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ABSTRACT 
David Peter Broadley 

The role of miRNA-486-5p in hair growth and the hair follicle immune 
privilege 

Role of miRNAs in alopecia areata 

Keywords: Alopecia areata, Hair cycle, Hair follicle, Immune privilege, 
MicroRNA 

 

MiRNAs control skin homeostasis through post-transcriptional gene 

repression by binding to their target mRNAs. However, their role in regulation 

of apoptosis and hair loss in alopecia areata (AA) is largely unknown, which 

became the aim of this study. 

In AA mouse model (C3H/HeJ), global miRNA profiling revealed 22 miRNAs 

with significant changes in their expression in AA affected skin. Amongst 

these miRNAs, miR-486-5p was dramatically decreased in alopecic skin in 

both humans and mice, in striking contrast to its prominent expression in the 

hair follicle (HF) epithelium of healthy anagen skin. Moreover, the expression 

of both pri-miR-486 and miR-486 is down-regulated in the human anagen 

HFs and keratinocytes treated with IFN-g, one of the key factors contributing 

to the immune privilege (IP) collapse in HFs.  

Intradermal delivery of miR-486-5p mimic into mouse skin affected by AA 

prevented premature entrance of HFs into catagen phase and reduced the 

numbers of CD4+ and CD8+ lymphocytes in the peri- and intra-follicular skin 

compartments. Consistently, subcutaneous administration of miR-486-5p 

inhibitor delayed anagen progression associated with a higher number of 

intrafollicular NKG2D+ cells in C3H/HeJ mice. Silencing of miR-486-5p in 



 II 

human anagen HFs ex vivo caused premature catagen development and led 

to suppression of IP by up-regulating HLA class 1, IRF1, ICAM1 and CADM1 

expression of which CADM1 was confirmed to be a direct target of miR-486-

5p. Transcriptome profiling of primary human epidermal keratinocytes 

overexpressing miR-486-5p revealed damping the signalling pathways 

associated with inflammatory chemokines, cytokines and interleukins. 

Taken together, these data suggest that miR-486-5p plays a protective role 

in the pathogenesis of AA by maintaining anagen phase and preventing the 

IP collapse. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 



 III 

ACKNOWLEDGMENTS 

 
I would first like to thank my advisor’s Dr Natalia Botchkareva and Dr Andrei 
Mardaryev. The door to their offices were always open whenever I ran into a 
troubling spot or had a question about my research or writing. They 
consistently allowed this paper to be my own work but steered me in the right 
direction whenever they thought I needed it. 
 
Secondly, I would like to thank my colleagues for their advice, which has 
been invaluable. 
 
Finally, I must express my very profound appreciation to my parents and to 
my wife for providing me with consistent support and continuous 
encouragement throughout my years of study, and through the process of 
researching and writing this thesis. This accomplishment would not have 
been possible without them. Thank you. 

This research was financially supported by the National Alopecia Areata 
Foundation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 IV 

CONTENTS 

ABSTRACT ……………………………………………………………… I 

AKNOWLEDGEMENTS ..…………………………………………........ III 

CONTENTS ..…………………………………………………………….. IV 

LIST OF FIGURES …………………………………………………….. X 

LIST OF TABLES …………………..………………………………….. XIII 

ABBREVIATIONS ……….………………………………………………  XIV 

1. INTRODUCTION  

 1.1. Anatomy & Physiology of the skin ………………….………. 1 

 1.1.1. Epidermis ……...……………………………….....................    2 

 1.1.2. Dermis ..………………………………………........................ 5 

 1.1.3. Hypodermis ……………………………...................……….. 6 

 1.1.4. Skin appendages ……………………….....................…….. 6 

 1.1.5. Hair follicle …………………….……………………..............     7 

 1.1.5.1. Anatomy & physiology of the hair follicle …............. 7 

 1.1.5.2. Hair follicle bulb ……………………………................... 8 

 1.1.5.3. Dermal papilla …………………...……………................ 8 

 1.1.5.4. Hair shaft …………………….……………...................... 9 

 1.1.5.5. Inner root sheath ………………….……........................ 10 

 1.1.5.6. Outer root sheath ………………..…………................... 11 

 1.1.5.7. The connective tissue sheath ……….…….................. 11 

 1.2. Hair cycle ………………………………………………………... 12 

 1.2.1. Telogen ……………………...………………...………........... 13 

 1.2.2. Exogen …………………...…………….………...……........... 15 

 1.2.3. Kenogen …………………………………………..…….......... 15 

 1.2.4. Anagen ............................................................................... 16 

 1.2.5. Catagen .............................................................................. 19 

 1.3. Alopecia ……………………………………..…………………… 21 

 1.4. Alopecia areata ……………………….………………………… 22 



 V 

 1.4.1. History of alopecia areata …………………………............ 22 

 1.4.2. Clinical features of alopecia areata ………...……............ 24 

 1.4.3. Immune privilege and regulatory T cells …..……........... 26 

 1.4.4. Histopathology .....….…………………………………......... 30 

 1.4.5. Pathogenesis ……………………..……………………......... 33 

 1.4.5.1. Genetics …………..…………………………................... 33 

 1.4.5.2. Psychiatric morbidity ……………………….................. 34 

 1.4.5.3. Alopecia areata association with other autoimmune    
diseases ………………………...................................... 

 
34 

 1.4.5.4. Treatment ………...……………………………................ 35 

 1.5. MicroRNAs ………………………………………………………. 38 

 1.5.1. MiRNA Biogenesis ……………………………………......... 39 

 1.5.2. MiRNAs in hair growth control ………...…………............ 42 

 1.5.3. MiRNA expression in alopecia areata .…………….......... 43 

 1.6. Aims of the project ………….…………………………………. 43 

 

2. MATERIALS AND METHODS  

 2.1. Animals …………………………………………………………… 45 

 2.2. Microarray analysis …………………………….………………. 46 

 2.2.1. miRNA microarray …………………………………….......... 46 

 2.2.2. mRNA microarray ……………………………………........... 46 

 2.3. In Vivo microRNA inhibitor treatment ………………………. 47 

 2.4. In Vivo microRNA mimic treatment ……………..…………… 48 

 2.5. Alkaline phosphatase (AP) staining …………………………. 48 

 2.5.1. Sample preparation ………………………...………............ 48 

 2.5.2. AP staining procedure ……………………...………........... 48 

 2.6. In-Situ hybridisation ……………………………………………. 49 

 2.6.1. Sample preparation ………………………….….................. 49 

 2.6.2. In-Situ hybridisation procedure …………..……............... 49 

 2.7. Immunohistochemistry …………………….………………….. 51 



 VI 

 2.7.1. Sample preparation ………………...................…..………. 51 

 2.7.2. Immunostaining …………………………..............………… 51 

 2.8. Warthin-Starry staining …………………………….………….. 53 

 2.8.1. Sample preparation …………………………...................... 53 

 2.8.2. Warthin-Starry procedure …………………....................... 53 

 2.9. Cell isolation and culturing ………….….……….………..….. 53 

 2.9.1. Culturing of HaCaT cells ……………..……....................... 53 

 2.9.2. Culturing of hela cells ……………………..….................... 54 

 2.9.3. Culturing of primary human epidermal keratinocytes .. 54 

 2.9.4. Hair follicle organ culture …….……..……........................ 55 

 2.10. Transfection and treatment ………………………………….. 56 

 2.10.1. Transfection of a monolayer of cells …....……............. 56 

 2.10.2. Treatment of a monolayer of cells .……………….......... 57 

 2.11. Treatment of human hair follicles ………………..….……... 57 

 2.11.1. IFN-g …………….……….………….………….………......... 57 

 2.11.2. MiR-486 Accell self-delivering inhibitor ……………..… 58 

 2.12. Gene expression analysis ……………..….…………….…… 58 

 2.12.1. Cell and organ harvesting ………….…….………........... 58 

 2.12.1.1. Monolayer of cells ………….…………….................. 58 

 2.12.1.2. Hair follicles ………….………….…………................ 59 

 2.12.2. RNA isolation ………….…………….…………................. 59 

 2.12.3. Complementary DNA synthesis for mRNA ……........... 60 

 2.12.4. Primer design ………….………….………….……............ 61 

 2.12.5. Real-time polymerase chain reaction for mRNA …...... 62 

 2.12.6. cDNA synthesis of total RNA for miRNA expression .. 63 

 2.12.7. Real-time polymerase chain reaction for miRNA …..... 64 

 2.12.8. Real-time polymerase chain reaction for pri-miRNA ... 65 

 2.12.9. Data analysis ……..……….………….…………………..... 66 

 2.13. MiRNA direct target ………………………….……………… 67 

 2.13.1. CADM1 3’UTR plasmid construction …………………... 67 



 VII 

 2.13.1.1. Human genomic DNA isolation ………………........ 67 

 2.13.1.2. CADM1 3’UTR …….…………………………….......... 68 

 2.13.1.2.1. Primer design …………………………................ 68 

 2.13.1.2.2. CADM1 3’UTR PCR …………………….............. 69 

 2.13.1.3. PCR product ‘clean-up’ ………………..………........ 70 

 2.13.1.4. DH5a cells transformed with plasmid ..…….......... 70 

 2.13.1.5. Plasmid isolation ……………………………….......... 71 

 2.13.1.6. Digestion …………………………………………........ 72 

 2.13.1.6.1. PsiCHECK2 plasmid and CADM1 3’UTR PCR 
product digestion ……………………................ 

 
72 

 2.13.1.7. Agarose gel ……………………………………........... 72 

 2.13.1.8. Ligation …………………………………………........... 73 

 2.13.1.9. Verification of CADM1 3’UTR plasmid digestion .. 73 

 2.13.2. CADM1 3’UTR plasmid mutation ……………………….. 74 

 2.13.2.1. Primer design ……………………………………........ 74 

 2.13.2.2. CADM1 3’UTR plasmid mutation PCR ………........ 75 

 2.13.3. Luciferase reporter Assay ……………………………….. 76 

  

3. RESULTS  

 3.1. Changes in the miRNA signatures in the mouse alopecia 
areata-affected skin …………................…………………...… 

 
78 

 3.2. Exploring a functional significance of miR-486-5p and             
miR-451-5p in mouse skin ………………….......……………. 

 
81 

 3.3. Expression of miR-486-5p and miR-451-5p in human 
healthy and alopecia areata-affected hair follicles ………. 

 
85 

 3.4. Inhibition of miR-486-5p activity in human hair follicles ex 
vivo results in the premature catagen development …….. 

 
86 

 3.5. Interferon-g inhibits the expression of miR-486-5p in 
human hair follicles and keratinocytes …………..………… 

 
91 

 3.6. Forced miR-486-5p activity induces complex changes in 
gene expression program in keratinocytes ……................. 

 
94 

 3.7. Program algorithms to determine putative direct target of       
miR-486-5p ………………………………………………………. 

 
101 



 VIII 

 3.8. CADM1 is a direct target of miR-486-5p …….…................... 103 

  

4. DISCUSSION  

 4.1. Expression of miR-486-5p and miR-451-5p in normal and 
alopecia areata mouse skin ….............................................. 

 
109 

 4.2. Functional analysis of miR-486-5p and miR-451-5p in 
C3H/HeJ skin ……………………………………………………. 

 
111 

 4.3. Expression of miR-486-5p and miR-451-5p in normal and 
alopecia areata human scalp skin ............................……… 

 
112 

 4.4. Inhibition of miR-486-5p activity in human hair follicles 
ex vivo results in the premature catagen development …. 

 
113 

 4.5. Interferon-g inhibits the expression of miR-486-5p in 
human hair follicles and keratinocytes ………………..…… 

 
115 

 4.6. Modulation of the miR-486-5p activity induces complex 
changes in gene expression program in keratinocytes … 

 
116 

 4.7. The direct regulation of CADM1 by miR-486-5p ………...... 120 

  

5. CONCLUSION ………………………………………………………… 123 

  

6.  FURTHER WORK …………………………….…………………….. 124 

  

7. REFERENCES …………………………..…………………………… 126 

  

APPENDIX A ………………………………………………….…………. 148 

APPENDIX B ………………………………………………….…………. 150 

APPENDIX C ………………………………………………….…………. 151 

APPENDIX D ………………………………………………….…………. 152 

APPENDIX E ………………………………………………….………….. 153 

APPENDIX F ………………………………………………….………….. 154 

APPENDIX G ………………………………………………….…………. 157 

APPENDIX H ………………………………………………….…………. 158 

APPENDIX I ....................................................................................... 159 



 IX 

APPENDIX J ...................................................................................... 160 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 X 

List Of Figures 
Figure 1.1. Schematic of skin anatomy ……………………… 1 

Figure 1.2. Anatomy of epidermis ……………………………. 2 

Figure 1.3. Adapted schematic of the Hair Follicle ……........ 12 

Figure 1.4. The hair cycle ...…………………………………… 13 

Figure 1.5. Three theories on the activation pathway of 
anagen initiation ………………………………………………… 

 
19 

Figure 1.6. Immune cellular targets and functions of TGF-b 29 

Figure 1.7. “Swarm of bees” appearance of the 
inflammatory infiltrate around terminal follicles in alopecia 
areata ……………………………………………………………. 

 
 
31 

Figure 1.8. A summary of the most recent accepted 
pathogenesis theory of AA …………………………………….. 

 
32 

Figure 1.9. Summary of treatment plan for alopecia areata 
patients ……………………………………………………...…… 

 
38 

Figure 1.10. Summary of miRNA biogenesis ……………….. 41 

Figure 2.1. Timescale of in vivo inhibitor treatment ………… 47 

Figure 2.2. Timescale of in vivo mimic treatment …………... 48 

Figure 2.3. A visual representative of anagen, early- and 
mid/late-catagen hair follicle cycling stage …………………... 

 
56 

Figure 3.1. Global miRNA expression profile in C3H/HeJ 
mouse skin affected with alopecia areata and healthy, 
unaffected anagen VI skin by microarray analysis ………….. 

 
 
79 

Figure 3.2. Detection of miR-486-5p and miR-451-5p in 
alopecia areata affected and non-affected (anagen VI) 
C3H/HeJ mouse skin by In situ hybridisation ……………….. 

 
 
80 

Figure 3.3. Analysis of CD4+ and CD8+ lymphocytes in 
alopecia areata affected skin treated with miR-486-5p, miR-
451-5p mimic and scrambled control followed by the 
grafting …………………………………………………………… 

 

 
 
 
82 



 XI 

Figure 3.4. Subcutaneous administration of miR-486-5p 
and miR-451-5p inhibitory antago-miRs and the 
corresponding control in C3H/HeJ mouse skin during 
anagen onset (postnatal day 29) ……………………………… 

 
 
 
84 

Figure 3.5. Detection of miR-486-5p and miR-451-5p in 
alopecia areata lesional and non-lesional human skin by in 
situ hybridisation ………………………………………………... 

 
 
85 

Figure 3.6. Inhibition of miR-486-5p in human hair follicle ex 
vivo causes premature catagen development ………………. 

 
87 

 Figure 3.7. Inhibition of miR-486-5p in human hair follicle 
ex vivo promotes collapse of immune privilege ……………... 

 
88 

Figure 3.8. Detection of IRF1 after miR-486-5p inhibitor in 
human hair follicle ex vivo ……………………………….....…. 

 
89 

Figure 3.9. Immunofluorescence analysis of HLA class 1 
expression in human hair follicle after miR-486-5p inhibition 
ex vivo ……………………………………..…………………….. 

 
 
90 

Figure 3.10. IFN-g compromises hair follicle immune 
privilege ex vivo and inhibits the expression of primary and 
mature miR-486-5p …………………………………………….. 

 
 
92 

Figure 3.11. IFN-g inhibits the expression of mature miR-
486-5p and pri-miR-486 transcript in keratinocytes in vitro ... 

 
93 

Figure 3.12. Panther pathway analysis of microarray data 
of transcriptome profiling of human keratinocytes treated 
with miR-486-5p mimic ………………………………………… 

 
 
95 

Figure 3.13. Integrated Analysis of Gene Network using 
STRING database: Gene clusters downregulated by miR-
486-5p overexpression in the keratinocytes (50nM miR-486-
5p, 48 hours) ……………………………………....................... 

 
 
 
97 

Figure 3.14. GO & Panther pathway genes downregulated 
by miR-486-5p overexpression showing gene-gene 
interactions ……………………………………………………… 

 
 
98 

Figure 3.15. Validation of microarray data by qPCR 
analysis ………………………………………………………….. 

 
99 



 XII 

Figure 3.16. Microarray analysis reveals potential pathways 
and downstream targets of miR-486-5p ……………………… 

 
100 

Figure 3.17. Algorithmic predictions of miR-486-5p mRNA 
targets …………………………………………..……………….. 

 
101 

Figure 3.18. qPCR analysis of CADM1 expression in 
primary human keratinocytes transfected with miR-486-5p .. 

 
104 

Figure 3.19. CADM1 expression increased after INF-g 
treatment ………………………………………………………… 

 
104 

Figure 3.20. Analysis of CADM1 expression after miR-486-
5p inhibition in human hair follicle ex vivo …………………… 

 
105 

Figure 3.21. Immunofluorescence analysis of CADM1 
expression in C3H/HeJ mouse back skin treated with miR-
486-5p inhibitor ………………………………………................ 

 
 
106 

Figure 3.22. MiR-486-5p directly targets 3’UTR of CADM1 . 108 

Figure 4.1. IFN-g regulates the hair follicles immune 
privilege through the downregulation of miR-486-5p ……….. 

 
116 

Figure 4.2. MiR-486-5p maintains anagen hair cycle and 
the hair follicles immune privilege …………………………….. 

 
122 

 

 

 

 

 

 

 

 

 

 

 

 



 XIII 

List Of Tables 
Table 1.1. Main groups, subtypes and examples of alopecia  21 
Table 1.2. Summary of hair follicle IP factors ………………. 26 
Table 1.3. Key affected SNPs found in AA patients ……….. 34 
Table 2.1. List of ISH probes …………………………………. 50 
Table 2.2. List of primary antibodies …………………………. 52 
Table 2.3. List of secondary antibodies …………………….. 52 
Table 2.4. List of human target genes, primers and optimal 
melting temperature ……………………………………………. 

 
61 

Table 2.5. Predicted conserved binding sites of miR-486-5p 
to CADM1 3’UTR ………………………………………………. 

 
68 

Table 2.6. CADM1 3’UTR PCR primers containing 
restriction sites …………………………………………………. 

 
68 

Table 2.7. Designed forward and reverse primers to mutate 
the potential miR-486-5p binding sites of CADM1 3’UTR 
plasmid ………………………………………………………….. 

 
 
74 

Table 3.1. Microarray analysis reveals potential pathways 
and downstream targets of miR-486-5p …………………… 

 
96 

Table 3.2. Algorithmic predictions of miR-486-5p mRNA 
targets …………………………………………………………… 

 
102 

Table 3.3. Predicted conserved binding sites of miR-486-5p 
to human CADM1 3’UTR ……………………………………… 

 
107 

Table 3.4. Predicted conserved binding sites of miR-486-5p 
to mouse CADM1 3’UTR ……………………………………… 

 
107 

Table 3.5. Mutated binding sites of miR-486-5p to CADM1 
3’UTR ……………………………………………………….…… 

 
108 

Table 4.1. Genes alter in miR-486-5p overexpression 
microarray vs genes found upregulated in human and 
mouse alopecia areata ………………………………………… 

 
 
119 

 



 XIV 

Abbreviations 
AA – Alopecia areata 

ACTH - Adrenocorticotropic hormone 

AGA – Androgenic alopecia 

Ago2 – Argonaute 2 protein  

APCs – Antigen presenting cells 

AT – Alopecia totalis 

AU – Alopecia universalis 

b2m - b2-microglobulin 

BDNF – Brain-derived neurotrophic factor  

BMP – Bone morphogenic protein 

BMPR – Bone morphogenic protein receptor 

BSA – Bovine serum albumin 

CADM1 – Cell adhesion molecule 1 

CDF – Chip definition file 

cDNA – Complementary DNA 

CRTAM – Class-1 restricted T cell-associated molecule 

Ct – Cycle threshold 

CTLA - Cytotoxic T-lymphocyte-associated protein 

CTS – Connective tissue sheath 

DEPC – Diethyl pyrocarbonate 

DGCR8 – DiGeorge Syndrome Critical Region Gene 8 

DLX - Distal-less homeobox 

DMEM – Dulbecco’s modified eagle media 

DNA – Deoxyribonucleic acid 

DP – Dermal papilla 

DPCP – Diphenylcyclopropenone 

ds – Double stranded 

ECM – Extracellular matrix 

EGF – Epidermal growth factor 



 XV 

EGFR – Epidermal growth factor receptor  

EOS - Ikaros family zinc finger 4 

ER – Endoplasmic reticulum 

ERBB – Human epithelial growth factor receptor 

FasL – Fas ligand 

FasR – Fas receptor 

FBS – Fetal bovine serum 

FGF - Fibroblast growth factor 

GWAS – Genome-wide association study 

HF – Hair follicle 

Hh – Hedgehog families 

HLA – Human leukocyte antigen 

HOXC – Homeobox C 

Hr – Hairless 

ICAM1 – Intercellular adhesion molecule 1 

IDO - Indoleamine 2, 3-dioxygenase  

IFN-g - Interferon gamma 

IK – Interferon-inhibiting cytokine factor 

IL – Interleukin 

IP – Immune privilege 

IRF – Interferon regulatory factor 

IRS – Inner root sheath 

JAK – Janus kinase  

K – Keratin 

kb - Kilobase 

KBM2 – Keratinocyte basal medium 2 

LEF - Lymphoid enhancer binding factor 

LFA – Lymphocyte function-association antigen 

MED – Mediator complex subunit 

MHC – Major histocompatibility 



 XVI 

MIC – MHC class 1 polypeptide-related sequence 

min - Minute 

miRNA – MicroRNA 

MKP – Mitogen-activated kinase phosphatase 

MM – Master mix 

MRE – miRNA response element 

mRNA – Messenger RNA  

NCBI – National Center for Biotechnology Information 

NK – Natural killer 

NKG2D – Natural killer group 2D 

NT - Neurotrophin 

nt – Nucleotide 

ORS – Outer root sheath 

P - Postnatal 

PACT – Protein kinase R-activating protein 

PANTHER - Protein Analysis Through Evolutionary Relationships  

PBS – Phosphate-buffered saline 

PCR - Polymerase chain reaction 

PFA - Paraformaldehyde 

PHEK – Primary human epidermal keratinocytes  

PLAGL2 – Pleomorphic adenoma gene-like 2 

Pre-miRNA – Precursor miRNA 

Pri-miRNA – Primary transcript microRNA 

PVP - Polyvinylpyrrolidone 

qPCR – Quantitative polymerase chain reaction 

RAN-GTP - Ras-related nuclear protein-guanosine triphosphate 

RISC - RNA-induced silencing complex 

RMA – Robust multiarray average 

RNA - Ribonucleic acid 

rt – Room temperature 

RT-qPCR – Real time - quantitative polymerase chain reaction 



 XVII 

SADBE – Squaric acid dubutylester 

SCF – Stem cell factor 

SDS – Sodium dodecyl sulfate 

SHG – Secondary hair germ 

Shh – Sonic hedgehog 

SLE – System lupus erythematosus 

SLP – secretory leukocyte proteinase inhibitor 

SNPs – Single-nucleotide polymorphisms 

SSC – Saline-sodium citrate 

STAT – Signal transducer and activator of transcript 

STRING - Search Tool for the Retrieval of Interacting Genes/Proteins  

STX – Syntaxin 

t-RNA – Transfer ribonucleic acid 

TAC – Triamcinolone acetonide 

TAP – Transporter associated with antigen presentation 

TGF-b - Transforming growth factor-b 

TMEFF1 – Tomoregulin-1 

TNF-a - Tumour necrosis factor alpha 

TNS – Trypsin neutralising solution 

TOB1 – Transducer of ERBB2 

TRBP – Transactivating response RNA-binding protein 

Tregs – Regulatory T cells 

Trk – Tropomyosin receptor kinase 

ULBP – UL16 binding proteins 

UTR – Untranslated region 

UV – Ultraviolet 

VEGF – vascular endothelial growth factor 

Wnt – (int-Wg) Wingless-related integration site 



 

 

 

Chapter 1: Introduction 

 

 

 

 

 

 

 

 



 1 

1.1. Anatomy & Physiology of the skin 

The largest organ of the body is the skin. The skin accounts for about 15% of 

the total body weight in human adults (Kanitakis, 2002). The skin’s function is 

multifaceted, with its primary function to form a physical barrier for external 

insults including mechanical, microbial and chemical (Proksch et al., 2008). 

Secondary functions of the skin include temperature regulation, absorption, 

water-resistant, excretion and fluid loss (Brenner & Hearing, 2008; Fuchs & 

Horsely, 2008; Blanpain, 2010). Also, the skin is the body’s largest sensory 

organ, which is able to detect a number of environmental changes through its 

complex sensory network (Brenner & Hearing, 2008; Fuchs & Horsely, 2008; 

Blanpain, 2010; Kolarsick et al., 2011). 

The skin is comprised of three distinct layers, the epidermis, the dermis and 

the hypodermis or subcutaneous adipose layer, which encompass several 

skin appendages, as shown in Figure 1.1. 

 

 

 

 

 

 

 
 
 

Figure 1.1. Schematic of skin anatomy (Weitz, 2018) 
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1.1.1.  Epidermis 

The epidermis is the outermost layer of the skin that is made up of five 

distinct layers working in unity to maintain the epidermal barrier. These 

distinct layers include the stratum basale (basal layer), the stratum 

spinulosum (spinous layer), the stratum granulosum (granular layer), the 

stratum lucidum (only found in thick skin i.e. palms of hands and soles of 

feet) and the stratum corneum, from the basement membrane to the free 

surface respectively (Fig. 1.2). (Kanitakis, 2002; Fuchs, 2008; Kolarsick et 

al., 2011). 

 

 

 

 

 

 

 

 

 

Keratinocytes constitute about 80% of all the cells found in the epidermis 

(Boulanger, 2018). Other cell populations involved in the make-up of the 

epidermis are Merkel cells, Langerhans cells and melanocytes. 

 

Stratum Corneum 

Stratum Granulosum 

Stratum Spinulosum 

Stratum Basale 

Lipid bilayers, cross-linked cornified 
envelope, keratin filament cables, filaggrin 

Tight junctions, keratohyalin granules, 
keratin filament bundles, profilaggrin 

Bundles of K1/K10-keratin filaments, 
intercellular junctions 
Rich in desmosomes  

Sparse K5/K14-keratin filaments, 
intercellular junctions 

Rich in adherens junctions  
p63 

Hemidesmosomes  

Figure 1.2. Anatomy of epidermis (adapted from Fuchs, 2008) 
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Merkel cells are descendants of epidermal lineage (Morrison et al., 2009), 

sensory receptor cells found in the stratum basale, predominantly in areas of 

skin requiring high tactile sensitivity, for example the fingertips and the HF’s 

outer root sheath (ORS). Merkel cells transmit signals through synaptic 

contacts with somatosensory neurons (Moll et al., 2005; Xiao et al., 2014).  

Langerhans cells are bone marrow-derived and are members of the dendritic 

family found across the layers of the epidermis and the ORS. They work 

alongside the immune system and specialise in antigen presentation by 

obtaining antigens from the peripheral tissue, transporting them to local 

lymph nodes and presenting the antigens to naïve T cells, which initiates the 

immune response (Chomiczewska et al., 2009). Melanocytes which are 

neural crest-derived cells, are only found within the stratum basale of the 

epidermis. Melanocytes total 1% of epidermal cells, however they count for 

about a tenth of stratum basale cells. Melanocytes are responsible for the 

production of melanin by melanogenesis, the primary dictator of skin colour. 

Melanin is packed in melanosomes and then transferred into the 

keratinocytes via elongated dendrites to protect the nuclear deoxyribonucleic 

acid (DNA) from mutations caused by the ionizing radiation of the sun’s 

ultraviolet (UV) rays (Kanitakis, 2002; Moll et al., 2005; Tobin & Kauser, 

2005; Tobin, 2006; Costin & Hearing, 2007; Brenner & Hearing, 2008; 

Kolarsick et al., 2011). 

 

The stratum basale consists of rapid proliferating epidermal stem cells, called 

basal keratinocytes that give rise to the terminally differentiated sublayers 

and are attached to the basement membrane by hemidesmosomes. As the 



 4 

keratinocytes move up from the stratum basale, they differentiate through the 

layers of the epidermis (Fig. 1.2) (Alonso & Fuchs, 2003; Fuchs, 2008). This 

constant differentiation of basal keratinocytes occurs throughout the life of 

mammals and humans, to replenish the terminally differentiated cells that 

have died and sloughed off from the stratum corneum, due to lack of 

nutrients as the epidermis does not contain a blood supply (Alonso & Fuchs, 

2003; Tobin, 2006). Research has shown that the basal layer keratinocytes 

express the specific keratins 5 and 14, with keratin 5 being more prominent. 

As the basal keratinocytes differentiate and move up into the spinosum layer 

expression of keratin 5 and 14 decreases (Bowden et al., 1987; Rao et al., 

1996). 

The stratum spinulosum contains 8 to 10 sheets of keratinocytes with a web-

like system of intermediate filaments connected to specific cell junctions 

called desmosomes. The stratum spinosum keratinocytes express keratin 1 

and 10, which are only expressed in differentiating keratinocytes (Bowden et 

al. 1987; Zhu et al., 1999; Tobin, 2006). 

The stratum granulosum layer is made up of 3 to 5 sheets of non-proliferating 

keratinocytes that produce two types of granules. The first type of granule is 

called keratohyalin containing a small protein mixture of keratohyalin and 

filaggrin (Matoltsy & Matoltsy, 1970). Keratohyalin form dense cytoplasmic 

granules that promote dehydration of the cell as well as aggregation and 

cross-linking of the keratin fibres. The second type of granule is a specialised 

secretory granule, which contains lipids and extra cellular processing 

enzymes. Both these granules increase in number and size, the 

keratinocytes nuclei breakdown and their cell membrane become 
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impermeable as they are pushed further towards the surface of the skin 

(Tobin, 2006; Costin and Hearing, 2007). 

The outermost layer, the stratum corneum, contains 15 to 30 sheets of 

protein enriched corneocytes connected by corneo-desmosomes embedded 

in a lipid-rich matrix (Madison, 2003). As the corneocytes are forced upwards 

they differentiate and become flat, anucleated, non-viable corneocytes. The 

corneo-desmosomes become weaker and eventually break, ultimately 

leading to the corneocytes sluffing off. The stratum corneum provides a 

barrier protection against external insults and fluid loss (Madison, 2003; 

Elias, 2005; Tobin, 2006; Proskch et al., 2008). 

 

1.1.2.  Dermis 

The dermis is formed of two well-defined layers, the upper papillary region 

and the lower reticular region, which form 20% and 80% of the dermis, 

respectively. Differential features in the assembly of blood supply, nerves, 

collagen fibrils and connective tissue distinguish between the upper papillary 

layers and the lower reticular regions. The papillary layer is the most 

superficial layer arranged into ridge-like structures, the dermal papillae, 

which consists of micro-vascular and neural elements, with loose connective 

tissue immediately beneath the epidermal basement membrane.  

The reticular layer is composed of dense, irregular collagenous connective 

tissue and stretches from the beneath the papillary layer to the hypodermis 

encompassing the deep vascular plexus (Prost-Squarcioni et al., 2008; 

Costing & Hearing, 2007; Tobin, 2006). The main type of cell that forms the 

dermis are fibroblasts. Fibroblasts synthesise the extracellular matrix (ECM) 
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containing collagen and elastin (Chang et al., 2002). The combined 

components of the ECM provide skin strength, integrity, elasticity and 

resilience to environmental insults (Tobin, 2006; Costing & Hearing, 2007; 

Prost-Squarcioni et al., 2008). 

 

1.1.3.  Hypodermis 

The hypodermis is found beneath the dermis. The cells found in the 

hypodermis include adipose cells, macrophages and fibroblasts. Like the 

dermis, the fibroblasts synthesise collagen and elastin to provide the skin 

integrity (Frienkel & Woodley, 2001; Tobin, 2006).  

 

1.1.4.  Skin Appendages 

Skin appendages include hair follicles (HF), nails, teeth, and a number of 

glands including sebaceous glands (“oil glands”), sudoriferous glands (“sweat 

glands”) and ceruminous glands (“Wax glands”), which derive from the 

embryonic ectoderm (Reviewed by Yousef et al., 2020). The development of 

the skin appendages includes chronological and reciprocal interactions 

between the surface ectoderm epithelium and the underlying mesenchyme. 

These interactions can derive from either the neural crest (tooth, cranial hair, 

and vibrissae) or the mesoderm (hair and mammary gland) during 

embryogenesis, and are mediated by a number of signalling pathways such 

as Wnt (Wingless-related integration site) signalling, transforming growth 

factor-β (TGF-β), tumour necrosis factor alpha (TNF-a), hedgehog families 

(Hh), and fibroblast growth factors (FGF). Despite the level of diversity of 
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these appendages, they all have a similar morphogenetic and biochemical 

levels in the early stages of development (Goldsmith, 1991; Tobin, 2006; 

Mikkola, 2007; Reviewed by Kabashima et al., 2018). 

 

1.1.5.  Hair Follicle 

1.1.5.1. Anatomy & Physiology of the Hair Follicle 

The HF has a number of roles including thermoregulation, sensory 

perception, immunological protection, camouflage and social interactions. 

There are a variety of hair types found around the human body. Scalp, facial 

hair, axillary and groin regions have HFs which produce terminal hairs that 

are long and thick, and other hairs found elsewhere are called vellus hairs 

which are short and thin. This varies between humans depending on sex and 

ethnic background (Glasser et al., 2009; McGrath et al., 2010; Reviewed by 

Brown & Krishnamurthy, 2020). 

A fully matured HF (Fig. 1.3) can be anatomically divided up into three 

regions, the inferior segment, the isthmus region and the infundibulum 

region. The inferior segment consists of the bulb at the base of the HF and 

the suprabulbar area. The suprabulbar area consists of four layers: 

perifollicular connective tissue sheath (CTS), ORS, the inner root sheath 

(IRS) and the hair shaft, from the outermost to the inner most layer. The 

isthmus region lies just above the suprabulbar area and below the 

infundibulum region. The isthmus region starts at the arrector pili muscle and 

finishes at the sebaceous gland opening. The infundibulum region is an 

extension of the skin’s epidermis, which begins at the entrance of the 
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sebaceous gland and ends at the HF orifice at the surface of the skin 

(Randall and Botchkareva, 2009; Vogt et al., 2009). 

The inferior segment is all so known as the ‘cycling’ region, as this region is 

remodelled during each hair cycle, whereas the isthmus and infundibulum 

regions are both part of the ‘permanent’ region (Botchkareva et al., 2006). 

 

1.1.5.2. Hair Follicle Bulb 

The HF bulb is made up of the mesenchymal dermal papilla (DP) and the 

epithelial matrix. In 1952, Auber described the Auber line to distinguish 

between the lower and upper regions of the HF bulb. The lower region 

consists of undifferentiated, highly proliferative matrix keratinocytes (Auber, 

1952). Once the rapid proliferating cells become exhausted, they undergo 

terminal differentiation and elongation whilst moving up into the upper region 

of the HF bulb, and then move further up the HF to form the IRS and hair 

shaft (Orwin, 1979; Panteleyev et al., 2001; Lavker et al., 2003). Melanocytes 

are also found within the matrix and actively deposit pigmentary melanin to 

the hair shaft during HF growth (Tobin, 2006). 

 

1.1.5.3. Dermal Papilla 

The DP is built up of a small group of fibroblasts and is considered to play 

the most important role in controlling HF growth and development. In 

particularly hair shaft pigmentation and thickness (Messenger et al., 1991; 

Philpott & Paus, 1998; Millar, 2002; Van Neste & Tobin, 2004). Transplant 
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experiments of integrating DP into non-hair skin showed induction of hair 

growth and hair shaft development (Jahoda & Oliver, 1984; Jahoda et al., 

1993).  DP also controls the proliferation and differentiation of matrix cells 

and communicates with the HF epithelium during anagen hair growth (Rendl 

et al., 2008). The DP increases in size as the HF reaches anagen VI. During 

maintenance the DP decreases by 25% and then decreases further as the 

HF enters catagen.  It was shown that the increase was not due to cell 

division and decrease was not due to apoptosis, but actually due to fibroblast 

cell migration into the proximal CTS (Tobin et al., 2003). These cell 

exchanges could be important in clinical HF transformations such as 

androgenic alopecia. Alongside the fibroblast migration there is a 

corresponding decrease in the amount of ECM found in the DP during 

anagen-catagen transition (Tobin et al., 2003).  

A mouse study has shown that a mutation in the hairless (Hr) gene prevents 

migration of DP cells to allow anagen initiation.  The DP breaks down into 

groups of shrunken cells within the dermis which causes the loss of bulge-DP 

communication (Panteleyev et al., 1999). 

 

1.1.5.4. Hair Shaft 

The hair shaft is built up of three layers, the medulla, the cortex and the outer 

cuticle (Reviewed by Brown & Krishnamurthy, 2020). The medulla is thicker 

in thick hairs and contains a large number of mitochondria. The cortex is the 

key structure of the hair shaft’s thickness and strength, and is formed up of 

long fibres that are built by elongated keratinised cells of hair bulb matrix 
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origin (Harkey, 1993; Panteleyev et al., 2001). The outer cuticle interlocks 

with the IRS which allows the hair shaft and IRS to grow simultaneously 

(Rogers, 2004; Martel et al., 2020). As the hair shaft grows, cortical cells 

derived from the proliferating matrix differentiate and synthesise hair-specific 

keratins. The hair-specific keratins include type I keratins (K), K25irs1, 

K25irs2, K25irs3 and K25irs4 (also known as K25–K28) and type II keratins 

K6irs1, K6irs2, K6irs3 and K6irs4 (also known as K71–K74) (Langbein et al., 

2002).  

 

1.1.5.5. Inner Root Sheath 

The IRS functions as a barrier between the ORS and hair shaft and guides 

the growth of the hair shaft to the skins surface (Schlake, 2007; Martel et al., 

2020). Three layers form the HF IRS, the cuticle, Huxley’s layer and Henle’s 

layer. The Huxley and Henle cells allows the IRS to anchor to the hair shaft 

and give appropriate assistance to the growing hair shaft (Rogers, 2004). 

Keratins 1 and 10 and trichohyalin provide the IRS with its strength in order 

to support the HF and hair shaft development (Philpott & Paus, 1998; 

Reviewed by Randall & Botchkareva, 2009). IRS development is reliant on a 

number of key factors and signalling pathways. Bone morphogenetic proteins 

(BMP) and Wnt signalling pathways regulate and initiate IRS differentiation 

(Tripurani et al., 2018). Distal-less homeobox (Dlx) 3 is a protein that arises 

downstream of the Wnt signalling pathway. Dlx3 is an up-regulator of 

transcription factors such as Homeobox C (HOXC) 13 and GATA3 that are 

involved in IRS differentiation and formation. In mice, the ablation of Dlx3 

expression in the telogen bulge stem cells has shown to prevent initiation of 
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anagen hair cycle stage (Hwang et al, 2008; Reviewed by Rishikaysh et al., 

2014). Over-expression of the Hr gene has been shown to have a negative 

correlation on Dlx3 expression levels which affected keratin production and 

HOXC13 leading to abnormal formation of the HF (Kim et al, 2012). 

1.1.5.6. Outer Root Sheath 

The ORS is a proliferative, self-sustainable extension of the basal epidermal 

layer that envelopes the whole HF. The ORS is established during early 

anagen during the downwards regeneration of the HF from the epidermis 

(Reynolds and Jahoda, 1991; Tanaka et al, 1998). The ORS also 

encompasses the sebaceous gland and bulge. The sebaceous gland is an 

exocrine gland that releases sebum to lubricate and protect the hair and skin. 

The bulge region is a reservoir of pluripotent stem cells with high proliferation 

capacity for HF growth, and the bulge region is the binding site of the arrector 

pili muscle (Cotsarelis et al, 1990; Fujiwara et al., 2011). 

Bulge stem cells progeny, including keratinocytes and melanocytes migrate 

down the ORS to the base of the HF, becoming the matrix cells that 

proliferate and differentiate to form the HF (Nowak et al., 2008).  

Langerhans and Merkel cells are also found in the ORS located close to the 

bulge region (Kim and Holbrook, 1995; Langbein et al., 2004). 

 

1.1.5.7. The Connective Tissue Sheath 

The CTS is attached to the DP through the basal stalk and extends up 

around the HF, including the sebaceous gland and integrates into the 

papillary layer forming the basal plate. A glassy membrane separates the 
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CTS from the ORS providing the HF immunological protection (Ito & Sato, 

1990). The enlargement of the glassy membrane is a key characteristic of 

the catagen phase of the hair cycle (Higgins et al., 2009a). This was notably 

seen by Philpott et al. in the absence of insulin and IGFs which stimulates 

hair growth (Philpott et al., 1994). In vitro studies of human pilosebaceous 

units (PSU) that explore the hair cycle transitioning into catagen that don’t 

see the enlargement of the glassy membrane are suggested to describe their 

findings as “pseudo catagen” (Philpott, 2018). 

 

 

 

 

 

 

 

 

 

1.2. Hair Cycle 

A mature HF enters a four-phase hair cycle (Fig. 1.4): anagen, catagen, 

telogen and exogen (Paus & Cotsarelis, 1999; Paus & Foitzik, 2004). In 

human scalps the HF remains in anagen for 2-6 years, catagen for a few 

weeks, and telogen for 2-4 months (Tobin, 2006). Hair found in other areas 

Figure 1.3. Adapted schematic of the hair follicle (Alonso & Rosenfield, 2003) 
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of the body, such as axillary, eyebrows and lashes have a shorter anagen 

phase and prolonged telogen phase, which explains why they are shorter 

and thinner than scalp hair (Qi & Garza, 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2.1. Telogen 

Until recently telogen was once thought to be the quiescence phase with low 

levels of biochemical activity (Chase, 1954; Botchkarev & Kishimoto, 2003; 

Alonso & Fuchs, 2006). Telogen is now thought to be the HFs most energy-

efficient stage, which maintains the hair fibre and initiates the exogen stage 

Figure 1.4. The hair cycle. The hair continuously cycles through the 
four main stages – telogen (Maintenance), anagen (I-VI) (Growth), 
catagen (Regression) and exogen (VectorStock, 2020). 
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for the hair cycle (Geyfman et al., 2015). As the catagen phase ends the DP 

enters its maintenance state and stops all nutritional supply to the hair shaft. 

The hair bulb becomes fully keratinised and is ready to be ejected from the 

HF (Exogen) to allow anagen to be reinstated and the hair cycle to begin 

again. 

HFs can be in one of two types of telogen, the refractory or the competent 

stage. The refractory stage follows the HF catagen stage and lasts about 1 

month in 6 to 7-week-old mice. This stage prevents excessive regeneration 

of the HF and blocks anagen initiating stimuli including crosstalk from 

neighbouring HFs in early anagen onset (Plikus et al., 2008; Plikus et al., 

2011). The competent stage, on the other hand, are less resilient to anagen 

initiating stimuli (Plikus & Chuong, 2014). 

In mice, activation of sonic hedgehog (Shh) pathway induces telogen-anagen 

transition, as shown when Shh agonists were topically applied to telogen 

follicles that led to anagen onset (Paladini et al., 2005). Telogen skin 

produces hair growth inhibitors such as BMP2/4, it has been shown that 

BMP4 is required to be inhibited by noggin to allow anagen onset. BMP4 is 

produced by the DP and hair matrix, which interrelates with bone 

morphogenic protein receptor (BMPR)-IA and prevents anagen onset 

(Botchkarev et al., 2001; Kamiya et al., 2010; Leishman et al., 2013). Wnt 

signalling, for example Wnt10b, and FGF7/10 is expressed during anagen 

phase and not during catagen and telogen phases. These compete with 

BMPs and FGF18 and stimulate the anagen re-entry through a canonical 

signalling pathway (Kawano et al., 2005; Wu et al., 2019). 
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1.2.2. Exogen 

Exogen, also known as teloptosis, is the release of the telogen club hair that 

entails the shedding of hair. Exogen has been described to have two 

distinctive stages described by Milner et al. as exogen induction and exogen 

activation, then later by Higgins et al. as early and late exogen (Milner et al., 

2002; Higgins et al., 2009b). Early exogen is when the newly founded 

anagen hair has grown around a third of the length of the club hair. The club 

hair at this point is still attached tightly to the hair follicle and if plucked a 

large amount of cellular material would be also taken. As the club hair enters 

late exogen the adhesion between the club hair and ORS of the follicle is 

reduced allowing for the club hair to be shed (Higgins et al., 2009b). The 

reduction of the adhesion between the club hair and the ORS is caused by 

an increase in protease activity (Bhogal et al., 2014). Hormones also impact 

the level of club hair shedding, such as adrenocorticotropic and adrenal 

hormones stimulate shedding whereas low levels of adrenocortical hormone 

delays shedding (Milner et al., 2002). 

1.2.3. Kenogen 

Kenogen describes a hair follicle being empty of hair post-exogen due to a 

delay or halting of a new anagen hair being produced (Rebora et al., 2002). 

The frequency and duration of kenogen are greater in those with 

androgenetic alopecia (AGA) (Guarrera & Rebora, 2005). 
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1.2.4. Anagen 

Anagen, also known as the growth phase of the hair cycle, consists of six 

distinct morphological stages (anagen I-VI) in mice (Müller-Röver et al., 

2001). Anagen onset requires the rebuilding of the HF, which is thought to be 

intiated and controlled by the DP and follicular epithelium (Cotsarelis et al., 

1990; Paus & Cotsarelis et al., 1999). Currently there are three main 

hypothesis that explain the growth and development of a new HF, the bulge 

activation hypothesis, the hypothesis of HF predetermination and a the new 

refined HF predetermination hypothesis (Fig. 1.5) (Panteleyev et al., 2001; 

Reviewed by Panteleyev, 2018). The bulge activation hypothesis states that 

anagen initiation starts by the direct activation of the bulge-localised stem 

cells by the dermal papilla and starts HF growth; whereas the hypothesis of 

HF predetermination suggests a two-step activation of the bulge-localised 

stem cells (Fig. 1.5). The first step of the hypothesis of HF predetermination 

is the initial activation of the secondary hair germ (SHG) cells by the dermal 

papilla (anagen I), which then sequentially causes the second activation of 

the bulge-localised stem cells (anagen II) and initiates HF growth (Reviewed 

by Panteleyev et al., 2001). Studies have suggested the hypothesis of 

predetermination is currently the most likely to be correct, however the timing 

at which the two-step initiation occurs are unknown. Greco et al. backed this 

hypothesis by doing BrdU and ki67 staining of late telogen and early anagen 

HFs. The data showed the bulge region remain quiescent while the ~40% 

SHG cells were proliferating in late telogen and reached 100% proliferation 

by early anagen. It wasn’t until late anagen till the bulge region displayed 

proliferative traits (Greco et al., 2009). The newly refined predetermination 
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hypothesis suggests the DP still initiates anagen transition, however the SHG 

is effectively split into upper and lower regions. The DP signals the lower 

SHG that gives rise to the hair and IRS during early anagen, whilst the bulge 

activates the upper hair germ that drives the formation of the ORS during 

mid-anagen (Reviewed by Panteleyev, 2018). 

In mice, HF stem cell markers including CD200, K14, Basonuclin and Np63 

are expressed by both the bulge and SHG. The bulge region also expresses 

CD34, Nfatc1, K6, Slc1a3 and S100A4 whilst the SHG expresses P-cad, 

Dnmt1, P16, Foxi3, Gsdma3, hr and Gata6 (Reviewed by Panteleyev, 2018). 

P-Cad maintains the anagen human HF by activating Wnt signalling and the 

anagen-stimulating growth factor IGF1 (Samuelov et al., 2012). 

In the mid-1950s the ORS, IRS and hair shaft originally were all thought to be 

derived from the hair bulb matrix cells (initially the SHG formed during 

telogen-anagen transition). Since then it became apparent that the IRS/hair 

shaft and ORS had derived from a different origin showed by Akiyama et al. 

(Akiyama et al., 2000; Panteleyev et al., 2001). Akiyama et al. found the stem 

cell markers, intergrins (b1, a2, a3), epidermal growth factor (EGF) and K19 

were common between the bulge and ORS cells, while the hair 

matrix/precortex expressed intergrin a1, E-cadherin, catenin (b, g) (Akiyama 

et al., 2000). 

In humans, pigmentation of the hair shaft occurs only during the anagen 

phase. Each HF produces a consistently pigmented hair shaft for about ten 

hair cycles (around the age of 40 years), at which point the melanocytes 
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begin losing the ability to produced sufficient amount of melanin and signs of 

HF greying become visible (Van Neste & Tobin, 2004). 

It has been illustrated that HF stem cells required for HF regeneration are 

required to transform through each stage of the hair cycle in a uniformed and 

timely manner. Mediator Complex Subunit 1 (MED1), is a known key 

regulator that maintains quiescent stemness of stem cells and is vital for 

normal HF cycling (Nakajima et al., 2013). 

Signalling pathways associated to anagen HF regeneration decide the HF 

fate though each stage of the hair cycle include Wnt/β-catenin, BMP, Notch 

and TGF- β (Zhang et al., 2009b; Oshimori & Fuchs, 2012). TGF- β2 is the 

key factor for HF regeneration through the activation of Smad 2/3 pathway 

within HF stem cells. TGF- β/Smad2/3 pathway targets the gene Tmeff1 

(tomoregulin-1; Transmembrane Protein With EGF Like And Two Follistatin 

Like Domains 1), which further restricts the threshold of BMP signalling 

allowing telogen-anagen transition (Oshimori et al., 2012).  Notch is another 

signalling pathway that targets BMP4 which is thought to run alongside with 

Wnt to create a BMP antagonism environment and allow HF regeneration 

(Munnamalai & Fekete, 2016). 
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1.2.5. Catagen 

Catagen consists of 8 different stages in mice (Müller-Röver et al., 2001) that 

begins with the dramatic reduction in the proliferation and differentiation of 

the hair matrix keratinocytes, and the termination of melanogenesis. 

Subsequently, apoptosis of the proximal HF epithelium, bulb matrix and 

melanocytes occur. This leads to the thinning of the HF bulb and the 

regression of the lower ‘cycling’ region of the HF (Linder et al.,1997; 

Mecklenburg et al., 2000; Krause & Foitzik, 2006; Botchkareva et al., 2006). 

The dermal papilla becomes condensed and transforms into a cluster of 

Figure 1.5. Three theories on the activation pathway of anagen 
initiation. (A) The bulge activation hypothesis states that anagen initiation 
starts by the direct activation of the bulge-localised stem cells by the DP and 
starts HF growth. (B) The HF predetermination hypothesis proposes that 
first the DP activates the secondary hair germ and subsequently a second 
activation of the HF bulge. The activated HF matrix cells proliferate to form 
the HF shaft and IRS, and the activated bulge-localised cells form the ORS. 
(C) The modified HF predetermination hypothesis suggests DP initiates 
anagen onset by triggering the lower SHG to from the hair matrix. As the HF 
reaches mid-anagen the bulge triggers the upper SHG to form the ORS 
(Panteleyev, 2018). 
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quiescent cells. The clusters follow the regressing HF closely and remains at 

the base of the HF epithelium when the HF anchors ready to enter telogen 

(Botchkareva et al., 2006). 

Anagen-catagen transition is induced by a number of signalling pathways 

FGF5, EGF, neurothophin (NT) members (Brain-derived neurotrophic factor 

– BDNF; NT-3; NT-4), and TGF-β1/2 (Müller-Röver et al., 2001; Botchkareva 

et al., 2006). FGF5 is considered as the key controller of anagen-catagen 

transition. In mice, deletion of FGF5 resulted in anagen prolongment for a 

number of days, which in turn led to longer hairs (Hébert et al., 1994). 

Neurotrophin family members BDNF, NT-3 and NT-4 are upregulated, along 

with their binding receptors, TrkB and TrkC (tropomyosin receptor kinase), 

become expressed in the DP during in the late stages of anagen, prior to 

catagen onset (Botchkarev et al, 1998; Botchkareva et al. 1999). NT-3 or 

BDNF knockout mice had delayed catagen development, while mouse organ 

culture overexpression accelerated catagen onset. BDNF overexpression 

showed significant shortening of hair length by 15% (Botchkarev et al., 

1999). BDNF and NT-3 down-regulate stem cell factor (SCF) (Botchkareva et 

al., 2001) and vascular endothelial growth factor (VEGF) (Yano et al., 2001) 

secretion by dermal papilla cells in vitro (Tobin et al, unpublished 

observations; Botchkarev & Kishimoto, 2003; Botchkarev & Paus, 2003). 
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1.3. Alopecia 

Alopecia is the absence or loss of hair from any area of the body, in 

particularly the scalp of humans. The pathophysiology of hair loss is due to 

the destruction of the HF, failure to produce a normal HF or hair shaft, and/or 

aberration of the normal hair cycle. Alopecia can be fundamentally divided 

into 2 main groups and then further sub-divided into 3 subgroups as shown in 

Table 1.1 (Qi & Garza, 2014; Gordon & Tosti, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

Main Group Subtype Example 

Non-cicatricial 
(Non-Scarring) 

Abnormality of 
cycling Alopecia areata 

Production decline Androgenic 
alopecia 

Hair breakage Traction alopecia 

Cicatricial 
(Scarring) 

Lymphocytic Alopecia 
mucinosa 

Neutrophilic Folliculitus 
decalvans 

Mixed Folliculitus 
keloidalis 

Table 1.1. Main groups, subtypes and examples of alopecia 
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1.4. Alopecia areata 

1.4.1 History of Alopecia areata 

The earliest written description of alopecia areata (AA) was recorded in 30 

AD by a Roman medical doctor called Aulus Cornelius Celsus. He described 

the condition in two ways, that it began with circular, patchy areas of hair 

loss, which further developed to complete baldness, or a type where the hair 

loss had a wave- or snake-like appearance called “ophiasis” (‘Ophis’ – Latin 

for snake) (Greive, 1756). It wasn’t however, until 1760 where the term 

“alopecia areata” was used by Sauvages in his “Nosologica Medica” in 

Lyons, France (Sauvages, 1760; Dinkova et al, 2014; Reviewed by Broadley 

& McElwee, 2020). 

 

The 1800s held the beginning of the debate about the pathogenesis of 

alopecia areata with two main hypotheses. One hypothesis was based on 

parasitic and/or fungal infections (Gruby, 1843; Radcliff-Crocker, 1903). The 

second hypothesis was thought to be linked to a nervous disorder (Von 

Barensrung, 1858). 

The infections hypothesis came about due to the hair loss lesion developing 

and expanding slowly, similar to that of a localised infection. AA’s 

pathological characteristics of displaying abrupt, rapid hair loss in a patchy 

manner resembled that seen in patients affected with ringworm or syphilis. A 

secondary effect of AA is that it can affect nail development, similar to 

syphilis (Ormsby & Montgomery, 1948; Qiao & Fang, 2013). Evidence 

backed this hypothesis as it was noticed that AA epidemics occurred within 

institutions such as schools and orphanages (Bowen, 1899; Colcott, 1913; 
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Davis, 1914). This hypothesis was however disproven by the fact attempts to 

isolate any infective organism(s) and transfer attempts of AA by inoculation 

failed (Sabouraud, 1896; Ormsby & Montgomery, 1948; Ikeda, 1967). A 

number of dermatologists believed that syphilis increased risk of developing 

AA through the mental stress and endocrine disorders developed throughout 

the bacterial disease. This thought supported both the infection hypothesis 

and the nervous disorder hypothesis (Savil A. & Warner, 1939). 

 

The nervous disorder hypothesis, also known as the neuropathic, 

neurotrophic, or trophoneurotic hypothesis, links an irregular functioning 

nervous system with emotional stress or physical damage to nerves 

(McElwee et al., 1999; Levy, 2007a). The support for this hypothesis was the 

anatomical disruption of nerves found associated to human AA lesions, 

which showed neurofibril degradation between nerves and blood vessels 

(Freshwater, 1915; Barber, 1921; Gohlke & Holtschmidt, 1949). Experiments 

noticed induction of alopecia in corresponding areas after the sectioning of 

cervical ganglion in cats and also similar cases in humans (Joseph, 1886; 

Freshwater, 1915; Barber, 1921). However, these findings where thought 

weak as the hair loss within cats could be associated to scratching and 

nerves sectioned in humans that supplied the scalp did not cause hair loss 

(Wright, 1929). Despite these doubts the hypothesis has been investigated 

for many years until 2009 when the nervous system was linked to AA onset 

via neuropeptides (Siebenhaar et al., 2007; Zhang. et al., 2009a). 

Neuropeptides are protein-like molecules that allow communication between 
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neurons. Neuropeptides have been shown to link stress with perifollicular 

inflammation as seen in alopecia areata (Arck et al, 2003). 

Neuropeptide theory in sync with thyroid gland disorders became the 

dominant theory of AA onset in the early 1900s (Sabouraud, 1913). Another 

theory at this time described AA onset to be due to toxins, such as thallium 

acetate, from the bloodstream building up into the HF (McElwee et al., 1998).  

 

The latest theory of AA suggests that AA is a cell-mediated autoimmune 

disease that results in temporary, non-scarring hair loss (McElwee et al., 

1998; Pratt et al., 2017). Inflammatory cells T-cells infiltrate the HF described 

as a ‘swarm of bees’, leading to the destruction of the HF (Perret et al., 1984; 

Van Scott, 1959; Amin & Sachdeva, 2013). 

 

1.4.2.  Clinical Features of Alopecia areata 

Depending on the extent of hair loss during AA, the pattern of hair loss is 

commonly described by three main terms: AA describes those with patchy 

hair loss; alopecia totalis (AT) portrays those that have lost 100% scalp hair; 

and alopecia universalis (AU) illustrates 100% of hair loss from the scalp and 

body hair (Alkhalifah et al., 2010).  Less common types of AA consist of the 

following: ophiasis type, hair loss in band-like shape within the parieto-

temporo-occipital area; ophiasis inversus (sisaipho), is a very rare type of AA 

where band-like hair loss occurs within the frontal parietotemporal scalp; and 

reticular patches of hair loss (Alhalifah et al., 2010). Along with hair loss, 17% 

of AA patients developed nail abnormalities, including pitting and / or 

longitudinal ridging (Thomas & Kadyan, 2008). 
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The skin lesion found in AA patients is smooth, shiny and has clear borders 

between the affected and unaffected AA skin. Hair shafts found at the lesion 

border are said to have an ‘exclamation mark’ appearance, which includes 

broken hair shafts that thickens more at the distal part compared to the 

proximal part of the hair shaft. Skin pigmentation is relative unaffected but 

may display a slight pink tone (Alkhalifah et al., 2010). 

 

AA is a disease commonly encountered by dermatologists with both males 

and females affected equally (Wasserman et al., 2007), however, it was first 

thought to be limited to females through a 2002 study until a 2009 study 

showed otherwise (Sato-Kawamura et al., 2002; Lew et al., 2009). A recent 

study done by Mirzoyev et al. in 2014 showed that between the year 1990 

and 2009, 530 patients residing in Olmsted Country, Minnesota, were newly 

diagnosed with AA (Clinical data accessed through Rochester Epidemiology 

Project). Of the 530 AA patients, 51.1% were females and 48.9% were males 

showing no significant data to suggest AA is sex orientated. Also, the general 

trend of AA onset across the age of the patients increased from 0 to 40 years 

then decreased thereafter, with mean ages of 31.5 years (male) and 36.2 

years (female). This pattern allows the possibility that increased stress levels 

during typical working years of human life may impact AA onset within 

patients. A study found that people living in the USA have a 2.1% lifetime risk 

of developing AA, which made AA one of the most popular reasons for 

people visiting dermatology clinics (Mirzoyev et al., 2014; Kos & Conlon, 

2009). 
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1.4.3.  Immune privilege and regulatory T cells 

The term ‘immune privilege’ (IP) is a theoretical system that protects specific 

organs from autologous attack, anatomically or functionality by the body’s 

immune system. These organs include skin appendages, such as hair, the 

nervous system, parts of the testis and ovaries, and the eyes (Ito et al., 

2008a; Paus et al., 2005; Saito et al., 2015). Despite this system being 

spoken about for >45 years, the mechanism is still largely unknown. IP is 

maintained by factors described below and summarised in table 1.2. 

 

                     Table 1.2. Summary of hair follicle IP factors 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

One IP factor of HFs is the absence of major histocompatibility (MHC) class 

1 expression in healthy, growing (anagen) HFs. MHC class 1, also known as 

human leukocyte antigen (HLA) in humans, is a peptide expressed on the 

cell surface of all nucleated cells. The MHC class 1 displays a peptide that is 

Factor 
Absence of MHC class 1. 

Hair follicular melanocytes are MHC class 1 
negative in human anagen scalp. 

Downregulation of β2-microglobulin and TAP-2 
within the MHC class 1 pathway 

Expression of FasL to delete autoreactivity. 
Absence of the lymphatics system and ensheathed 

by an extracellular matrix. 
Downregulation of IRF1 expression. 

Increase in expression of immunosuppressive 
factors. (TGF-β1, TGF-β2, α-MSH and IL-10) 

Low density of NK cells, CD4+ and CD8+ T cells. 

(Barker & Billingham, 1997; Head & Billingham, 1985; 
Streilein, 1993; Streilein, 2003; Niederkorn, 2002; 
Niederkorn, 2003; Mellor and Munn, 2000; Paus et al., 
1999; Christoph et al., 2000; Ito et al., 2004; Botchkarev 
et al., 1999; Slominski et al., 1998; Welker et al., 1997; 
Stenn & Paus, 2001). 
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surveyed by cytotoxic CD8+ T cells to whether the cell is healthy and native, 

or not. If not, an immune response would take place to destroy the cell. With 

the HFs absence of MHC class 1 expression, an autoimmune response 

pathway is prevented and protects it being lymphatically destroyed. 

The negative expression of MHC class 1 gives rise to a second IP factor, 

where HF melanocytes negatively express MHC class 1.  

A third IP factor is the downregulation of b2-microglobulin (b2m) and 

transporter associated with antigen presentation (TAP) 2. MHC class 1 is 

composed of two polypeptide chains, a and b2m, and are non-covalently 

bound between the b2m and a3 domain. The assembly of MHC class 1 

peptides takes place in the lumen of the endoplasmic reticulum (ER).  Initially 

the folding of the a-chain is aided by the chaperones calnexin and calreticulin 

and allows the association of b2m. Further recruitment of ERp57 and tapasin 

allows the binding to TAP. Proteasomes in the cytoplasm breaks down 

proteins to generate small peptides that are transported through the TAP 

transporter into the ER lumen. A peptide binds to the MHC class 1 molecule 

creating a stable complex where finally the MHC class 1 peptide is 

transported to the cell surface via the Golgi apparatus. By downregulating 

b2m and TAP-2, MHCI synthesis is reduced. 

A fourth IP factor is the expression of Fas ligand (FasL). FasL is expressed 

by autoreactive T cells and natural killer (NK) cells which bind to damaged or 

foreign cells via a Fas receptor (FasR) to cause apoptosis. IP areas of the 

body reverse this mechanism against the immune system by presenting 

FasL to FasR found on the surveying immune cells, this causes the immune 

cells to apoptose preventing any immune response. However, a study in 
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2000 failed to find any evidence regarding the FasL-FasR mechanism in 

healthy or collapsed IP HFs in the human scalp (Christoph et al., 2000). 

A fifth IP factor is that the hair bulb lacks lymphatics and is ensheathed in an 

extracellular matrix barrier that both hinder immune cell trafficking (West-gate 

et al, 1991; Stenn and Paus, 2001). 

A sixth IP factor is the downregulation of interferon regulatory factor (IRF) 1 

expression. In vitro studies have shown that IRF1 is the link between 

cytokine interferon gamma (IFN-g) inducting MHC class 1 expression 

(Jarosinski & Massa, 2002; Massa & Hsiaoling, 1995). IFN-g is predominantly 

produced by NK and cytotoxic T cells during an innate immune response. 

Thus, a reduction of IRF1 expression prevents IFN-g inducing MHC class 1 

expression and impedes an immune response. 

 

A seventh IP factor is an increase in immunosuppressive factors including 

TGF-b1, TGF-b2, and adrenocorticotropic hormone (ACTH). TGF-b 

superfamily are cytokines that play a crucial role in suppressing every cell 

within the innate and adaptive immune response within the periphery and 

thus prevents autoimmune disease. TGF-b controls each cell differently 

through the suppression of proliferation, differentiation and/or effector 

functions to regulate the immune response, as shown in figure 1.6 (Santarpia 

et al., 2015).  

Interleukin (IL)-10 belongs to the Class 2 cytokine family, which supresses 

the production of pro-inflammatory cytokines including IL-1, IL-6, IL-12 and 

TNF-a. This occurs through the induction of oxygenase-1 (Saraiva & 

O’Garra, 2010; Chatterjee et al., 2014; Moore et al., 2001). IL-10 also inhibits 
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antigen presentation by blocking co-stimulating molecules such as 

CD80/CD86, and MHC class 2 expression. CD80/CD86 initiates and 

maintains CD4+ T-cell proliferation and MHC class 2 allows antigen binding 

of CD4+ T cells in the event of an immune response. Thus IL-10 reduces the 

number of CD4+ T cells and prevents their binding to initiate an immune 

response (Thaxton & Sharma, 2010; Moore et al., 2001).  Additionally, IL-10 

controls the proliferation and differentiation of a number of other immune 

cells including NK cells, B cells, antigen presenting cells (APCs) and mast 

cells (Asadullah et al. 2003; Moore et al., 2001). 

 

Figure 1.6. Immune cellular targets and functions of TGF-b (Santarpia et al., 
2015). 
 

In turn all of these factors lead to an eighth IP factor, where a low density of 

NK cells, CD4+ and CD8+ T cells located intra- and peri-follicularly, reduce 

immune cell interactions to prevent an immune response.  

The loss of HF IP in AA patients has been shown by the expression of two 

considered IP guardians, interferon-inhibiting cytokine factor (IK) and 
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indoleamine 2, 3-dioxygenase (IDO), being decreased in AA HFs and in AA 

patients prior to hair loss (Kang et al., 2010). Other studies, that will be 

discussed later, have shown that HF IP loss in AA patients could be due to 

modified expression of antigens caused by infections (viruses) or micro-

injuries, or reduced regulatory T cells (Tregs) activity. 

 

1.4.4.  Histopathology 

Due to the collapse of HF IP with the exposure of autoantigens, mononuclear 

cells migrate and accumulate, in and around anagen hair bulbs like a “swarm 

of bees” (Fig. 1.7) (Peckham et al. 2011; Amin & Sachdeva, 2013). The 

“swarm” comprises of NK cells, CD8+ and CD4+ T cells with a high CD4+ (60-

80%) to CD8+ (20-40%) ratio (Ito et al., 2008b; Todes-Taylor et al., 1984). 

The swarm was observed in a study where 30.8% of 78 specimens from 162 

AA cases showed this eosinophilic attraction to HFs (Yoon et al., 2014). In 

another study there is distinctive HF shrinking in AA skin, in turn, there is a 

reduction in cell accumulation apart from CD8+ cells which may still be seen 

(Ito et al., 2013). A notable transformation in non-affected perilesional skin is 

a mass premature shift in hair cycling from anagen to catagen, catagen to 

telogen, and then finally ejected (telogen effluvium). Overall AA leads to 

increase in telogen ratio, miniaturisation and vellus hair count (Watanabe-

Okada et al., 2014). 
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Figure 1.7. “Swarm of bees” appearance of the inflammatory infiltrate 
around terminal follicles in alopecia areata (Amin & Sachdeva, 2013). 
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The most widely accepted cause of events leading to AA through the immune 

attack has been summarised in the figure 1.8: 

 

 
 
 
 
 
 
 
  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.8. A summary of the most recent accepted pathogenesis 
theory of AA. 
 
 
 

Event 
1) Trauma 
2) Inflammation 
3) Infection Agents 

Release of cytokines 

Ectopic expression of 
MHCs.  

Aberrant expression of 
adhesion molecules. 

Hematopoietic cell migration 
- T cells (CD4

+
 and CD8

+
) 

Immune attack on melanin-
producing anagen follicles 
‘Swarm of bees’ 
(Melanocyte-associated 
protein – tyrosinase) 

Results in growing hair follicle (Anagen) becoming damaged 
➡Disrupts growth (Anagen arrest) 
➡Abnormal loss of anagen hairs transferring prematurely to 
telogen and being shed (telogen efflivium) 
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1.4.5.  Pathogenesis 

The exact pathomechanism, however, is still unknown, though it has been 

discovered that auto-reactive cytotoxic T cells target anagen HFs that have 

lost their IP by recognising keratin 16, the filament-associated protein, 

trichohyalin (Leung et al., 2010) and the melanocyte-associated proteins, 

such as tyrosinase (Wang et al., 2016). This results in a disruption of hair cell 

cycling leading to premature catagen causing hair loss. 

 

1.4.5.1. Genetics 

Genetics has shown to play a vital role in AA. A perfect example of this was 

when monozygotic twins developed AA with a synchronised hair loss pattern 

after contracting mumps (Stankler, 1979). HLA residing genes, including 

HLA-a, HLA-b, HLA-c, NOTCH4, MHC class 1 polypeptide-related sequence 

(MIC) A, HLA-DQB1 and HLA-DRB1, have also been connected with AA 

development (Gilhar et al., 2007). 

In 2010, a Genome-Wide Association Study (GWAS) of 3,278 unaffected 

control skin and 1,054 AA diseased skin where investigated using 550K and 

610K arrays. The study exposed 139 single-nucleotide polymorphisms 

(SNPs) significantly altered (P ≤ 5x10-7) in AA diseased skin. Several key 

SNPs found pointed towards AA, were clustered within 8 genomic regions 

shown in table 1.3 (Petukhova et al., 2010). Cytotoxic T-lymphocyte-

associated protein (CTLA) 4, IL-2/IL-21, IL2RA (CD25), Eos (ikaros family 

zinc finger 4 - IKZF4) / human epithelial growth factor receptor (ERBB) 3 and 

HLAs are genes involved in controlling Tregs. UL16-binding protein (ULBP) 

leads to the activation of NK group 2D receptor (NKG2D).  
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Table 1.3. Key affected SNPs found in AA patients (Petukhova et al., 2010) 

 

1.4.5.2. Psychiatric Morbidity 

AA has found to be associated with psychiatric morbidity, in particularly 

depression and anxiety (Ruiz-Doblado et al., 2003). A number of studies 

have shown this link, for example the latest study by Kaira et al., 2015 

showed that of 50 AA patients, 22% suffered from psychiatric disorder, 18% 

had depression, and 4% displayed anxiety disorders. 

 

1.4.5.3. AA association with other autoimmune diseases 

AA has been associated with a vast number of other autoimmune diseases 

including: Vitiligo, Lichen planus, Morphea, Lichen sclerosus et atrophicus, 

Pemphigus foliaceus, Atopic dermatitis, Hashimoto’s thyroiditis, Basedow’s 

disease, Endemic goiter, Addison’s disease, Pernicious anemia, systemic 

Human Chromosome Gene of interest 
2q33.2 CTLA4 
4q27 IL-2 / IL-21 

6q21.32 HLAs 

6q25.1 ULBP genes 

10p15.1 IL-2RA (CD25) 

12q13 EOS (IKZF4) / ERBB3 

9q31.1 Syntaxin (STX17) 

11q13 Upstream to PRDX5 

6q25.1 
ULBP genes encoding NKG2D 
ligands within a related MHC-1 

cluster 
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lupus erythematosus (SLE), Diabetes mellitus, Down’s syndrome and others 

(Brenner, 1979; Muller & Winkelmann, 1963). 

 

AA and vitiligo are both common skin autoimmune diseases. Vitiligo is the 

destruction of the melanocytes found in the skin which results in white 

patches that can occur on any part of the body. These two autoimmune 

diseases are quite different in appearance as they involve different target cell 

types and treatment is managed differently, however the immune cell types 

and cytokines involved in the pathogenesis of both diseases are similar 

(Wankowicz-Kalinska et al., 2003; Gilhar et al., 2007). AA and Vitiligo also 

have genetic risk factors that are mutual such as HLA alleles, IL2RA, and 

possibly CTLA4 (Spritz, 2012; Petukova et al., 2010). No microRNAs 

(miRNA) have been noted to be dysregulated within both AA and Vitiligo 

despite the similarity. 

Thyroid autoimmune diseases including Hashimoto’s thyroiditis & Basedow’s 

disease has shown to be 8-28% prevalent in AA cases (Seyrafi et al., 2005). 

Thyroid antibodies, however, do not correlate with AA severity (Kasumagic-

Halilovic et al., 2008). 

 

1.4.5.4. Treatment 

There are number of therapies available to treat AA, including topical, 

systemic, and injectable modalities. Each treatment is prescribed based on 

the patients age and extent of disease. For those aged 10 years and above 

that fail to respond to a primary treatment are further prescribed a secondary 

treatment (Fig. 1.9). 
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Topical and intralesional corticosteroids are anti-inflammatory drugs that 

upregulate expression of anti-inflammatory genes, such as, secretory 

leukocyte proteinase inhibitor (SLP) 1 and mitogen-activated kinase 

phosphatase (MKP) 1, or inhibits the transcription of the pro-inflammatory 

genes, IL-6, Nuclear Factor-κb and Activator Protein-1 (Anbalagan et al., 

2012). 

Topical corticosteroids can be used with or without other treatments. Topical 

corticosteroids work best on those with restricted AA, as a split scalp study 

showed only local hair regrowth and no systemic effects occurred (Tosti et al. 

2003). 54 patients with patchy AA were given either 0.25% desoximetasone 

or placebo twice a day for 12 weeks. 57.7% treated with desoximetasone 

had full regrowth compared to 39.3% of those treated with placebo 

(Charuwichitratana et al., 2000). 

Intralesional corticosteroids, in particularly triamcinolone acetonide (TAC) are 

the preferred treatment given to children aged over 10 years rather than 

injections. Tan et al., 2002 stated that in a split scalp study, 104 of 127 

patients with restricted AA improved over 50% after 12 weeks of TAC 

injections (Tan et al., 2002). However, those with moderate to extensive AA 

displayed poorer effects after TAC injections with only 25-50% regrowth after 

6 months. Despite these weaker effects on extensive AA patients, it has 

been shown to aid and accelerate the effectiveness of oral corticosteroids 

and Janus kinase (JAK) inhibitors (Strazzulla et al. 2017). 

Minoxidil is an antihypertensive vasodilator that has been shown to stimulate 

the dermal papilla and epithelial cells to promote hair growth (Choi, 2018). A 
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recent meta-analysis study of minoxidil used as an AA treatment concluded 

that 5% topical minoxidil was an effective and safe treatment versus placebo 

for patchy AA but ineffective for AT and AU (Freire et al., 2019). 

Topical immunotherapy, including diphenylcyclopropenone (DPCP) and 

squaric acid dubutylester (SADBE), cause an allergic contact dermatitis to 

alter the milieu of peri-follicular immune cells. In 2016, Lamb et al. observed 

a response rate of 72.2% to DPCP over a 20-year period (Lamb et al., 2016). 

The effects of DPCP can be enhanced with a duel treatment with anthralin as 

a study showed 88% of patients had over 50% hair regrowth compared to 

54.5% of patients treated with DPCP only (Durdu et al., 2015). 

JAK inhibitors, including baricitinib, ruxolitinib and tofacitinib have proven to 

be effective in a number of inflammatory diseases. JAK inhibitors interfere 

with cytokine production, such as IFN-g, IL-2 and IL-15, thus preventing the 

attraction and accumulation of cytotoxic CD8+/NKG2D+ T cells (Levy et al., 

2015; Ports et al., 2013; Strober et al., 2013; Kremer et al., 2009; Craiglow & 

King, 2015).  A study of 12 patients with moderate to extensive AA were 

treated with 20mg ruxolitinib twice daily for 3 to 6 months. 75% of patients 

responded well to the treatment with around 92% regrowth. Despite this 

significant result, a 3 month treatment-free follow up showed 3 of 9 patients 

that responded to treatment began shedding once again (Mackay-Wiggan et 

al., 2016). 
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Figure 1.9. Summary of treatment plan for alopecia areata patients (Strazzulla 
et al., 2018).  
 

 

1.5. MicroRNAs 

The human genome consists of ~20,000-25,000 coding proteins. Recent 

studies have shown a large proportion of the human genome is transcribed 

into non-coding ribonucleic acids (RNA) (Clamp et al., 2007; Levy et al., 

2007b; Mills et al., 1999). A group of endogenous non-coding RNAs are 

called miRNAs. MiRNAs are ~22 nucleotides (nt) in length and are involved 

in the repression of gene expression by binding to the 3’UTR (untranslated 

region) of their target messenger RNA (mRNA), preventing post-

transcriptional gene regulation. MiRNAs bind to the miRNA response 

element (MRE) usually found in the 3’UTR of their target mRNA through 

Watson & Crick nucleotide base pairing (Siomi & Siomi, 2010), though recent 

studies suggest possible binding within the 5’UTR and protein coding regions 
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(Orom et al., 2008; Tay et al., 2008). In 1993, the first miRNA, lin-4 was 

identified in C. elegans (Lee et al., 1993) and since then over 2000 miRNAs 

have been identifyed in the human genome and we don’t yet know the 

functions of many miRNAs discovered (Hammond, 2015). 

 

1.5.1. MiRNA Biogenesis 

MiRNA biogenesis is a conserved mechanism which involves two RNase III 

enzymes called Drosha and Dicer (Fig. 1.10) (Cullen, 2004). MiRNAs are 

transcribed by RNA polymerase II within the nucleus in the form of a stem 

loop, primary transcript microRNA (pri-miRNA) containing a 5’ cap and 3’ 

poly (A) tail (Lee et al., 2002; Kim, 2005). Next Drosha binds with a protein 

called DGCR8 (DiGeorge Syndrome Critical Region Gene 8) to form a 

microprocessor unit complex. DGCR8 has two double stranded (ds) RNA-

binding domains which allows the digestion of pri-miRNA by Drosha forming 

a hair-pin structure with a 3’ 2nt overhang called a precursor-miRNA (pre-

miRNA) (Lee et al., 2003; Gregory et al., 2004; Chen & Meister, 2005). 

Accurately processed pre-miRNAs are exported out of the nucleus into the 

cytoplasm with the help of Exportin-5 and Ras-related nuclear protein-

guanosine triphosphate (RAN-GTP). (Yi et al., 2003; Lund et al., 2004). In 

the cytoplasm, the pre-miRNA is cleaved by Dicer into a 22nt miRNA, one 

strand of the ds-miRNA is called the mature strand and the other is the 

passenger strand. One proposed model suggests that Dicer utilises a 

processing complex composed of the human immunodeficiency virus 

transactivating response RNA-binding protein (TRBP) and Protein Kinase R-
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activating protein (PACT), which is found at the core of the RNA-induced 

silencing complex (RISC)-loading complex (Bernstein et al., 2001; Grishok et 

al., 2001; Hutvagner et al., 2001; Ketting et al., 2001; Knight & Bass, 2001). 

RISC has a protein call Argonaute. Argonaute has a PAZ domain that 

recognises and binds to the 3’ overhang end of the pre-miRNA, holding the 

strand in place to allow cleavage forming a ds-miRNA (Matranga et al., 2005; 

Gregory et al., 2005; MacRae et al., 2008). The distance between the PAZ 

and RNase III domains allows the correct cleavage length of the pre-miRNA 

(Zhang et al., 2004).  

A more recent model proposed that this step is Argonaute 2 protein (Ago2) 

dependent and Dicer-independent (Cifuentes et al., 2010). Ago2 contains a 

Piwi domain and a PAZ domain that allows endonuclease function (Yan et 

al., 2003). Ago2 cleaves the passenger strand 10 nt upstream of the mature 

strand 5’end that enables unwinding of the ds-miRNA. Further processing of 

the ds-miRNA including polyuridylation and nuclease-mediated trimming to 

generate the mature miRNA. 

As the mature miRNA contains a seed region that represents the nucleotides 

in the miRNA to initiate base-pairing with the target mRNA. The miRNA then 

asymmetrically assembles into the enzyme complex, known as RISC. The 

PAZ domain of Argonaute binds to the 3’ end of the guide strand, holding the 

strand in place. Once the guide stand is incorporated into RISC, RISC then 

seeks out the mRNA target, as the mRNA has complementary sequence to 

the miRNA guide strand. When the miRNA is complementary bound to the 

guide strand, another domain of Argonaute contains RNase, which snips the 
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mRNA and leads to degradation of the mRNA and thus suppresses mRNA 

translation (Bartel, 2004; Dennis, 2002; Valencia-Sanchez et al., 2006). 

 

 

 

 

 

 

 

 

 

  

 

Figure 1.10. Summary of miRNA biogenesis. MicroRNA (miRNA) maturation 
includes the assembly of the primary miRNA transcript (pri-miRNA) through RNA 
polymerase II or III by transcription and then the Drosha-DGCR8 microprocessor 
complex cleaves the pri-miRNA within the nucleus. The forming a precursor hairpin, 
pre-miRNA is exported out of the nucleus by exportin-5-Ran-GTP and into the 
cytoplasm. Here the pre-miRNA is cleaved by the RNase Dicer-TRBP complex to its 
22nt mature miRNA duplex. The functional strand, mature miRNA (red) is deposited 
along with Argonaute (Ago2) proteins into the RNA-induced silencing complex 
(RISC), where the miRNA directs RISC to silence it’s target mRNA by cleavage, 
repression or deadenylation. The passenger strand (black) is degraded (Winter et al., 
2009). 
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1.5.2.  MiRNAs in hair growth control 

MiRNAs are essential for HF growth and development as the deletion of 

miRNA processors Dicer or Dgcr8 results in severe abnormalities in HF 

growth (Andl et al., 2006; Yi et al., 2006). 

Up to now miR-148 miRNA has shown to play a role in human HF cycling. 

MiR-148 is highly expressed in anagen HFs and potentially promotes 

proliferation in human hair dermal papilla cells through the activation of 

Wnt/b-catenin signalling by upregulating b-catenin, cycD, c-jun, and PPARD 

through NFAT5 Wnt10b (Yang et al., 2016). 

In human and mice, miR-31 is highly expressed in anagen HFs (Hochfeld et 

al., 2017; Mardaryev et al., 2010). In mice miR-31 controls hair cycle-

associated tissue remodelling by regulating Wnt, BMP, and FGF signalling 

pathways. MiR-31 directly negatively controls Dlx3, Fgf10, K16 and K17, 

meaning that miR-31 is a crucial regulator in HF growth and hair fibre 

formation (Mardaryev et al., 2010). 

In mice, miR-214 regulates skin morphogenesis and HF cycling by targeting 

Wnt signalling moderators, b-catenin and Lef-1. Overexpression of miR-214 

inhibited keratinocyte proliferation that decreased the number of developing 

HFs and affected hair bulb size and thinned hair production (Ahmed et al., 

2014). 
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1.5.3.  MiRNA expression in alopecia areata 

The role that miRNAs play in AA is very much unknown and only recently 

been investigated. To begin this investigation miRNA expression profiling 

was carried-out on five AA-affected C3H/HeJ mice compared to five 

unaffected C3H/HeJ mice. 35 miRNAs were found to have increased two-fold 

or more and 44 miRNAs were found to have decreased two-fold or more in 

AA-affected skin vs unaffected C3H/HeJ skin. In silico analysis was 

performed to compare these affected miRNAs to the 2009 AA GWAS 

(Petukhova et al., 2010) to identify their potential regulatory affects to cause 

or aid AA onset and development (Wang et al., 2017).  

The only current research article confirming that miRNAs play a key role in 

AA development is a study on miR-30b. It confirmed that miR-30b was 

downregulated in human AA affected skin vs unaffected skin, and miR-30b 

directly downregulated predicted targets genes associated to AA, IL2RA, 

STX17 and Tenascin XB, after overexpression of miR-30b in Jurkat cells 

(immortalised line of human T lymphocytes) (Taffazoli et al., 2018). 

 

1.6. Aims of the project 

The latest hypothesis of AA pathogenesis is thought to be an autoimmune 

response against HFs that have lost their protective immune privilege, this 

results in the immune system regarding the HF as a foreign body and 

initiating an immune response, leading to the destruction of the HF (McElwee 

et al., 1998; Pratt et al., 2017). The complete pathogenesis of AA is still 

largely unknown. 
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MiRNAs were only recently found to be functional and vital for gene 

regulation (Lee et al., 1993; O’Brien et al., 2018). Of the vast unknown 

number of miRNAs in our genome currently only one miRNA (miR-30b) has 

been investigated in the pathogenesis of AA. To further investigate the role 

miRNA plays in AA pathogenesis I will implement the following: 

i) Establish which miRNAs are dysregulated during the development of AA, 

though the comparison of healthy anagen HFs versus AA affected HFs. 

Global microarray and in situ hybridisation protocols will be employed in 

conjunction with current published research to decipher which miRNA(s) to 

further investigate. 

ii) Undertake a pilot study to analyse the role of the chosen miRNA(s) through 

the overexpression and inhibition of the miRNA in the C3H/HeJ AA mouse 

models. Analyse the overexpression and inhibition of miRNA(s) in human 

isolated HFs. Immunofluorescent and real time-quantitative polymerase 

chain reaction approaches will be undertaken to examine changes in the 

expression of immune markers, both expressed by the HFs and migrated 

lymphocytes (if any). 

iii) Investigate the pathways that miRNA(s) regulate the HF’s immune privilege, 

by real time-quantitative polymerase chain reaction and genome microarray 

with transcriptome profiling. 

iv) Confirm the miRNA(s) direct target(s) by utilising the luciferase reporter 

assay. 

v) Investigate the possible direct or indirect upstream source(s) causing the 

altered expression of miRNA(s) in the development of AA. 



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2: Materials 
and Methods 
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2.1. Animals 

Animals were used to facilitate experiments carried out during this research 

project. Animal work was implemented under the license of the University of 

Bradford (Bradford, UK) and Boston University (MA, USA), carried out by Dr 

Andrei Mardaryev and Dr. Andrei Sharov, respectively. Mice had free access 

to standard rodent food and tap water. The animal room was maintained 

under continuous 12-hour dark and light cycles with humidity and 

temperature at 40-60% and 21±1°C, respectively. 

 

C3H/HeJ female mouse model (Sundberg et al., 1995) was used for all 

experiments, under a number of different experimental conditions. 

 

To induce hair cycle, depilation of the dorsal skin was performed by applying 

a hot wax and rosin mixture on the back of 7-week-old mice followed by 

plucking of hair shafts to cause development of homogeneous anagen all 

over the depilated area (Müller-Röver et al., 2001). As the hair cycle 

progresses skin was harvested at day 12 (anagen VI). 

 

RNA was isolated from the harvested skin for microarray or they were coated 

in OCT-embedding medium (Leica) and quick frozen in liquid nitrogen. The 

skin size harvested from each animal was 1x2cm (2cm2). 
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2.2. Microarray analysis 

2.2.1. miRNA microarray 

Total RNA, including the miRNA, was isolated from 7mm cutaneous biopsy 

of anagen C3H/HeJ skin and alopecic C3H/HeJ skin using a direct-zol RNA 

miniprep kit (Zymo-Research).  miRNA microarray analysis was performed 

by LC Sciences (Houston, Texas, USA) using 41K Whole Mouse Genome 

60-mer oligo-microarray (Agilent Technologies, Santa Clara, CA, USA). Data 

were pooled ± SD was calculated and statistical analysis was performed 

using independent t-test. 

 

2.2.2. mRNA microarray 

Total RNA was isolated from 50nM miR-486-5p mimic treated primary human 

keratinocytes (PHEK) for 48 hours using a direct-zol RNA miniprep kit 

(Zymo-Research). mRNA microarray analysis was performed by Boston 

University Microarray and Sequencing Resource Core Facility using a 

Human Gene 2.0 ST array. The data were normalised together using the 

Robust Multiarray Average (RMA) algorithm and a CDF (Chip Definition File) 

that maps the probes on the array to unique Entrez Gene identifiers. Data 

were pooled ± SD was calculated and statistical analysis was performed 

using independent t-test. 

To identify Gene Ontology terms enriched in in the microarray data, sets of 

up- and down-regulated genes were analysed using Gene Ontology 

PANTHER (Protein Analysis Through Evolutionary Relationships) pathway 

(http://geneontology.org) to annotate each gene’s function within biological 

processes.  
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STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) 

(https://string-db.org/) is a database which predicts protein-protein 

interactions by utilising five main sources: 1) genomic context predictions, 2) 

High-throughput lab experiments, 3) Co-expression (Conserved), 4) 

Textmining and 5) Databases (Szklarczyk et al., 2019). Genes that were 

shown to be supressed 1.5-fold or more were entered into the STRING 

database and analysed. STRING predicts the likelihood of gene-gene 

interaction using its algorithms and used a confidence scoring system. A 

confidence score of >0.9 was accepted.  

 
 
2.3. In Vivo microRNA Inhibitor Treatment 

Six C3H/HeJ mice at postnatal day 23 (P23), were shaven and injected with 

two dorsal, localised 100µL injections of 1mg/mL anti-miR-486-5p, miR-451-

5p or corresponding control (Exiqon). The injection sites were 1cm apart. 

MaxSupressor In Vivo RNA-LANCEr II (BIOO SCIENTIFIC) was used to 

deliver these anti-miRNAs. 5 days after injections, skin was harvested from 

the injection area. (Fig. 2.1) 

 

 

 

 

 

 
 
 
 

Days 

anti-miRNA                                                                                    harvesting 

P23                                                                                                  P28              

Figure 2.1. Timescale of in vivo inhibitor treatment. 
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2.4. In Vivo microRNA Mimic Treatment 
 
A 7mm cutaneous biopsy of alopecic skin from C3H/HeJ mice was grafted on 

to the dorsal area of six non-developed alopecic C3H/HeJ mice. This causes 

the development of alopecic skin around the graft (Silva & Sundberg, 2013). 

After 7 days the newly found alopecic skin around the grafted area was then 

injected bi-daily for 12 days, with 100µL of 1mg/mL miR-486-5p, miR-451-5p 

mimic and corresponding control (Exiqon). After 7 days from the final 

injection, the skin was harvested from the injection area (Fig. 2.2). 

 

 

 

 

 

 

2.5. Alkaline Phosphatase (AP) staining 
 
2.5.1. Sample preparation 
 
10µm skin samples were sectioned using a cryostat (Leica) at -30°C and 

collected onto adhesive SuperFrost Plus Slides (Leica). The slides with 

tissue sections were then stored at -80°C until use. 

 
2.5.2. AP staining procedure 
 
Sample slides were fixed in 4% paraformaldehyde (PFA) for 10 minutes 

(min) at room temperature (rt) and washed in phosphate buffered saline 

(PBS). The sections were incubated in a developing solution (0.5% 

Dimethlyformamide, 0.05% Naphthol AS-Bi-phosphate, 5% new fuchsin, 

0                                7                              19                               26 
days 

    grafting                             miRNA mimic                        harvesting   

Figure 2.2. Timescale of in vivo mimic treatment. 
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25mM sodium nitrate, 100mM sodium chloride, 100mM Tris, pH 9.5, and 

20mM HCL) (Sigma) for 15 min at rt. Sections were then washed in PBS, 

counterstained with haematoxylin for 30-45 seconds (sec) and washed in 

running water before mounting in polyvinylpyrrolidone (PVP) medium. 

 

2.6. In Situ Hybridisation 

2.6.1. Sample preparation 
 
10µm skin samples were sectioned using a cryostat (Leica) at -30°C and 

collected onto adhesive SuperFrost Plus Slides (Leica). The slides with 

tissue sections were then stored at -80°C until use. 

2.6.2. In-Situ hybridisation procedure 
 
Glassware was baked at 250°C overnight covered with tin foil. PBS and 

water were treated with diethylpyrocarbonate (DEPC) for at least 6 hours and 

then autoclaved at 123°C, 1.25bar for 17 min. 

The slides with tissue sections that were chosen for immunostaining were 

removed from the freezer and dried at rt for 5-10 min. During this time a PAP 

pen was used to encircle the tissue section(s). The tissues were fixed in 4% 

paraformaldehyde (PFA) for 10 min at rt followed by acetylation in 

triethanolamine buffer (0.1M triethanolamine and 0.25% acetic anhydride) for 

10 min and then washed for 5 min in PBS. The slides were then 

prehybridised in hybridisation buffer (50% formamide DI, 5x saline-sodium 

citrate (SSC) buffer, 1% Sodium dodecyl sulphate (SDS), 0.5 mg/mL heparin 

and 0.5 mg/ml transfer ribonucleic acid (t-RNA)) for 1 hour at 60°C followed 

by the hybridisation step with a DIG-labelled miRNA probe (Exiqon – Table 
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2.1) diluted in hybridisation buffer for 16 – 18 hours at 60°C overnight. Slides 

subsequently were washed in 5× SCC in 50% formamide and 1% SDS (1x 

quick rinse and 15 min, 3 times, 60°C), and in 5xSCC in 50% formamide (15 

min, 3 times, 60°C). Prior to immunodetection the slides were washed in 

2mM Levamisole diluted in TBST buffer (Sigma) and incubated with TBST 

containing 2% Blocking Reagent (Roche, Germany), 1% TWEEN-20 and 5% 

heat inactivated sheep serum (30 min, rt). Immunodetection of the miRNA 

probe was performed with sheep alkaline phosphatase conjugated anti-DIG 

antibody (1:2500; Roche, Germany) diluted in TBST containing 5% heat 

inactivated sheep serum and 1% Tween 20 (2 hours, rt), followed by the 

washing steps with TBST (15 min, 4 times, rt) and NTMT/Alkaline 

Phosphatase Buffer (15 min, 3 times, rt). The detection was performed using 

BM Purple Alkaline Phosphatase Substrate (Roche, Germany) overnight at  

rt. Image preparation was performed using a bright-field Nikon Eclipe 50i 

microscope in combination with Image Pro Insight 9.1 software and Moticam 

5 camera (Motic). 

 
Table 2.1. List of ISH probes 

 
 
 
 
 
 

Probe Name Product Number Batch Number 
Negative control 1999990-802 183819 

miR-486-5p 1999990-802 183820 

miR-451-5p 1999990-802 183821 
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2.7. Immunohistochemistry 
 
2.7.1. Sample preparation 
 
10µm skin samples were sectioned using a cryostat (Leica) at -30°C and 

collected onto adhesive SuperFrost Plus Slides (Leica). The slides with 

tissue sections were then stored at -80°C until use. 

 

2.7.2. Immunostaining 

The slides with tissue sections that were chosen for immunostaining were 

removed from the freezer and dried at rt for 5-10 min. During this time a PAP 

pen was used to encircle the tissue section(s). The tissue sections were fixed 

in either, cold acetone at -20°C or 4% PFA, rt for 10 min (Table 2.2) and then 

washed in PBS. A 10% bovine serum albumin (BSA) blocking buffer was 

applied onto the sections for 30 min at rt. The primary antibody was diluted in 

PBS supplemented with 2% BSA, applied onto the sections and incubated 

overnight at +4°C. See table 2.3 for antibody working dilution. After 

incubation the sections were washed in PBS. The corresponding secondary 

antibody was diluted in PBS supplemented with 2% BSA, applied onto the 

sections and incubated for 1 hour at 37°C. The sections were then washed in 

PBS and a cover slip was mounted using Abcam fluoroshield mounting 

medium with DAPI. Water was used to replace each primary antibody as a 

negative control to quantify of non-specific background staining. Fluorescent 

intensity ratio was assessed using the ImageJ tool. The data were pooled, 

mean ± SD was calculated and statistical analysis was performed using 

independent t-test. 
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Table 2.2. List of primary antibodies 
 

Primary 
antibody 

Catalogue 
Number 

Host Dilution Supplier Fixation 
Method 

 CD8 
(Mouse) 

14-0081 Rat 1 in 50 eBioscience PFA 

CD4 
(Mouse) 

MAB554 Rat 1 in 50 R & D 
Systems 

Acetone 

NKG2D 
(Mouse) 

MAB1547 Rat 1 in 50 R & D 
Systems 

Acetone 

CADM1  
(Mouse & 
Human) 

CM004-3 Chicken 1 in 50 Medical & 
Biological 

Laboratories 

PFA 

HLA class 
1 (Human) 

Ab22432 Mouse 1 in 50 Abcam PFA 

IRF-1 
(Human) 

Sc-514544 Mouse 1 in 50 Santa Cruz PFA 

 
 
Table 2.3. List of secondary antibodies 
 

Secondary 
antibody 

Catalogue 
Number 

Dilution Supplier 

Goat anti-rat Ab150158 1 in 200 Abcam 

Rabbit anti-
chicken 

A-21441 1 in 200 ThermoFisher 
Scientific 

Goat anti-mouse A32727 1 in 400 Life technologies 

 

Stained sections were viewed using a fluorescent Nikon Eclipe 50i 

microscope and images were taken using Image Pro Insight software linked 

with an Exi aqua camera (Qimaging). 
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2.8. Warthin-Starry staining 

2.8.1. Sample preparation 
 
10µm skin samples were sectioned using a cryostat (Leica) at -30°C and 

collected onto adhesive SuperFrost Plus Slides (Leica). The slides with 

tissue sections were then stored at -80°C until use. 

 

2.8.2. Warthin-Starry procedure 
 
Slides were dried for 1 hour at rt and fixed in 10% PFA for 60min.  The 

sections were then allowed to equilibrate in acidulated water for 5 min in 

preparation for the tissue being treated with 1% silver nitrate (Merck) for 2 

hours at 43°C. The sections were treated with a preheated (54°C) developer 

solution (2% silver nitrate, 5% gelatin, and 0.15% hydroquinone (Sigma)) for 

up to 8 min. The developer reaction was halted by rinsing the sections in hot 

tap water for 3 min and further washed in distilled water for 2 min. The 

sections were incubated in 5% sodium thiosulphate (Sigma) solution for 2 

min and then washed in running tap water for 2 min with a further wash in 

distilled water for 5 min. Finally, the slides were mounted in Entallen (Merck) 

for further analysis. 

 

2.9. Cell Isolation and Culturing 
 
2.9.1. Culturing of HaCaT cells 

HaCaT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

(Life Technologies) supplemented with 10% fetal bovine serum (FBS), 25mM 

HEPES, 2mM L-glutamine, 100mM sodium pyruvate, and 100 units/ml 
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penicillin and 100µg/ml streptomycin (Gibco) at 37°C, 5% CO2. 

 

2.9.2. Culturing of Hela cells 

Hela cells were cultured in DMEM (Life Technologies) supplemented with 

10% FBS, 25mM HEPES, 2mM L-glutamine, 100mM sodium pyruvate, and 

100 units/ml penicillin and 100µg/ml streptomycin (Gibco) at 37°C, 5% CO2. 

 
 

2.9.3. Culturing of primary human epidermal keratinocytes 

PHEK cells were isolated from three skin donors (Appendix G). Roughly 

1cm2 skin was placed flat, dermis-side up in a 100mm petri dish. 5mL 

25U/mL of dispase solution was added ensuring all the skin is suspended on 

the surface. The dispase digestion was incubated overnight at 4°C. The 

epidermis was then separated from the dermis and placed in PBS. The 

epidermis was then transferred into keratinocyte basal medium 2 (KBM2) 

(Promocell) and diced. The suspension was filtered through a 70µm nylon 

filter.  The isolated PHEK cells were cultured in KBM2 supplemented with 

0.06mM CaCl2, 0.33µg/ml hydrocortisone, 0.39µg/ml epinephrine, 10µg/ml 

transferrin, 5µg/ml recombinant human insulin, 0.125ng/ml recombinant 

human Epidermal Growth Factor, and 0.004ml/ml Bovine Pituitary Extract 

(Promocell) at 37°C, 5% CO2. PHEK cells were in passage 2-3 in all 

experiments. 
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2.9.4. Hair Follicle Organ Culture 

Micro-dissected HFs from the occipital scalp were obtained from the Farjo 

hair institute, Manchester. HFs were acquired from 15 patients (Appendix 

H). The HFs were cleaned up by the removal of any surrounding tissue, in 

particular the adipose tissue. This helps prolong anagen and improves 

treatment viability. The HFs were cultured using culture medium developed 

by Philpott et al., 1990. Each follicle was placed by itself into a well of a 12-

well plate containing 0.5mL William’s E media (Gibco) supplemented with 

1000U/mL penicillin/streptomycin (Gibco), 2mM L-glutamine (Gibco), 

10ng/mL hydrocortisone (Sigma) and 10ug/mL Insulin (Sigma) for 24 hours 

in a 37°C and 5% CO2 incubator. Any follicles after the 24-hour period that 

didn’t show any visual growth or have shifted into catagen were discarded. 

HF staging was assessed by the visual appearance of the hair shaft showing 

no sign of regression, including melanin pigment and no damages during its 

isolation from its donor, and the hair shaft was anchored to the DP. A visual 

representative of each stage is shown in figure 2.3. Hair cycle score was 

rated as described by Maurer et al., 1997. Those HFs found within the 

anagen stage were given zero points; early catagen (I-III) stage were given 

one point; and mid catagen (IV-V) & late-catagen (VI-VIII) were given two 

points. 
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Anagen Early Catagen Mid-Late Catagen 

Figure 2.3. A visual representative of anagen, early- and mid/late-catagen hair follicle cycling 

stage. 

 

 

 

 

 

 

 

 

 

2.10. Transfection and Treatment 
 
Cells were grown as monolayer within a 6-well plate. As antibiotics may 

lower cell proliferation, reduce protein synthesis, and maybe cytotoxic 

(Thermofisher scientific, 2019), all media was replaced with 2mL antibiotic-

free growth media in correspondence to section 2.9. Cells were at 70% 

confluency at time of transfection or treatment. All experiments were done in 

triplicates both biologically and technically. 

 

2.10.1. Transfection of a monolayer of cells 

To investigate the effects of the loss or gain in miR-486-5p function in 

keratinocytes, HaCaT cells and PHEKs were transfected with 50nM miR-

486-5p mimic, or corresponding negative control, using lipofectamine 

RNAiMAX (Invitrogen). The day before transfection cells were plated in a 6-

well plate. The synthetic transfection mix of either inhibitor or mimic miRNAs 

with 9µL lipofectamine RNAiMAX where diluted in Opti-MEM media (Gibco) 
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and incubated for 5 min at rt. Secondly, the mix was applied to the monolayer 

of keratinocytes and incubated for 48 hours at 37°C, 5% CO2. The cells were 

then harvested and used for miRNA functional analysis. 

 

2.10.2. Treatment of a monolayer of cells 

INF-g is a potent cytokine that is released by lymphocytes during an immune 

response. INF-g forces cells to present antigens such as MHCs, which 

ultimately diminishes the cells IP (Stabile et al., 2018). To investigate 

whether INF-g regulates the expression of miR-486-5p alongside its 

destructive effects on the IP, HaCaT cells and PHEKs were treated with 75 

IU/mL IFN-g for 48 hours at 37°C, 5% CO2. The cells were then harvested 

and used for functional analysis. 

 
 
2.11. Treatment of Human Hair Follicles 
 
All media was replaced with antibiotic-free growth media in correspondence 

to section 2.9.4. 

 
2.11.1. INF-y 
 
Isolated human HFs were treated with 75 IU/mL IFN-g for 72 hours at 37°C, 

5% CO2. Photos were taken with a bright-field Nikon SMZ1000 microscope in 

combination with GX Capture software and GXcam camera (GTvision Ltd) 

before and after treatment to assess the HFs health. The HFs were 

harvested and pooled (minimum of 5 follicles per treatment group) together 

into each treatment and used for functional analysis.  
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2.11.2. MiR-486 Accell self-delivering inhibitor 

1µM miR-486 accell inhibitor (Based on miRIDIAN microRNA Hairpin 

Inhibitor (catalog product IH-300746-05): hsa-miR-486-5p, 

MIMAT0002177, mature sequence: UCC UGU ACU GAG CUG CCC CGA 

G) or cel-miR-67 (Based on miRIDIAN microRNA Hairpin Inhibitor Negative 

Control #1 (catalog product IN-001005-01): cel-miR-67, MIMAT0000039, 

mature sequence UCA CAA CCU CCU AGA AAG AGU AGA) was added for 

72 hours at 37°C, 5% CO2. Photos were taken before and after treatment. 

The HFs were harvested and pooled (minimum of 5 follicles per treatment 

group) for quantitative polymerase chain reaction (qPCR), or quick frozen in 

tissue freezing medium (minimum of 5 follicles per treatment group) for 

immunofluorescent staining. Replicates were pooled and mean values were 

presented ± standard deviation. Independent t-test was used to determine 

the significance of the difference between each of the groups. 

 

2.12. Gene expression Analysis 

2.12.1. Cell and Organ harvesting 

2.12.1.1. Monolayer of cells  

After removing the culture medium and rinsing the cells in PBS, 700µL Tri-

reagent (Zymo-Research) was added to each well of a 6-well plate. The cells 

were then harvested using a scraper and pipetted into a DNase/RNase free 

tube. The samples were stored at -80°C until use. 
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2.12.1.2. Hair Follicles 

All HFs of each treatment were moved from the culture plate into 250µL Tri-

reagent within a DNase/RNase free tube. The samples were stored at -80°C 

until use. 

 

2.12.2. RNA isolation 

Total RNA was isolated using the Zymo-Research direct-zol RNA miniprep 

kit. A 1:1 ratio of biology grade ethanol to Tri-reagent was added and 

vigorously mixed before being transferred into a spin column/ collection tube. 

The spin column was centrifuged at 13,000 revolutions per minute (rpm) for 

30 sec, rt. The flow through was discarded and 400µL of RNA wash buffer 

was added to the spin columns before centrifuging at 13,000 rpm for 30 sec. 

5µL DNase I and 75uL DNA digestion buffer was premixed, then added to 

the spin column and incubated for 15 min, rt. Subsequently 400µL of RNA 

prewash was added and centrifuged at 13,000 rpm for 30 sec, this step was 

repeated once more, discarding the flow through each time. 700µL of RNA 

wash buffer was added and centrifuged at 13,000 rpm for 2 min, rt. The flow 

through was discarded and finally DNase/ RNase free water was added to 

the spin column and centrifuged at 13,000 rpm for 30 sec, rt. The total RNA 

concentration and purity was quantified using a nanophotometer then stored 

at -80°C until use. A quality A260/A280 ratio of 1.8-2.0 was accepted. 
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2.12.3. Complementary DNA (cDNA) synthesis for mRNA 

qPCRBIO cDNA synthesis kit (PCR Biosystems) for Polymerase Chain 

Reaction (PCR) was used to produce cDNA from the total RNA. All 

preparations were performed on ice or an ice block, this reduces nuclease 

activity and prevents degradation of the sample. A 1x Master Mix (MM) was 

prepared for each sample in 0.2mL PCR tubes, using the components below: 

Component 
 

Volume for 1X reaction 

5x cDNA synthesis mix 4 µL 
 

20x RTase 1 µL 
 

Total RNA X µL (100ng) 
 

PCR grade dH2O XµL 
 

Total 20µL 
 

 
Note: 100ng total RNA is required for 1 reaction. Alter the total RNA and PCR grade 
dH2O volumes accordingly to make the total reaction mix to 20µL. 
 

The PCR tubes were then placed into a MasterCycler Nexus GSX1 Thermal 

cycler and placed under the following conditions: 

 
 
 
 
 
 
 
 
 

Step 
 

Time Temperature 

Hold 30 min 
 

42°C 

Hold 5 min 
 

85°C 

Hold ∞ 
 

4°C 
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2.12.4. Primer design 

Primer Blast, a National Centre for Biotechnology Information (NCBI) 

program, was used to design the specific gene primers. The target transcript 

for each target gene used was taken from the NCBI nucleotide database. 

The primers used are listed below along with their optimal melting 

temperature: 

 

Table 2.4. List of human target genes, primers and optimal melting temperature. 

 

Target Gene Human 
Melting 

temperature/ 
°C 

 
Forward Reverse 

 

 
GAPDH 

 
TTGAGGTCAAT 

 
GAAGGGGTC 

 
GAAGGTGAG 

 
GTCGGAGTC 

 

 
62/63 

 
HLA-a 

 
AAAAGGAGGGA 

 
GTTACACTCAGG 

 

 
GCTGTGAGGGA 

 
CACATCAGAG 

 

 
63 

 
HLA-b 

 

 
CAGTTCGTGA 

 
GGTTCGACAG 

 

 
CAGCCGTAC 

 
ATGCTCTGGA 

 
62 

 
ICAM1 

 

 
ATGCCCAGA 

 
CATCTGTGTCC 

 

 
GGGGTCTCTA 

 
TGCCCAACAA 

 
62 

 
CADM1 

 

 
CCACAGGTGA 

 
TGGACAGAATC 

 

 
CTGAGTCGTCA 

 
CTCTTATTGACC 

 
63 

 
PLAGL2 

 

 
GAGTCAAGTGA 

 
AGTGCCAATGT 

 

 
TGAGGGCAGCT 

 
ATATATGGTCTC 

 
 

 
62 



 62 

 
TOB1 

 
CCACCCCGA 

 
GCCACTAAC 

 

 
TGATCTTGTTC 

 
GGGCTGCTTC 

 

 
64 

 
CX3CL1 

 
CGGTGTGACG 

 
AAATGCAACA 

 
CTCCAAGATG 

 
ATTGCGCGTTT 

 

 
63 

 
 
 
2.12.5. Real-time Polymerase Chain Reaction (RT-PCR) for mRNA 

 
Quantification of mRNA expression was measured using qPCRBIO SyGreen 

mix Hi-ROX protocol (PCR Biosystems). All preparation steps were 

performed on ice. A duplicate MM reaction was prepared for each gene per 

sample using the components below: 

Component 
 

Volume for 1x reaction 

qPCRBIO SyGreen mix Hi-ROX 
 

5 µL 

Primer mix  
(5µM Forward & 5µM Reverse) 

 

2 µL 

Nuclease-free water 
 

2.8 µL 

cDNA (2.12.3.) 
 

0.2 µL 

Total Volume 
 

10 µL 

 

 

Subsequently the corresponding 10µL MM in replicates was added to qPCR 

plates and centrifuged at 4000 rpm for 5 min, +4°C, to remove bubbles which 

could affect the result. The qPCR plate is then placed in a qPCR machine 

(Applied Biosystems – StepOne Plus RT PCR – Software v2.2.2), using the 

following parameters: 
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 Holding 
Stage 

 

Cycling Stage (40X) Melt Curve Stage (Step 
and Hold) 

Step Number 
 

1 1 2 1 2 3 

Ramp before 
the step 

100% 100% 100% 
 

100% 100% +1°C 

Temperature 95°C 95°C X°C  
(This is the 
annealing 

temperature, 
adjust to 
specific 

primer. See 
table 2.4) 

95°C 65°C 90°C 

Time 00:20 00:03 00:30 00:15 01:00 00:15 

 

2.12.6. cDNA synthesis of total RNA for miRNA expression 

cDNA was made from total RNA using the TaqMan MicroRNA Reverse 

Transcription Kit (Life Technologies). Preparation steps were performed on 

ice. A 1x MM reaction was prepared for each primer with corresponding 

sample, using the following components: 

 
Component 

 
Volume for 1x reaction 

100mM dNTPs (with dTTP) 
 

0.15 µL 

MultiScribe RTase, 50U/µL 
 

1.00 µL 

10 x Reverse transcriptase Buffer 
 

1.50 µL 

RNase Inhibitor, 20U/µL 
 

0.19 µL 

Nuclease-free water 
 

4.16 µL 

Total Volume 7.00 µL 
 

 
 
7µL (1x Reaction) MM, 5µL of 1ng/µL total RNA, and 3µL of (5x) 

corresponding Reverse Transcription primer (Applied biosystems – U6 - 

#001973; miR-486-5p - #001278) was added to a 0.2mL PCR tube, totalling 
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to 15µL. All PCR tubes were then placed into the MasterCycler Nexus GSX1 

Thermal cycler and placed under the following conditions: 

 
Step 

 
Time Temperature 

Hold 30 min 
 

16°C 

Hold 30 min 
 

42°C 

Hold 5 min 85°C 

Hold ∞ 
 

4°C 

 
 

2.12.7. Real-time Polymerase Chain Reaction (RT-PCR) for miRNA 

Quantification of miRNA expression was performed using TaqMan Universal 

Master Mix II (Applied Biosystems). All preparation steps were performed on 

ice. A duplicate MM reaction was prepared for each gene per sample using 

the components below: 

Component Volume for 1x reaction 

TaqMan MicroRNA Assay (20x) 
Applied Biosystems 

U6 – #001973 

miR-486-5p – #001278 

1 µL 

PCR Master Mix II 10 µL 

Nuclease-free water 7.67 µL 

Total Volume 18.67 µL 

 

Then 1.33 µL cDNA produced in section 2.12.6. was added to each 1x MM 

and placed within qPCR plates. The plates were then centrifuged at 4000 

rpm for 5 min, +4°C, to remove bubbles which could affect the result. The 

qPCR plate is then placed in a real time – quantitative polymerase chain 
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reaction (RT-qPCR) machine (Applied Biosystems – StepOne Plus RT PCR 

– Software v2.2.2), using the following parameters: 

 Holding Stage Cycling Stage 

Step Number 1 1 2 

Ramp before the 
step 

100% 100% 100% 

Temperature 95°C 95°C 60°C 

Time 10:00 00:15 01:00 

 

 

2.12.8. Real-time Polymerase Chain Reaction (RT-PCR) for pri-

miRNA 

The cDNA is made as described in section 2.12.3.  

Quantification of mRNA expression was measured using qPCRBIO SyGreen 

mix Hi-ROX protocol (PCR Biosystems). All preparation steps were 

performed on ice. A duplicate MM reaction was prepared for each gene per 

sample using the components below: 

Component 
 

Volume for 1x reaction 

qPCRBIO SyGreen mix Hi-ROX 
 

5 µL 

Primer mix  
(5µM Forward & 5µM Reverse) 

 

2 µL 

Nuclease-free water 
 

2.8 µL 

cDNA (2.12.3.) 
 

0.2 µL 

Total Volume 
 

10 µL 

 

Subsequently the corresponding 10µL MM in replicates was added to qPCR 

plates and centrifuged at 4000 rpm for 5 min, +4°C, to remove bubbles which 

could affect the result. The qPCR plate is then placed in a RT-qPCR machine 
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(Applied Biosystems – StepOne Plus RT PCR – Software v2.2.2), using the 

following parameters: 

 Holding 
Stage 

 

Cycling Stage (40X) Melt Curve Stage (Step 
and Hold) 

Step Number 
 

1 1 2 1 2 3 

Ramp before 
the step 

100% 100% 100% 
 

100% 100% +1°C 

Temperature 95°C 95°C 62°C  95°C 65°C 90°C 

Time 00:20 00:03 00:30 00:15 01:00 00:15 

 

2.12.9. Data Analysis 

The raw cycle threshold (Ct) values were inserted into a BioRad excel file 

called GeneX. Firstly, GeneX converts the Ct values into a relative 

expression value of each gene within each sample using the algorithms 

outlined by Vandesompele et al. 2002. All data is normalised to the 

experiments relative housing gene. MiRNA analysis is normalised to U6 and 

mRNA analysis is normalised to GAPDH. Secondly, GeneX compares each 

sample’s relative expression to the other to find the relative expression 

between each group. Replicates were pooled and mean values were 

presented +/- standard deviation. Independent t-test was used to determine 

the significance of the difference between each of the groups in all qPCR 

statistical analyses. 
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2.13. MiRNA Direct Target 
 
2.13.1. CADM1 3’UTR Plasmid Construction 
 
2.13.1.1. Human Genomic DNA Isolation 

PHEK cells were grown in a P35 plate until 90% confluency. The cells were 

then trypsinised in 3mL TrypLE (Gibco) for 5 min at rt. The trypsin was 

neutralised by 3mL of trypsin neutralising solution (TNS). The PHEK cells 

were pelleted in a centrifuged at 1200rpm for 5 min. The supernatant was 

removed and the PHEK cells were resuspended in 50µL of media. Human 

genomic DNA was isolated from the PHEK cells using the QIAamp DNA 

Micro Kit (Qiagen). 50µL Buffer ATL, 10µL proteinase K and 100µL Buffer AL 

were added to the PHEK cells and incubated at 56°C for 10min. 50µL 

ethanol (96-100%) was added and incubated for 3min at rt. The entire lysate 

mix was added to a QIAamp MinElute column and centrifuged at 8000rpm for 

1 min, rt. The flow through was discarded. The column was then washed 

twice. Firstly, 500µL Buffer AW1 was added to the column membrane and 

centrifuged at 8000rpm for 1min, rt. Secondly, 500µL Buffer AW2 was added 

to the column membrane, then centrifuged at 8000rpm for 1 min, rt. The flow 

through was discarded after each wash. Penultimately, the spin column was 

centrifuged at 13,000rpm for 3 min to dry the column’s membrane. Finally, 

the spin column was transferred to a clean collection tube. The elution of the 

DNA was achieved by adding 50µL Buffer AE to the column membrane for 1 

min prior to centrifugation at 13,000rpm for 1 min, rt. The genomic DNA 

quality and concentration was assessed using NanoPhotometer (Implen). A 

quality A260/A280 ratio of 1.7-2.0 was accepted. 



 68 

2.13.1.2. CADM1 3’UTR 

2.13.1.2.1. Primer design 

TargetScan (http://www.targetscan.org/vert_72/) is a bioinformatic software 

that predicts potential miRNA targets. The software predicted that miR-486-

5p has two potential conserved binding sites to cell adhesion molecule 1’s 

(CADM1) 3’UTR (Table 2.5). Genomic sequences of the two binding sites 

were retrieved from the UCSC genome browser (https://genome.ucsc.edu). 

As the two binding sites were only 1.795 kilobases (kb) apart, the entire 

sequence plus 1kb (~0.5kb either end) was selected to represent the 

CADM1’s 3’UTR (2.866kb). Forward and Reverse primers (Table 2.6) were 

designed to contain 23 nucleotide-long sequences complementary to both 

strands with addition of restriction enzyme sites to allow future ligation of the 

CADM1 3’UTR with PsiCHECK2 plasmid (Promega). CADM1 3’UTR forward 

primer and reverse primer contain the XhoI and NotI restriction sequence, 

respectively (Appendix A). 

 
Position 718-724 of CADM1 3’UTR 5’ ..UGGAACUACAUUACUGUACAGGG… 

3’    GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Position 2520-2526 of CADM1 3’UTR 5’ ..GUUGAGUAUUACUUUGUACAGGU… 

3’     GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

 

Primer  Sequence 

CADM1 3’UTR Forward primer agccgtctcgagGGTGTCCAACTGGCCCTATT 

CADM1 3’UTR Reverse primer gcagtcgcggccgcCGGAGGCGTCCATAAGAAGT 

 

Table 2.6. CADM1 3’UTR PCR primers containing restriction sites 

Table 2.5. Predicted conserved binding sites of miR-486-5p to CADM1 3’UTR 
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2.13.1.2.2. CADM1 3’UTR PCR 

To amplify the CADM1 3’UTR region of DNA, a High-Fidelity PCR EcoDry 

Premix (TaKaRa) was used. The PCR mix was prepared with the following 

components: 

 

All PCR tubes were then placed into the MasterCycler Nexus GSX1 Thermal 

cycler and placed under the following conditions: 

 
 Holding 

Stage 
 

Cycling Stage (35X)  Hold 

Step Number 
 

1 1 2 1 1 

Temperature 95°C 95°C X°C  
(Optimised 
annealing 

temperature) 

68°C 4°C 

Time 01:00 00:30 03:00 03:00 ∞ 

 

The optimal temperature for the CADM1 3’UTR primers was 63.7°C 

(Appendix B). Five CADM1 3’UTR PCR reactions at 63.7°C were pooled 

together and then ‘cleaned-up’ (section 2.13.1.3). 

 

Component Volume/ Final Concentration 

Human Genomic DNA (Template) (2.12.1.1) 50ng 

Primers 400nM 

High-Fidelity PCR EcoDry Premix 1 Tube 

Nuclease-free water XµL 

Total 25µL 
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2.13.1.3. PCR product ‘clean-up’ 

To remove impurities including dNTPs, primers and DNA fragments from the 

CADM1 3’UTR PCR product (section 2.13.1.2.2.), a QIAquick PCR 

Purification Kit was used. 125µL of Buffer PB was added to the 25µL PCR 

product. The mix was added to a QIAquick column and centrifuged at 

13,000rpm for 1 min. The flow through was discarded. To wash the DNA, 

750µL Buffer PE was applied to the spin column membrane and centrifuged 

at 13,000rpm for 1 min. The flow through was discarded and the spin column 

was centrifuged at 13,000rpm for 1 min to dry the column’s membrane. The 

spin column was transferred to a clean collection tube. The ‘cleaned’ DNA 

was eluted by adding 50µL Buffer EB to the column membrane for 1 min, 

prior to centrifugation at 13,000rpm for 1 min, rt. The ‘cleaned’ DNA quality 

and concentration was assessed using a NanoPhotometer (Implen). A quality 

A260/A280 ratio of 1.7-2.0 was accepted. The DNA size was checked in a 

0.8% agarose gel (section 2.13.1.7.) (Appendix C). 

 

2.13.1.4. DH5a cells transformed with plasmid 

PsiCHECK2 (Promega), CADM1 3’UTR (2.13.1.8.) and mutated 3’UTR 

(2.13.2.) plasmids were transformed into DH5a cells. This was achieved by 

heat shocking 50µl DH5a cells (Invitrogen) at 42°C for 20 sec with 10ng of 

relative plasmid, then immediately placing the cells on ice for 2 min. 150µL of 

pre-warmed S.O.C. medium (Invitrogen) was then added and placed on a 

thermo-shaker (Grant-bio) at 37°C, 250rpm for 1 hour. The cell mixture was 

spread across a LB agar plate containing 100µg/mL ampicillin (Sigma) and 
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incubated overnight at 37°C. A single transformed colony was inoculated into 

3mL LB broth (Melford) containing 100µg/mL ampicillin and incubated on a 

shaker overnight at 37°C. The following day 150µL of cells were added to 

300µL of 50% glycerol and stored as stock at -80°C. The remaining cells 

were pelleted by centrifugation at 4000rpm, 4°C, ready for plasmid isolation 

(section 2.13.1.5.). 

 

2.13.1.5. Plasmid isolation 

Plasmid isolation was achieved by using a QIAprep Spin Miniprep Kit 

(Qiagen). First the pellet from 2.13.4. was suspended in 250µL Buffer P1. 

250µL Lysis Buffer P2 was added for up to 5 min (rt) incubation, followed by 

350µL Neutralising Buffer N3. The mix was centrifuged at 13,000rpm for 10 

min, rt. The supernatant was then added to a QIAprep spin column and 

centrifuged at 13000rpm for 1 min. 500µL Wash Buffer PB was added to the 

column membrane and centrifuged at 13000rpm for 1 min. 750µL Wash 

Buffer PE was added to the column membrane and centrifuged at 13000rpm 

for 1 min. The flow through was discarded after each wash. The spin column 

was centrifuged for 1 min at 13000rpm to dry the column membrane. The 

spin column was transferred to a clean collection tube. The plasmids were 

eluted by adding 50µL Buffer EB to the column membrane for 1 min, prior to 

centrifugation at 13,000rpm for 1 min, rt. The plasmid quality and 

concentration were assessed using a nanodrop. A quality A260/A280 ratio of 

1.7-2.0 was accepted. 
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2.13.1.6. Digestion 

2.13.1.6.1. PsiCHECK2 plasmid and CADM1 3’UTR PCR product 

digestion 

PsiCHECK2 plasmid and CADM1 3’UTR PCR product were digested with 

two restriction enzymes, NotI and XhoI (New England Biolabs) to provide 

‘sticky ends’ for PsiCHECK2 plasmid and CADM1 3’UTR PCR product 

ligation. This was achieved by adding the following: 

 

The mix was incubated overnight at 37°C, 250rpm, then the enzymes were 

inactivated at 65°C, 250rpm for 20 min on a thermo-shaker. All digested 

products were evaluated for their correct length using a 0.8% agarose gel 

(section 2.13.1.7.) (Appendix D). 

2.13.1.7. Agarose gel 

0.8% agarose gel with 0.3µg/mL ethidium bromide (Invitrogen) and a 10kb 

HighRanger Plus DNA ladder (Norgen) was used to check the DNA lengths 

post digestion. The bands were observed using GeneSnap software (version 

7.12) and Syngene UV light box. 

Component Volume/ Final Concentration 

Restriction Enzyme 1µL NotI 

1µL XhoI 

DNA 1µg 

CutSmart Buffer 5µL 

Nuclease-free water XµL 

Total 50µL 
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2.13.1.8. Ligation 

To ligate the PsiCHECK2 and CADM1 3’UTR PCR product’s sticky ends, a 

T4 ligase kit (Invitrogen) was used. This was attained by making the following 

mix: 

Components Volume/ Final Concentration 

5x Ligase Reaction Buffer 4µL 

‘Digested’ Plasmid 350ng (30fmol) 

‘Digested’ CADM1 3’UTR PCR 

product 

50ng (90fmol) 

T4 DNA Ligase 0.1µL (0.1unit) 

Nuclease-free water XµL  

Total 20µL 

 The mix was incubated for 1 hour, rt. The plasmid was then transformed into 

DH5a cells (section 2.13.1.4.) (Appendix F). 

2.13.1.9. Verification of CADM1 3’UTR plasmid digestion 

The CADM1 3’UTR plasmid was digested with NotI, XhoI and HindIII (0.5µL) 

restrict enzymes to check correct plasmid construct (section 2.13.4.1.). First, 

NotI and XhoI were used individually to give one band at 9.115kb, which 

corresponds to the expected linearised plasmid (Appendix E), in a 0.8% 

agarose gel (section 2.13.1.7.). Secondly, NotI and XhoI were used together 

to show two bands at 2.873kb (CADM1 3’UTR PCR product) and 6.242kb 

(PsiCHECK2 plasmid) (Appendix E) in a 0.8% agarose gel (section 

2.13.1.7.). Finally, to check the orientation of the CADM1 3’UTR PCR 
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product into the PsiCHECK2 plasmid was correct, HindIII digests the CADM1 

3’UTR plasmid in three places. When the correct orientation is digested the 

three bands will be seen at 4.196kb, 3829kb and 1090kb, and if the incorrect 

orientation is digested the bands will be observed at 4.196kb, 3.443kb and 

1.486kb in a 0.8% agarose gel (section 2.13.1.7.). In this experiment the 

correct orientation was witnessed (Appendix E). 

2.13.2. CADM1 3’UTR plasmid mutation 

2.13.2.1. Primer design 

Primers were designed to mutate 4nt within the potential miR-486-5p binding 

sites of the CADM1 3’UTR plasmid. The forward primers bare the 4nt bases 

(Table. 2.7, lower case) that are to be mutated to disrupt the potential miR-

486-5p binding sites of the CADM1 3’UTR plasmid. 

 

 

 

Primer Sequence 

Mutation point 
721-724 Forward 

 

CATTACTGTAtcacGTTATCTGCAAGTGAGGTG 

Mutation point 
721-724 Reverse 

 

TAGTTCCACAGCAAACAG 

Mutation point 
2523-2526 
Forward 

 
TTACTTTGTAgtatTTGATCACTTTTTTTAGAGTGAAGAAAG 

Mutation point 
2523-2526 
Reverse 

 

TACTCAACAATACATTTCAAAC 

Table 2.7. Designed forward and reverse primers to mutate the potential miR-486-5p binding 
sites of CADM1 3’UTR plasmid 
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2.13.2.2. CADM1 3’UTR plasmid mutation PCR 

Both potential miR-486-5p binding sites of the CADM1 3’UTR plasmid were 

mutated using a Q5 Site-Directed Mutagenesis kit (New England Biolabs). 

The PCR reaction mix to generate a 4nt mutation within the potential miR-

486-5p binding sites of the CADM1 3’UTR plasmid consisted of the following: 

 

 All PCR tubes were then placed into the MasterCycler Nexus GSX1 Thermal 

cycler and placed under the following conditions: 

The optimal temperature for the Mutation point 721-724 primers was 60.5°C 

and the Mutation point 2523-2526 primers was 59.1°C. 

 

Component Volume 

Q5 Hot Start High-Fidelity 2x MM 12.5µL 

10µM Forward Primer 1.25µL 

10µM Reverse Primer 1.25µL 

10ng/µL CADM1 3’UTR plasmid 1µL 

Nuclease-free water 9µL 

 Initial 
Denaturation 

 

Cycling Stage (25X) Final 
Extension 

Hold 

Step 
Number 

 

1 1 2 3 1 1 

Temperature 98°C 98°C X°C  
(Optimised 
annealing 

temperature) 
 

72°C 72°C 10°C 

Time 00:30 00:10 00:30 04:30 02:00 ∞ 
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1µL PCR product was then added to a KLD MM (5µL 2xKLD reaction buffer, 

1µL 10xKLD enzyme mix, 3µL nuclease-free water) and incubated for 5 min, 

rt. This mix contains phosphorylating kinase and ligase to ligate the ends of 

the PCR product together, and DpnI to degrade the plasmid DNA template. 

DH5a cells were then transformed with the 5uL KLD mix (section 2.13.1.4.). 

2.13.3. Luciferase Reporter Assay 
 

1 × 10! Hela cells in 65µL media (section 2.8.2) were seeded per well into a 

white bottomed 96-well plate 24 hours prior to transfection. Media was 

changed to antibiotic-free media 1 hour prior to transfection. The Hela cells 

were split into three 96-wells per transfection group and transfected for 24 

hours. The transfection media consisted of 0.3µL Lipofectamine 3000 

reagent, 200ng plasmid, 200mM mimic diluted in opti-MEM totalling to 10µL 

per well (ThermoFisher Scientific) per well. The transfection groups were as 

follows: 

1)  Cells only 

2)  Negative PsiCHECK2 plasmid (3’UTR negative) only 

3)  CADM1 3’UTR only 

4)  CADM1 3’UTR + mimic scrambled control  

5)  CADM1 3’UTR + miR-486-5p mimic 

6)  Mutation 721-724 CADM1 3’UTR plasmid 

7)  Mutation 721-724 CADM1 3’UTR plasmid + scrambled mimic 

8)  Mutation 721-724 CADM1 3’UTR plasmid + miR-486-5p mimic 

9)  Mutation 2523-2526 CADM1 3’UTR plasmid 

10)  Mutation 2523-2526 CADM1 3’UTR plasmid + scrambled mimic 



 77 

11)  Mutation 2523-2526 CADM1 3’UTR plasmid + miR-486-5p mimic 

 
 
After the 24 hours transfection, 20µL passive lysis buffer was added to each 

well and incubated for 5 min, rt. 100µL Luciferase assay buffer (containing 

luciferase substrate) was then added to each well and incubated for 10min, 

rt. Firefly luciferase activity of each well was read (Tecan, infinite) for 10 sec 

with a 2 sec delay between each well reading. Immediately after reading, 

100µL of Stop and Glo reagent was added to each well and incubated for 5 

min, rt. Renilla luciferase activity of each well was read for 10 sec with a 2 

sec delay between each well reading. 

Firefly luciferase/Renilla luciferase activity ratio of each well was averaged 

within each transfection group and analysed. The data were pooled, mean ±  

SD were calculated and independent t-test was used to determine the 

significance of the difference between each of the groups. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3: Results 
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 3.1. Changes in the miRNA signatures in the mouse alopecia 

areata-affected skin  

To characterise the miRNA profile in the skin of C3H/HeJ mice affected by 

AA, miRNA microarray analysis was performed by LC Sciences, (Houston, 

TX, USA) as was previously described (Mardaryev et al., 2010). Total RNA 

was obtained from the mouse back skin with non-grafted, spontaneously 

developed alopecia, whilst different C3H/HeJ mice with non-affected anagen 

VI skin were served as a control. Global miRNA microarray analysis revealed 

that 22 out of 310 miRNAs (Appendix J) exhibited significant (p<0.01) two-

fold and higher changes in their expression in alopecic skin versus anagen 

VI control (Fig. 3.1A). Of the 22 miRNA, miR-486-5p and miR-451-5p were 

found to be the most significantly downregulated miRNAs between the 

alopecic and normal anagen VI skin (Fig. 3.1B). 

To validate microarray analysis and explore the expression pattern of miR-

486-5p and miR-451-5p in healthy anagen VI and alopecic skin, in situ 

hybridisation was performed (Fig. 3.2A). In non-affected anagen skin, miR-

486-5p was prominently expressed in the HF matrix, ORS and IRS, whilst 

miR-451-5p expression was restricted to the hair matrix. The expression of 

miR-486-5p was dramatically reduced in the AA affected HFs, whilst miR-

451-5p expression was completely lost in AA affected skin (Fig 3.2B). 
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3.2. Exploring a functional significance of miR-486-5p and miR-

451-5p in mouse skin 

As C3H/HeJ alopecic skin showed miR-486-5p and miR-451-5p to be 

downregulated compared to anagen VI skin, and are localised mainly within 

the HF, it was hypothesised that miR-486-5p and miR-451-5p could play a 

role in prevention of the collapse of HFs IP in the normal anagen HF or 

control apoptosis in the HF epithelium. 

To begin investigating the potential role miR-486-5p and miR-451-5p has in 

the development of AA, a pilot study was performed. AA grafted C3H/HeJ 

mice were subcutaneously administered with miR-486-5p or miR-451-5p 

mimics adjacent to the graft area bi-daily, for a time period of 12 days. The 

skin was harvested seven days after the last treatment (Fig 3.3). Intradermal 

delivery of miR-486-5p mimic prevented premature entrance of the HFs into 

the catagen phase induced by the grafting of AA affected skin. The majority 

of the HFs in miR-486-5p treated skin remained in anagen VI, whilst miR-

451-5p and corresponding control HFs were found to be in the late catagen 

phase. To investigate the differences in immune response the expression of 

CD8 and CD4 antigens were analysed by immunofluorescent staining. MiR-

486-5p overexpressed skin proved to drastically reduce the recruitment of 

both CD4+ and CD8+ lymphocytes peri- and intra-follicularly, whilst miR-451-

5p had little to no effect compared to the corresponding control. These data 

supported the original hypothesis that miR-486-5p could play a protective 

role in the pathogenesis of AA. 
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To explore functional effects of miR-486-5p and miR-451-5p on the hair cycle 

progression miR-486-5p and miR-451-5p inhibitory antago-miRNAs and the 

corresponding controls were subcutaneous administered into the mice back 

skin at the postnatal day 23 (P23) that corresponds to the anagen onset 

state (Müller-Röver et al., 2001). On day 5 after inhibitor injections (P28) hair 

loss around the injection site was observed, whereas a full coat was seen in 

the control group (Fig. 3.4A). Histological analysis showed delayed anagen 

progression in mice treated with miR-486-5p and miR-451-5p inhibitors, 

whilst the effect was more pronounced in mice treated with anti-miR-486-5p 

(Fig. 3.4B). In addition, numerous NKG2D+ cells were detected in the anti-

miR-486-5p treated skin and were localised in and around the HFs (Fig. 

3.4C). 
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3.3. Expression of miR-486-5p and miR-451-5p in human healthy 

and alopecia areata-affected hair follicles  

To begin to explore the potential involvement of miR-486-5p and miR-451-5p 

in the pathogenesis of AA in human HFs, their expressions were studied in 

human healthy anagen and AA affected HFs by in situ hybridisation. 

Prominent expression of miR-486-5p was observed throughout the ORS, 

with a moderate increase in the expression within the matrix of healthy HFs, 

whilst only a very weak expression of miR-451-5p was seen in the hair matrix 

(Fig. 3.5A). In AA skin, very weak expression of miR-486-5p was seen in the 

regressing HFs (Fig. 3.5B). 
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3.4. Inhibition of miR-486-5p activity in human hair follicles ex 

vivo results in the premature catagen development 

To investigate if miR-486-5p could regulate hair cycle progression in the 

human HF, micro-dissected HFs were cultured ex vivo and transfected with 

either miR-486-5p inhibitor or scrambled miRNA control. 87% of HFs 

transfected with control miRNA remained in anagen phase, whilst 77% of the 

HFs transfected with anti-miR-486-5p entered catagen phase (Fig. 3.6A). 

Hair cycle score index showed anti-miR-486-5p was significantly pro-

catagenic (Fig. 3.6B). These observations suggest that miR-486-5p is 

needed for anagen maintenance and, therefore, could play a protective role 

against premature catagen development during AA. 

The inhibition of miR-486-5p in the HF resulted in the upregulation of mRNA 

expression in the components of MHC class 1 pathway, such as transcripts 

of HLA-A and -B. In addition, inhibition of miR-486-5p caused marked 

upregulation of the expression of ICAM1 encoding intercellular adhesion 

molecule 1 (Fig. 3.7). 
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Immunostaining analysis revealed that the expression of IRF1 in the HF 

matrix and ORS was dramatically increased (Fig. 3.8), which could be a 

result of up-regulation of HLA class 1 expression. The latter was significantly 

increased in the HF matrix, ORS and DP, at around 4-fold higher in HFs 

treated with anti-miR-486-5p compared to the control (Fig. 3.9). 
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3.5. Interferon-g inhibits the expression of miR-486-5p in human 

hair follicles and keratinocytes 

To determine if the expression of miR-486-5p is IFN-g dependent, the 

collapse of IP in human HF ex vivo model (Ito et al., 2004) was utilised. 

Micro-dissected HFs were treated with 75 IU/mL IFN-g and expression of IP 

markers, including HLA-A, HLA-B and ICAM1 were analysed using qPCR. 

Indeed, IFN-g treatment resulted in the increased expression of HLA-A, HLA-

B and ICAM1 transcripts suggesting that the HF IP was compromised (Fig. 

3.10A). This was associated with down-regulation in the expression of miR-

486-5p and its primary transcript, pri-miR-486 (Fig. 3.10B). 

In addition, the effect of IFN-g on the expression of miR-486-5p was 

evaluated in HaCaT and PHEK in vitro. Levels of miR-486-5p were 

downregulated in keratinocyte cultures treated with IFN-g (Fig. 3.11A). 

Moreover, IFN-g exerted negative effect on the expression of pri-miR-486 in 

HaCaT and PHEK, which suggests that IFN-g regulates miR-486-5p on a 

transcriptional level (Fig. 3.11B). 
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3.6. Forced miR-486-5p activity induces complex changes in gene 

expression program in keratinocytes 

To identify the downstream targets of miR-486-5p and the biological 

processes they regulate in keratinocytes, global transcriptome profiling was 

performed in primary human epidermal keratinocytes transfected with the 

miR-486-5p mimic, followed by PANTHER pathway analysis 

(http://geneontology.org). These data show significantly altered expression in 

the components of inflammation mediated by chemokine and cytokine 

signalling pathways (the top category) and interleukin signalling pathway (the 

penultimate category) (Fig. 3.12), including such genes as IRF1, IFI30, 

TAP1, IL1B, CXCL10, TLR3, IL15RA, CCR7, CCL20 and TNF (Table 3.1). 

Those genes that where downregulated by 1.5-fold or more after miR-486-5p 

overexpression were also displayed in STRING format (Protein-Protein 

Interaction Networks Functional Enrichment Analysis; https://string-db.org) to 

identify miR-486-5p-dependent molecular networks in epidermal 

keratinocytes. A focused look into those gene networks revealed three major 

molecular clusters that are controlled by miR-486-5p, namely 1) IFN-g 

signalling, 2) interleukin and 3) cytokine signalling pathways (Fig. 3.13). By 

limiting the STRING analysis to set of genes that were downregulated in 

miR-486-5p-overexpressing cells and also associated with AA-related 

PANTHER pathways, we reconstructed complex molecular and functional 

interactions within each cluster and between clusters. The data showed 533 

connections with a 1.42 average connection per gene and a significant 

enrichment p-value of 0.000074 (Fig. 3.14).  Within the first cluster, IRF1 

was identified as a core gene, whilst IL1B/IL6 and CCL20/CXCL10/CCR7 
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integrate interleukin and cytokine clusters, respectively (Fig. 3.14).  

Interestingly, all three clusters were interconnected via PIK3R1 and PTAFR 

axis. Both proteins function as receptors and are known to be involved in 

mediating inflammatory reactions via stimulation of multiple pro-inflammatory 

signal transduction pathways in response to extracellular signals (Luyendyk 

et al., 2008; Fruman et al., 2017; Chen et al., 2015). 
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GO biological process/  

molecular pathway 

Downregulated transcripts in miR-486-5p 
mimic transfected primary human 
keratinocytes 

Number 
of genes 
affected 

1. Immune system 
process/ Inflammation 
mediated by chemokine 
and cytokine signalling/ 
Interleukin signalling 

IGHV2-70 (1.6), TRDV3 (1.5), CCL20 (1.6), 
IGKV2D-24 (1.5), TNFRSF21 (1.5), IGLV5-48 
(1.5), FPR1 (1.6), CXCL10 (1.5), RNF135 (1.5), 
OAS3 (1.5), CCL18 (1.5), IGKV1-12 (1.8), IFIT3 
(1.5), LGALS7 (1.5), XG (2.1), BCL6 (1.7), IGLV3-
1 (1.6), IGLC2 (1.5), APOBEC3G (1.6), IGKV3-11 
(1.6), UBASH3B (1.7), TMEM173 (1.5), IGKC 
(1.6), CCR7 (1.5), TAP1 (1.5), SIRPG (1.5), 
CTSO (1.7), IFI44L (1.5), IGHV3-30 (1.7), PGF 
(2.2), ABCB9 (1.5), ICOSLG (1.5), OASL (1.5), 
SH2B2 (1.5), PAK6 (1.6), IL6 (1.8), GNG5 (2.1), 
PLCD4 (2.2), GNG7 (1.6), FPR1 (1.6), CXCL10 
(1.5), PTGS1 (1.6), LTB4R2 (1.5), SHC1 (1.5), 
IL1B (1.7), BCL3 (1.7), PTAFR (2.6), ACTA2 (1.9), 
IRF1 (1.6), TNF (1.5), IFI30 (1.6), TAP1 (1.5), 
STAT4 (1.5), FOS (2.4), SRF (2.1), MYC (1.6), 
IL15RA (1.5), IL33 (1.6), PIK3R1 (1.7) 

60 

4. Toll receptor 
signalling  

MAP3K8 (2.1), TLR3 (1.5), FOS (2.4), IL6 (1.8), 
TNF (1.5), IL1B (1.7)  

6 

5. Apoptosis signalling TNF (1.5), BCL2L11 (1.9), FOS (2.4), HSPA2 
(1.5), ATF7 (1.5), TNFRSF10C (2.3), DAPL1 
(3.7), BCL6 (1.7), BCL3 (1.7) 

9 

6. p53 PIK3R1 (1.7), ZMAT3 (1.8), PIK3C2B (1.7) 3 

 

 

 

 

 

 

 

 

 

Table 3.1. Microarray analysis reveals potential pathways and downstream 
targets of miR-486-5p. Genes downregulated within alopecia areata related 
GO pathways analysed by PANTHER with relative downregulated expression in 
brackets (fold-change). 
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To validate our microarray data, we selected a few genes from the list of 

genes down-regulated following miR-486-5p overexpression in PHEK. As 

expected, qPCR analysis revealed reduced transcriptions of Pleomorphic 

adenoma gene-like 2 (PLAGL2) and transducer of ERBB2-1 (TOB1) genes, 

which were also shown to be predicted target genes of miR-486-5p across 

three algorithmic databases (Table 3.2), after miR-486-5p overexpression in 

PHEK (Fig. 3.15). 

 

 

Despite the microarray analysis not detecting significant changes in the 

expression of HLAs genes in response to miR-486-5p overexpression, RT-

qPCR was employed as a more sensitive method. The expression of genes 

that are involved in antigen presentation, HLA-A and -B were found to be 

down-regulated in the keratinocytes in response to miR-486-5p 

overexpression (Fig. 3.16A), which was consistent with HLA class 1 

increased expression in HFs treated with Accell miR-486-5p inhibitor ex vivo 



 100 

(Fig. 3.9). The expression of chemokine CX3CL1 was also downregulated in 

the keratinocytes transfected with miR-486-5p (Fig. 3.16B). 

 

 

 



 101 

3.7. Program algorithms to determine putative direct target of 

miR-486-5p 

To identify candidate target genes of miR-486-5p, the results of microarray 

mRNA profiling were intersected with TargetScan 

(http://www.targetscan.org/), miRDB (http://www.mirdb.org/) and DIANA-

microT (miTG score >0.8) (http://diana.imis.athena-

innovation.gr/DianaTools/index.php) algorithms for prediction of miRNAs 

targets. Of a total of 789 genes predicted to be potential miR-486-5p targets, 

59 genes overlapped across the three data profiles (Fig. 3.17). Table 3.2 

shows the 59 potential miR-486-5p target genes along with their fold change 

expression after miR-486-5p overexpression in the keratinocytes found in 

microarray analysis. 
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3.8. CADM1 is a direct target of miR-486-5p 

CADM1 (Cell Adhesion Molecule 1) was selected as one of the predicted 

miR-486-5p targets (Table 3.3), because it has been previously reported that 

CADM1 increases HF autoimmune alopecia susceptibility in mice (Giangreco 

et al 2012). qPCR analysis of CADM1 mRNA expression in PHEKs after 

miR-486-5p overexpression shows a significant 2-fold downregulation (Fig. 

3.18). Furthermore, the inhibition of miR-486-5p in human anagen HFs 

significantly increased the mRNA expression of CADM1, 2-fold (Fig. 3.20A). 

Immunostaining analysis showed very weak CADM1 expression in the 

control HFs, whilst very prominent expression of CADM1 was seen in the 

hair matrix and ORS of the HFs treated with miR-486-5p inhibitor. 

Quantification of the fluorescence intensity determined a 5-fold increase in 

CADM1 within the ORS of HFs treated with miR-486-5p inhibitor compared 

to the control (Fig. 3.20B). In addition, immunohistochemical analysis of 

CADM1 expression in the C3H/HeJ mouse skin treated with miR-486-5p 

inhibitor (Fig. 3.4) showed a 4-fold increase in fluorescence intensity of 

CADM1 in the hair matrix and ORS compared to the control skin (Fig. 3.21). 

Of note, the expression of CADM1 was also increased in the human HFs 

treated with IFN-g ex vivo (Fig. 3.19); this was associated with 

downregulation of miR-486-5p expression compared to control HFs (Fig. 

3.10B). These data suggest that IFN-g upregulates CADM1 expression 

through the downregulation of miR-486-5p. 
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Luciferase reporter assay was performed to confirm that CADM1 is a 

genuine direct target of miR-486-5p. Co-transfection of HeLa cells with miR-

486-5p mimic and the human CADM1 3′UTR reporter caused a 76% 

reduction in luciferase activity compared to its scrambled mimic control (Fig. 

3.22). The CADM1 3’UTR contains the two predicted conserved target 

sequences of miR-486-5p at position 718-724pb and 2520-2526bp from the 

transcription start site in human, and 793-799bp and 2661-2667 in mice 

(Table 3.3 & Table 3.4). To investigate which or both predicted binding sites 

are the cause of the decrease in luciferase activity, 4nt were mutated within 

each sequence to prevent CADM1 3’UTR-miR-486-5p binding. The 4nt 

mutation of both CADM1 3’UTR binding sites are shown in green in Table 

3.5. The CADM1 3’UTR mutation binding site at 721-724bp led to a recovery 

in luciferase activity by 62%, whilst the mutation at the point 2523-2526bp did 

not show any recovery (Fig. 3.22). These data show that miR-486-5p directly 

targets CADM1 3’UTR at the position 718-724bp. 

 

 

 

Position 718-724 of CADM1 3’UTR plasmid 5’ ..UGGAACUACAUUACUGUACAGGG… 

3’     GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Position 2520-2526 of CADM1 3’UTR plasmid 5’ ..GUUGAGUAUUACUUUGUACAGGU… 

3’     GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Position 793-799 of CADM1 3’UTR plasmid 5’ ..UGGAUCUUCAUUACUGUACAGGG… 

3’     GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Position 2661-2667 of CADM1 3’UTR plasmid 5’ ..GUUGAGUAUUACUUUGUACAGGU… 

3’     GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Table 3.3. Predicted conserved binding sites of miR-486-5p to human CADM1 3’UTR 

 

Table 3.4. Predicted conserved binding sites of miR-486-5p to mouse CADM1 3’UTR 
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Position 721-724 of CADM1 3’UTR plasmid 5’ ..UGGAACUACAUUACUGUAtcacG… 

3’    GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Position 2523-2526 of CADM1 3’UTR plasmid 5’ ..GUUGAGUAUUACUUUGUAgtatU… 

3’     GAGCCCCGUCGAGUCAUGUCCU 
hsa-miR-486-5p 

Table 3.5. Mutated binding sites of miR-486-5p to CADM1 3’UTR 

 



 
 
 
 
 
 
 

4.0.   Discussion 
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4.1. Expression of miR-486-5p and miR-451-5p in normal and alopecia 

areata mouse skin 

The true pathomechanism of AA is still very much unknown. In order to help 

establish a true understanding of the pathomechanism of AA, this study 

looked at the possible impact of miRNAs in this disorder. To pursue this aim, 

we used a well-studied mouse strain C3H/HeJ, which develop AA 

spontaneously or upon skin grafting from AA-affected mice (Sundberg et al., 

1995). MiRNA microarray analysis was undertaken to identify altered miRNA 

expression levels in C3H/HeJ alopecic skin versus C3H/HeJ non-affected, 

anagen VI skin. The results revealed 22 out of 310 miRNAs displayed 

significant changes.  Of these 22, two miRNAs, miR-486-5p and -451-5p, 

were markedly downregulated in alopecic skin 42.92-fold and 13.34-fold, 

respectively (Fig. 3.1). MiR-486-5p appeared as a possible interesting 

candidate for further investigation as Abdallah et al. (2017) showed that miR-

486-5p directly targets ICAM1 mRNA. ICAM1 (CD54) plays an important role 

in leukocyte trafficking and lymphocyte activation by being a ligand for a 

cellular adhesion molecule named lymphocyte function-association antigen-1 

(LFA-1).  LFA-1 is expressed on all leukocytes including B and T cells and 

initiates an immune response when it interacts with ICAM1. ICAM1 

expression has been shown to be increased in HFs with AA (Martz, 1998; 

Müller-Röver et al., 2000), thus if miR-486-5p was downregulated in AA 

allowing an increase in ICAM1 expression, miR-486-5p could be involved in 

AA development. 

The involvement of miR-451-5p in the regulation of apoptosis, inflammation 

or autoimmune conditions has not been characterised in previous studies 
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yet; however due to the dramatic differences in miR-451-5p expression 

detected in AA versus anagen VI skin, miR-451-5p was selected for further 

investigation in this study. 

Wang et al. (2017) recently performed miRNA profiling of healthy vs AA 

C3H/HeJ mice and showed similar expression level changes in both miR-

486-5p and -451-5p with a downregulation of 3-fold and 12-fold, respectively.  

Validation of the miRNA microarray analysis was undertaken using in situ 

hybridisation. The staining showed that miR-486-5p is dramatically reduced 

and miR-451-5p was completely lost in alopecic C3H/HeJ mice. In non-

affected full anagen C3H/HeJ skin, miR-486-5p was shown to be expressed 

in the HF epithelium, hair bulb and outer and inner root sheath, whereas 

miR-451-5p was restricted to the hair matrix only. Considering that the ORS 

is the most common structure targeted by lymphocytes during AA (Tobin et 

al., 1997), diminished miR-486-5p expression in the ORS could be one of the 

factors involved in AA pathogenesis. Furthermore, the basal expression of 

miR-486-5p in non-affected anagen VI C3H/HeJ skin is notably higher than 

miR-451-5p expression, which could indicate that miR-486-5p has a greater 

role in regulation of hair growth and anagen maintenance (Fig. 3.2). At this 

point we hypothesised that miR-486-5p and -451-5p could play a role in 

prevention of the collapse of HF IP in normal anagen HF or control apoptosis 

in the HF epithelium. 
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4.2. Functional analysis of miR-486-5p and miR-451-5p in C3H/HeJ skin 

To begin investigating this hypothesis, a pilot study utilising the C3H/HeJ AA 

mouse model was conducted to determine the functional role of miR-486-5p 

and -451-5p. AA affected C3H/HeJ mice were injected with either miR-486-

5p or miR-451-5p mimic for 7 days prior to skin harvesting (Fig. 2.2). 

Histology revealed that those injected with miR-486-5p mimic resisted to pre-

mature catagen induction by the grafted AA skin, whereas those injected 

with miR-451-5p mimic did not entirely prevent premature catagen and AA 

onset similarly to control mice. It was however noted, that the number of 

intrafollicular and perifollicular CD8+ and CD4+ lymphocytes were greatly 

reduced after miR-486-5p mimic and marginally by miR-451-5p mimic 

compared to the control (Fig. 3.3). This suggests that both miR-486-5p and 

miR-451-5p could play an important role in the regulation and activation of 

an immune response through the attraction of lymphocytes, with miR-486-5p 

being the most effective. 

 

As miR-486-5p and -451-5p have shown implication in maintaining the IP of 

HF, further investigation into their functional role was explored. In order to do 

this, unaffected 23-day postnatal C3H/HeJ mice were treated with anti-miR-

486-5p or -451-5p for 5 days (Fig. 2.1). Hair loss due to delayed anagen 

progression was observed in both anti-miR-486-5p and -451-5p treatment 

groups compared to the control, which regrew a full anagen VI coat. Anti-

miR-486-5p delayed anagen progression throughout the entire injected area 

withholding the follicles in the telogen phase, where as anti-miR-451-5p only 

supressed the HF cycling to anagen IV (Fig. 3.4A, B). Furthermore, within 
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the C3H/HeJ mice treated with anti-miR-486-5p it was observed that 

NKG2D+ cells were present in and around the HFs (Fig. 3.4C). As the 

NKG2D ligand is found on CD8+ T cells and NK cells, which have a high 

affinity for two antigens, MICA and HLA class 1 that are associated to the 

development of AA. As there was an accumulation of NKG2D+ cells it 

suggests there is a loss of HF’s IP, which had resulted in an immune 

response. 

So far, both miR-486-5p and -451-5p have indicated to be involved in HF 

cycling, and AA development though the conservation of the HF’s IP. MiR-

486-5p has, however, shown to have a greater involvement in both HF 

cycling and AA development than miR-451-5p. This could be due to the 

normal basal levels of miR-486-5p being notably higher and the broader 

expression pattern, particularly in the ORS (Fig. 3.2). 

 

 

4.3. Expression of miR-486-5p and miR-451-5p in normal and alopecia 

areata human scalp skin 

With the encouraging results on miR-486-5p and -451-5p roles in AA 

development in the C3H/HeJ mouse model, it was interesting to see if these 

miRNAs have a similar effect in humans. First, in situ hybridisation was 

performed on non-affected, anagen human skin (Fig. 3.5A) vs AA skin (Fig. 

3.5B). The observations were similar to that seen in mouse (Fig. 3.2), as the 

expression pattern of both miRNAs in the non-affected anagen human HFs 

was highly similar, with miR-486-5p being expressed throughout the entire 

follicular epithelium and miR-451-5p being confined to the hair matrix. Similar 
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to mice, miR-486-5p expressed at higher levels than miR-451-5p in the non-

affected anagen HFs, while miR-486-5p expression was downregulated in 

the AA HF compared with healthy donors. However, miR-451-5p was not 

seen to be downregulated in human AA affected HF matrix.  

We decided, at this point, to stop investigating miR-451-5p in AA due to a 

number of reasons: i) no changes in expression of miR-451-5p in human AA 

affected HFs; ii) miR-451-5p mimic treatment showed to be less effective 

than miR-486-5p in preventing AA development in the C3H/HeJ AA mouse 

model; and iii) miR-451-5p did not delay hair cycling to the same degree as 

miR-486-5p or cause HF IP loss after inhibitor treatment in the C3H/HeJ AA 

mouse model. Ultimately, we hypothesised that the decreased expression of 

miR-451-5p seen in mouse AA skin was due to the regressing apoptotic HFs 

and not directly involved in the pathogenesis of AA. 

 

 

4.4. Inhibition of miR-486-5p activity in human hair follicles ex vivo 

results in the premature catagen development 

As anti-miR-486-5p in mice caused a delay in anagen progression, it was 

interesting to see whether there would be any effect on hair growth of human 

HFs after the inhibition of miR-486-5p. Accell miR-486-5p inhibitor was used 

on ex vivo anagen HFs extracted from 6 healthy male donors aged between 

36-53 years. MiR-486-5p inhibition caused premature catagen development 

compared to the control HFs, which generally remained in anagen. Only 23% 

of miR-486-5p-inhibited HFs remained in anagen vs the 87% treated with 

control oligo, and nearly 46% of HFs progressed to mid-catagen in the anti-
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miR-486-5p group, while only 2% in the control (Fig. 3.6A). The hair cycle 

score showed that the overall progression in the hair cycle was significantly 

accelerated in miR-486-5p-inhibited HFs (Fig. 3.6B). 

This observation suggests that miR-486-5p is needed for anagen 

maintenance and, therefore, could play a protective role against pre-mature 

catagen development during alopecia areata and other alopecia.  

 

The qPCR also revealed increased levels of some immune antigen-

presenting cell markers which are recognised by cytotoxic T cells including 

those of MHC I class pathway, such as HLA-a and HLA-b, and ICAM1, which 

were  increased by 2, 1.75, and 2.3-fold, respectfully (Fig. 3.7). With all 

these antigen-presenting markers being increased and Abdallah et al. (2017) 

showing that miR-486-5p directly targets ICAM1, the increase in ICAM1 

expression strongly suggest that miR-486-5p is an IP guardian of the HF. 

Immunofluorescence staining for HLA class 1 showed, whilst there was little 

HLA class 1 antigens found in the control, there was a significant increase 

after treatment with miR-486-5p inhibitor, in particularly in the ORS (Fig. 

3.9).  This result is in line with studies that show increased HLA class 1 

expression in AA (Ito et al., 2004). It was also noticed, that IRF1 expression 

was up-regulated after miR-486-5p inhibitor (Fig. 3.8), which could be a 

reason for HLA class 1 antigens being expressed (Ito et al., 2004). These 

data suggest that miR-486-5p has some involvement in the regulation of 

IFN-g pathway controlling HLA class 1 presentation in ORS. We, therefore, 

hypothesise that miR-486-5p could be a novel target to prevent the IFN-g-
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mediated increase in HLA class 1 expression and lessen the immune 

response against HFs during AA development. 

 

 

4.5. Interferon-g inhibits the expression of miR-486-5p in human hair 
follicles and keratinocytes 
 

To further investigate the new hypothesis of the possible link between IFN-g  

and miR-486-5p in AA pathogenesis, an ex vivo model of IFN-g-mediated IP 

collapse in HFs was utilised (Ito T. et al., 2004). Firstly, micro-dissected HFs 

from 5 male donors aged 46-58 years were treated with 75 IU/mL IFN-g to 

cause their IP collapse, which was confirmed by qPCR showing up-

regulation of HLA-a, HLA-b and ICAM1 expression (Fig. 3.10A). The latter 

was associated with pri-miR-486 transcript and miR-486-5p downregulation 

(Fig. 3.10B). The suppressive effect of IFN-g on miR-486-5p expression was 

also seen in HaCaT and PHEK cells (Fig. 3.11A). Moreover, this regulation 

is most likely to take place at the transcriptional level, because IFN-g also 

supressed the expression of primary miR-486 transcript in HaCaT and PHEK 

cells (Fig. 3.11B).  

Therefore, IFN-g secreted by lymphocytes might negatively impact the 

transcription of miR-486 and consequently expression levels of mature miR-

486, which leads to the upregulation of immune antigens, such as HLA class 

1 and ICAM1, and ultimately the loss of IP status (Fig. 4.1). 
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4.6. Modulation of the miR-486-5p activity induces complex changes in 
gene expression programme in keratinocytes 
 

To identify potential targets that are regulated by miR-486-5p, we performed 

global transcriptome profiling of miR-486-5p-overexpressing PHEK together 

with bioinformatic PANTHER pathway analysis. PANTHER pathway analysis 

showed a strong enrichment of GO terms associated with immune and 

inflammatory response; particularly genes encoding components of 

chemokine and cytokine signalling pathways and interleukin signalling 

IFN-! 

Pri-miR-486 

miR-486-5p 

HLA class 1 

ICAM1 

Immune privilege 

Figure 4.1. IFN-y regulates the hair follicles immune privilege through 
the downregulation of miR-486-5p. IFN-y inhibits miR-486-5p transcript 
along with the immune privilege, while upregulating HLA class 1 and 
ICAM1 antigen expression.  
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pathways were significantly downregulated in miR-486-5p expressing cells 

(Fig. 3.12). These and other genes associated with pathways involved in AA, 

including apoptosis (Norris et al., 1995; Bodemer et al., 2000) and toll-like 

receptors (Alzolibani et al., 2016), are shown in Table 3.1. A number of 

genes that were down-regulated in miR-486-5p expressing human 

keratinocytes, were also reported to be upregulated in human AA skin 

samples (Xing et al., 2014). As shown in Table 4.1, which compares our and 

Xing et al. expression data, miR-486-5p controls expression of several genes 

that are activated in AA suggesting that miR-486-5p is a key player in AA 

pathogenesis. Additional bioinformatic analysis based on STRING mapping 

(Fig. 3.13) confirmed that 266 genes out of 753 downregulated (1.5-fold or 

more) by miR-486-5p overexpression were strongly linked with three main 

gene clusters associated with IFN-g, interleukin and chemokine signalling. 

These data further support the involvement of miR-486-5p in immune 

response regulation and controlling expression of genes found to be affected 

in AA pathogenesis. To take a closer look into those genes downregulated 

by miR-486-5p, the STRING map, figure 3.14 displays those genes found to 

be associated to AA pathogenesis and the current action interactions known. 

The receptors PIK3R1 and PTAFR are the core axis that connects the three 

clusters associated to the mediation of the immune response. Interestingly, 

PIK3R1 mRNA is a potential target of miR-486-5p (Table 3.2.) and in 

conjunction with figure 3.14, miR-486-5p has compelling control in the 

initiation and regulation of the immune response. 

We validated our microarray expression data using qPCR by focusing on the 

genes with known function in AA development. Opposite to the increased 
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HLA class 1 expression in HFs treated with miR-486-5p inhibitor, miR-486-

5p overexpression significantly down-regulated HLA-a and HLA-b transcripts 

in human epidermal keratinocytes (Fig. 3.16A). Furthermore, CX3CL1, one 

of the key players in AA pathogenesis, was also reduced after miR-486-5p 

overexpression (Fig. 3.16B). CX3CL1 is involved in promoting chemotaxis 

and adhesion of lymphocytes and is also known to be stimulated by IFN-g, 

which is classified as the key cytokine in the development of AA (Johnson & 

Jackson, 2013; Sundberg et al., 2016). 

 

It should also be noted that our expression data and analysis allows the 

prediction of new molecular targets that might be involved in hair growth and 

AA pathogenesis. For example, decreased expression of two genes, 

PLAGL2 and TOB1, were further confirmed by qPCR in miR-486-5p 

expressing cells. Despite there being no research relating AA with PLAGL2 

and TOB1, they both have could play a vital role in HF growth. PLAGL2 has 

been shown to block cell cycling and promote apoptosis via p73 pathway 

activation (Hanks & Gauss, 2012). It is possible, therefore, to speculate that 

miR-486-5p could promote HF growth by controlling PLAGL2 expression.  

TOB1 is a negative regulator of the receptor tyrosine-kinase, ERBB2 (Lee et 

al., 2015). ERBB2 is a member of the epidermal growth factor receptor 

(EGFR) family and has been indicated to be required for hair growth 

(Madson & Hansen, 2007; Mak & Chan, 2003). Overall, the downregulation 

of TOB1 after forced miR-486-5p expression, could be a pathway that miR-

486-5p exploits to promote HF growth and anagen maintenance. 
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Up to this point, the data strongly suggests that miR-486-5p is a key player in 

the maintenance of HF growth and the IP, whilst its expression is negatively 

regulated by IFN-g and associated with the development of AA. 

 

 

Gene microarray data comparison 
GeneSymbol miR-486-5p mimic AA vs Healthy 
  Human Mouse 
APOBEC3G -1.6 1.90 - 
ATF7 -1.5 1.59 - 
BCL3 -1.7 - 3.67 
BCL6 -1.7 1.73 - 
CTSO -1.7 1.98 - 
CXCL10 -1.5 12.37 - 
HSPA2 -1.5 - 2.55 
IFI44L -1.5 2.88 - 
IFIT3 -1.5 2.19 4.75 
IL15RA -1.5 1.60 - 
IL33 -1.6 1.63 - 
IRF1 -1.6 1.81 7.61 
OAS3 -1.5 1.71 1.95 
OASL -1.5 1.76 - 
PIK3C2B -1.7 - 2.19 
PTGS1 -1.6 1.56 7.63 
RNF135 -1.5 - 1.68 
STAT4 -1.5 - 1.52 
TLR3 -1.5 2.25 2.55 
TMEM173 -1.5 - 4.93 
TNF -1.5 1.76 - 
TNFRSF21 -1.5 1.52 0.65 

Table 4.1. Genes alter in miR-486-5p overexpression microarray vs 
genes found upregulated in human and mouse alopecia areata. 16 
(human) and 12 (mouse) genes were found to be downregulated in 
the miR-486-5p overexpression array data, while the genes were 
upregulated in alopecia areata (Xing et al., 2014). 
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4.7. The direct regulation of CADM1 by miR-486-5p. 

With miR-486-5p downregulation showing to be implicated in the 

development of AA, we aimed to identify direct targets which miR-486-5p 

downregulates to maintain the HF anagen and IP to prevent the 

development of AA. To begin investigating for direct targets three miRNA 

target algorithm predicting tools, TargetScan, miRDB and DIANA were used 

to shortlist potential target genes of miR-486-5p. Across the three prediction 

tools 542 genes were signified as potential targets, with 59 genes (Table 

3.2) being found to overlap within all three prediction tools (Fig. 3.17). 

Interestingly, PLAGL2 and TOB1 are genes involved in the control of 

apoptosis and proliferation, which have already been shown to be 

downregulated after miR-486-5p overexpression (Fig. 3.15), were predicted 

direct targets of miR-486-5p. Further analysis would be required, but miR-

486-5p could target PLAGL2 and TOB1 directly to initiate and/or maintain the 

anagen stage of the hair cycle. 

As for potential targets of miR-486-5p involved in the pathogenesis of AA, 

the adhesion molecule CADM1 was predicted to be a direct miR-486-5p 

target (Table 3.3). CADM1 is known to functionally regulate CRTAM (class-1 

restricted T cell-associated molecule). CRTAM is a molecule that modulates 

T cell adhesion as strong as other adhesion molecules, such as CD8, thus 

CADM1-CRTAM interaction allows MHC-independent lymphocyte 

cytotoxicity and promotes autoimmune alopecia (Giangreco et al., 2012). 

Therefore, if miR-486-5p directly supresses the expression of CADM1, miR-

486-5p would dampen an immune response towards the HFs by reducing 

CADM1-CRTAM interactions. To begin investigating this link, CADM1 RNA 
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expression was seen to be downregulated 1.75-fold after the overexpression 

of miR-486-5p in PHEKs (Fig. 3.18). Next, CADM1 expression was notably 

increased in C3H/HeJ mouse skin treated with anti-miR-486-5p, particularly 

within the HF (Fig. 3.21A, B). Also, human HFs treated with Accell miR-486-

5p inhibitor showed CADM1 RNA expression was elevated 2-fold (Fig. 

3.20A) and protein expression was significantly increased within the root 

sheath (Fig. 3.20B). Finally, CADM1 RNA expression was increased in HFs 

treated with IFN-g (Fig. 3.19), while miR-486-5p expression levels had 

decreased (Fig. 3.10B).  

As all preliminary data supported that miR-486-5p potentially targets CADM1 

directly, a luciferase reporter assay was employed to confirm this prediction. 

Luciferase reporter assay results showed a significant 76% reduction in 

CADM1 3’UTR luciferase activity after miR-486-5p expression compared to 

scrambled miRNA control (Fig. 3.22). As miR-486-5p had two potential 

targeting sites in the 3’UTR of CADM1 (Table 3.3), 4nts were mutated within 

each predicted binding site separately (Table 3.5). Luciferase activity was 

almost fully recovered using a construct with the mutation at the position 

718-724 of CADM1 3’UTR, whereas the mutation at the position 2520-2526 

showed no recovery. This means miR-486-5p does directly target CADM1 

3’UTR through the position 718-724 and supresses CADM1 expression to 

maintain the HFs IP. 

Taken together (Fig. 4.2), our data uncovered a new mechanism by which 

miR-486-5p prevents AA development through direct inhibition of the 

adhesion molecule CADM1. CADM1 is also known to be richly expressed in 

the HF bulge and regulates epidermal cell motility and proliferation 
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particularly during wound healing (Giangreco et al., 2009). If miR-486-5p was 

used as a treatment through the increasement of its expression, further 

investigation would be required to see the potential impact this would have 

on the ability to reinstate the HF IP and initiate HF growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

miR-486-5p 

HLA class 1 

Immune privilege 

ICAM1 

CADM1 

TOB1 

PLAGL2 

CX3CL1 

Anagen maintenance 

Figure 4.2.  MiR-486-5p maintains anagen hair cycle and the hair follicles 
immune privilege. MiR-486-5p sustains the immune privilege by targeting 
the chemokine CX3CL1, and HLA class 1, ICAM1 and CADM1 antigen 
presentation. MiR-486-5p maintains anagen hair cycling by targeting 
TOB1 and PLAGL2. 
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5. Conclusion 

In conclusion, the above data supports the following: 

1. MiR-486-5p and miR-451-5p were found to be expressed in both 

mouse and human HFs, with miR-486-5p being expressed the highest 

and in more structures of the HF. Within AA affected HFs, miR-486-5p 

and miR-451-5p were both found to be downregulated in C3H-HeJ 

alopecic skin, but only miR-486-5p was found downregulated in 

human AA HFs. 

2. MiR-451-5p has some but little effect in HF IP maintenance and hair 

cycling in C3H/HeJ alopecic mouse models, in comparison to miR-

486-5p. MiR-486-5p plays a putative role in maintaining anagen HFs 

through potential direct target genes including PLAGL2 and TOB1. 

Also, miR-486-5p preserves HF IP by: 

a. significantly repressing the genes associated to interferon, 

cytokine and chemokine signalling pathways. 

b. reduces the presentation of immune antigen markers such as, 

HLA-a and HLA-b indirectly, and ICAM1 and CADM1 directly.  

3. The release of IFN-g by lymphocytes transcriptionally downregulates 

miR-486-5p, which results in an IP loss and premature catagen onset 

during AA development. 

 

Overall, this study shows that miR-486-5p is transcriptionally regulated by 

IFN-g and is a key member involved in anagen HF maintenance and 

prevents AA onset by maintaining the IP. 
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6. Further Work 

To further this study the following investigations should be explored: 

(1) Does the downregulation of miR-486-5p in keratinocytes and/or 

HFs develop a chemotaxis response by lymphocytes?  

As miR-486-5p maintains the IP through the prevention of antigen 

presentation, could the downregulation of miR-486-5p in keratinocytes 

and/or HFs, while co-cultured with lymphocytes, cause chemotaxis 

and mediated lymphocytes-keratinocyte binding via CADM1/CRTAM 

interaction. Flow cytometry would be utilised to analyse binding via 

CD3/CRTAM (lymphocytes) and α6-integrin/CD44 (keratinocytes). 

To measure chemotaxis, miR-486-5p inhibited keratinocytes and 

lymphocytes would be co-cultured using transwell assay. Number of 

lymphocytes that had migrated through the membrane towards the 

keratinocytes would be counted via a flow cytometer using the 

markers, CD3. Also, ELISA would be employed to analysis cytokine 

and/or chemokines released within the media. 

 

(2) Further investigation into the effects miR-486-5p has on the hair 

cycle. 

Through the use of genetically modified mice with constitutive and 

inducible miR-486-5p overexpression or deletion, the role of miR-486-

5p in hair follicle development and postnatal hair cycling. 
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(3) Does the overexpression of TOB1 and/or PLAGL2 cause 

premature catagen?  

As described in section 4.3. and 4.7., TOB1 and PLAGL2 could be 

targeted by miR-486-5p to maintain the anagen growth stage. In order 

to explore this theory, firstly clarify whether TOB1 and PLAGL2 are 

expressed in the HF. Secondly, investigate the gain or loss of function 

in these genes and how they could affect anagen-catagen transition. 

 

(4) Are PLAGL2 and TOB1 are direct targets of miR-486-5p?  

As mRNA expression was downregulated after miR-486-5p 

overexpression, luciferase reporter assay will be employed to validate 

if miR-486-5p directly targets the 3’UTR of TOB1 and PLAGL2 mRNA. 

  

(5) Investigate the potential therapeutic effects of miR-486-5p in 

human AA.  

Investigate the effects of miR-486-5p loss and gain in function has on 

hair growth when applied to a human hair follicle skin graft in SCID 

mouse model. 

 

(6) Search for a regulator that up-regulates miR-486-5p 

Screening for large/small molecules that can increase miR-486-5p 

expression by targeting its promotor region. The molecule could then 

be used as a therapeutic treatment in the prevention of AA and 

perhaps hair loss. 
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Appendix A 
 
Human Genomic DNA sequence containing miR-486-5p binding sites within 
the CADM1 3’UTR (2.13.1.2.1.) 
 
5’ 
GAGGACAGAACAACTCCGAAGAAAAGAAAGAGTACTTCATCTAGATCAGCCTT
TTTGTTTCAATGAGGTGTCCAACTGGCCCTATTTAGATGATAAAGAGACAGTGA
TATTGGAACTTGCGAGAAATTCGTGTGTTTTTTTATGAATGGGTGGAAAGGTGT
GAGACTGGGAAGGCTTGGGATTTGCTGTGTAAAAAAAAAAAAAATGTTCTTTGG
AAAGTACACTCTGCTGTTTGACACCTCTTTTTTCGTTTGTTTGTTTGTTTAATTTT
TATTTCTTCCTACCAAGTCAAACTTGGATACTTGGATTTAGTTTCAGTAGATTGC
AGAAAATTCTGTGCCTTGTTTTTTGTTTGTTTGTTGCGTTCCTTTCTTTTCCCCC
TTTGTGCACATTTATTTCCTCCCTCTACCCCAATTTCGGATTTTTTCCAAAATCT
CCCATTTTGGAATTTGCCTGCTGGGATTCCTTAGACTCTTTTCCTTCCCTTTTCT
GTTCTAGTTTTTTACTTTTGTTTATTTTTATGGTAACTGCTTTCTGTTCCAAATTC
AGTTTCATAAAAGGAGAACCAGCACAGCTTAGATTTCATAGTTCAGAATTTAGT
GTATCCATAATGCATTCTTCTCTGTTGTCGTAAAGATTTGGGTGAACAAACAAT
GAAAACTCTTTGCTGCTGCCCATGTTTCAAATACTTAGAGCAGTGAAGACTAGA
AAATTAGACTGTGATTCAGAAAATGTTCTGTTTGCTGTGGAACTACATTACTGTA
CAGGGTTATCTGCAAGTGAGGTGTGTCACAATGAGATTGAATTTCACTGTCTTT
AATTCTGTATCTGTAGACGGCTCAGTATAGATACCCTACGCTGTCCAGAAAGGT
TTGGGGCAGAAAGGACTCCTCCTTTTTCCATGCCCTAAACAGACCTGACAGGT
GAGGTCTGTTCCTTTTATATAAGTGGACAAATTTTGAGTTGCCACAGGAGGGGA
AGTAGGGAGGGGGGAAATACAGTTCTGCTCTGGTTGTTTCTGTTCCAAATGAT
TCCATCCACCTTTCCCAATCGGCCTTACTTCTCACTAATTTGTAGGAAAAAGCA
AGTTCGTCTGTTGTGCGAATGACTGAATGGGACAGAGTTGATTTTTTTTTTTTTT
TCCTTTGTGCTTAGTTAGGAAGGCAGTAGGATGTGGCCTGCATGTACTGTATAT
TACAGATATTTGTCATGCTGGGATTTCCAACTCGAATCTGTGTGAAACTTTCATT
CCTTCAGATTTGGCTTGACAAAGGCAGGAGGTACAAAAGAAGGGCTGGTATTG
TTCTCACACTGGTCTGCTGTCGCTCTCAGTTCTCGATAGGTCAGAGCAGAGGT
GGAAAAACAGCATGTACGGATTTTCAGTTACTTAATCAAAACTCAAATGTGAGT
GTTTTTATCTTTTTACCTTTCATACACTAGCCTTGGCCTCTTTCCTCAGCCTTAA
GAACCATCTGCCAAAAATTACTGATCCTCGCATGATGGCAGCCATAGTGCATA
GCTACTAAAATCAGTGACCTTGAACATATCTTAGATGGGGAGCCTCGGGAAAA
GGTAGAGGAGTCACGTTACCATTTACATGTTTTAAAGAAAGAAGTGTGGGGATT
TTCACTGAAACGTCTAGGAAATCTAGAAGTAGTCCTGAAGGACAGAAACTAAAC
TCTTACCATATGTTTGGTAAGACTCCAGACTCCAGCTAACAGTCCCTATGGAAA
GATGGCATCAAAAAAGATAGATCTATATATATATATAAATATATATTCTATTACAT
TTTCAGTGAGTAATTTTGGATTTTGCAAGGTGCATTTTTACTATTGTTACATTAT
GTGGAAAACTTATGCTGATTTATTTAAGGGGGAAAAAGTGTCAACTCTTTGTTA
TTTGAAAACATGTTTATTTTTCTTGTCTTTATTTTAACCTTTGATAGAACCATTGC
AATATGGGGGCCTTTTGGGAACGGACTGGTATGTAAAAGAAAATCCATTATCG
AGCAGCATTTTATTTACCCCTCCCCTATCCCTAGGCACTTAACCAAGACAAAAA
GCCACAATGAACATCCCTTTTTCAATGAATTTTATAATCTGCAGCTCTATTCCGA
GCCCTTAGCACCCATTCCGACCATAGTATAATCATATCAAAGGGTGAGAATCAT
TTAGCATGTTGTTGAAAGGTTTTTTTTCAGTTGTTCTTTTTAGAAAAAAAGAAAA
ACAAAAACAAAAACAAAAAAAAAAAATCACACCATTGCTCACAGAATTGGCATC
TCATTTTTGGGACCTCCCATCTTTCTGTTTTGAAAAGTGTACAGTAGTGCAGTG
TTCCTGATGTAACTTTATGGCTTACAATGTTGACATGTCTCAGGTTCATGTGTTG
CGATTGGTGTTTTCCGTCTCAGGTAGATTGCAAAGTGTAGGCCCCACACATTG
GAAAAAATAATAATAAAACAAAGCAAAAACAGGAAATTATGGATTTTAGTTGTAT
ATTGGTTTATGTATTTTTTCTTAAGTATACAGTGCACTGTTTGAAATGTATTGTTG



 149 

AGTATTACTTTGTACAGGTTGATCACTTTTTTTAGAGTGAAGAAAGAACAAACTT
GTTTTTTGTGTTTTTTAAAGGAATATAAAATAATGAAGGATGTATAATTGATGCC
AAATAAGCTTGTTCTTTAGTCACACCGACGTCTTATTTTTCCCTTTAGGCCAGTT
CTGTTTTTAAGGTGTACATGGACAATGTTACAGTGTAAGAAACTCCATATCCAT
ATGTTCCCATTCGCATTTTGTATTGGTTCATGTATACCATTTTTACAAAAAAAAA
AAGAAAAAAAAGAAGTACTATAAAATATCTGTCTTCTTAATAAAAAAAAATTAAT
GTTACAAAGTGATCCTTTAATCTCTTTATGGACTTCTTATGGACGCCTCCGAGT
GAGAGAAGAGATGGGCCTCT 
3’ 
 
Predicted target binding sites for miR-486-5p to CADM1 3’UTR 
 

Position 718-724 of CADM1 3’UTR 
TGGAACTACATTACTGTACAGGG 

 
Position 2520-2526 of CADM1 3’UTR 
GTTGAGTATTACTTTGTACAGGT 

 
CADM1 3’UTR PCR primers containing restriction sites 
 
 hCADM1-FW_XhoI 
 agccgtctcgagGGTGTCCAACTGGCCCTATT 
 

hCADM1-RV_NotI 
gcagtcgcggccgcCGGAGGCGTCCATAAGAAGT 
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Appendix B 
 
CADM1 3’UTR PCR product – Primer Optimisation (2.13.1.2.2.) 
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Appendix C 
 
CADM1 3’UTR pooled PCR product – ‘Cleaned-up’ (2.13.1.3.) 
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Appendix D 
 
PsiCHECK2 plasmid and CADM1 3’UTR PCR product restriction enzyme 
digestion (2.13.1.6.1.) 
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Appendix E 
Confirmation of CADM1 3’UTR plasmid through restriction enzyme digestion 
(2.13.1.6.2.) 
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Appendix F 
 
CADM1 3’UTR plasmid construct (2.12.1.8.) 
 
5’  
AGATCTGCGCAGCACCATGGCCTGAAATAACCTCTGAAAGAGGAACTTGGTTAGGTAC
CTTCTGAGGCGGAAAGAACCAGCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCC
CCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCA
GGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAA
TTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCC
AGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGA
GGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTA
GGCTTTTGCAAAAAGCTTGATTCTTCTGACACAACAGTCTCGAACTTAAGCTGCAGAAG
TTGGTCGTGAGGCACTGGGCAGGTAAGTATCAAGGTTACAAGACAGGTTTAAGGAGAC
CAATAGAAACTGGGCTTGTCGAGACAGAGAAGACTCTTGCGTTTCTGATAGGCACCTAT
TGGTCTTACTGACATCCACTTTGCCTTTCTCTCCACAGGTGTCCACTCCCAGTTCAATTA
CAGCTCTTAAGGCTAGAGTACTTAATACGACTCACTATAGGCTAGCCACCATGGCTTCC
AAGGTGTACGACCCCGAGCAACGCAAACGCATGATCACTGGGCCTCAGTGGTGGGCT
CGCTGCAAGCAAATGAACGTGCTGGACTCCTTCATCAACTACTATGATTCCGAGAAGCA
CGCCGAGAACGCCGTGATTTTTCTGCATGGTAACGCTGCCTCCAGCTACCTGTGGAGG
CACGTCGTGCCTCACATCGAGCCC 
GTGGCTAGATGCATCATCCCTGATCTGATCGGAATGGGTAAGTCCGGCAAGAGCGGGA
ATGGCTCATATCGCCTCCTGGATCACTACAAGTACCTCACCGCTTGGTTCGAGCTGCTG
AACCTTCCAAAGAAAATCATCTTTGTGGGCCACGACTGGGGGGCTTGTCTGGCCTTTCA
CTACTCCTACGAGCACCAAGACAAGATCAAGGCCATCGTCCATGCTGAGAGTGTCGTG
GACGTGATCGAGTCCTGGGACGAGTGGCCTGACATCGAGGAGGATATCGCCCTGATC
AAGAGCGAAGAGGGCGAGAAAATGGTGCTTGAGAATAACTTCTTCGTCGAGACCATGC
TCCCAAGCAAGATCATGCGGAAACTGGAGCCTGAGGAGTTCGCTGCCTACCTGGAGCC
ATTCAAGGAGAAGGGCGAGGTTAGACGGCCTACCCTCTCCTGGCCTCGCGAGATCCCT
CTCGTTAAGGGAGGCAAGCCCGACGTCGTCCAGATTGTCCGCAACTACAACGCCTACC
TTCGGGCCAGCGACGATCTGCCTAAGATGTTCATCGAGTCCGACCCTGGGTTCTTTTC
CAACGCTATTGTCGAGGGAGCTAAGAAGTTCCCTAACACCGAGTTCGTGAAGGTGAAG
GGCCTCCACTTCAGCCAGGAGGACGCTCCAGATGAAATGGGTAAGTACATCAAGAGCT
TCGTGGAGCGCGTGCTGAAGAACGAGCAGTAATTCTAGGCGATCGCtcgagGGTGTCCAAC
TGGCCCTATTTAGATGATAAAGAGACAGTGATATTGGAACTTGCGAGAAATTCGTGTGTTTTTTTATGAAT
GGGTGGAAAGGTGTGAGACTGGGAAGGCTTGGGATTTGCTGTGTAAAAAAAAAAAAAATGTTCTTTGGA
AAGTACACTCTGCTGTTTGACACCTCTTTTTTCGTTTGTTTGTTTGTTTAATTTTTATTTCTTCCTACCAAG
TCAAACTTGGATACTTGGATTTAGTTTCAGTAGATTGCAGAAAATTCTGTGCCTTGTTTTTTGTTTGTTTG
TTGCGTTCCTTTCTTTTCCCCCTTTGTGCACATTTATTTCCTCCCTCTACCCCAATTTCGGATTTTTTCCAA
AATCTCCCATTTTGGAATTTGCCTGCTGGGATTCCTTAGACTCTTTTCCTTCCCTTTTCTGTTCTAGTTTTT
TACTTTTGTTTATTTTTATGGTAACTGCTTTCTGTTCCAAATTCAGTTTCATAAAAGGAGAACCAGCACAG
CTTAGATTTCATAGTTCAGAATTTAGTGTATCCATAATGCATTCTTCTCTGTTGTCGTAAAGATTTGGGTG
AACAAACAATGAAAACTCTTTGCTGCTGCCCATGTTTCAAATACTTAGAGCAGTGAAGACTAGAAAATTA
GACTGTGATTCAGAAAATGTTCTGTTTGCTGTGGAACTACATTACTGTACAGGGTTATCTGCAAGTGAGG
TGTGTCACAATGAGATTGAATTTCACTGTCTTTAATTCTGTATCTGTAGACGGCTCAGTATAGATACCCTA
CGCTGTCCAGAAAGGTTTGGGGCAGAAAGGACTCCTCCTTTTTCCATGCCCTAAACAGACCTGACAGGT
GAGGTCTGTTCCTTTTATATAAGTGGACAAATTTTGAGTTGCCACAGGAGGGGAAGTAGGGAGGGGGG
AAATACAGTTCTGCTCTGGTTGTTTCTGTTCCAAATGATTCCATCCACCTTTCCCAATCGGCCTTACTTCT
CACTAATTTGTAGGAAAAAGCAAGTTCGTCTGTTGTGCGAATGACTGAATGGGACAGAGTTGATTTTTTT
TTTTTTTTCCTTTGTGCTTAGTTAGGAAGGCAGTAGGATGTGGCCTGCATGTACTGTATATTACAGATATT
TGTCATGCTGGGATTTCCAACTCGAATCTGTGTGAAACTTTCATTCCTTCAGATTTGGCTTGACAAAGGC
AGGAGGTACAAAAGAAGGGCTGGTATTGTTCTCACACTGGTCTGCTGTCGCTCTCAGTTCTCGATAGGT
CAGAGCAGAGGTGGAAAAACAGCATGTACGGATTTTCAGTTACTTAATCAAAACTCAAATGTGAGTGTTT
TTATCTTTTTACCTTTCATACACTAGCCTTGGCCTCTTTCCTCAGCCTTAAGAACCATCTGCCAAAAATTA
CTGATCCTCGCATGATGGCAGCCATAGTGCATAGCTACTAAAATCAGTGACCTTGAACATATCTTAGATG
GGGAGCCTCGGGAAAAGGTAGAGGAGTCACGTTACCATTTACATGTTTTAAAGAAAGAAGTGTGGGGAT
TTTCACTGAAACGTCTAGGAAATCTAGAAGTAGTCCTGAAGGACAGAAACTAAACTCTTACCATATGTTT
GGTAAGACTCCAGACTCCAGCTAACAGTCCCTATGGAAAGATGGCATCAAAAAAGATAGATCTATATATA
TATATAAATATATATTCTATTACATTTTCAGTGAGTAATTTTGGATTTTGCAAGGTGCATTTTTACTATTGTT
ACATTATGTGGAAAACTTATGCTGATTTATTTAAGGGGGAAAAAGTGTCAACTCTTTGTTATTTGAAAACA
TGTTTATTTTTCTTGTCTTTATTTTAACCTTTGATAGAACCATTGCAATATGGGGGCCTTTTGGGAACGGA
CTGGTATGTAAAAGAAAATCCATTATCGAGCAGCATTTTATTTACCCCTCCCCTATCCCTAGGCACTTAA
CCAAGACAAAAAGCCACAATGAACATCCCTTTTTCAATGAATTTTATAATCTGCAGCTCTATTCCGAGCC
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CTTAGCACCCATTCCGACCATAGTATAATCATATCAAAGGGTGAGAATCATTTAGCATGTTGTTGAAAGG
TTTTTTTTCAGTTGTTCTTTTTAGAAAAAAAGAAAAACAAAAACAAAAACAAAAAAAAAAAATCACACCATT
GCTCACAGAATTGGCATCTCATTTTTGGGACCTCCCATCTTTCTGTTTTGAAAAGTGTACAGTAGTGCAG
TGTTCCTGATGTAACTTTATGGCTTACAATGTTGACATGTCTCAGGTTCATGTGTTGCGATTGGTGTTTTC
CGTCTCAGGTAGATTGCAAAGTGTAGGCCCCACACATTGGAAAAAATAATAATAAAACAAAGCAAAAACA
GGAAATTATGGATTTTAGTTGTATATTGGTTTATGTATTTTTTCTTAAGTATACAGTGCACTGTTTGAAATG
TATTGTTGAGTATTACTTTGTACAGGTTGATCACTTTTTTTAGAGTGAAGAAAGAACAAACTTGTTTTTTGT
GTTTTTTAAAGGAATATAAAATAATGAAGGATGTATAATTGATGCCAAATAAGCTTGTTCTTTAGTCACAC
CGACGTCTTATTTTTCCCTTTAGGCCAGTTCTGTTTTTAAGGTGTACATGGACAATGTTACAGTGTAAGAA
ACTCCATATCCATATGTTCCCATTCGCATTTTGTATTGGTTCATGTATACCATTTTTACAAAAAAAAAAAGA
AAAAAAAGAAGTACTATAAAATATCTGTCTTCTTAATAAAAAAAAATTAATGTTACAAAGTGATCCTTTAAT
CTCTTTATGGACTTCTTATGGACGCCTCCGgcGGCCGCTGGCCGCAATAAAATATCTTTATTTTC
ATTACATCTGTGTGTTGGTTTTTTGTGTGAGGATCTAAATGAGTCTTCGGACCTCGCGG
GGGCCGCTTAAGCGGTGGTTAGGGTTTGTCTGACGCGGGGGGAGGGGGAAGGAACG
AAACACTCTCATTCGGAGGCGGCTCGGGGTTTGGTCTTGGTGGCCACGGGCACGCAG
AAGAGCGCCGCGATCCTCTTAAGCACCCCCCCGCCCTCCGTGGAGGCGGGGGTTTGG
TCGGCGGGTGGTAACTGGCGGGCCGCTGACTCGGGCGGGTCGCGCGCCCCAGAGTG
TGACCTTTTCGGTCTGCTCGCAGACCCCCGGGCGGCGCCGCCGCGGCGGCGACGGG
CTCGCTGGGTCCTAGGCTCCATGGGGACCGTATACGTGGACAGGCTCTGGAGCATCC
GCACGACTGCGGTGATATTACCGGAGACCTTCTGCGGGACGAGCCGGGTCACGCGGC
TGACGCGGAGCGTCCGTTGGGCGACAAACACCAGGACGGGGCACAGGTACACTATCT
TGTCACCCGGAGGCGCGAGGGACTGCAGGAGCTTCAGGGAGTGGCGCAGCTGCTTCA
TCCCCGTGGCCCGTTGCTCGCGTTTGCTGGCGGTGTCCCCGGAAGAAATATATTTGCA
TGTCTTTAGTTCTATGATGACACAAACCCCGCCCAGCGTCTTGTCATTGGCGAATTCGA
ACACGCAGATGCAGTCGGGGCGGCGCGGTCCCAGGTCCACTTCGCATATTAAGGTGA
CGCGTGTGGCCTCGAACACCGAGCGACCCTGCAGCGACCCGCTTAAAAGCTTGGCAT
TCCGGTACTGTTGGTAAAGCCACCATGGCCGATGCTAAGAACATTAAGAAGGGCCCTG
CTCCCTTCTACCCTCTGGAGGATGGCACCGCTGGCGAGCAGCTGCACAAGGCCATGA
AGAGGTATGCCCTGGTGCCTGGCACCATTGCCTTCACCGATGCCCACATTGAGGTGGA
CATCACCTATGCCGAGTACTTCGAGATGTCTGTGCGCCTGGCCGAGGCCATGAAGAGG
TACGGCCTGAACACCAACCACCGCATCGTGGTGTGCTCTGAGAACTCTCTGCAGTTCT
TCATGCCAGTGCTGGGCGCCCTGTTCATCGGAGTGGCCGTGGCCCCTGCTAACGACA
TTTACAACGAGCGCGAGCTGCTGAACAGCATGGGCATTTCTCAGCCTACCGTGGTGTT
CGTGTCTAAGAAGGGCCTGCAGAAGATCCTGAACGTGCAGAAGAAGCTGCCTATCATC
CAGAAGATCATCATCATGGACTCTAAGACCGACTACCAGGGCTTCCAGAGCATGTACA
CATTCGTGACATCTCATCTGCCTCCTGGCTTCAACGAGTACGACTTCGTGCCAGAGTCT
TTCGACAGGGACAAAACCATTGCCCTGATCATGAACAGCTCTGGGTCTACCGGCCTGC
CTAAGGGCGTGGCCCTGCCTCATCGCACCGCCTGTGTGCGCTTCTCTCACGCCCGCG
ACCCTATTTTCGGCAACCAGATCATCCCCGACACCGCTATTCTGAGCGTGGTGCCATTC
CACCACGGCTTCGGCATGTTCACCACCCTGGGCTACCTGATTTGCGGCTTTCGGGTGG
TGCTGATGTACCGCTTCGAGGAGGAGCTGTTCCTGCGCAGCCTGCAAGACTACAAAAT
TCAGTCTGCCCTGCTGGTGCCAACCCTGTTCAGCTTCTTCGCTAAGAGCACCCTGATC
GACAAGTACGACCTGTCTAACCTGCACGAGATTGCCTCTGGCGGCGCCCCACTGTCTA
AGGAGGTGGGCGAAGCCGTGGCCAAGCGCTTTCATCTGCCAGGCATCCGCCAGGGCT
ACGGCCTGACCGAGACAACCAGCGCCATTCTGATTACCCCAGAGGGCGACGACAAGC
CTGGCGCCGTGGGCAAGGTGGTGCCATTCTTCGAGGCCAAGGTGGTGGACCTGGACA
CCGGCAAGACCCTGGGAGTGAACCAGCGCGGCGAGCTGTGTGTGCGCGGCCCTATGA
TTATGTCCGGCTACGTGAATAACCCTGAGGCCACAAACGCCCTGATCGACAAGGACGG
CTGGCTGCACTCTGGCGACATTGCCTACTGGGACGAGGACGAGCACTTCTTCATCGTG
GACCGCCTGAAGTCTCTGATCAAGTACAAGGGCTACCAGGTGGCCCCAGCCGAGCTG
GAGTCTATCCTGCTGCAGCACCCTAACATTTTCGACGCCGGAGTGGCCGGCCTGCCCG
ACGACGATGCCGGCGAGCTGCCTGCCGCCGTCGTCGTGCTGGAACACGGCAAGACCA
TGACCGAGAAGGAGATCGTGGACTATGTGGCCAGCCAGGTGACAACCGCCAAGAAGC
TGCGCGGCGGAGTGGTGTTCGTGGACGAGGTGCCCAAGGGCCTGACCGGCAAGCTG
GACGCCCGCAAGATCCGCGAGATCCTGATCAAGGCTAAGAAAGGCGGCAAGATCGCC
GTGTAATAATTCTAGAGTCGGGGCGGCCGGCCGCTTCGAGCAGACATGATAAGATACA
TTGATGAGTTTGGACAAACCACAACTAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAA
TTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAA
CAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCA
AGTAAAACCTCTACAAATGTGGTAAAATCGATAAGGATCCAGGTGGCACTTTTCGGGGA
AATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTC
ATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATT
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CAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCT
CACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGAGTGG
GTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAA
CGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTATT
GACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTG
AGTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGC
AGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGG
AGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTT
GATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACG
ATGCCTGTAGCAATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCT
AGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTT
CTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGC
GTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGT
AGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCT
GAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATA
CTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTG
ATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCC
GTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTG
CAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAA
CTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTA
GTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCG
CTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGG
GTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGG
TTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAG
CGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCG
GTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGC
CTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGT
GATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTAC
GGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGGCTCGAC 
3’ 
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Appendix G 
 
List of donors for primary human keratinocytes isolation 
 
Sample 
Type 

Patient ID Age of 
Donor 

Sex of 
Donor 

Ethnic 
group 

Anatomical 
location of 
sample 

Experimental 
usage 

Whole 
skin 

F29A 29 Female White Facelift INF-!/ miR-
486-5p 
mimic 

Whole 
skin 

F29B 29 Female White Facelift INF-!/ miR-
486-5p 
mimic 

Whole 
skin 

F32 32 Female White Facelift INF-!/ miR-
486-5p 
mimic 
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Appendix H 
 
List of hair follicle donors 
 
Sample 
Type 

Patient ID Age of 
Donor 

Sex of 
Donor 

Ethnic 
group 

Anatomical 
location of 
sample 

Experimental 
usage 

FUE 000166 52 Male White  Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 07071981 36 Male Asian Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 080972 45 Male White  Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 070979 38 Male White  Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 000864 53 Male White  Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 000983 35 Male White Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 000168 49 Male White  Occipital 
Scalp 

Accell miR-
486-5p 
inhibitor 

FUE 000870 46 Male Indian Occipital 
Scalp 

INF-! 

FUE 08174 46 Male White  Occipital 
Scalp 

INF-! 

FUE 000363 53 Male White  Occipital 
Scalp 

INF-! 

FUE 10744 53 Male White  Occipital 
Scalp 

INF-! 

FUE 000358 58 Male White  Occipital 
Scalp 

INF-! 

FUE 00030779 39 Male Caucasian Occipital 
Scalp 

INF-! 

FUE 001246 69 Female White  Occipital 
Scalp 

INF-! 

FUE 151187 29 Female Black 
Caribbean 

Occipital 
Scalp 

INF-! 

 
 
 
 
 
 



 159 

Appendix I 
 
Warthin-Starry staining of Accell miR-486-5p inhibited 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

Control Accell miR-486-5p inhibitor 
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Appendix J 
 

Reporter 
Name 

p-
value 

Group 1 Group 2 

Log2 
(G2/G1) 

C3H-d12pd AA 

Mean StDev Mean StDev 
mmu-miR-
486 

7.43E-
09 19,615 871 457 48 -5.42 

mmu-miR-
451 

8.24E-
07 24,288 1,886 1,821 318 -3.74 

mmu-miR-
185 

3.73E-
04 1,270 160 107 67 -3.57 

mmu-miR-
425 

8.16E-
04 404 31 61 39 -2.72 

mmu-miR-
484 

2.37E-
04 431 71 69 26 -2.64 

mmu-miR-
453 

1.76E-
01 13 17 2 2 -2.55 

mmu-miR-
423-5p 

5.75E-
05 1,598 187 327 82 -2.29 

mmu-miR-
376b 

1.17E-
01 52 15 13 14 -2.01 

mmu-miR-
425* 

5.34E-
02 23 13 6 8 -1.94 

mmu-miR-
409-5p 

6.22E-
03 20 13 5 2 -1.90 

mmu-miR-
92a 

3.40E-
07 5,711 575 1,604 98 -1.83 

mmu-miR-
150 

3.07E-
06 955 123 268 49 -1.83 

mmu-miR-
92b 

3.74E-
05 2,801 228 824 154 -1.77 

mmu-miR-
337-3p 

1.51E-
02 25 8 8 7 -1.68 

mmu-miR-
877* 

2.04E-
03 34 12 11 4 -1.63 

mmu-miR-
668 

1.32E-
02 31 10 10 7 -1.56 

mmu-miR-
720 

1.06E-
04 469 87 168 34 -1.48 

mmu-miR-
467a* 

5.82E-
02 60 38 22 11 -1.42 

mmu-miR-
191 

5.97E-
04 3,532 145 1,320 283 -1.42 

mmu-miR-
598 

3.49E-
01 21 30 8 7 -1.34 

mmu-miR-
539 

2.02E-
01 28 16 11 7 -1.29 

mmu-miR-
466h 

2.27E-
01 24 7 10 8 -1.27 
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mmu-miR-431 
2.53E-

01 57 46 25 27 -1.23 

mmu-miR-412 
3.34E-

01 19 14 8 3 -1.18 

mmu-miR-760 
2.78E-

01 19 11 8 5 -1.18 

mmu-miR-197 
7.61E-

02 27 14 12 8 -1.13 

mmu-miR-433 
2.14E-

01 83 40 38 48 -1.13 
mmu-miR-
434-5p 

1.88E-
01 22 15 11 7 -1.09 

mmu-miR-
450a-5p 

8.31E-
01 46 28 22 14 -1.07 

mmu-miR-223 
2.19E-

02 91 34 44 22 -1.05 

mmu-miR-346 
9.79E-

02 81 13 39 28 -1.04 
mmu-miR-
411* 

1.61E-
01 70 31 34 26 -1.04 

mmu-miR-
431* 

1.79E-
01 17 11 8 9 -1.03 

mmu-miR-207 
1.47E-

01 24 12 12 14 -1.03 

mmu-miR-222 
6.55E-

03 345 118 170 40 -1.02 
mmu-miR-
615-3p 

3.47E-
01 36 24 18 12 -1.01 

mmu-miR-
1196 

1.10E-
03 1,758 177 903 179 -0.96 

mmu-miR-702 
2.71E-

01 30 18 15 17 -0.96 
mmu-miR-
467b* 

1.17E-
01 48 28 25 19 -0.96 

mmu-miR-
15a* 

1.49E-
01 25 8 13 13 -0.93 

mmu-miR-93 
3.64E-

05 707 85 372 36 -0.93 

mmu-miR-665 
2.09E-

01 21 16 11 10 -0.90 

mmu-miR-194 
7.77E-

02 81 33 43 34 -0.90 
mmu-miR-
324-5p 

1.10E-
01 53 27 30 5 -0.83 

mmu-miR-
455* 

2.18E-
01 24 16 14 18 -0.82 

mmu-miR-
487b 

6.68E-
01 45 34 26 21 -0.81 

mmu-miR-379 
4.30E-

03 258 53 148 33 -0.80 
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mmu-miR-
34c* 

1.96E-
01 26 15 15 13 -0.78 

mmu-miR-421 
8.49E-

02 91 31 53 37 -0.78 
mmu-miR-
342-5p 

5.31E-
01 19 19 11 8 -0.76 

mmu-miR-218 
3.23E-

01 73 26 43 27 -0.75 

mmu-miR-709 
3.41E-

06 32,996 1,908 19,670 1,280 -0.75 

mmu-miR-667 
1.45E-

01 66 16 40 23 -0.73 
mmu-miR-
151-5p 

1.22E-
03 1,013 130 628 91 -0.69 

mmu-miR-691 
8.85E-

02 50 16 31 11 -0.68 

mmu-miR-495 
7.76E-

01 41 44 26 24 -0.68 

mmu-miR-744 
5.19E-

02 136 40 85 25 -0.68 
mmu-miR-
1195 

9.30E-
02 166 41 105 46 -0.67 

mmu-miR-708 
4.99E-

02 150 34 95 33 -0.66 

mmu-miR-122 
1.73E-

01 27 14 17 15 -0.64 
mmu-miR-
146a 

1.32E-
02 488 94 313 76 -0.64 

mmu-miR-361 
6.54E-

03 674 81 437 85 -0.63 
mmu-miR-
140* 

6.43E-
02 221 34 145 54 -0.61 

mmu-miR-149 
4.37E-

01 25 16 17 6 -0.60 

mmu-miR-328 
8.81E-

01 42 35 28 26 -0.59 
mmu-miR-
335-3p 

5.07E-
01 44 28 29 21 -0.59 

mmu-miR-18a 
1.17E-

01 160 53 107 43 -0.58 
mmu-miR-
466f 

3.54E-
01 24 16 16 9 -0.58 

mmu-miR-192 
2.01E-

01 125 51 83 52 -0.58 
mmu-miR-
296-5p 

1.22E-
01 37 13 25 8 -0.57 

mmu-miR-128 
3.54E-

02 261 41 177 57 -0.56 

mmu-miR-455 
2.05E-

01 118 21 80 49 -0.56 
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mmu-miR-
434-3p 

2.08E-
01 77 31 52 34 -0.56 

mmu-miR-25 
7.28E-

03 2,275 248 1,548 318 -0.56 

mmu-miR-154 
8.10E-

01 20 22 14 14 -0.55 
mmu-miR-
872* 

4.90E-
01 21 17 14 8 -0.54 

mmu-miR-
200b* 

2.65E-
01 72 31 50 18 -0.54 

mmu-miR-
467a 

1.38E-
01 30 10 21 10 -0.53 

mmu-miR-
196b 

3.84E-
01 42 27 29 21 -0.53 

mmu-miR-320 
1.66E-

03 2,066 117 1,444 176 -0.52 

mmu-miR-210 
2.33E-

01 40 13 29 17 -0.49 
mmu-miR-
501-3p 

8.18E-
01 46 29 33 14 -0.49 

mmu-miR-
15b* 

8.68E-
01 16 16 11 6 -0.49 

mmu-miR-374 
3.92E-

01 61 72 44 21 -0.47 
mmu-miR-
214* 

3.72E-
01 23 15 17 17 -0.43 

mmu-miR-715 
5.23E-

01 23 17 17 13 -0.42 

mmu-miR-674 
2.16E-

01 187 54 139 61 -0.42 

mmu-miR-204 
1.91E-

01 20 9 15 18 -0.42 
mmu-miR-
770-3p 

7.68E-
01 18 18 14 13 -0.41 

mmu-miR-
331-3p 

4.15E-
01 29 11 22 13 -0.41 

mmu-miR-
151-3p 

3.09E-
01 120 46 91 28 -0.40 

mmu-miR-
376a 

4.18E-
01 23 19 18 21 -0.39 

mmu-miR-
669c 

3.78E-
01 169 58 131 37 -0.37 

mmu-miR-365 
3.30E-

01 24 9 19 17 -0.36 

mmu-miR-411 
9.10E-

01 47 28 37 21 -0.35 
mmu-miR-
376c 

7.05E-
01 28 16 22 20 -0.34 

mmu-miR-31 
2.39E-

03 1,654 129 1,311 107 -0.34 
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mmu-miR-483 
7.80E-

01 76 45 60 34 -0.33 
mmu-miR-
466c-5p 

3.22E-
01 21 11 16 17 -0.33 

mmu-miR-410 
9.82E-

01 40 29 32 25 -0.32 

mmu-miR-685 
4.32E-

01 94 36 75 23 -0.32 

mmu-miR-145 
9.69E-

03 1,071 92 862 97 -0.31 

mmu-miR-134 
5.33E-

01 68 33 55 19 -0.31 
mmu-miR-
193b 

8.97E-
01 23 19 19 10 -0.30 

mmu-miR-
337-5p 

4.24E-
01 36 23 29 31 -0.29 

mmu-miR-99b 
4.54E-

01 347 126 284 119 -0.29 
mmu-miR-
106b 

7.11E-
02 462 69 387 20 -0.26 

mmu-miR-127 
8.19E-

01 82 67 69 43 -0.25 
mmu-miR-
433* 

3.39E-
01 22 11 18 24 -0.24 

mmu-miR-
450b-3p 

8.45E-
01 22 16 19 14 -0.24 

mmu-miR-872 
6.33E-

01 156 64 132 30 -0.23 
mmu-miR-
324-3p 

8.53E-
01 17 18 15 10 -0.23 

mmu-miR-28* 
7.71E-

01 50 33 43 32 -0.23 

mmu-miR-7a* 
4.46E-

01 22 7 19 12 -0.22 

mmu-miR-652 
2.88E-

01 101 15 87 27 -0.21 

mmu-miR-16* 
8.84E-

01 13 12 11 6 -0.19 

mmu-miR-22 
4.82E-

01 300 70 264 79 -0.18 

mmu-miR-690 
3.62E-

01 395 73 349 92 -0.18 

mmu-miR-20a 
3.49E-

02 1,438 106 1,282 80 -0.17 

mmu-miR-30b 
3.52E-

01 1,203 165 1,078 251 -0.16 
mmu-miR-
199a-5p 

5.50E-
01 183 47 164 45 -0.16 

mmu-miR-699 
7.50E-

01 27 15 25 18 -0.15 
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mmu-miR-9* 
6.58E-

01 31 16 28 18 -0.14 
mmu-miR-
30d 

1.64E-
01 904 76 829 78 -0.13 

mmu-miR-
381 

9.47E-
01 22 18 20 11 -0.11 

mmu-miR-
466g 

7.05E-
01 63 29 59 39 -0.11 

mmu-miR-
124 

2.39E-
01 13 2 12 18 -0.09 

mmu-miR-
195 

5.27E-
01 4,323 628 4,056 753 -0.09 

mmu-miR-
674* 

7.18E-
01 57 56 54 25 -0.09 

mmu-miR-
335-5p 

9.89E-
01 37 25 35 24 -0.08 

mmu-miR-
30c 

4.16E-
01 1,598 123 1,510 218 -0.08 

mmu-miR-
200c 

2.49E-
01 5,490 174 5,192 493 -0.08 

mmu-let-7c 
5.32E-

01 24,255 3,305 22,939 3,290 -0.08 
mmu-miR-
107 

7.35E-
01 834 162 793 29 -0.07 

mmu-miR-17 
4.93E-

01 1,046 122 994 91 -0.07 
mmu-miR-
203 

3.21E-
01 50,861 3,919 48,517 2,761 -0.07 

mmu-miR-
19b 

8.49E-
01 291 67 280 31 -0.05 

mmu-let-
7b* 

6.63E-
01 34 9 33 17 -0.05 

mmu-miR-
323-5p 

3.46E-
01 12 3 12 15 -0.04 

mmu-miR-
103 

8.43E-
01 813 136 792 55 -0.04 

mmu-miR-
485* 

9.99E-
01 43 15 42 14 -0.02 

mmu-miR-
183* 

6.60E-
01 23 12 23 16 -0.02 

mmu-miR-
466a-3p 

7.24E-
01 23 14 23 9 -0.02 

mmu-miR-
340-5p 

9.40E-
01 29 27 29 24 -0.01 

mmu-miR-
181c 

8.22E-
01 102 41 101 57 -0.01 

mmu-miR-
485 

3.81E-
01 19 13 19 25 -0.01 

mmu-miR-
494 

4.64E-
01 32 23 32 23 0.00 
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mmu-miR-
154* 

6.20E-
01 13 9 13 14 0.00 

mmu-miR-24 
9.60E-

01 4,293 293 4,285 326 0.00 
mmu-miR-
466j 

9.85E-
01 23 11 23 14 0.01 

mmu-miR-
292-5p 

4.02E-
01 17 10 17 23 0.02 

mmu-miR-
221 

8.27E-
01 356 92 365 76 0.04 

mmu-miR-
714 

3.81E-
01 21 6 22 25 0.06 

mmu-let-7b 
7.02E-

01 18,771 2,874 19,805 4,178 0.08 
mmu-miR-
378 

6.50E-
01 285 86 305 75 0.10 

mmu-miR-
143 

4.32E-
01 1,354 250 1,456 130 0.10 

mmu-miR-
30b* 

3.94E-
01 13 6 14 15 0.11 

mmu-miR-
382* 

8.93E-
01 14 16 15 19 0.11 

mmu-miR-
675-3p 

8.36E-
01 11 17 12 9 0.11 

mmu-miR-
34a 

6.24E-
01 39 28 42 25 0.11 

mmu-miR-
322* 

7.21E-
01 48 29 53 33 0.13 

mmu-miR-
183 

5.45E-
01 1,191 103 1,308 328 0.13 

mmu-miR-
429 

3.59E-
01 826 137 910 130 0.14 

mmu-miR-
380-5p 

3.30E-
01 19 23 21 8 0.14 

mmu-miR-
340-3p 

8.17E-
01 17 11 19 12 0.17 

mmu-miR-
762 

1.63E-
01 720 111 811 54 0.17 

mmu-miR-
181a 

1.16E-
01 635 85 717 33 0.18 

mmu-miR-
99a 

4.14E-
01 415 148 471 69 0.18 

mmu-miR-
676 

9.00E-
01 155 69 177 76 0.18 

mmu-miR-
199b* 

5.04E-
01 94 33 107 30 0.19 

mmu-miR-
351 

5.18E-
01 42 24 48 20 0.20 

mmu-miR-
409-3p 

8.87E-
01 52 21 60 48 0.20 
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mmu-miR-
299* 

7.13E-
01 32 34 38 35 0.22 

mmu-miR-
130b 

2.38E-
01 42 47 49 31 0.22 

mmu-miR-
342-3p 

6.32E-
01 81 25 95 43 0.23 

mmu-miR-
382 

3.48E-
01 80 66 94 22 0.23 

mmu-miR-
689 

1.68E-
01 83 18 98 14 0.24 

mmu-miR-
383 

9.92E-
01 17 17 20 17 0.24 

mmu-miR-
181b 

3.46E-
01 85 60 101 21 0.24 

mmu-miR-
23b 

2.42E-
02 6,339 523 7,537 793 0.25 

mmu-miR-
681 

7.81E-
01 11 7 13 15 0.25 

mmu-miR-
574-3p 

5.59E-
01 136 81 162 77 0.26 

mmu-miR-
23a 

2.45E-
02 6,663 656 8,014 874 0.27 

mmu-miR-16 
7.25E-

03 4,158 333 5,002 391 0.27 

mmu-let-7a 
9.45E-

02 22,679 2,894 27,335 4,720 0.27 
mmu-miR-
322 

5.85E-
01 48 26 58 30 0.28 

mmu-miR-
375 

4.45E-
01 28 13 34 36 0.28 

mmu-miR-
26a 

2.47E-
02 8,736 398 10,605 1,316 0.28 

mmu-let-7i 
5.45E-

03 3,951 294 4,799 397 0.28 
mmu-miR-
15b 

1.07E-
02 2,956 300 3,624 292 0.29 

mmu-miR-
300 

3.09E-
01 7 9 9 14 0.30 

mmu-miR-
467e 

8.42E-
01 16 10 20 14 0.31 

mmu-miR-
199a-3p 

5.55E-
03 1,692 161 2,120 192 0.33 

mmu-miR-
764-5p 

6.52E-
01 9 11 11 14 0.33 

mmu-miR-
24-2* 

1.56E-
01 55 15 69 10 0.34 

mmu-miR-33 
8.35E-

01 7 6 9 13 0.35 

mmu-let-7f 
9.97E-

03 16,655 1,459 21,244 2,770 0.35 
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mmu-miR-
345-3p 

6.46E-
01 15 9 19 13 0.35 

mmu-miR-
181d 

3.07E-
01 114 41 146 50 0.36 

mmu-miR-
214 

4.36E-
03 751 70 963 92 0.36 

mmu-miR-
182 

9.91E-
02 917 253 1,205 254 0.39 

mmu-miR-
503 

3.61E-
01 16 15 22 13 0.39 

mmu-miR-
100 

3.18E-
01 97 61 128 52 0.40 

mmu-miR-
30a* 

3.08E-
01 63 28 83 30 0.40 

mmu-miR-
206 

2.23E-
02 2,292 255 3,044 493 0.41 

mmu-miR-
491 

3.37E-
01 6 4 8 14 0.41 

mmu-miR-28 
3.54E-

01 82 49 109 47 0.42 
mmu-miR-
152 

1.62E-
02 604 102 810 93 0.42 

mmu-miR-
155 

8.77E-
02 624 190 837 77 0.42 

mmu-miR-
133a 

1.40E-
03 1,208 117 1,635 143 0.44 

mmu-miR-7a 
6.13E-

01 21 10 28 20 0.45 
mmu-miR-
141 

3.89E-
01 18 16 25 16 0.45 

mmu-miR-
369-3p 

4.72E-
01 9 5 12 17 0.46 

mmu-miR-98 
1.20E-

01 785 298 1,088 245 0.47 
mmu-miR-
541 

3.35E-
01 22 17 31 14 0.48 

mmu-miR-
805 

1.06E-
01 418 93 583 170 0.48 

mmu-miR-
17* 

3.91E-
01 16 13 22 15 0.49 

mmu-miR-
200b 

4.15E-
04 2,642 253 3,741 203 0.50 

mmu-miR-
133b 

3.06E-
03 1,139 152 1,613 178 0.50 

mmu-let-7d 
8.90E-

03 12,279 1,641 17,532 3,159 0.51 
mmu-miR-
10b 

2.10E-
04 1,244 117 1,782 118 0.52 

mmu-miR-
671-5p 

7.10E-
01 35 19 50 50 0.53 
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mmu-miR-
543 

4.87E-
01 22 15 31 20 0.54 

mmu-miR-
205 

8.09E-
04 3,588 399 5,232 223 0.54 

mmu-miR-
15a 

1.64E-
01 154 48 226 72 0.55 

mmu-miR-
489 

4.45E-
01 11 9 17 16 0.55 

mmu-miR-
135a* 

5.06E-
01 8 3 12 12 0.57 

mmu-miR-
672 

5.09E-
01 34 19 51 45 0.58 

mmu-miR-
327 

5.65E-
01 15 10 23 21 0.59 

mmu-miR-
483* 

4.45E-
01 11 12 16 14 0.60 

mmu-miR-
376a* 

9.38E-
01 7 10 10 16 0.61 

mmu-miR-
187 

1.85E-
01 18 7 28 11 0.62 

mmu-miR-
290-5p 

7.67E-
01 27 5 42 27 0.64 

mmu-miR-
130a 

7.35E-
02 143 65 223 20 0.64 

mmu-miR-
350 

2.25E-
01 21 22 32 16 0.65 

mmu-miR-
139-5p 

9.44E-
02 64 30 103 41 0.67 

mmu-miR-
338-5p 

5.89E-
01 12 16 18 15 0.67 

mmu-miR-
705 

2.11E-
03 361 66 578 77 0.68 

mmu-miR-
27b 

9.36E-
05 1,621 174 2,594 202 0.68 

mmu-miR-
370 

8.38E-
01 13 14 20 18 0.69 

mmu-miR-
30a 

3.37E-
03 295 61 481 59 0.70 

mmu-miR-
148b 

3.99E-
01 36 30 61 49 0.74 

mmu-miR-
532-3p 

1.87E-
01 13 18 22 12 0.74 

mmu-miR-
20b 

1.95E-
02 140 35 235 69 0.74 

mmu-miR-
466i 

3.04E-
01 160 51 270 184 0.75 

mmu-miR-
369-5p 

2.94E-
01 10 10 17 12 0.78 

mmu-miR-
763 

5.78E-
01 12 9 21 19 0.79 



 170 

mmu-miR-
467f 

6.18E-
02 443 185 775 298 0.81 

mmu-let-7e 
6.50E-

03 2,927 547 5,125 1,326 0.81 
mmu-miR-
377 

6.03E-
01 98 41 172 151 0.82 

mmu-miR-
27b* 

2.98E-
01 18 18 33 27 0.84 

mmu-miR-
542-3p 

3.29E-
01 13 7 23 14 0.84 

mmu-let-
7d* 

8.22E-
02 113 60 204 32 0.85 

mmu-miR-
125b-5p 

5.84E-
05 2,248 248 4,152 476 0.89 

mmu-miR-
330* 

6.75E-
01 16 11 30 30 0.89 

mmu-miR-
376b* 

6.46E-
01 14 12 25 20 0.90 

mmu-let-7g 
2.09E-

05 2,375 212 4,448 486 0.91 
mmu-miR-
30e 

5.93E-
02 121 73 228 31 0.91 

mmu-miR-
10a 

2.16E-
03 759 154 1,422 158 0.91 

mmu-miR-
1198 

2.72E-
01 30 22 56 34 0.91 

mmu-miR-
10a* 

2.26E-
01 9 11 18 14 0.95 

mmu-miR-
1224 

9.50E-
05 481 73 932 98 0.95 

mmu-miR-
106a 

5.28E-
04 209 46 410 60 0.97 

mmu-miR-
680 

1.26E-
01 21 13 42 22 0.97 

mmu-miR-
126-3p 

1.54E-
01 1,316 86 2,595 1,090 0.98 

mmu-miR-
669a 

1.44E-
01 21 13 42 17 0.99 

mmu-miR-
761 

9.50E-
01 6 4 12 17 0.99 

mmu-miR-
301a 

3.66E-
02 35 18 70 20 1.00 

mmu-miR-
186 

1.13E-
01 9 5 18 11 1.02 

mmu-miR-
532-5p 

2.75E-
01 34 28 69 70 1.02 

mmu-miR-
106b* 

1.16E-
01 10 7 21 10 1.03 

mmu-miR-
329 

8.51E-
01 103 57 210 368 1.03 
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mmu-miR-
713 

2.94E-
01 8 8 18 15 1.08 

mmu-miR-
130b* 

8.95E-
02 10 13 21 22 1.10 

mmu-miR-
129-5p 

2.50E-
01 7 7 15 15 1.13 

mmu-miR-
27a 

1.35E-
04 943 56 2,156 332 1.19 

mmu-miR-
29a 

6.58E-
04 1,133 252 2,599 246 1.20 

mmu-miR-
132 

1.06E-
02 39 21 91 29 1.23 

mmu-miR-
26b 

4.00E-
03 848 71 2,007 617 1.24 

mmu-miR-21 
3.48E-

05 2,895 263 6,974 196 1.27 
mmu-miR-
31* 

1.29E-
01 11 7 26 8 1.27 

mmu-miR-
125a-5p 

2.61E-
03 465 158 1,164 166 1.32 

mmu-miR-
101a 

3.75E-
02 9 5 22 12 1.34 

mmu-miR-
200a 

1.63E-
04 261 65 662 114 1.34 

mmu-miR-
203* 

5.05E-
02 14 11 36 15 1.35 

mmu-miR-1 
2.00E-

07 22,816 1,480 59,219 4,969 1.38 
mmu-miR-
146b 

1.49E-
03 412 164 1,079 247 1.39 

mmu-miR-
188-5p 

9.23E-
02 9 7 23 13 1.40 

mmu-miR-
380-3p 

9.79E-
01 13 16 35 28 1.41 

mmu-miR-
30e* 

1.51E-
01 16 15 44 35 1.42 

mmu-miR-
574-5p 

3.63E-
03 228 94 623 238 1.45 

mmu-miR-
877 

3.40E-
01 35 25 97 139 1.48 

mmu-miR-
466f-3p 

1.13E-
02 181 92 510 275 1.50 

mmu-miR-
224 

4.53E-
02 43 41 122 54 1.51 

mmu-miR-
22* 

3.25E-
02 11 4 31 16 1.53 

mmu-miR-
1188 

1.61E-
01 8 9 25 27 1.59 

mmu-miR-
196a 

1.28E-
02 74 40 226 72 1.61 
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mmu-miR-
18b 

1.75E-
01 5 7 14 14 1.65 

mmu-miR-
148a 

2.01E-
05 112 20 355 66 1.66 

mmu-miR-
669f 

3.39E-
02 35 27 112 58 1.66 

mmu-miR-
101b 

1.84E-
01 31 29 108 28 1.79 

mmu-miR-
1187 

1.94E-
04 119 38 437 120 1.87 

mmu-miR-
212 

3.45E-
01 8 6 35 53 2.09 

mmu-miR-
99b* 

7.08E-
01 16 18 80 168 2.36 

mmu-miR-
133a* 

1.11E-
02 3 3 19 12 2.59 

mmu-miR-
465b-5p 

9.90E-
01 6 3 38 78 2.69 

mmu-miR-
291a-3p 

1.01E-
01 3 2 19 32 2.85 

mmu-miR-
10b* 

2.74E-
02 2 3 22 13 3.49 

mmu-miR-
669i 

2.16E-
01 4 5 78 164 4.15 

mmu-miR-32 
6.17E-

02 1 2 28 57 4.47 
 


