of the
driving forces in keloid pathogenesis (Har-Shai et al.,
2011). In fact, it has been reported that myofibroblasts
are the predominant cell type present in keloid tissue
regardless of the age of the lesion and that the collagen
nodules in particular stain positive for αSMA (Santucci
et al., 2001; Hunasgi et al., 2013). It may be that the
αSMA expression of hypertrophic scars declines over
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Table 3. Summary of the features of other skin-related fibrotic disorders in common with and different from keloid disease as well as the stains most
commonly used in the diagnosis.

Condition Histological features in common with KD Histological features different from KD Stain

Hypertrophic 
scar

Raised scar; Thickened collagen Nodules
Increased cellularity

Non-flattened epidermis; Organised collagen fibres
No recurrence

H&E
αSMA

DFSP Slow-growing; Raised, pigmented skin
Recurrence

Increased nodularity; Honeycomb pattern
Non-polarizing collagen

Vimentin; αSMA
CD34+; XVIIIa-; S100-

Dermatofibroma Thickened epidermis; Hyperkeratosis
Hyalinised collagen

Scaly lesions; No recurrence
Reduced cellularity; Grenz zone

XVIII+
CD34-

Scleroderma/
morphea

Pigmented
Lack of adnexal appendages Nodules

Reduced cellularity; Collagen arranged parallel
Systemic features

CD34-; CD1a; CD3; CD8;
CD20+; CD25, CD57+



time whereas that of keloids remains constant, allowing
for distinction of older lesions (Santucci et al., 2001;
Sarrazy et al., 2011). This failure to quiesce or apoptose
may account for the continued growth observed in
keloids as myofibroblasts in normal wound healing
disappear when re-epithelialisation is complete (Hinz,
2007; Darby et al., 2014; Li-Tsang et al., 2015).
Differential diagnose: KD versus other cutaneous
fibroses

Since there is not one reliable and definitive keloid
biomarker available, one needs to rely on both clinical
appearance and histopathology in order to distinguish
KD from other forms of cutaneous fibrosis (Table 3). 
Hypertrophic scarring

The condition most commonly confused with keloid
and a source of much contention is hypertrophic
scarring. For the purposes of diagnosis and indeed
research, several macroscopic criteria are generally
applied to distinguish these two entities. Keloid scars
extend beyond the margins of the original wound to
invade the surrounding normal skin, whereas
hypertrophic scars remain confined to the boundaries of
the initial injury but push them out by expansion. This
invasion is described histologically, by the advancing
edge dominating the papillary dermis (Fong et al., 1999;
Lee et al., 2004) but also as a clinically evident
advancing edge (Cosman and Wolff, 1972). Unlike
keloids, hypertrophic scars tend to regress with time and
do not usually recur after excision but are more
associated with contractures than their counterparts, due

to a higher rate of fibrin matrix gel contraction (Mustoe
et al., 2002). Keloid scars are more likely to be
erythematous and pruritic compared to hypertrophic
scars but both can present with these symptoms and
indeed it happens that there may be a mixture of the two
processes occurring within the one wound. This clinical
pattern led to the description of keloids as having an
inflammatory zone, at the lesion base, a raised pale
central area and a regressing portion where it resembles
normal scarring (Seifert and Mrowietz, 2009).
Dermatofibrosarcoma protuberans

Dermatofibrosarcoma protuberans (DFSP), more
commonly confused with dermatofibroma, can also pose
a diagnostic dilemma when considering keloid,
especially in its early stages. Similar to keloid, this
cutaneous sarcoma is slow-growing, absent from the
hands and feet, has a higher incidence in darker skin
(Criscione and Weinstock, 2007), occurs most frequently
between 20-50 years of age and may recur on excision
(Sabater-Marco et al., 2006). It differs macroscopically
in that it is often larger and more nodular and in some
instances has been shown to metastasize (Liang et al.,
2014). Microscopically DFSP is discernible by a
characteristic storiform pattern of spindle cells
surrounded by fibrous stroma that causes a honeycomb
pattern when it extends into adipose tissue (Sabater-
Marco et al., 2006). Similar to keloid and several other
fibroses, it has been shown to stain positive for both
vimentin (Tsai et al., 2014) and occasionally positive,
although more routinely negative, for αSMA (De
Pasquale et al., 2009; Sundram, 2009; Kim et al., 2012). 

Two markers have been used to specifically
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Table 4. Summary of the characteristic features of keloid disease and their frequency, including data based on the images shown in Figs. 1-3.

Ref Sample
no. Epidermis Advancing

edge Collagen Cellularity Horizontal
fibrous band Inflammation aSMA(+) Vascularity

Moshref and
Mufti, 2010 15 10/15 rete - 15/15 haphazard 10/15 14/15 - 5/15 Sub-epidermal

Bux and
Madaree,
2010

58 - - Thick bundles
Between collagen

bundles.
Fibroblastic.

Immune
- Chronic - Impaired

angiogenesis

Santucci et
al., 2001 26 Flattened.

Adnexae displaced. -
25/26

Thick; Hyalinised
Haphazard

24/26
Diffuse,

myofibroblasts
-

Persistent
immune cell

infiltrate
21/26 -

Lee et al.,
2004 40 37/40 flattened

14/14
marginal
sections

24/40
Thick hyalinised

bundles
33/40 10/40

39/40
Lymphocytes

8/40 sinus tract/
ruptured follicle

18/40
(>10% +) Disarray

Ong et al.,
2010 10 Thickened Lined with

BM - - - - - -

Bayat et al.,
2014
(unpublished)

13

Thickened &
flattened 11/13
Thickened not
flattened 2/13

Hyperkeratotic 12/13

3/13

Whorls, thickened
Haphazard 11/13

Nodule 1/13
Fine, organised 1/13
Obliteration PD-RD

11/13

Diffuse 13/13
Including between
collagen bundles

5/13
Upper dermis

10/13 most
commonly

sub-
epidermally

-

10/13 occlusion
PD-RD between
collagen fibres, 

Neoangiogenesi
s deeper dermis



discriminate DFSP from other cutaneous pathologies:
non-polarizable collagen (Barr et al., 1986) and positive
CD34+ staining (Aiba et al., 1992). There is a single
reference to the polarization of keloid collagen that
suggests that it is polarizable (Barr and Stegman, 1984),
which may make it a potential point of differential
diagnosis but this requires more studies before being
reliably diagnostic. While the literature suggests
consistent positive staining for CD34 in DFSP, the
consensus in keloid seems to be that the perilesional and
extralesional dermal sites are positive relative to the
inflammatory process (Iqbal et al., 2010; Bakry et al.,
2014). The CD34 immuno-staining in KD may show an
inverse correlation with collagen I production (Aiba and
Tagami, 1997).
Dermatofibroma

Like keloid, dermatofibroma often occurs at sites of
previous trauma and microscopically appears ill-defined
and frequently characterised by a hyperkeratotic,
hyperplastic epidermis. Indeed, there is a keloid variant
of this lesion that contains hyalinised collagen at the
periphery leading to dependence on the presence of other
features associated with dermatofibroma to rule out
keloid (Alves et al., 2014). Dermatofibroma can be a
scaly lesion more frequently occurring on the limbs, it
tends not to recur following excision and in combination
with microscopic features of a grenz zone (spared PD),
elongated rete ridges and increased hair follicle
structures, it should be distinguishable from keloid
(Luzar and Calonje, 2010). The differences in PD at the
margin of both lesions may be the diagnostic crux,
where in keloid, it is the active site with increased
cellularity and contrastingly in dermatofibroma, the PD
is spared and the margin RD is the site of collagen
bundles. Unlike DFSP, dermatofibroma (fibrous
histiocytoma) is more easily differentiated by
immunohistochemistry from DFSP than from keloid. A
lesion that is CD34+ and factor XVIIIa negative is likely
to be DFSP, however CD34- and XVIIIa positive is more
likely to be dermatofibroma (Altman et al., 1993)
although the jury is out with regard to keloid. Similar to
CD34, there is a lack of uniformity within the literature
with respect to factor XVIIIa staining in keloid, with
studies claiming both absence and augmentation
(Kamath et al., 2002; Onodera et al., 2007). 
Morphea

Another condition frequently misdiagnosed is
cutaneous scleroderma or morphea, which similar to
dermatofibroma has a keloid variant, making it more
difficult to distinguish from the classic keloid scar.
Macroscopically, sclerosis is characterised by thickened
dermis and occasionally nodules or keloid-like lesions
that are hyper-pigmented and lack appendages.
Microscopically these nodules consist of collagen
bundles lying parallel to the dermis and reduced

fibroblasts (Rencic et al., 2003). The presence of
myofibroblasts has been suggested as a method to
determine the stage of differentiation along a
hypothetical continuum from morpheiform nodule to
hypertrophic scar and finally keloid (Barzilai et al.,
2003). These nodules can resemble keloid with flattened
rete ridges, increased collagen and immune infiltrate
(Buechner et al., 1993), diffuse tenascin staining (Lacour
et al., 1992) and recently identified increased cartilage
oligomeric matrix protein (COMP) staining (Moinzadeh
et al., 2013). Due to the impact of systemic disease, it is
essential to correctly diagnose these nodules and rule out
any other signs of systemic sclerosis.
Perspectives for future, histopathology-based
research into KD pathobiology

Site-specific disease

Based originally on the clinical differences observed
between the margin and centre of keloid scars, site-
specific variations have only recently been exploited as a
way to potentially target the active site of disease.
Macroscopically, the centre (intralesional) is often pale,
soft and involuted when compared with the margin
(perilesional), where there is frequently a raised
erythematous edge considered to be the aggressive site
of activity. It has also been shown that fibroblasts from
the PD and RD behave differently (Supp et al., 2012),
leading to division of the upper and lower centre of the
lesion as two separate sites. 

This novel approach has already shown altered
behaviour on a molecular level with regard to apoptosis
(Lu et al., 2007; Seifert et al., 2008), collagen expression
(Syed et al., 2011) and also on a protein level (Javad and
Day, 2012). While there are some histological studies
that analysed these areas separately (Bagabir et al.,
2012) the benefits of site-specific staining to aid
diagnosis and allow targeted therapy has yet to be fully
explored. The standardised dissection of each keloid
lesion into defined sites (see, for example Fig. 7) and the
examination of ECM component histology for each site
would abrogate the risk of incorrect diagnosis based on
sampling site.
Morphological classification

Despite the disparity between different studies in the
literature with regard to keloid histopathology, there is
consistent reference to the heterogeneity that exists
concerning this entity. Macroscopically, the keloid scar
varies from a flat, claw-like invading lesion to a
polypoid pedunculated lesion, both with varying degrees
of central regression and marginal erythema and
firmness. As these details are often not recorded and
correlated with the histological findings, it is difficult to
confidently identify effective treatments or judge
accurate prognoses. Although keloid is usually the end-
point in scar scale classification (Mustoe et al., 2002), it
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would be beneficial to draw up a classification within
keloid disease itself, delineating specific features found
in each category based on morphology, enabling easier
diagnosis and management. 
Basement membrane zone

The basement membrane zone (BMZ) at the dermo-
epidermal junction, whilst described as thickened in KD
with random discontinuities when compared to normal
skin (Mogili et al., 2012), has not been comprehensively
examined in the keloid research literature. The BMZ
provides not only structural support but also crucially
contributes to cell signalling, the regulation of cell
trafficking and EMI (LeBleu et al., 2007; Breitkreutz et
al., 2013; Bruckner-Tuderman and Has, 2014). One
recent publication, using hyaluronan (HA) staining to
classify scar types, describes the keloid BMZ as having
shorter more cuboidal desmosomes when compared with
normal skin and theorises that this may represent
impaired epidermal barrier function (Hellstrom et al.,
2014). There is very limited information on the
expression of collagen IV (Ala-Kokko et al., 1987),
collagen VII, perlecan, laminin, integrins and
dystroglycans in relation to KD. With the recognition of
the importance of EMI in wound healing and the likely
demonstration of paracrine loops between keratinocytes
and fibroblasts (Barton et al., 2010; Sobel et al., 2014),
these BMZ components are likely to be altered in KD
and may provide additional immunohistological and
molecular markers for differentiating KD from other
scarring entities.
Tissue microarray (TMA) and Next generation
sequencing (NGS)

Originally referred to as the “sausage block”
method, TMA allows high throughput screening,
experimental uniformity and large sample number
simultaneous analysis (Jawhar, 2009). Primarily used in
tumour research the processing of multiple histological
tissue sections under identical conditions is efficient and
cost-effective (Kononen et al., 1998). Tissue-based
assays including histochemistry, immunohistochemistry
and in situ hybridisation can be performed on up to 1000
re-planted paraffin embedded core biopsies in a single
block visualised on one slide. Application to
heterogeneous tissue is not recommended, as the core
biopsy may not be representative of the lesion as a whole
(Barrette et al., 2014). Although keloid is heterogeneous
it may be possible to use this technique to assess
multiple areas of the same lesion at one time, similar to
including multiple tumour progression stages on the one
block. In this way, site-specific disease can be analysed
and compared between keloid lesions and emerging
patterns applied to differential diagnosis.

The advent of NGS (Hedegaard et al., 2014) may be
of benefit to KD, especially as it has recently been
shown to be applicable to formalin-fixed paraffin-

embedded (FFPE) tissue sections (Corless and Spellman,
2012). While this technology is currently largely applied
to oncology (Dander et al., 2014), the paucity of
available fresh keloid tissue and potential numbers of
archived FFPE samples that could be pooled, means
NGS would be an ideal platform to apply to KD, also
enabling comparison to other similar scarring entities
(Sweeney and van de Rijn, 2012). 
Summary and conclusions

KD is characterised clinically by patient and lesion
heterogeneity resulting in inconsistent histological
findings with mixed reports in the literature as well as
varied response to therapy. The majority of recent focus
in keloid has been on identifying genetic biomarkers to
diagnose and target keloid scars, leaving histological
descriptions incomplete. 

Based on our literature search, we found the
discerning features of keloid to be the epidermis and
non-collagenous matrix molecules, altered by an
imbalance in the phases of wound healing. The
significant changes in these ECM molecules, attributed
to prolonged proliferation and delayed remodelling
phase, are summarised in Table 1 and the most common
“pathognomonic” changes in Table 4. In some cases, it is
the persistence of staining (decorin) or cellularity
(myofibroblasts) that contributes to the interpretation
rather than its definite presence or absence, highlighting
the necessity of taking the age of the lesion into account.
In addition to diagnostic value, these findings may help
explain the aetiology of certain keloids. The evidence of
reduced or occluded vascularity, particularly in the
lesion centre, supports the hypoxic theory that has been
put forward as a contributor to this disease. Similarly,
the structure of keloid collagen has been described as
tendon-like, suggesting it was thickened to deal with
increased mechanical stress, another postulation for
keloid aetiology (Bux and Madaree, 2012). Normally
populated by a number of adnexae including
pilosebaceous units and sweat glands, the observations
of keloid dermis have demonstrated a scarcity of these
structures (Tan et al., 2011). Indeed, studies have alluded
to some specimens containing draining sinus tracts
and/or inflamed ruptured hair follicles, suggesting a
chronic inflammatory role in keloid pathogenesis (Lee et
al., 2004).

The histology panels in Figs. 1-3, showing keloid
and normal skin histochemistry stained in our own
laboratory, depict many of the characteristic features
associated with keloid disease. The thickened, flattened
epidermis with associated hyperkeratosis (Fig. 1A),
whorls of haphazard hyalinised collagen (Fig. 1C),
hyper-cellularity (Fig. 1D) and horizontal fibrous bands
(Fig. 1G,H) are shown. Fig. 2 compares keloid and
normal skin using Herovici staining (Fitzgerald et al.,
1996; Turner et al., 2013), where immature collagen III
stains blue and mature collagen I stains red. There is a
striking difference in the size of the sub-epidermal and
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PD between keloid and normal skin. This increased
distance in keloid is dominated by purplish staining,
suggesting a mixture of types I and III collagen
compared to the dominance of collagen I in the RD. This
transition occurs much more quickly in the normal skin
where it fades to a fine wavy regular type I collagen
pattern. This difference in ratio of collagen I:III between
the papillary and reticular dermis has been alluded to
previously in reference to keloid (Syed et al., 2011). 

Fig. 3 emphasises the significance of using a
combination of features to aid diagnosis. The blurring of
the papillary-reticular boundary (Fig. 3A) and evolution
from fine collagen fibres sub-epidermally to coarser
thickened fibres in the deeper dermis (Fig. 3B) are easily
identified in samples with a complete profile of tissue
present. Frequently the signs are more subtle, in that the
epidermis is thickened but not necessarily flattened (Fig.
3C) or perhaps the collagen may not be the thickened
coarser collagen expected of keloid but the associated
cellularity and hyper-proliferative epidermis still support
the diagnosis. Many of the samples show signs 
of inflammation, particularly sub-epidermally.
Occasionally, the microscopic elements less routinely
associated with keloid, including the presence of nodules
(Fig. 3E) and a focal point of eruptive collagen (Fig. 3F),
which depend on the area of the keloid biopsied and can
lead to confusion with other entities. Any residual
overlap with histological features of other cutaneous
fibroses could potentially be laid to rest by closing the
gap in knowledge with regard to BMZ features,
unstudied ECM molecules and cellular confirmation.
Further research into these histological components
forms just part of the future work that should be
undertaken to better understand KD. From the
comparisons of keloid with hypertrophic scar to date, it
is apparent that age-related findings play an important
part in differential diagnosis with many of the similar
findings between these two diverging with increasing
age. 

Approaching KD from a pathobiological perspective
enables histological discrimination, improved
differential diagnosis and correlation with molecular
analysis. Amidst the continued search for a target
biomarker, the histomorphology of keloid scars remains
the mainstay of diagnosis. The inherent heterogeneity
within fibrosis and limited availability of keloid samples
has resulted in a widely variable and conflicting
description of the morphology and tissue architecture.
This review clarifies and emphasises the
“pathognomonic” features that allow critical but
undervalued distinction from other conditions and also
highlights the gaps within the literature that may form
the basis of future work. Improved differential diagnosis
serves not only to prevent misdiagnosis of sinister
disease but also allows targeting with appropriate
therapy. While keloid therapeutic options are not the
focus of this review and are discussed in detail
elsewhere in the literature (Viera et al., 2012; Gold et al.,
2014), we have highlighted a number of histological

markers that may be of therapeutic interest. This is
especially important in KD, where despite a plethora of
available therapies, there is no one effective treatment. 
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