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Abstract 

Skin development and hair follicle (HF) cycling are governed by diverse programs of 

gene modulation through activation and silencing. Post-transcriptional gene 

expression modulation by microRNAs are another regulatory mechanism to maintain 

normal skin and HF development and cycling. Here, we identify that miR-148a plays 

an important role in the regulation of skin homeostasis and HF cycling. RNA and 

protein analysis of miR-148a and its targets were analysed using both in vitro and in 

vivo experiments. Spatiotemporal expression analysis of miR-148a during hair cycling 

revealed an increase in miR-148a expression during the telogen stage, in the bulge 

and hair germ stem/progenitor cell compartments, and the differentiated, suprabasal 

layers of the epidermis. We demonstrate that miR-148a can control proliferation and 

differentiation programs in primary mouse epidermal keratinocytes. Administration of 

anti-sense miR-148a inhibitor into dorsal mouse skin during telogen stage of HF 

cycling accelerated telogen-anagen transition and altered stem cell activity, in vitro 

and in vivo. RNA and protein analysis revealed that miR-148a may control these 

cellular processes, in part, through modulation of Rock1 and Elf5. This data identifies 

a previously unknown role of miR-148a and novel gene targets in the control of skin 

and HF homeostasis and modulating stem/progenitor cell populations. This provides 

a potential target for stem cell biology research and therapeutic targets for the 

treatment of skin disorders.  
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1.0  

Introduction 

1.1 Skin Function, Morphology and Signalling Pathways 

The skin is a multi-layered, stratified, and self-renewing organ that provides a 

protective layer around the body. The skin is the human body’s largest organ and is 

indispensable for normal bodily functions and homeostasis, and a dynamic and 

multifaceted tissue (Tobin, 2006). The main functions of skin are to protect organs 

from water loss, pathogens, and UV radiation damage from the sun (Tobin, 2006, 

Fuchs, 2007, Proksch et al., 2008, Blanpain and Fuchs, 2009, Serre et al., 2018). 

The skin consists of three main layers: 1, The outermost epidermis, a keratinized 

epithelium that forms a tough first line of defence against external insult. 2, The layer 

beneath the epidermis, is the dermis, which contains many of the skin’s appendages 

such as hair follicles (HFs) and sweat glands, and 3, The hypodermis, located beneath 

the dermis, is a connective network of adipose tissue and vascular vessels that 

support and supply the dermal appendages (Figure. 1) (Fuchs and Raghavan, 2002).  

The epidermis derives from the ectodermal germ layer of the blastula during mouse 

embryonic development where a single epidermal layer forms between embryonic day 

(E) 9.5 – E12.5 (Fuchs and Raghavan, 2002, Blanpain and Fuchs, 2009). The dermis 

is derived from the mesoderm, with dorsal skin deriving from the dermomyotome, and 

first forms at approximately E11.5 in mice (Atit et al., 2006, Fuchs, 2007).  

Mouse skin is one of the best models for analysis of the mechanisms of skin and hair 

development/regeneration, wounding, and ageing. Both humans and mice share 
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similar developmental and healing mechanisms in the skin, which is controlled by 

conserved growth factor/signalling pathways, although, there are species specific 

gene expression profiles that indicate the limitations of the mouse model (Gerber et 

al., 2014). However, genetic tractability of mice permits generation of the complex 

transgenic mice and in vivo modulation of gene expression, mice provide a valuable 

model for functional analysis and experiments that are not possible in humans, whilst 

maintaining relevant insights into skin regulatory pathways and homeostasis. 

 

 The Epidermis 

The epidermis is the outermost layer of the skin and is the ‘first-line of defence’ against 

external pathogens and radiation. The epidermis is characterised by several layers 

and contains distinct stem cell (SC) populations, which give rise to the other cell types 

of the epidermis and located in the lowest basal layer. Above the basal layer resides 

the spinous layer, followed by the granular and lastly, the outermost layer is the 

stratum corneum, a keratinized dead layer of cells, forming the outer barrier of the skin 

(Figure. 1) (Fuchs, 2007).  
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Figure 1. The Structure of the Skin. 

The Skin contains three layers, the innermost hypodermis, the dermis, and the outermost 

epidermis. The dermis contains many of the appendages found in the skin including the HF. 

The epidermis is a stratified epithelium which derives from proliferating basal stem cells in 

the basal layer (BL), which transition through the spinous layer (SL) and granular later (GL) 

to form the outer barrier of dead, keratinized cells of the stratum corneum (SC). Adapted 

from (Fuchs and Raghavan, 2002). 

 

Cytokeratins (Krts) are intermediate filaments that form structural components of cells. 

There are two types of cytokeratin filaments, type I and type II, each deriving from 

distinct proteins. Type I cytokeratins include Krt9-20 and type II cytokeratins include 

Krt1-8  (Fuchs and Weber, 1994). Basal cells are characterised by Krt5, Krt14 and 

Krt15 expression. Cells from the basal layer terminally differentiate into the spinous 

and granular layer, where cytokeratin markers, Krt1, Krt10 are expressed. The stratum 

corneum is characterised by loricrin and filaggrin expression, essential for formation 

H
y
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of an impermeable cell scaffold (Fuchs and Green, 1980, Dale et al., 1985, Byrne et 

al., 1994, Fuchs, 2007). 

Epidermal morphogenesis is primarily initiated by wingless and Int-1 (Wnt) signalling 

during embryogenesis by blocking ectodermal response to fibroblast growth factors 

(Fgfs), causing ectodermal progenitor cells to express bone morphogenic proteins 

(BMPs) and commit to an epidermal fate. BMP4 has been shown to inhibit neural 

development and cause ectodermal progenitors to develop into Krt8 and Krt18 

expressing surface ectodermal cells, which give rise to the epidermis at approximately 

E8.5 in mice (Wilson and Hemmati-Brivanlou, 1995, Wilson et al., 2001, Lim and 

Nusse, 2013, Liu et al., 2013). These surface ectodermal progenitors are protected by 

the periderm which is shed once the basal cells begin to stratify into other epidermal 

cells (Figure. 2) (M'Boneko and Merker, 1988, Hu et al., 2018a). Along-side early 

epidermis formation, the basement membrane which defines the bottom-most part of 

the epidermis, which separates the epidermis from the dermis, is formed. Integrins 

anchor the basal cells to the basement membrane, namely α6β4 integrins in 

hemidesmosomes and α3β1 integrins in focal adhesion complexes, binding to keratin 

and actin filaments respectively with both binding to the extracellular matrix (ECM) of 

the basement membrane via laminin 5 (Watt, 2002, Fuchs, 2007).  

1.1.1.1 The Basal layer 

The basal layer resides just above the dermis and contains a distinct SC population 

(Figure. 1). It is characterised by expression of cytokeratin filaments Krt5 and Krt14 

and is formed at approximately E8.5-9.5 in mice (Figure. 2) (Fuchs and Green, 1980, 

Koster and Roop, 2007). Basal cells self-renew and maintain their own distinct SC 

population by symmetric cell division, maintain attachment to the basement membrane 
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and are highly proliferative. Basal cells also give rise to the other cell types of the 

epidermis through the commitment process of epidermal stratification, beginning at 

E8.5 in mice (Fuchs, 2007, Koster and Roop, 2007).  

During epidermal stratification, basal cells divide asymmetrically, perpendicular to the 

basement membrane and is characterised by a commitment to terminal differentiation 

program and restriction of proliferation (Lechler and Fuchs, 2005, Fuchs, 2007, Ray 

and Lechler, 2011). At the beginning of epidermal stratification, basal cells differentiate 

into spinous cells (although basal cells first differentiate into a Krt1/10 expressing 

intermediate layer during skin morphogenesis, Figure. 2), in part through tumour 

protein p63 isoform expression gradient (Koster et al., 2004, Koster et al., 2007, 

Fuchs, 2007). 

P63 family of proteins have shown to be essential in skin development and 

homeostasis, with knockout mice models resulting in a failure of epidermal 

differentiation (Mills et al., 1999, Yang et al., 1999). P63 isoform; N-terminal 

transactivating domain p63 alpha (TAp63α) is required for initial commitment of 

ectodermal progenitors into Krt14 expressing basal cells (Koster et al., 2004, Romano 

et al., 2007). Although TAp63α is required for initial cell commitment, p63 isoform Delta 

Np63 (ΔNp63) is required for maintenance of Krt14 expressing basal cells and 

maintenance of basement membrane integrity (Koster et al., 2004, Koster and Roop, 

2007). 

ΔNp63 expression during dividing epidermal basal cells is induced by BMP2, BMP7 

and Fgf10 expression (Koster et al., 2004, Laurikkala et al., 2006). ΔNp63 along with 

E26 transformation specific (Ets) and other transcription factors, bind to a conserved 

motifs in the Krt14 enhancer region, where ΔNp63 plays an important role in 
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maintaining basal cell identity (Romano et al., 2007). In p63-null embryos, the skin 

does not stratify and express Krt8 and Krt18 – markers for early ectodermal 

progenitors (Koster and Roop, 2004, Hu et al., 2018a). Notably, p63-null embryos 

resulted in a lack of mInsc-LGN-Par3 accumulation on the apical side of basal cells, 

preventing asymmetric division and epidermal stratification (Lechler and Fuchs, 2005).  

P63 has also been shown to regulate Satb1 during epidermal morphogenesis. 

Knockout of Satb1 or p63 in mice resulted in abnormal epidermal morphology, altered 

chromatin structure, and a decrease in expression of differentiation related genes, 

including loricrin and Involucrin. Gain of Satb1 partially rescued the epidermal 

phenotype of p63 deficient mouse skin and Satb1 was shown to be a direct target of 

p63 (Fessing et al., 2011).  

Cbx4 has also been shown to be a direct target of p63. Cbx4 functions to control 

epidermal proliferation and differentiation during epidermal stratification. Cbx4 

knockout resulted in a decrease in epidermal thickness, cellular proliferation, and an 

increase in neuronal specific genes, whereas gain of Cbx4 expression partially 

rescued the epidermal phenotype of p63 deficient mouse skin (Mardaryev et al., 2016). 

Together these show the importance of p63 regulation programs in epidermal 

morphogenesis and stratification during skin development. 

Asymmetric division of basal cells has been shown to be essential for epidermal 

stratification (Smart, 1970, Lechler and Fuchs, 2005). Basal cell asymmetric division 

is driven by α-catenin recruitment of atypical protein kinase C (PKC-ζ) and mInsc-

LGN-Par3 complex, which align at the apical side of the basal cell. PKC-ζ is apically 

orientated from the basement membrane by β1 integrin expression (Lechler and 

Fuchs, 2005, Ray and Lechler, 2011). Asymmetric basal cell division and epidermal 
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stratification gives rise to the spinous layer and subsequent granular layer and the 

stratum corneum, however, there are several other cell types found within the basal 

layer that contribute to maintaining homeostasis in healthy skin (Tobin, 2006). 

Within the basal layer, several other cell types are located. These include 

melanocytes, which are neural crest derived cells produce melanin granules called 

melanosomes that protect skin from UV radiation (Tobin, 2006, Cichorek et al., 2013), 

and Merkel cells which function as mechanoreceptors for touch sensation of the skin 

(Tobin, 2006, Morrison et al., 2009). 

1.1.1.2 The Spinous Layer 

The spinous layer is characterised by expression of Krt1, Krt10 and Involucrin, and 

forms a network of cells joined by desmosomes in order to strengthen the skin to 

physical insult (Figure. 1) (Byrne et al., 1994, Li et al., 2000, Fuchs and Raghavan, 

2002). Spinous cells develop at approximately E15 in mice (Figure. 2) (Liu et al., 2013). 

This layer also consists of specialised Langerhans cells which function as 

immunological cells against pathogens. Langerhan cells are dendritic cells that extend 

throughout the stratified epidermis to sense pathogen infection throughout the 

epidermis and initiate an appropriate immune response, to protect the rest of the body 

(Kubo et al., 2009, Clayton et al., 2017).  

The spinous layer develops from a feedback mechanism of epidermal Wnt signalling. 

Wnt signalling in the basal layer regulates the ΔNp63 expressing proliferative basal 

cells and causes a feedback cascade through dermal BMP2/4 - Smad1/5/8/ - Fgf7/10 

pathways resulting in ΔNp63 expressing cells to undergo terminal differentiation into 

the spinous layer (Zhu et al., 2014).  
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Notch signalling has been implicated to play an important role in promoting epidermal 

terminal cell differentiation from basal cells into the spinous layer and a switch from 

Krt5/14 expression to Krt10/1. Notch signalling in differentiating keratinocytes has a 

complex relationship with p63 expression. Generally, Notch signalling is upregulated 

as cells differentiate from the basal layer and p63 is downregulated. P63 directly 

targets and inhibits notch promoted transcription factor, hairy enhancer of split family 

member 1 (Hes1), which is required for maintenance of spinous cells and prevents 

premature differentiation into the granular layer (Blanpain et al., 2006, Moriyama et 

al., 2008). Hes1 could be used as a relay for gradual switching of p63 mediated 

proliferative cells to Notch mediated differentiating cells (Nguyen et al., 2006a, Tadeu 

and Horsley, 2013). 

1.1.1.3 The Granular Layer. 

The Granular layer differentiates from the spinous layer (Figure. 1) at E16.5 in mice 

(Liu et al., 2013). This layer is characterised by expression of loricrin, filaggrin and 

transglutaminase (TG) (Figure. 2) (Koster and Roop, 2007). The granular cell layer 

and overlying stratum corneum cell layer become differentiated by an increasing 

extracellular calcium (Ca2+) gradient, resulting in protein kinase C (PKC) activation 

(Koster and Roop, 2007, Fuchs, 2007, Liu et al., 2013). PKC contributes to 

downregulation of Krt1 and Krt10 as well as induction of loricrin, filaggrin and TG 

(Koster and Roop, 2007).  PKC has been shown to target distal-less homeobox 3 

(DLX3) in driving keratinocyte differentiation through Ca2+ mediated differentiation 

(Palazzo et al., 2017). PKC activates TG and in turn, loricrin expression, which by 

generating γ-glutamyl ε-lysine crosslinks, forms keratin vesicles/lamellar bodies which 

form tough keratin macrofibril scaffold (Fuchs, 2007, Bains, 2013). Granular cells 

produce keratohyalin granules, made up mainly of profilaggrin protein that is required 
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for crosslinking with keratins and creating the final barrier of the epidermis (Sandilands 

et al., 2009). 

1.1.1.4 The Stratum Corneum 

The stratum corneum is the outermost layer of the epidermis, a keratinized layer of 

flat, cornified keratinocytes that serves as the first line of defence against external 

microbes and insult (Figure. 1). It is formed by E18.5 in mice and in continuously shed 

as keratinocytes from the basal layer differentiate towards the stratum corneum to 

replace the continuously lost cells (Figure. 2) (Fuchs, 2007, Liu et al., 2013). As cells 

from the granular layer are pushed towards the surface of the epidermis, Keratohyalin 

granules are broken down and profilaggrin dephosphorylated and cleaved by serine 

proteases into filaggrin  (Sandilands et al., 2009). lamellar bodies/granules are 

produced from acidification of the Golgi apparatus. These granules provide lipid 

membrane and along with cell death and degradation of cellular organelles help to 

form the cornified wall (Tarutani et al., 2012). Loricrin, a substrate of the enzyme TG-

1, makes up about 70% of the cornified envelope (Tharakan et al., 2010). Together, 

TGs catalyse the components: filaggrin, loricrin, Involucrin, lipid bilayers, keratins and 

other proteins to form a tight cornified cytoskeleton that blocks entry of foreign 

pathogens into the epidermis (Bickenbach et al., 1995, Fuchs and Horsley, 2008, 

Nithya et al., 2015).  
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Figure 2. Epidermal Development in Mice. 

The epidermis derives from Krt8/Krt18 expressing surface ectodermal (SE) cells, whereas 

the dermis derives from the mesoderm at embryonic day (E) 8.5.  Stratification begins at 

E8.5-9.5 with the formation of Krt5/14 expressing basal layer and Krt8/18 expressing 

periderm which protects the early epidermal cells. The Krt1/10 expressing intermediate 

layer forms from asymmetrically dividing ΔNp63 expressing basal cells at E12.5-14.5. The 

spinous layer differentiates from the intermediate layer with inhibited expression of ΔNp63 

and increase expression of Notch1. The granular layer characterised by PKC activation and 

along with TG activation and DLX3 targeting, forms keratohyalin granules, lamellar bodies 

and loricrin expression. The stratum corneum are keratinized layers of flattened, dead 

keratinocytes, tightly joined by a cytoskeleton comprised or filaggrin, Involucrin, loricrin, 

keratins and lipid bilayers. NT: neural tube, Me: mesoderm, SE: surface ectoderm (Liu et 

al., 2013). 
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1.1.2 The Dermis 

The dermis is a connective layer of the skin and primarily made up of fibrous 

components in order to support the main appendages found in this layer (Tobin, 2006). 

It is separated from the epidermis by the basement membrane and is derived from the 

mesoderm in developing embryos (Atit et al., 2006). Lineage tracing in mice has 

shown that fibroblasts derive from two distinct lineages which make up the two 

sublayers of the dermis, the upper papillary layer, and the lower reticular layer. The 

upper papillary layer is involved in hair growth, whereas the reticular layer forms the 

bulk of the dermal cell type and adipocytes found in the hypodermis (Driskell et al., 

2013). Both layers are rich in collagen I and III fibres with the reticular layer containing 

a dense fibrous network connecting the lower dermis to the fatty layer of the 

hypodermis. Both layers have the ability to undergo adipogenic differentiation, and 

required for synthesis of the extracellular matrix, which plays an important role in 

controlling cell behaviour through growth factors and signalling pathways as well as a 

scaffold for cell adhesion (Krieg and Aumailley, 2011, Korosec et al., 2019, Rippa et 

al., 2019). Markers for the two layers has been established in human skin, FAP+CD90- 

upper papillary fibroblasts and FAP-CD90+ lower reticular fibroblasts, however the two 

cell populations are not completely separated, with a gradient of cell types across the 

dermis (Korosec et al., 2019). From E16.5 in mice, markers for papillary fibroblasts 

CD26 and Blimp1 and marker for reticular fibroblasts Sca1 were established (Driskell 

et al., 2013, Rippa et al., 2019). The papillary and reticular layer are separated by a 

rete subpapillare, a vascular plexus of fibroblasts, which contain capillaries for supply 

to the upper dermis. A second, lower vascular plexus, the rete cutaneum, forms a 

barrier between the reticular layer and the hypodermis (Sorrell and Caplan, 2004). 
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Fibroblasts make up the majority of cells within the dermis and play distinct roles in 

both skin structural integrity by producing collagen and regeneration during wound 

healing (Woodley, 2017, Rippa et al., 2019, Korosec et al., 2019). There are also other 

cell types found in the dermis, which include mast cells, that release histamine to 

promote immunological response, and macrophages and neutrophils can also be 

found in the lower dermis which help to maintain skin as a barrier to the body against 

infection (Tobin, 2006, Forni et al., 2012). Another specialized fibroblast population of 

the developing epidermis are dermal papilla (DP) cells. These act as SC-like cells and 

play an integral part during HF cycling (Driskell et al., 2011). 

1.1.3 Appendages of the Skin 

The dermis contains many important appendages found in the skin. The sebaceous 

gland is populated with sebocytes and is a sebum producing gland located in the 

reticular layer of the dermis. These glands functions to keep the skin lubricated and 

hydrated (Tobin, 2006, Sakuma and Maibach, 2012). Growth of the DP initiates 

generation and differentiation of the pilosebaceous gland. The sebaceous gland is 

developed from initial HF morphogenesis by SRY (Sex-determining region Y)-box 9 

(Sox9) expressing progenitor cells of the invaginating HF (Nowak et al., 2008). The 

sebaceous gland is populated by migrating multipotent bulge SCs in the post-natal 

HF. Blimp1 expressing unipotent progenitor sebocytes control the production and 

differentiation of progenitor sebocytes into mature, sebum secreting sebocytes. These 

Blimp1 expressing progenitor cells are also capable of self-renewing, indicating 

another sub population of progenitor cells within the skin  (Horsley et al., 2006, Tóth 

et al., 2011).  
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Eccrine sweat glands are other appendages of the skin and their main role is 

thermoregulation (Tobin, 2006). They are restricted to the footpads of mice and 

develop at E17.5 in mice and are comprised of a secretory coil with a duct leading to 

where the sweat is excreted (Lu et al., 2012, Hu et al., 2018b).  Eccrine sweat glands 

are located in the upper dermis with a long thin duct that secretes sweat directly on 

the surface of the skin (Cui and Schlessinger, 2015).  

Development of eccrine sweat glands occurs at E17.5 from Krt14 expressing 

ectodermal progenitor cells (Lu et al., 2012). Wnt signalling is required for initial 

development, followed by ectodysplasin A (Eda) and Sonic hedgehog (Shh) signalling 

with inhibition of Wnt, Eda and shh signalling resulting in a block in initial pre-germ 

gland development, duct formation and final duct formation respectively (Cui et al., 

2014). 

In humans, apocrine glands are much larger than eccrine and located in the fatty layer 

of the hypodermis with short ducts that secrete sweat into the HF canal. They are 

naturally numerous around hairier regions of the body such as the axilla and perineum 

(Lu and Fuchs, 2014). Apocrine glands are absent in mice and little is known about 

their development in humans, however, using sheep models, it is suggested that 

apocrine sweat glands develop from the outer root sheath (ORS) of the HF, initially by 

Wnt signalling and then positively regulated by BMP signalling (Lu and Fuchs, 2014, 

Li et al., 2018). The HF is another key appendage of the skin. It has been described 

as a ‘dynamic mini organ’ due to its multi cellular components working together in a 

cyclic fashion with bouts of growth and regression from its own distinct stem/progenitor 

cell populations, and an integral part of healthy homeostatic skin (Schneider et al., 

2009). 
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1.2 The Hair Follicle 

The HF plays a wide functional role within skin and is the only permanently 

regenerative organ of the human body (Tobin, 2006, Schneider et al., 2009). The ‘mini-

organ’ undergoes cycles of growth, regression and quiescence throughout life creating 

new hair shafts with every bout of HF cycling (Tobin, 2006). The base of the mature 

HF is found in the dermis, with hair shafts that protrude through the epidermis and 

outside the surface of the skin (Muller-Rover et al., 2001).  

The HF is divided into several regions (Figure. 3). The infundibulum is the upper, 

opening portion of the HF and is characterised by Krt79 expression. It is derived from 

the developing hair germ during HF morphogenesis and replenished by Lrig 

expressing stem progenitor cells during HF cycling (Jensen et al., 2009, Veniaminova 

et al., 2013, Schneider and Paus, 2014). Just below the infundibulum is the isthmus, 

a part of the HF between the sebaceous gland duct opening and arrector pili muscle 

(APM) attachment to the HF bulge region (Paus et al., 1999). The APM functions to 

pull the hair shaft erect in order to trap warm air and increase body temperature 

(Schneider et al., 2009), however, the APM can also stimulate bulge SCs through 

APM-sympathetic nerve niche, playing a role in homeostatic hair (Shwartz et al., 

2020). The bulge region contains a SC population that is instrumental to the cycling 

nature of HFs and in regeneration during wound healing (Blanpain et al., 2004, Fuchs, 

2007, Blanpain and Fuchs, 2009, Schneider et al., 2009). The infundibulum and 

isthmus are part of the permanent portion of the HF, with a transient, cycling portion 

residing below, including the hair bulb, in which the new hair shafts, ORS, inner root 

sheath (IRS) derive from, driven by bulge SC migration and interaction with the DP 

(Figure. 3) (Schneider et al., 2009).  
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Figure 3. The Structure of the Mature Hair Follicle. 

(A) Haematoxylin and eosin stained anagen HF. The HF is made up two main regions, the 

upper permanent portion containing the infundibulum and the isthmus, and the lower, 

cycling portion of the HF including the hair bulb and suprabulbar region. (B) The isthmus 

contains the SC residing bulge region (denoted by dashed box) and the arrector pili muscle. 

The sebaceous gland can also be seen towards the upper part of the isthmus. The hair 

shaft, ORS, IRS and CTS are identified from this section also. (C) The hair bulb contains 

the DP which is instrumental in signalling pathways involved in hair growth and cycling and 

promoting matrix cell differentiation. (D) A schematic image of the mature HF showing the 

various components of the HF. The dotted line separates the permanent upper portion and 

the lower cycling portion of the HF. (SG: Sebaceous gland, APM: Arrector pili muscle, CTS: 

Connective tissue sheath, BM: Basement membrane, HS: Hair stem, IRS: Inner root sheath, 

ORS: Outer root sheath, M: Matrix, DP: Dermal papilla, B: Bulge) Image adapted from: 

(Schneider et al., 2009, Rishikaysh et al., 2014). 

 

 

A D 

C 

B 



 

16 
  

1.2.1 The Hair Shaft 

The hair shaft is made up of multiple different cells and is the part of the HF that we 

can see protruding out of the skin, extending from the hair bulb at its base. The hair 

shaft is required for initial protection of the skin from sensing external stimuli to 

thermoregulation through contraction of the arrector pili muscle (Schneider et al., 

2009). 

The hair shaft is made up of multiple cell types. The innermost medulla is comprised 

of keratinized keratinocytes and expresses Krt75 (Schweizer et al., 2007). The 

medulla is surrounded by the cortex which makes up the bulk of the hair shaft and 

made up of tightly packed keratinized cells expressing Krt81/86/83 of type II keratins 

and Krt39/34/36 of type I keratins in humans (Schweizer et al., 2007). This layer also 

contains melanin granules which are present in pigmented hair shafts. The last layer 

surrounding the cortex is the hair cuticle comprised of keratinized cells that protect the 

rest of the hair shaft and express Krt85 (Moll et al., 2008, Schneider et al., 2009). 

There are several types of HFs in mice: Guard, awl, auchene and zigzag hairs. Guard 

hairs begin development at E14, awl at E16 and auchene and zigzag at E17 and 

E18/P1 respectively (Duverger and Morasso, 2009). Auchene hairs have a single bend 

in their hair shafts and zigzag, as their name suggests, contains 3-4 bends (Chi et al., 

2013). The two straight hair shafts; the guard and awl are thicker than the thinner bent 

hair shafts with zigzag being the thinnest and awl the thickest (Chi et al., 2013). Guard 

hairs function as sensory hairs and make up 1-3% of the mouse coat. Awl hairs make 

up 30%, and undercoat residing zigzag, 65-70%. Auchene hairs make up only 

approximately 0.1% of total hairs on mice (Duverger and Morasso, 2009). 
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There are several main hair types on the human body, which can be classified as 

androgen-independent HFs such as eyelashes and eyebrows, and hormone-

dependent HFs such as scalp, chest, and public regions. These consist of long and 

thick terminal hair shafts. Most of the body however is covered with vellus hair, non-

pigmented, short hair shafts, which are androgen independent (Paus and Cotsarelis, 

1999, Buffoli et al., 2014). The structure of hair shafts is similar between human and 

mice with both made up of a cuticle, cortex and medulla layer, however, human hair 

types can exist in a transitional phase between terminal and vellus hair types whereas 

mouse hair types remain in a committed state (Buffoli et al., 2014).  

Hair shaft formation has been shown to be tightly regulated by Wnt and BMP signalling 

pathways. BMP signalling is required in the DP to maintain a progenitor population, 

whilst Wnt signalling is required for differentiation of matrix cells into hair shaft cells 

(Rendl et al., 2008, Enshell-Seijffers et al., 2010). Wnt/BMP crosstalk is essential in 

hair shaft growth where in overexpressing beta-catenin mouse model, hair shaft 

formation was greatly impaired and hair shafts were much shorter than the wild type 

controls. Wnt signalling is required for initial morphogenesis of the HF placode, but 

overexpression leads to disruption in BMP/Wnt signalling crosstalk and abnormal 

development of the hair shaft (Närhi et al., 2008). In BMP receptor 1 a (BMPR1a) 

knockout mice, HFs failed to grow a hair shaft (and IRS) and failed to activate Wnt 

responsive genes due to defects in beta-catenin accumulation (Kobielak et al., 2003). 

The relationship between BMP/Wnt signalling is essential for normal hair shaft 

formation.  

Another important regulator of hair shaft formation is transcription factor Foxn1, which 

has been shown to be expressed in the bulbar matrix region where cells differentiate 

to form into the hair shaft and IRS during HF morphogenesis, and expressed in the 
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hair shaft of post-natal HFs (Lee et al., 1999, Bukowska et al., 2018). Foxn1 has also 

been shown to be downregulated in BMPR1a knockout mice (Andl et al., 2004b). 

Foxn1/Msx2 double knockouts resulted in complete lack of hair production but only 

Foxn1 knockout resulted in an absence of Notch1 in the matrix indicating it is 

downstream of Msx2 (Cai et al., 2009). Notch1 knockout models has shown impaired 

IRS and hair shaft medulla formation (Pan et al., 2004, Cai et al., 2009). Together, 

these indicate a signalling hierarchy of BMP-Msx2/Foxn1-Notch1 signalling in hair 

shaft development (and IRS) from differentiating matrix cells (Cai et al., 2009). 

1.2.2 The Inner Root Sheath 

The IRS surrounds the hair shaft and is comprised of several cell types; the innermost 

IRS cuticle, the inner Huxley’s layer and outer Henley’s layer (Schneider et al., 2009). 

The IRS functions to protect the emerging hair shaft and channels the hair shaft 

through the HF (Fuchs, 2007). During active growth phase of HF cycling, type II keratin 

marker Krt6 is expressed in the IRS in humans and mice (Porter et al., 2001). 

Gata3 plays a key role in IRS development, identified through knockout studies in mice 

which led to the inability of the cuticle layer and Huxley’s layer to form, resulting in an 

abnormal hair structure (Kaufman et al., 2003). Gata3 is downstream of BMP 

signalling, with BMPR1a knockout mice models resulting in a downregulation of Gata3, 

Foxn1 and Mxs2 expression, and loss of IRS and hair shaft formation (Kobielak et al., 

2003, Andl et al., 2004b). An additional study of BMPR1a and Gata3 knockout models 

demonstrated that Gata3 was localized to the lower matrix progenitor IRS transit-

amplifying cells (TACs) (Genander et al., 2014). 

Another important regulator of IRS formation is transcription factor, Cutl, which has 

been shown to result in reduction of all IRS specific cell types after knockout (Ellis et 
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al., 2001). However, development of the companion layer was shown to develop 

independently of the IRS formation after Gata3 and BMPRa knockout (Kaufman et al., 

2003, Andl et al., 2004b, Mesler et al., 2017).  

Also playing a role in IRS and hair shaft formation is Foxn1, which is present in the 

early developing IRS in matrix progenitors (Lee et al., 1999, Bukowska et al., 2018). 

In nude mouse phenotype (Foxn1 knockout), the Hair shaft and IRS failed to form. In 

heterozygous Foxn1 knockout, Foxn1 was observed in the matrix progenitor cells and 

early IRS progenitors but not in the differentiating IRS cells further up the HF (Lee et 

al., 1999). Much like the hair shaft development, Notch signalling is involved in IRS 

formation, and ablation resulted in lack of IRS formation as well as hair shaft (Pan et 

al., 2004, Blanpain et al., 2006). Together, these studies demonstrate the important 

relationship between IRS and hair shaft as well as the importance of Gata3, Cutl and 

Notch/Foxn1 signalling leading to normal IRS and hair shaft development. 

1.2.3 The Outer Root Sheath 

The ORS is the outermost epithelial layer of the HF and is an extension of the basal 

layer of the epidermis, surrounding the HF (Fuchs and Horsley, 2008). The bulge 

region is contained within the ORS just below the sebaceous gland and functions as 

SC pool for progenitors to migrate down the ORS to the base of the HF (Blanpain et 

al., 2004). Quiescent, pluripotent SCs have been found residing in the human ORS 

expressing nestin, fibronectin and CD34. These cells have been shown to be able to 

differentiate into neural cells in vitro (Amoh et al., 2005). 

The ORS can be divided into upper, slow cycling and lower fast cycling cells, with slow 

cycling ORS cells surviving catagen and give rise to new bulge and a progenitor 

population of the secondary hair germ (SHG). Faster cycling ORS cells also give rise 
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to bulge SCs and function in part to produce quiescent promoting signals during 

telogen, showing a feedback mechanism of bulge SCs and their progeny (Hsu et al., 

2011). 

One of the key regulators of ORS progenitor cells is Sox9. Sox9-null mice results in 

impaired early hair bulb, matrix and hair shaft formation caused by the inability of 

stem/progenitor cells to migrate down the ORS. In Sox9-null mice, the ORS becomes 

thicker, and expresses markers such as Krt1/10 and Gata3, specific to the suprabasal 

epidermal layer, IRS and early ORS. The SC niche also fails to form in Sox9-null mice. 

(Vidal et al., 2005).   

Another key regulator of ORS is Shh signalling which is required for maintaining 

normal ORS function. Conditional knockout of smoothened (a component of Shh 

signalling) resulted in lack of expression of ORS markers Sox9 and Krt17 but 

expression of Krt1 was noted, indicating a switch of ORS to epidermal lineage 

commitment (Gritli-Linde et al., 2007).  

Another regulator of ORS development is Epidermal growth factor (EGF). EGF has 

been shown to promote cell proliferation and migration in the ORS during anagen 

growth phase, and overexpression of EGF resulted in increased expression of β-

catenin, Wnt10b and Sox9, genes associated with differentiation and proliferation in 

the active HF (Zhang et al., 2016). These studies indicate the importance of the ORS 

maintaining a more undifferentiated state for the migration of bulge SCs during HF 

cycling. 

1.2.4 The Hair Bulb 

The bulb of the HF is the base of the hair shaft and resides close to the DP. The bulb 

is comprised mainly of matrix cells, stem/progenitor cells which migrate from the bulge 
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region to form the new hair during HF cycling (Blanpain et al., 2004). The matrix 

organises into distinct layers depending on the future cell lineage commitment. Matrix 

cells close to the DP are self-renewing, TACs from the bulge and are categorized as 

the germinative layer (Legué and Nicolas, 2005). The layer around the germinative 

layer are transient progenitor populations and the layer around that are the post-mitotic 

cells that give rise to the cell types of the hair shaft and IRS. Differentiation and 

commitment of matrix cells increase the further they are from the DP (Legué and 

Nicolas, 2005). Matrix cells at the centre of the growing bulb form the inner hair shaft 

and the peripheral matrix cells form the IRS and companion layer (Sequeira and 

Nicolas, 2012, Mesler et al., 2017).  

The DP makes up an integral part of the hair bulb which is of mesenchymal origin 

made up of specialised fibroblasts. The DP functions to provide growth and 

differentiation inducing signals during HF growth phase for the matrix cells in the hair 

bulb but also stimulate the bulge SC region via the hair germ to proliferate and activate 

the next growth cycle (Greco et al., 2009, Driskell et al., 2011). The importance of DP 

in hair growth has been shown by transplant experiment of cultured DP cells implanted 

into mouse footpad epidermis (a region that does not grow HFs) which resulted in HF 

and  hair shaft growth (Jahoda et al., 1984). Similar results were observed when DP 

cells were implanted into mouse ear wound (Jahoda et al., 1993). Implantation of 

spheroid DP cultures in human skin has also been shown to induce HF formation 

(Higgins et al., 2013). These studies indicate the essential role of the DP in normal HF 

growth.  

BMP and Wnt signalling play key roles in the development and homeostasis of the 

DP. During DP development, Sox2 is expressed in guard, awl and auchene hairs but 

not in zigzag hairs (Driskell et al., 2009). Sox2 knockout studies resulted in slower but 



 

22 
  

normal hair shaft growth because of impaired matrix progenitor migration in the Sox2 

negative hairs. This was attributed by increase in BMP6 and a decrease in BMP 

inhibitor Sostdc1 (Clavel et al., 2012). During HF cycling, Wnt signalling is a key 

signalling pathway in the control of DP induction of anagen growth phase. Knockout 

of β-catenin in DP cells of developed HFs resulted in premature catagen entry and 

prevention of HF cycling re-entry due to reduction of proliferative and differentiation 

stimulation of hair follicle stem cells (HF-SCs) (Enshell-Seijffers et al., 2010). 

Along-side Wnt/BMP signalling control of DP cells, Alkaline phosphatase is an 

important marker of the DP and shown to be extensively expressed throughout the 

hair cycle (Handjiski et al., 1994). Studies have shown that alkaline phosphatase levels 

vary during the hair cycle with highest levels during active anagen growth phase and 

lowest levels during catagen regression phase (Iida et al., 2007).  

In addition to the transit-amplifying stem/progenitors and the DP, the hair bulb contains 

melanocytes (pigmentary units) (Slominski et al., 2005). The melanocytes reside in 

the upper matrix region and transfer melanin to medulla and cortex keratinocytes, 

pigmenting the hair shaft during anagen stage of HF cycling (Slominski et al., 2005, 

Schneider et al., 2009).  

1.2.5 The Connective Tissue Sheath 

The connective tissue sheath, or dermal sheath (DS), is of mesodermal origin and 

surrounds the DP and ORS during anagen, but is restricted to surrounding the DP 

during telogen, where they self-renew during HF cycling (Martino et al., 2021). It is 

made up of connective collagen producing fibroblasts and stromal cells and functions 

to provide connection and anchorage of the HF to the dermis (Schneider et al., 2009). 

It is separated from the ORS by a basal lamina and collagen fibres (Martino et al., 
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2021). The DS also functions as a smooth muscle niche, expressing alpha-smooth 

muscle actin (αSMA) that brings the DP into close proximity to the bulge by contraction 

during catagen-telogen transition by calcium/calmodulin/myosin light chain kinase 

pathway (Rahmani et al., 2014, Heitman et al., 2020). 

The DS may play a role with the DP in directing hair growth and proliferation and the 

increase in size of the hair bulb during HF cycling. The DS surrounding the DP consists 

of Sox2+ and Blimp1+ cells and expresses αSMA (Driskell et al., 2013, Rahmani et al., 

2014). During anagen growth phase, the DP increases in size which could be partly 

attributed to proliferation and migration of dermal sheath cells (Tobin et al., 2003). 

Implantation studies of DS cells transplanted to mouse footpads and ears resulted in 

growth of a HF, suggesting a similar functional role to DP cells (McElwee et al., 2003, 

Chi et al., 2010). In addition, pharmacological inhibition of DS contraction during 

anagen-catagen transition of the hair cycle results in a failure of the HF to contract and 

retains the hair shaft, showing that DS contractibility is a major driver of catagen 

regression stage of HF cycling (Heitman et al., 2020). 

1.3 Hair Follicle Morphogenesis 

HF morphogenesis begins following stratification of the epidermis at E14-18. Beneath 

the epidermis forms a dermal condensate, specialised dermal fibroblasts that through 

signalling to the upper epidermal cells regulates HF downward growth and DP 

formation (Noramly et al., 1999, Fuchs, 2007). The initiation of HF morphogenesis is 

characterised by a downward growth of a placode, epidermal basal cells begin 

invagination into the dermis upon signalling from the dermal condensate (Fuchs, 

2007). The hair placode continues to invaginate into the dermis and forms the hair 

germ, followed by the hair peg and through vast cellular specification and lineage 
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commitment, the mature HF is formed. HF morphogenesis can be divided into three 

key developmental phases: The induction phase, the organogenesis phase, and the 

cytodifferentiation phase (Figures. 4-6) (Schneider et al., 2009). 

1.3.1 Induction 

HF morphogenesis begins by the formation of the placode, thickening of overlying 

epidermal cells at E14 for guard hairs, E16 for Awl, and auchene and zigzag at E17 

and E18/P1 respectively (Duverger and Morasso, 2009). The overlying epidermal 

keratinocytes align above a dermal condensate at specific points of the skin, regulated 

by signalling crosstalk from the underlying dermis and epidermis. Dermal Wnt 

signalling is required for the formation of the early HF placode. This is characterised 

by the ‘first dermal signal’ from early dermal fibroblasts. Broad Wnt activity in the 

dermis causes localised β-catenin expression in the overlying epidermis is required 

for placode formation (Figure. 4) (Noramly et al., 1999, Botchkarev et al., 1999, Andl 

et al., 2002, Chen et al., 2012). Ectopic expression of Wnt inhibitor Dickkopf 4 (Dkk4) 

in early developing mouse skin resulted in failure of placode and subsequent HF 

formation. Dermal Wnt signalling induces epidermal Wnt signalling and then 

subsequent Wnt signalling in the dermis induced formation of a dermal condensate 

and activation of other signalling pathways essential in HF morphogenesis (Zhang et 

al., 2009b).  

Tumour necrosis factor (TNF) family member Eda is essential for the developing 

placode and its downstream transcription factor, nuclear factor kappa B (NF-Kβ). NF-

Kβ expression has been shown to be confined to the placode at approximately E14, 

just after activation of epidermal Wnt signalling (Zhang et al., 2009b). Knockout of NF-

Kβ is embryonic lethal but reduced expression results in failure to develop the placode 
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(Schmidt-Ullrich et al., 2001). Mutations in Eda have also resulted in impaired HF 

formation in humans and mouse (Ferguson et al., 1997, Srivastava et al., 1997, 

Saxena et al., 2019). Wnt signalling is required for NF-Kβ expression and Eda has 

been identified as a downstream target of Wnt signalling (Zhang et al., 2009b). NF-

Kβ/Eda signalling have been implicated to control Wnt signalling patterning, this is 

demonstrated by NF-Kβ inhibition and observed irregular boarder patterning in the 

developing placode. Secondary Wnt signals, Wnt10b and Wnt10a are absent when 

NF-Kβ is inhibited and Wnt10b/10a are identified targets of Eda signalling (Zhang et 

al., 2009b). Wnt10a and Wnt10b, secondary Wnt signals has been shown to be 

expressed in the early HF placode and later in the lower matrix precursor cells of the 

placode and has a role in HF development after initial induction (Andl et al., 2002, 

Ouspenskaia et al., 2016). 

Fgf20 signalling is required for initial dermal condensate formation and is downstream 

of Wnt and Eda/NF-Kβ signalling in the epidermal cells (Huh et al., 2013). Fgf20 

mutant mice exhibited hair placode formation but no condensing of dermal cells and 

progression to hair germ. Early dermal condensate markers Sox2 and Foxd1 were 

used to track the formation of dermal condensate in Fgf20 mutant mice, and showed 

that condensed fibroblasts (pre-dermal condensate) forms but remain unspecified and 

unable to continue with hair germ formation from the placode (Driskell et al., 2009, 

Sennett et al., 2015, Mok et al., 2019). Together, these activator pathways show a 

diverse regulatory signalling pattern for successful early placode development.   

At E15, asymmetric division of Wnt expressing basal placode cells occurs and 

subsequent suprabasal, low Wnt expressing, Sox9 expressing HF progenitor cells 

arise (Ouspenskaia et al., 2016). Polarisation of the early placode continues with Shh 

expression in the lower, leading edge of the invaginating HF that are matrix precursor 
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cells, and Sox9 expressing HF precursor SCs are expressed in the upper germ 

(Cetera et al., 2018). Shh has been shown to be essential in the maintenance of 

suprabasal Sox9 expressing precursor SCs. Shh-null mice resulted in a decrease in 

Sox9 expressing suprabasal cells, which are responsible for giving rise to progenitor 

cell populations essential for homeostatic HF development  (Ouspenskaia et al., 

2016). 

BMP and other inhibitory pathways are also involved in the regulatory signalling 

pattern of placode formation. BMP2 is expressed in the overlying hair placode and 

BMP4 along with its inhibitor Noggin are expressed in the dermal condensate. 

Increased expression of noggin resulted in increased induction of hair placode 

formation (Plikus et al., 2004, Botchkarev and Sharov, 2004). This converse signalling 

structure between BMP and its antagonist may function to fine tune regulatory 

pathways involved in placode formation. Eda/NF-Kβ signalling inhibits BMP signalling 

and its placode forming inhibitory role. BMP signalling is inhibited by Ccn2 and 

follistatin which are both upregulated by the Eda/NF-Kβ pathway (Pummila et al., 

2007). Inhibition of Eda expression in mice results in inhibition of placode formation 

which can be rescued by exogenous noggin expression. In addition, overexpression 

of Eda in mice resulted in enlarged hair placodes, in vivo (Pummila et al., 2007). 
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Figure 4. Induction Stage of Hair Follicle Morphogenesis. 

(A) Pre-placode: Early dermal fibroblast Wnt signals (arrows) stimulate epidermal Wnt 

signalling and alignment of the epidermal basal keratinocytes. Epidermal Wnt signalling 

activates downstream Eda/NF-Kβ and Fgf20 signalling subsequent epidermal Wnt, Fgf20 

signalling. (B) Placode: Epidermal Wnt and Fgf20 signalling relays to dermal Wnt signalling 

for formation of the dermal condensate (arrows). Asymmetric division of the basal 

keratinocytes leads to low Wnt, high Sox9 expressing suprabasal cells that will go on to 

form the HF-SCs. Adapted from (Schneider et al., 2009). 

 

1.3.2 Organogenesis 

Following placode formation, the downgrowth of the HF is initiated and the hair germ 

forms from invaginating epidermal cells into the dermis. This stage is initiated at 

approximately E15 in mice (Saxena et al., 2019). At the latter stages of organogenesis, 

with the formation of the hair peg, the invaginating HF delves deeper into the dermis 

and begins to encircle the dermal condensate which will become the DP (Schmidt-

Ullrich and Paus, 2005). Matrix progenitor cells surrounding the dermal condensate 

have been shown to initiate differentiation and express Krt79 before beginning to 
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surround the dermal condensate (Mesler et al., 2017). In subsequent hair peg 

development, the developing ORS expresses Krt5 and the HF stem/progenitors 

express Sox9 and Lrig1 (Figure. 5) (Millar, 2002, Frances and Niemann, 2012).  

Shh signalling is key in the HF downward growth, formation of the hair germ and the 

formation of the DP. In Shh-null mice, HF development is arrested after initiation of the 

downward growth of the placode forming the hair germ (St-Jacques et al., 1998). Shh 

has been determined as a target of Eda/NF-Kβ signalling and NF-Kβ inhibited mice 

exhibit inhibition of Shh expression and prevented hair germ downward growth 

(Schmidt-Ullrich et al., 2006, Zhang et al., 2009b, Pummila et al., 2007). Wnt10b 

activates Shh signalling in placodes (through Wnt activated Eda signalling). Shh in the 

hair placode increases expression of Wnt5a in the underlying dermis. This provides a 

second dermal signal for the downward growth of the hair placode into the hair germ 

(Reddy et al., 2001, Rishikaysh et al., 2014). This is further outlined by Shh inhibition 

by targeting Smoothened (Smo), a mediator of Shh signalling, resulting in hair germ 

development arrest and loss of dermal condensate, outlining the essential role of Shh 

in HF morphogenesis (Woo et al., 2012).  

Shh is also partly responsible for the angle of which HFs grow, pointing from anterior 

to posterior direction. The polarity of lower Shh expressing matrix precursor cells and 

the upper Sox9 expressing progenitors causes shifting of the HF angle from the 

perpendicular placode. This is supported by Shh knockout in chicks showing abnormal 

HF orientation (Ting-Berreth and Chuong, 1996, Millar, 2002). However, other studies 

have shown that HF orientation is not only mediated by Shh.  

In addition, planar cell polarity (PCP) genes are involved in aligning body structure in 

an anterior to posterior direction. PCP proteins have been shown to act on basal cells 
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in a planar fashion as the epidermis undergoes stratification (Devenport and Fuchs, 

2008). Core PCP proteins: Vangl2, Celsr1 and Fzd6 are polarized in the basal 

epidermal layer and contribute to HF orientation. This is demonstrated by loss of 

function mutations in each of the genes resulted in global dysregulation of HF 

orientation, but some local areas demonstrated correct orientation indicating that 

polarization can be initiated by neighbouring HFs (Devenport and Fuchs, 2008, Chen 

and Chuong, 2012).  

Platelet-derived growth factor A (PDGF-A) is required for placode downgrowth and 

hair germ formation. PDGF-A is expressed in the overlying epidermis and its receptor, 

PDGF-Rα in the underlying mesenchymal structures in the dermis. PDGF-A-null mice 

resulted in a thinner dermis formation, reduced DP size, thinner hair sheath and 

misshapen HFs (Karlsson et al., 1999). Upon Shh ablation, PDGF-A becomes 

abnormally dispersed within the dermis although PDGF-A ligand is expressed 

normally, this may indicate a link between Shh targets and PDGF responsiveness for 

normal hair germ and DP formation (Karlsson et al., 1999, Sennett and Rendl, 2012). 

Another study knocked out PDGF-Rα and PDGF-Rβ in the dermis and reported normal 

HF induction and formation but a thinner dermis (Rezza et al., 2015). These indicate 

PGDF signalling is not essential for HF induction but required for healthy HF formation 

in the later stages of development.   



 

30 
  

 

 

 

 

 

Figure 5. Organogenesis stage of Hair Follicle Morphogenesis. 

(A) Invagination of the placode into the dermis leads to formation of the hair germ. 

Epidermal-dermal signalling crosstalk from Shh and PDGF with secondary dermal signals 

which are currently unknown. Shh signalling is also key in the subsequent surrounding of 

the dermal condensate. (B) The hair peg is formed from further downgrowth of the hair germ 

and separation of the two precursor cells for HF-SCs and matrix precursors. The DP is 

formed and is surrounded by matrix precursor cells. Sox9 and Lrig expressing cells go on 

to form HF bulge and sebaceous gland SCs respectively whereas shh, Wnt10b and Fgf20 

control the downgrowth of matrix progenitor cell population. (HF-SC: Hair follicle stem cells) 

Adapted from (Schneider et al., 2009). 

 

1.3.3 Cytodifferentiation 

Cytodifferentiation can also be classified as the maturation phase of HF 

morphogenesis (Schneider et al., 2009). Following the formation of the hair peg, the 

IRS begins to form. The pre-HF-SCs separate into Lrig1 expressing pre-sebaceous 
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gland SCs and Sox9 expressing pre-bulge SCs. As HF maturation continues, the IRS 

elongates, and the HF delves deeper into the dermis. The end of HF morphogenesis 

is the generation of the mature HF with completely grown hair shaft, IRS, ORS and 

mature sebaceous gland and bulge region (Saxena et al., 2019).  

As mentioned above, a vast array of signalling pathways are required for the 

maturation and development of the HF.  Generation of the hair shaft requires BMP 

signalling through BMPR1a activation from DP signals. Knockout of BMPR1a in mice 

resulted in lack of formation of IRS and hair shaft. BMP-Msx2/Foxn1-Notch1 signalling 

pathway as well as Gata3 have all been shown to be essential in IRS and hair shaft 

formation from DP signals (Cai et al., 2009, Kobielak et al., 2003). Lrig1 expressing 

progenitors give rise to the sebaceous gland, while Sox9 positive HF-SCs become the 

bulge SC niche (Frances and Niemann, 2012, Kadaja et al., 2014). Blimp1 expressing 

cells are found in the sebaceous gland and serve as a unipotent sebocyte progenitor 

population, regulating proliferation and sebaceous gland homeostasis. Notably, in 

Blimp1 conditional knockout mice, bulge SCs have been shown to migrate and re-

populate Blimp1 sebaceous gland progenitors (Horsley et al., 2006). Once HF 

morphogenesis is complete, the HF begins to cycle (Figure. 6). 

1.4 Hair Follicle Cycling 

Following HF morphogenesis, HFs undergo cycling: periods of growth, rest, and 

regression (Figure. 6). After morphogenesis, the mature HF undergoes a short period 

of rest, where,  approximately 17 days after birth, the HF cycle begins (Schneider et 

al., 2009). After skin morphogenesis, the HF cycle begins with catagen, the 

destructive, apoptotic and DS contraction stage, followed by telogen, the quiescent 
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phase, and anagen, the growth phase. This cycle is repeated throughout life and takes 

approximately 4-5 weeks in mice following morphogenesis (Muller-Rover et al., 2001).  

HF cycling occurs in the lower, suprabulbar region of the mature HFs whereas the 

upper infundibulum and isthmus remain permanent. The lower portion undergoes 

changes in morphology from one stage of HF cycling to the next (Schneider et al., 

2009). HF cycling is synchronised as demonstrated by hair cycling domains. Hair 

cycling domains are regions of HFs that cycle in unison with one another and can vary 

throughout adult life. Dermal BMP signals in a cyclic manor can regulate large 

populations of HFs and therefore control hair cycle domains. As mice age, more 

domains form leading to a more areas with their own cyclic rhythm (Plikus et al., 2008).  
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Figure 6. The Post-natal Hair Cycle.  

The hair cycle is divided into the anagen growth phase, catagen regression phase and 

telogen quiescent phase. Following HF morphogenesis, the HF goes through catagen 

phase followed by resting telogen phase. The first telogen lasts only a few days. Then the 

anagen phase is initiated and the new IRS and hair stem grow from differentiating matrix 

cells and progenitor SCs under the control of the DP. Migrating bulge SCs repopulates the 

secondary hair germ and matrix progenitors during mid anagen. Exogen (not shown), the 

shedding of the previous club hair occurs during anagen of the next HF growth in 

subsequent cycles. (IRS: inner root sheath, SG: sebaceous gland, HS: hair shaft, MC: 

matrix cells, DP: dermal papilla, ORS: outer root sheath) (Schneider et al., 2009). 
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1.4.1 Telogen 

Telogen is the resting phase of the hair cycle and a period of little activity. The first 

telogen following HF morphogenesis occurs at post-natal day (P)19-21 in mice and 

lasts a few days but in subsequent cycles, telogen can last several weeks (Muller-

Rover et al., 2001). The length of the telogen HF is much shorter than the anagen HF 

with the DP coming to a rest just below the bulge region. The DP is instrumental in 

growth signalling for HF cycling and its proximity to the bulge region aids in growth by 

signalling to the SC regions. (Schneider et al., 2009, Driskell et al., 2011). These SC 

populations are the key to progressive stages of HF cycling and their activation and 

inhibition is tightly regulated throughout. In telogen, SC maintenance and inhibition of 

growth signalling gives the HF its quiescence but progression into growth after telogen 

relies on a switch in signalling so the hair cycle can progress (Schneider et al., 2009). 

In telogen HFs, the entire HF is located in the dermis and shows no IRS (Muller-Rover 

et al., 2001).  

Telogen can be divided into two stages, (i) a refractory stage, and (ii) a competent 

phase. The refractory stage is a period of SC resistance to activation and promotion 

of HF quiescence. The competent phase is defined as SC susceptibility and increased 

sensitivity of bulge SCs to anagen promoting signals (Plikus et al., 2008, Schneider et 

al., 2009). Inhibitory BMP signalling is inversely expressed with the Wnt signalling 

pathway. The refractory phase is characterised by high dermal BMP2/4 expression 

whereas the competent has low BMP2/4 expression. Overexpression of BMP inhibitor 

Noggin resulted in a shortened refractory stage and quicker progression into anagen 

stage of the HF cycle (Plikus et al., 2008). This is demonstrated in physiological 

healthy HFs, at the onset of anagen, Noggin expression is increased and BMP4 

expression is decreased. Noggin also increases Shh signalling which is inhibited by 
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BMP4. Dermal BMP signalling therefore may act on the DP which propagates 

signalling induction of a new hair cycle through Shh signalling (Botchkarev et al., 

2001a). BMP6 is also implicated as a growth inhibitory signal and along with BMP2 

and BMP4, are expressed in adipocytes to maintain SC quiescence (Plikus et al., 

2008, Woo and Oro, 2011). Adipocytes also maintain control over HF-SC activation 

and quiescence. Ebf1-null mice result in decrease in mature adipose tissue and 

resulted in prolonged telogen, showing a lack of bulge SC activation. Inhibition of 

PPARγ positive adipocyte precursor cells confirmed that pre-adipocytes are required 

to activate bulge SCs for progression into growth phase. It was identified that the 

activation of bulge SCs can occur through pre-adipocyte PDGF signalling to the DP 

(Festa et al., 2011). 

During the refractory stage of telogen, inhibition of Wnt signalling was identified in 

bulge SCs by lack of nuclear β-catenin in telogen bulge SCs (DasGupta and Fuchs, 

1999). Tcf-3 is involved in maintaining SC quiescence in the absence of Wnt signalling 

(Nguyen et al., 2006b). Ablation of BMPR1A causes bulge SC activation and 

increased proliferation, as well as activation of Wnt signalling through increase in β-

catenin and Lef1 (Kobielak et al., 2007). Therefore, maintenance of SC quiescence 

can be mediated by cross talk with these signalling pathways in order to maintain the 

refractory stage of telogen.  

Although inhibition of Wnt signalling primarily leads to lack of SC activation, Wnt5a is 

expressed in the bulge and secondary hair germ during telogen. Overexpression of 

Wnt5a in dorsal mouse skin led to elongation of the telogen stage and similar 

phenotype to β-catenin knockdown. Over an extended period of time however, Wnt5a 

induced normal hair growth  (Xing et al., 2013). A later study from the same group 

showed that Wnt5a growth inhibitory effect can be rescued by addition of Wnt3a and 
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that Wnt5a supresses β-catenin (Xing et al., 2016). β-catenin is required for HF-SC 

proliferation and progression from telogen into the anagen growth phase. β-catenin is 

expressed in the bulge and secondary hair germ during anagen and increased as BMP 

signalling is downregulated. Deletion of β-catenin or expression of Wnt inhibitor Dkk1 

during anagen resulted in an arrest of proliferation and progression into catagen (Choi 

et al., 2013). 

Throughout the competent phase, anagen inducing signals increase and stimulate the 

bulge SCs to proliferate and differentiate. A minimum threshold of anagen inducing 

signals must be reached for the HF to enter anagen (Plikus, 2012). Wnt/BMP signalling 

has been shown to be expressed competitively during skin morphogenesis and the 

same has been found during hair cycling: Wnt10b acts competitively with BMP6 during 

telogen, with BMP6 promoting SC quiescence and Wnt10b promoting anagen 

transition (Wu et al., 2019). This shows that Wnt/BMP signalling maintains its 

antagonistic relationship in hair cycling.  Transforming growth factor (TGF) β2 is not 

expressed during the refractory phase but highly expressed during the competent 

phase and anagen transition. TGF signalling activates its pathways through 

phosphorylation of Smad2/3 whereas BMP signalling activates its signalling through 

phosphorylation of Smad1/5/8 (ten Dijke and Arthur, 2007). TGF-β2/Smad2/3 is 

shown to antagonise BMP signalling by targeting Tmeff1 and ‘dampening’ BMP 

inhibitory signalling, promoting telogen to anagen transition (Oshimori and Fuchs, 

2012).  

Fgf18 has been shown to be expressed in the bulge SC region during telogen. Fgf18 

expressing bulge SCs are also positive for Krt15 and co-localise with CD34. Knockout 

of Fgf18 resulted in a shortened telogen and subsequent progression into the growth 

phase of the hair cycle. Fgf18 is expressed in the DP in early telogen but expression 
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is diminished in late telogen (Greco et al., 2009). Fgf18 acts as a growth inhibitory 

signal and helps maintain stem/progenitor cell quiescence during telogen, which is 

demonstrated by Fgf18 injection into anagen HFs which resulted in suppressed 

proliferation of matrix cells (Kimura-Ueki et al., 2012). Other fibroblast growth factors 

are involved in telogen to anagen transition. Fgf7/10 has been shown to increase in 

expression in the DP during telogen. Fgf7/10 stimulates secondary hair germ cells to 

proliferate through the Fgf receptor IIIb found in both the bulge and secondary hair 

germ (Blanpain et al., 2004, Greco et al., 2009).  

During anagen, Krt6+ bulge SCs arise to form the companion layer from the matrix and 

have a population in the bulge region, although these derive from the ORS. These 

inner Krt6+ niche bulge cells function to promote bulge SC quiescence by promoting 

BMP6 and Fgf18 signalling to the rest of the bulge cells. Ablation of Krt6+ bulge cells 

drastically reduces the threshold for anagen induction by anagen inducing signals to 

the bulge SCs and initiates anagen, whilst subcutaneous injection of Fgf18 or BMP6 

can block anagen initiation/progression  (Greco et al., 2009, Hsu et al., 2011, Takeda 

et al., 2013, Daszczuk et al., 2020). 

1.4.2 Anagen 

Anagen is the growth stage of HF cycling in which a new HF is formed (Muller-Rover 

et al., 2001). In this stage, activation of SC populations occurs through the activation 

threshold of anagen inducing factors. Early anagen is initiated by secondary hair germ 

cells, in which matrix progenitors give rise to the new IRS and hair shaft, while in mid 

anagen bulge SCs migrate down the ORS and repopulate the secondary hair germ 

and matrix progenitors (Panteleyev et al., 2001, Blanpain et al., 2004). However, this 

is a general view and anagen stage can be separated into six distinct stages as 

proposed by Muller-Rover and authors (Muller-Rover et al., 2001).  
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Stage 1 of anagen is similar to telogen HF but the DP begins to enlarge. In stage 2, 

the DP continues to enlarge and is surrounded by matrix cells and located at the lower 

subcutis boarder of the hypodermis. Stage 3 anagen can be further split into 3 sub 

sections. Firstly, matrix cells begin to surround the DP, and begin to differentiate into 

the IRS. Secondly, the IRS contains all its layers, the hair shaft begins to form, and 

the hair bulb delves into the subcutis. Lastly, the hair bulb reaches the maximum size 

and the IRS and hair shaft reach the sebaceous gland of the previous hair shaft. Stage 

4 is characterised by the continued thinning of the DP and the IRS and hair shaft reach 

the hair canal of the previous hair. In stage 5 the tip of the hair shaft emerges from the 

hair canal and the previous hair (club hair) is lost. Lastly, stage 6 is the emergence of 

the new hair shaft from the skin (Figure. 6) (Muller-Rover et al., 2001). 

Pigmentation of the hair shaft occurs during anagen and melanin production is absent 

during telogen and catagen (Slominski et al., 2005). Melanogenesis occurs with 

interactions between melanocytes and the DP, matrix and bulge regions. 

Melanogenesis is partly controlled by enzymes tyrosine related protein (TRP) 1 and 2 

(Slominski et al., 2005). Melanocyte SCs are originally derived from the neural crest 

and are found in the bulge region and their activation is closely associated with that of 

bulge SCs and HF cycling. Melanocyte SCs are inactivated and maintained in an 

immature sate by TGF-β signalling, which is maintained during hair cycling, apart from 

a window of activation during early anagen (Nishimura et al., 2010). Activation of the 

melanocyte SCs due to reduction in TGF-β signalling and signals from the DP (KIT 

ligand) and matrix (endothelins), promote melanocyte SC differentiation into 

melanocytes. Melanocytes reach S phase in cell cycle progression by anagen 2, and 

by anagen 3 are significantly proliferating, coinciding with the subsequent growth and 

pigmentation of the new hair shaft (Slominski et al., 2005). During the later stages of 
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HF cycling, the hair elongates and the differentiation signals from the DP and matrix 

cease to have an impact on the melanocyte SCs (Nishimura et al., 2002, Hsu et al., 

2014). 

Wnt signalling is important in anagen induction and progression. Wnt signalling in the 

epidermis was shown to initiate Wnt signalling in the dermis. Deletion of Wntless (Wls) 

gene (required for Wnt ligand secretion) in the epidermis resulted in hair cycle arrest, 

reduced Wnt and β-catenin activity in the DP and reduced SC proliferation (Myung et 

al., 2013). Wnt signalling through Wnt10a and Wnt10b expression in the secondary 

hair germ and DP during early anagen have been shown, and both are absent during 

telogen (Reddy et al., 2001). β-catenin has been shown to be essential in anagen 

onset. With knockout of β-catenin in the epidermis and follicular epithelium, anagen 

onset fails to initiate (Huelsken et al., 2001). Another study has shown the proliferative 

activating nature of Wnt signalling in HFs. Overexpression of Wnt1 resulted in 

premature entry into, and a prolonged anagen stage, SC depletion and thus eventual 

hair loss (Castilho et al., 2009, Lim and Nusse, 2013). Another study knocked out β-

catenin globally in skin, along-side in the inner follicular epithelium, and HF-SCs and 

compared each knockout with ectopic expression of Dkk1. The result of β-catenin 

ablation was hair cycle arrest and blocking anagen onset (Choi et al., 2013). These 

studies indicate the essential role of Wnt signalling in anagen onset and progression.  

Shh plays a role in anagen. Exogenously administered Shh to telogen HFs resulted in 

activation of the anagen phase as well as increased HF size (Sato et al., 1999). In 

another study, Blocking Shh with anti-Shh antibodies in postnatal skin resulted in a 

blocking of the growth of hair during anagen (Wang et al., 2000). During anagen, Shh, 

and components of the Shh pathway: Ptc1, Gli1 and Gli2 are all highly expressed, and 

expression was reduced during catagen and telogen (Paladini et al., 2005). Topical 
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application of hedgehog agonist on telogen mouse skin stimulated telogen to anagen 

transition indicating Shh signalling as a modulator of telogen to anagen transition 

(Paladini et al., 2005). Gli1 expressing cells are, however, present in the lower bulge 

region co-expressing with Lgr5. This population may be present as an inducer for 

anagen phase locally to the bulge SC region (Brownell et al., 2011, Abe and Tanaka, 

2017). These studies indicate that Shh plays an important role in anagen phase and 

maintaining matrix progenitor proliferation to produce the new hair shaft and IRS. 

NF-Kβ signalling helps to induce anagen and promote its progression. Strong NF-Kβ 

expression was observed in the secondary hair germ during late telogen to early 

anagen transition and in the matrix and IRS in mid anagen. After induced suppression 

of NF-Kβ, guard hairs were lost indicating the essential role of cycling in this hair type 

(Krieger et al., 2018). In another study EDAR in humans was shown to be present in 

the areas of NF-Kβ activity during anagen (Kloepper et al., 2014). Also Eda-A1 

overexpression in mice resulted in a prolonged anagen phase (Mustonen et al., 2003). 

In human scalp HFs, addition of pharmacological NF-Kβ inhibitor BAY resulted in 

promotion of apoptosis and progression into catagen (Kloepper et al., 2014). Together, 

these suggest EDA-1/EDAR to regulate NF-Kβ in inducing and maintaining anagen 

HF growth.  

Inhibitory BMP signalling plays an important role in preventing ectopic growth, but 

during anagen, the HF needs to grow in a controlled manner, balancing activating Wnt 

signalling. Overexpression of BMP inhibitor Noggin in bulge SCs lead to activation of 

the anagen phase. BMPR1A inactivation also led to matricoma formation and 

coincided with an increase in β-catenin, demonstrating the antagonistic relationship 

between BMP and Wnt signalling (Zhang et al., 2006). Wnt10b and BMP6 have been 

shown to play a major role in anagen induction and have an antagonistic relationship 
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with one another. Wnt10b adenovirus overexpression in telogen HFs led to 

suppression of BMP6 expression. Equally, with adenovirus overexpression of BMP6, 

Wnt10b expression was supressed and the telogen HF failed to enter anagen (Wu et 

al., 2019). TGF-β/Smad/2/3 signalling has been shown to antagonise BMP signalling 

and shown to be upregulated in the DP during anagen onset to promote active growth 

of the new HF through interaction with the secondary hair germ and stem/progenitor 

cells (Oshimori and Fuchs, 2012).  

1.4.3 Catagen 

Catagen is the regression phase of HF cycling in which the growing HF undergoes 

apoptosis of its cycling region and contraction of the dermal sheath. The first catagen 

stage in mice occurs at P16-18 and can be categorised into 8 distinct stages as 

proposed by Muller-Rover and authors (Muller-Rover et al., 2001). Stage 1 of catagen 

follows the end of anagen in which growth signals cease to be expressed. Stage 2 

consists of the narrowing of the hair bulb by apoptosis of the hair matrix, to the 

approximate width of the hair canal. Stage 3, the DP begins to condense, and the hair 

shaft moves proximately toward the skin surface. During this stage and continuing until 

the end of catagen, the dermal sheath contracts, shortening the hair shaft (Heitman et 

al., 2020). Stage 4, 50% of the DP is surrounded by the bulb and the hair shaft 

continues to shorten. The club hair begins to form at the base of the hair shaft. The 

club hair is not pigmented. In stage 5, the hair shaft continues to move towards the 

skin surface and the club hair continues to develop. The ORS forms the ‘germ capsule’ 

around the club hair and the IRS becomes opaque. In stage 6, a glassy membrane of 

apoptotic keratinocytes connects the DP and the germ capsule. The hair shaft 

continues to move out towards the skin surface and the club hair grows. Stage 7-8, 

the DP moves towards the subcutis-dermis boarder leaving behind a streak of 
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connective tissue sheath fibroblasts. The IRS is the approximate level of the 

sebaceous gland, and the club hair and germ capsule are in the dermis, with the hair 

shaft at the surface skin level (Figure. 6) (Muller-Rover et al., 2001).  

A key inducer of the catagen phase is Fgf5 which is expressed in the ORS during late-

anagen. Fgf5-null HFs had abnormally long hair shafts, indicating a prolonged anagen 

stage (Hebert et al., 1994). This was confirmed in another study which found two 

isoforms of Fgf5 (a long and short protein, Fgf5 and Fgf5-S) that function to 

counterbalance one another, with Fgf5-S antagonising anagen to catagen transition. 

Through subcutaneous injection of Fgf5 during induced hair cycle, inhibition of hair 

growth, a promotion of apoptotic activity and transition to catagen was observed. Fgf5-

S was found to be highly expressed in anagen and found to inhibit catagen transition 

(Suzuki et al., 2000).  

Another important regulator of catagen phase is TNF-α. Subcutaneous injection of 

TNF-α into mouse skin resulted in a large increase in apoptosis (Rückert et al., 2000). 

TNF-α signalling has been shown to be regulated in part by Krt17. Krt17 is an anagen 

promotor and in Krt17-null skin, downstream TNF-α target, NF-Kβ expression 

increases (McGowan et al., 2002, Tong and Coulombe, 2006). Krt17-null mice 

developed alopecia soon after birth due to apoptosis of the hair bulb. Krt17 interacts 

with TNF receptor 1 (TNFR1)-associated death domain protein (TRADD), an important 

component of the TNF-α/NF-Kβ signal transduction and therefore may regulate TNF-

α signalling and prevent the entry of the HF into catagen via TNF- α/NF-Kβ signalling 

(Mustonen et al., 2003, Tong and Coulombe, 2006).  

Furthermore, TGF-β1 also plays a functional role in catagen phase. TGF- β1-null mice 

resulted in a prolonged anagen with early entry to catagen, alongside an increase in 
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Ki67 expressing proliferating cells (Foitzik et al., 2000). However, injection of TGF-β1 

into dorsal mouse skin resulted in premature entry into catagen. Colocalization of TGF-

β type II receptor and apoptotic TUNEL+ cells in the lower bulge was observed, 

showing that catagen entry and control can be finetuned in part by TGF-β1 (Foitzik et 

al., 2000). 

An additional controller in catagen and key regulator of tumour suppression in the body 

is tumour protein p53 (Botchkarev and Flores, 2014). P53 is expressed in the ORS 

and hair matrix of mature HFs and p53 expression is increased at the onset and 

throughout catagen. P53 knockout showed a retardation of catagen phase and 

decrease in apoptotic markers Bax and Bcl-2, indicating a role of p53 in controlling 

apoptosis during catagen (Botchkarev et al., 2001b). P63 has also been implicated in 

catagen although not well defined. Overexpression in transgenic mice resulted in a 

prolonged anagen and failure to enter catagen (Romano et al., 2010). P63 may act 

inversely to p53 in the skin but more research is needed (Botchkarev and Flores, 

2014).  

1.4.4 Exogen 

Exogen is the release of the club hair, previous hair shafts that have completed cycling. 

Club hair shedding is coupled with anagen and found to be morphologically distinct 

from a telogen hair shaft with surrounding cells with deteriorated nuclei (Milner et al., 

2002). Release of the club hair occurs so the new hair can take precedence in the HF 

although how this occurs is debated. One theory is that the club hair is pushed out by 

the growing hair shaft but this is considered unlikely, based on that fact the club hair 

resides in a separate region of the HF to the growing hair (Milner et al., 2002). Another 

possible explanation is regulatory signalling pathways involved in club hair retention. 

Overexpression of anti-apoptotic gene Bcl-xL results in a prolonged retention of the 
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club hair. This could mean that apoptotic regulation in the surrounding club hair results 

in club hair loss (Pena et al., 1999, Higgins et al., 2009). This mechanism is supported 

by Milner’s and authors observation in deteriorated nuclei surrounding the shed club 

hair (Milner et al., 2002). Interestingly, plucking a resting club hair during competent 

telogen results in the initiation of a new anagen phase. However, knockout of cell 

adhesion protein, desmogein-3 results in premature loss of the club hair but delayed 

entry into the new anagen indicating a timed and coordinated mechanism for the 

formation and shedding of the club hair (Higgins et al., 2009).  

1.5 Hair Follicle Stem Cells 

The HF is described as a ‘dynamic mini-organ’ due to its ability to self-renew 

(Schneider et al., 2009). HFs undergo cycles of growth and regression by signalling 

pluripotent SCs and multipotent progenitors to migrate, differentiate, and proliferate 

into the new cells that make up the HF. These SC regions have also been shown to 

contribute to re-epithelialization upon wounding (Fuchs and Horsley, 2008). There are 

several distinct and independent SC populations in the adult HF and skin, the bulge 

region, the sebaceous gland, and epidermal basal layer. In addition, the matrix, SHG 

and ORS contain progenitor populations committed to HF lineage (Figure. 7) (Blanpain 

et al., 2004, Ito et al., 2004, Horsley et al., 2006, Nowak et al., 2008, Kanno et al., 

2013). 

The bulge region of the HF was first identified to contain SCs in 1990. The niche was 

characterised as ‘slow cycling label retaining cells’ (Cotsarelis et al., 1990). The bulge 

region has since been identified to be present throughout the HF cycle in adult life and 

has been shown to gives rise (through progenitor populations) the whole of the HF as 

well as promote wound healing (Ge et al., 2017). Chase studies using transgenic 
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animals were used to label bulge SCs, allowing lineage tracing of bulge SCs during 

HF cycling. Most of the labelled SCs remain in bulge region, indicating the self-renewal 

capability of the bulge niche. However, upon anagen growth phase initiation, bulge 

cells proliferate and migrate to the HF base down the ORS and form the new matrix, 

of which the IRS and hair shaft develop from (Tumbar et al., 2004).  

Interestingly, after wounding, the labelled bulge SCs migrated and differentiated into 

infundibulum and epidermal cells showing the high lineage capacity of bulge SCs  

(Tumbar et al., 2004). In addition, another bulge SC lineage tracing study showed that 

bulge SC could lead to generation of all other cell types in the HF (e.g.: IRS, ORS, 

matrix and hair shaft) (Morris et al., 2004). Furthermore, LacZ containing bulge SCs 

from vibrissae (whisker) HFs from Rosa-26 mice were transplanted on to partial bulge 

amputated adult Rosa-26 mouse HFs, which resulted in β-galactosidase observed in 

the ORS, followed by the hair bulb and eventually throughout the HF within 10 weeks 

(Oshima et al., 2001). These studies highlight the importance of the bulge SC 

population which gives rise to the whole of the mature HF through migration and 

progenitor populations, as well as contributing to wound healing. 

Two SC populations have been identified in the bulge region during telogen-anagen 

stage of HF cycling. A Krt5+, Krt14High, α6High, CD34High population maintains basal 

lamina contact and anchorage of the club hair, the second, Krt5+, Krt14Low, α6Low, 

CD34High population is found in the suprabasal region of the bulge, between the new 

hair shaft and club hair. These can be defined as the old and new bulge region 

respectively (Blanpain et al., 2004). Both populations had the ability to self-renew in 

vitro, repress terminal differentiation markers as well as lead to growth of new HFs 

when grafted onto nude mice, indicating that bulge SCs maintain their self-renewal 

capability and stemness throughout the HF cycling (Blanpain et al., 2004). Lgr5 is 
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another key SC marker expressed in the bulge region as well as progenitor 

populations in the ORS and the matrix region (Jaks et al., 2008). Lgr5 expressing cells 

and their progeny have been shown to actively proliferate during anagen and populate 

the bulge and SHG (Jaks et al., 2008). Lgr5 expressing cells and their progeny are not 

only able to give rise to all new cell types of the HF, but also re-populate other SC 

residing areas including the bulge region. During HF cycling, CD34+ and Krt15+ 

expressing bulge cells do not overlap with Lgr5 population, however, during telogen 

Lgr5+ and CD34+ cells overlap, indicating Lgr5 in as being distinct marker of stem 

progenitor population during HF cycling (Jaks et al., 2008). Analysis of Lgr5+/LacZ 

cells during anagen stage of HF cycling showed cells migrating down the ORS and 

contribution of growth of the anagen HF (Jaks et al., 2008). Lgr5 has also been shown 

to play a role in skin development. Induced expression of Lgr5 in mice resulted in 

sparce fur coat and degeneration of sebocytes alongside with increase in expression 

of Wnt5a and Gli1 (Norum et al., 2015). These populations show the dynamic nature 

of the bulge SC region in maintaining SC quiescence and self-renewal, but also 

committing to proliferation and differentiation during growth stage of HF cycling 

through cell migration down the ORS. 

Markers for bulge SCs have been identified and have provide a more in-depth 

characterisation of the bulge SC niche through methods such as isolation and 

characterisation, lineage analysis and knockout studies (Morris et al., 2004, Fuchs, 

2007, Blanpain and Fuchs, 2009). CD34 alongside integrin alpha 6 (α6/CD49f) 

expressing keratinocytes were identified as slow cycling quiescent bulge SCs 

(Trempus et al., 2003). α6 has been shown to be important in cell adhesion and 

intracellular signalling (Krebsbach and Villa-Diaz, 2017). α6 expression is also 

promoted by transcription factors Oct4 and Sox2 and so may play a role in maintaining 
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SC ‘stemness’ through this mechanism (Yu et al., 2012). Krt15 and Krt19 have also 

been identified as bulge SC markers. Expression of both was observed in the ORS 

and hair bulb suggesting a Krt15+ and Krt19+ progenitor SC populations in the lower 

HF (Lyle et al., 1998). Krt15 expression is also colocalised with CD34 and α6 

expression in isolated bulge SCs (Trempus et al., 2003) allowing them to be used as 

markers for specific bulge SC isolation (Villani et al., 2013). Other bulge SC markers 

include Gli1, a transcription factor that activates hedgehog signalling, can induce SC 

markers Krt15 and Krt19 in keratinocytes in vitro (Rittié et al., 2009). Gli1 expression 

is primarily located in the bulge region, the secondary hair germ and DP (Abe and 

Tanaka, 2017). A secondary stem/progenitor cell population was found near the bulge 

region, in the upper isthmus/lower infundibulum. These cells express α6, is negative 

for CD34 but expresses stem cell antigen-1 (Sca-1) marker and have been shown to 

self-renew and give rise to epidermal, follicular, and sebaceous gland lineages in vivo 

(Jensen et al., 2008). 

Lgr6, a close relative of Lgr5, has been found to be one of the earliest SC markers in 

the developing hair placode and found in the upper bulge region of the HF. It does not 

co-express with CD34+/Krt15+ bulge SCs and functions primarily in the formation of 

the sebaceous gland and interfollicular epidermis and is Wnt signalling independent, 

unlike Lgr5 (Snippert et al., 2010). This SC population can potentially renew 

sebaceous gland and epidermis in adult skin (Fuchs and Horsley, 2008, Snippert et 

al., 2010).  

Sox9 is another important regulator of the HF and ORS formation, and is also involved 

in early HF placode growth, early bulge region development and adult bulge region 

homeostasis (Vidal et al., 2005, Nowak et al., 2008). Embryonic knockout of Sox9 led 

to partial HF and bulge formation, and failure to maintain transit-amplifying matrix cells 



 

48 
  

population (Nowak et al., 2008). Knockout of Sox9 in adult HFs also showed similar 

results with reduction of bulge SCs and transition into epidermal cells. Furthermore, 

the ORS layer is not maintained, and HF growth is halted (Kadaja et al., 2014). These 

studies highlight the essential role of Sox9 in formation and maintenance of bulge 

stem/progenitor cell populations. 

Along with Sox9, LIM homeobox 2 (Lhx2) is expressed in early HF formation, in the 

bulge SC region, ORS and secondary hair germ (Daszczuk et al., 2020). In β-catenin 

and Shh knockout models, Lhx2 expression is dramatically reduced, indicating Lhx2 

as a down-stream effector of Wnt and Shh signalling. It was also noted that loss of 

Lhx2 resulted in loss of CD34 expression in bulge SCs (Rhee et al., 2006). Specific 

knockout of Lhx2 in skin resulted in several phenotypes. Firstly, bulge SC adhesion 

and maintenance of the cytoskeleton of the bulge niche were compromised during 

regeneration of the new HF, resulting in the premature loss of the telogen hair shaft. 

Secondly, with ageing and successive hair cycling, some of the bulge SCs 

differentiated into sebocytes resulting in the slow degradation of the ORS and resulting 

in several sebaceous gland structures and a shortened HF (Folgueras et al., 2013). 

These studies indicate Lhx2 to be crucial in stem/progenitor cell commitment and 

anchorage and maintenance of the bulge region. Lhx2 has also been shown to play 

an important role in wound healing. Lhx2 has been shown to regulate Sox9 and Tcf4 

in the bulge SC region, promoting proliferation and re-epithelialization, whereas Lhx2 

negatively regulates Lgr5 in the SHG, inhibiting HF cycling. These indicate the 

important role of Lhx2 in controlling wound healing by modulating HF stem/progenitor 

cell proliferation and HF cycling (Mardaryev et al., 2011). 

Several other SC markers have been identified: Nfatc1, which balances SC 

quiescence and colocalises with CD34+, Sox9+ and Lhx2+ cell populations (Horsley et 
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al., 2008). Vitamin D receptor (VDR) plays a role in ion transport and VDR knockout 

results in alopecia phenotype (Cianferotti et al., 2007). Lastly, Tcf3 is involved in 

maintaining SC quiescence in the absence of Wnt signalling and directing lineage 

commitment through Wnt signalling (Nguyen et al., 2006b). Pw1/Peg3 co-expresses 

with Sox9 during skin development before committing to bulge SC lineage. Pw1/Peg3 

is co-expressed with CD34 and α6 in the anagen bulge region, and when isolated, is 

capable of giving rise to new HFs (Besson et al., 2017). These show a complex and 

diverse signalling network in SCs that fine tune gene expression, balancing activation 

and proliferation with quiescence and self-renewal. 

The sebaceous gland resides just above the bulge region and maintains its own 

distinct SC population, producing sebocytes that hydrates and lubricates the skin 

through sebum secretion (Tobin, 2006, Sakuma and Maibach, 2012). During 

morphogenesis, precursor cells co-express Sox9 and Lrig1 and then split into Sox9+ 

bulge SC region and Lrig1+ sebocytes lineage giving rise to the early sebocytes 

(Frances and Niemann, 2012). Lrig1 plays a role in maintaining SC quiescence in 

interfollicular epidermal cells of the HF junctional zone, a region adjacent to the 

infundibulum and sebaceous gland. These cells also express Blimp1 (Jensen et al., 

2009). Blimp1 has been identified as progenitor sebaceous gland population and are 

able to differentiate into sebocytes as well as self-renew. In Blimp1 knockout mouse 

model, an increase in bulge SC activity was observed, which was attributed to bulge 

SCs repopulating the sebaceous gland stem/progenitor population (Horsley et al., 

2006).  

The Secondary hair germ (SHG) is a distinct progenitor population during HF cycling 

located between the hair bulb and DP. The SHG has been shown to be derived from 

migrating bulge SCs and through ORS progenitors during late catagen and present 
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throughout the resting quiescent telogen HF (Panteleyev et al., 2001, Panteleyev, 

2018). The function of this progenitor SC pool is during initiation and growth of the next 

hair in the HF cycle. The SHG is thought to function to maintain the quiescence of 

bulge SCs from anagen activating signals from the DP as well as form hair 

synchronisation in mice due to partial pre-commitment to cell differentiation 

(Panteleyev et al., 2001, Panteleyev, 2018). Markers for SHG in telogen mouse HFs 

include P-cadherin (P-cad), an adhesion protein which is expressed around the DP, in 

the lower hair matrix and SHG during telogen. P-cad is also expressed the innermost 

hair matrix and ORS during active hair cycling (Müller-Röver et al., 1999). Dnmt1, P16 

and Gata6 are also expressed in the SHG in telogen mouse HFs (Li et al., 2012, Wang 

et al., 2017, Panteleyev, 2018). In telogen HFs, ΔNp63 expression was noted in the 

bulge region as well as the SHG, where it is suggested to play a role in promoting self-

renewal and growth during HF cycling (Romano et al., 2010). Krt15, Sox9 and Lgr5 

are expressed in the SHG although it is diminished compared to the bulge region, 

while the SHG cells are negative for bulge SC markers CD34 and Nfatc1 (Greco et 

al., 2009, Panteleyev, 2018, Trempus et al., 2003). It is also interesting to note than 

upon wounding, the SHG can repopulate the bulge region and express bulge SC 

markers (Ito et al., 2004). 
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Figure 7. Stem Cell Compartments and Markers in the Mouse Telogen Hair Follicle. 

Distinct SC and progenitor populations in the resting mature telogen HF. Bulge SCs give 

rise to the SHG and DP which signal and produce the actively growing HF during cycling. 

Sebaceous gland SCs function to renew sebocytes in the sebaceous gland. Key markers 

are given in the labelled boxes. (SG: sebaceous gland, CL: club hair, SHG: secondary hair 

germ, DP: dermal papilla). Adapted from (Daszczuk et al., 2020). 

 

1.6 MicroRNAs 

MicroRNAs (miRNAs/miRs) are small non-coding RNAs typically ~19-24 nucleotides 

(nt) in length and function to regulate genes post-transcriptionally (Yi and Fuchs, 2010, 

Schneider, 2012). The first miRNA to be discovered in 1993 was Lin-4, a 22nt RNA by 

the Ambros group (Lee et al., 1993). They found that Lin-4 did not produce a protein 

but a short RNA that targeted the 3’-untranslated region (UTR) of Lin-14 and regulated 
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it in this manner (Lee et al., 1993). It was not until 2000 that the second miRNA; Let-

7, was discovered by the Ruvkun’s group (Reinhart et al., 2000). Using the same 

model, C. elegans, they found that the twenty-one nucleotide RNA Let-7 regulated 

larval development and targeted Lin-41 at the 3’-UTR (Reinhart et al., 2000). Since 

these discoveries, many more miRNAs have been discovered and their functional 

roles and targets investigated. There are over two-thousand miRNAs discovered in 

humans which are estimated to regulate a third of the genome through messenger 

RNA (mRNA) degradation (Valencia-Sanchez et al., 2006, Hammond, 2015, O'Brien 

et al., 2018).  

The mechanism by action of miRNAs in targeting mRNA for post-transcriptional 

genetic regulation is termed RNA interference (RNAi). The RNAi phenomena was 

elucidated by the Mello group in 1998 (Fire et al., 1998).  

Since miRNAs discovery, other interfering RNAs have been discovered and classified 

as having an RNAi mechanism. Short interfering RNAs (siRNAs) were discovered in 

1999. In 2001, synthesised siRNA was shown to induce RNAi in vitro (Hamilton and 

Baulcombe, 1999, Elbashir et al., 2001). Piwi-interacting RNA (piRNA) is another class 

of RNAi and derived from single stranded precursor transcripts unlike miRNAs and 

siRNAs (Ozata et al., 2019). MiRNAs differ from other RNAi players in their biogenesis. 

1.6.1 MiRNA Biogenesis 

MiRNAs are made through a series of proteolytic steps from a larger RNA transcript. 

The first step is transcription: In the canonical miRNA biogenesis pathway, this is 

performed by RNA polymerase II, or III to from the pri-miRNA (Lee et al., 2004, 

Borchert et al., 2006). The transcription of the pri-miRNA can be intergenic or intronic. 

Intergenic miRNAs are transcribed as independent units whereas intronic miRNAs are 
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transcribed from introns of their hosting transcriptional unit and therefore have a 

common expression pattern as the gene which hosts them. MiRNAs can also be 

exonic, coded within a gene’s exon and like intronic miRNAs, display a close 

relationship with their hosting gene (Figure. 8) (Slezak-Prochazka et al., 2013). Within 

each transcript location, miRNAs can also be clustered with several others under 

control from a shared promotor (Ramalingam et al., 2014). Large clusters of miRNAs 

within a genomic loci make up a polycistronic units, multiple miRNAs are co-

transcribed and then spliced later in the processing network (Figure. 8) (Lee et al., 

2002). 

 

 

 

 

 

 

 

 

 

Figure 8. Schematic Depiction of MiRNA Transcription. 

(A) MiRNAs are found throughout the genome, coded within exon and introns of genes 

under the control of the associated gene promotor, or as independent units with their own 

promotor, termed intergenic miRNAs. (B) Single coded miRNAs are termed monocistronic 

whereas multiple miRNAs within a cluster are termed polycistronic and can contain miRNAs 

of the same family. Adapted from (O'Carroll and Schaefer, 2013) and (Treiber et al., 2018). 
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Following transcription, the pri-miRNA is cleaved by RNase III enzyme Drosha and the 

DiGeorge critical region 8 (Dgcr8) protein complex into a ~seventy nucleotide stem 

loop structure pre-miRNA. Dgcr8 contains two double stranded RNA binding domains 

which recognise the pri-miRNA, while Drosha contains two RNase III domains which 

interact and cleave the pri-miRNA 5’ and 3’ strands, leaving approximately eleven 

Base pairs from the miRNA sequence and a two-nucleotide overhang (Lee et al., 2003, 

Han et al., 2004, Han et al., 2006, Ha and Kim, 2014). After cleavage, the pre-miRNA 

is exported from the nucleus to the cytoplasm by Exportin-5 (Exp5) coupled with Ran-

GTP cofactor (Figure. 9) (Yi et al., 2003).  

Once the pre-miRNA is in the cytoplasm, it is processed by RNase III enzyme Dicer 

(Zhang et al., 2004). Dicer recognises the 2-nucleotide overhang left by Drosha-Dgcr8 

cleavage. For Dicer to correctly cleave the pre-miRNA, Dicer recognises the 3’ end of 

the antisense strand and 5’ phosphorylated end of the sense strand. The cleavage site 

is usually a set distance from the 3’ end of the Dicer binding site with length depending 

on the type of Dicer and species and distance between Paz (PIWI-Argonaute-ZWILLE) 

and RNase III domains of Dicer (Zhang et al., 2004, Macrae et al., 2006). In mammals, 

Dicer cuts from a specific distance from the phosphorylated 5’ end binding site 

providing another regulatory mechanism for correct Dicer cleavage (Park et al., 2011). 

The loop structure of pre-miRNA is cleaved leaving behind a miRNA duplex (Figure. 

9). Alternate splicing of the pre-miRNA loop by Dicer can lead to isomirs of a miRNA 

which can differ in length or sequence leading to an increased repertoire for the miRNA 

and contributes to evolutionary stability (Tan et al., 2014). The Dicer cleaved miRNA 

duplex is coupled with an Argonaute (Ago) protein which then forms an RNA induced 

silencing complex (RISC) with other proteins, forming a mature miRNA-RISC 

(miRISC), which mediates the RNAi function of the miRNA (Hammond et al., 2001).  
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Figure 9. MicroRNA Biogenesis Pathway.  

MiRNAs are transcribed by RNA polymerase II/III into pri-miRNA. Pre-miRNA is made in 

the nucleus through cleavage of pri-miRNA by Drosha-Dgcr8 complex before it is exported 

to the cytoplasm by Exportin-5. The pre-microRNA is further cleaved into mature 

microRNAs by Dicer complex. The mature microRNA forms an RNA Induced Silencing 

Complex (RISC) with argonaut proteins where the complex can bind to messenger RNA 3’-

UTR and prevent protein expression through target cleavage, repression or deadenylation 

(Winter et al., 2009). 

 

The miRNA duplex bound to the RISC is then unwound, and cleavage of the 

passenger strand (miR*) occurs, leaving behind a single-stranded guide miRNA 

strand. Selection of the guide strand is driven by thermodynamic stability of the 

strands. The strand with the less thermodynamically stable 5’ end is generally selected 
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as the guide strand whereas the strand with higher stability at the 5’ is usually 

degraded (Schwarz et al., 2003, Khvorova et al., 2003). Argonaute protein strand 

selection also plays a role with preferential binding of uracil in the 5’ end with cytosine 

commonly present in the 5’ end of the passenger strand (Figure. 10) (Mi et al., 2008, 

Frank et al., 2010, Medley et al., 2021). The more active arm can however switch in 

different tissues and change throughout development (Chiang et al., 2010). The 5p 

arm (termed so as the mature miRNA derives from the 5’ end of the pre-miRNA 

hairpin) is generally more selected in miRNA processing because of the accuracy of 

the processing enzymes. Drosha is a more accurate enzyme than Dicer and so the 5p 

arm ‘seed’ sequence would be more accurately cut at the 5’ end, where drosha cuts 

(Figure. 10) (Hu et al., 2009).  

Strand selection and miRISC maturation is regulated by the RISC loading complex 

(RLC) in humans. The RLC is comprised of Dicer, Ago2 core and RNA binding 

domains; TRBP (Tar RNA binding protein) and PACT (protein activator of PKR) 

(MacRae et al., 2008, Lee et al., 2006, Winter et al., 2009). TRBP and PACT function 

to aid Dicer in pre-miRNA cleavage and assembly of the RISC. Knockout of both 

resulted in a significant reduction in gene silencing capability (Chendrimada et al., 

2005, Lee et al., 2006). Ago proteins are key members of the RISC. There are 4 human 

Ago proteins but the Ago2 is the main protein that mediates the mRNA targeting and 

cleavage effects of the RISC (Liu et al., 2004). However, more recently, Ago3 has 

been shown to have this function with certain miRNAs (Park et al., 2017). Upon RISC 

assembly, the Ago protein undergoes conformational changes in miRNA duplex 

binding and unwinding before selection of the specific strand (Wang et al., 2009). Once 

the RISC is assembled, the ‘seed’ region, placed at position 2-8nt of the miRNA known 

as the ‘seed’ sequence, binds through complimentary base pairing usually to the 
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3’UTR of the target mRNA where the miRISC mediates its effect (Djuranovic et al., 

2012).  

 

 

 

 

 

 

 

 

 

 

Figure 10. MicroRNA Strand Selection.  

(A) Cleavage of pre-miRNA by Dicer leads to a miRNA duplex. The duplex is split into a 

guide and passenger strand. Either or both strands can be selected and present in a miRISC 

(red highlighted segment is the ‘seed’ sequence; blue circles are Ago proteins). (B) The 

guide strand is selected by the less thermodynamically stable 5’ end. In human miRNA, 5’ 

end of the guide strand usually starts with a Uracil base and its ‘seed’ sequence is generally 

Adenosine/Guanine rich as this leads to lower thermodynamic stability compared to 

Uracil/Cytosine rich passenger strand. Adapted from (Meijer et al., 2014). 

 

Most miRNAs are synthesised though the described canonical biogenesis pathway, 

however, non-canonical miRNA biogenesis is also emerging as a regulatory subset of 

miRNAs. Non-canonical biogenesis bypasses one or more steps of the canonical 

biogenesis pathway. These pathways can be Drosha/Dgcr8 or Dicer independent and 
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have a variety of starting transcripts, not necessarily from introns (Abdelfattah et al., 

2014, Ha and Kim, 2014). For example, miR-451 biogenesis does not require Dicer 

and is cleaved by Ago-2 (Yang et al., 2010). Short hairpin duplexes can be produced 

from introns independently from Drosha. These mimic pre-miRNA structures and can 

enter the cleavage step at Dicer. An example of this is miR-1003 in D. melanogaster 

(Ruby et al., 2007). 

1.6.2 Post-transcription Regulation of Gene Expression 

Binding of MiRISC ‘seed’ sequence to mRNA 3’UTR via complimentary base pairing 

results in a variety of outcomes, such as: unloading of the miRNA to its target, 

cleavage of the target, stable target binding or transient target binding (Jo et al., 2015). 

The selection of one of these outcomes depends on the miRNA:mRNA interaction 

through their sequences and also thermodynamic stability. ‘Seed’ sequences and their 

target are not always perfect matches. Complimentary pairing of nucleotide 12-16 can 

aid target stability and even non-‘seed’ target sites exists. This variety can give rise to 

a range of targets, so miRNAs have a wider range of influence and can fine tune gene 

expression (Grimson et al., 2007, Brodersen and Voinnet, 2009, Wang et al., 2009).  

MicroRNA ‘families’ are categorised based on their ‘seed’ sequence similarity and can 

therefore be predicted to have similar targets and function during gene targeting 

(Bartel, 2009). MiRNA families allow target site multiplicity can aid in effective mRNA 

targeting and also result in a single miRNA with a variety of targets due to lack of 

requirement for perfect base pair matching to the target (Brodersen and Voinnet, 

2009). Examples include: p21, a modulator of cell cycle and DNA repair, can be 

targeted by 28 different miRNAs (Wu et al., 2010a). Whilst knockout of 83% of miRNAs 

in C. elegans did not result in detrimental phenotype and normal development due to 
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miRNA family members filling in for the role in a redundancy mechanism (Miska et al., 

2007). These studies indicate the complexity of miRNA networks where redundancy 

and multiplicity of targeting gives mutation and evolutionary protection of regulation 

and potential for form new regulatory networks.  

It is believed that miRNA-target cleavage is dependent on central binding regions of 

the ‘seed’ sequence with single mutations in the centre of the ‘seed’ sequence 

drastically reducing cleavage activity (Martinez and Tuschl, 2004, Brodersen and 

Voinnet, 2009). The miRNA is held in a position optimal for target binding and 

nucleation (Parker et al., 2009, Lambert et al., 2011, Jo et al., 2015). The outcome of 

the miRISC-target interaction is potentially dependant on the nucleation and 

thermodynamic stability, as well as Ago-2 cleavage of the target using Mg2+ ions 

(Wang et al., 2009, Jo et al., 2015). A study in human AGO2 bound to small RNA 

guide sequence revealed multiple actions upon target binding. Despite perfect ‘seed’ 

region matches with the target, 72% of target binding events resulted in stable binding 

or miRNA-mRNA unloading, but not cleavage, which is dependent on the argonaute 

protein and target RNA strand, along-side thermodynamic kinetics of binding. In 

addition, target cleavage probability was lowered with mismatches in the ‘seed’ 

sequence (Jo et al., 2015). 

1.6.3 Regulation of MiRNAs 

Regulation of miRNAs is an essential step in the gene regulatory network to ensure 

homeostasis. Transcription of miRNAs are under control from their promotors. 

However, promotor mapping for miRNAs has not yet been established and various 

promotor prediction theories have arisen from analysing histone markers, analysing 

RNA pol II binding region, ChIP and RNA sequencing (Zhao et al., 2017). Intrinsic 
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regulation of miRNAs are changes in its sequence that effects the biogenesis and 

mature production of the miRNA. MiRNA tailing is the addition of nucleotides to the 3’ 

end of the RNA to tag them for degradation (Ha and Kim, 2014). RNA binding proteins 

Lin28a and Lin28b cause uridylation of pre-Let-7 which then fails to undergo Dicer 

processing and is broken down (Heo et al., 2008). As well as tailing, miRNAs can 

undergo editing which converts adenosine base into an inosine base. Editing of pre-

miR-151 produces a similar effect as tailing, with failure to undergo Dicer cleavage 

and thus degradation (Kawahara et al., 2007). Another regulatory mechanism in 

miRNA processing is methylation. Highly methylated miRNA transcripts or miRNA 

transcript flanking regions lead to higher miRNA expression and lower methylation 

lead to lower miRNA expression (Glaich et al., 2019). However, methylation of partially 

processed miRNAs can lead to degradation. RNA-methyltransferase, BCDIN3D, 

methylates pre-miR-145 resulting in reduced processing by Dicer (Xhemalce et al., 

2012). MiRNA methylation has been implicated in cancer, with miR-17, miR-21 and 

miR-200C all harbouring increased methylation in gastrointestinal cancers compared 

to healthy tissues, affecting their mechanism as post-translational regulators (Konno 

et al., 2019).  

Stability and half-life of a miRNA can be influenced by developmental cues. During 

cell cycle arrest at G0, the miRNA-16 family expression level drastically increases, but 

quickly decreases during G1 re-entry. This quick change in expression levels is due 

to the instability of some of its family members (Rissland et al., 2011). This instability 

can lead to quick temporal changes in miRNA levels in response to biological cues. 

Stability of miRNAs could be attributed to the nucleotide additions and amendments 

through tailing and uridylation. Specific interaction with the target could influence 

miRNA stability and therefore abundance. MiRNAs can bind to multiple targets before 



 

61 
  

they are degraded, and their stability influences how many targets the miRNA can 

bind. Perfect binding of miR-233 to its target has shown to decrease its stability and 

promote its degradation (Baccarini et al., 2011). Equally, binding to certain targets can 

increase the stability of the miRISC. MRNAs can protect miRNAs from degradation in 

C. elegans through studies with Let-7(n2853) mutation which destabilised mature let-

7 miRNA, although the mechanism of its protection was not clear (Chatterjee et al., 

2011). 

Exoribonucleases are partly responsible for miRNA degradation and clearance once 

they are released from the RISC. For example, In C. elegans, let-7 is degraded by 

exoribonuclease XRN-2 (Chatterjee and Grosshans, 2009). In addition, loss of 

exonuclease Eli1 in mouse lymphocytes resulted in an increase in miRNA abundance 

(Thomas et al., 2012).  

1.6.4 MiRNAs in Skin and Hair Follicle Development 

The diverse network of miRNAs provides an important regulatory role in skin and HF 

development. The role of miRNAs has been shown to be essential in mice with Dicer 

knockout resulted in embryonic lethality (Bernstein et al., 2003). Conditional Dicer1 

knockout in embryonic skin progenitors resulted in severe defective skin and HF 

development with HF placodes evaginating into the epidermis and forming cysts (Yi et 

al., 2006). Epidermal specific Dicer knockout resulted in loss of Shh and Notch 

signalling in post-natal developing HFs resulting in evagination of the DP, failure of 

hair shaft to form, lack of SC markers Krt15 and CD34 expression, and a reduction of 

Sox9+ progenitor cells (Andl et al., 2006, Yi et al., 2006). In addition, miRNA processing 

enzyme Dgrc8 knockout showed similar defects to conditional Dicer1 knockout mice 

models (Yi et al., 2009). These studies indicate the vital importance of miRNAs in skin 
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development. More specifically, Yi and authors classified the spatial expression 

patterns of several miRNAs in the skin and HF, for example miR-203, 205 and 200a 

were all highly expressed in the epidermis compared to miR-199a, 214 and 152 that 

were highly expressed in the HF (Yi et al., 2006). These indicate that the spatial and 

temporal expression of miRNAs is essential for normal skin development. 

Specific miRNAs have been identified and their roles in skin and HF development 

classified over the years. Approximately seventy miRNAs have been shown to be 

dynamically expressed in embryonic skin, as well as greater than two-hundred 

miRNAs identified to be differentially expressed during the different stage of HF cycling 

through microRNA microarray analysis (Andl et al., 2006, Yi et al., 2006, Mardaryev 

et al., 2010). MiRNA-203 has been shown to be important in regulating keratinocyte 

differentiation. Knockout of miR-203 resulted in thinner skin compared to control, a 

depletion of basal SCs, and a decrease in their proliferation (Yi et al., 2008). P63 was 

identified as a target of miR-203. P63 expression has been shown in the basal layer 

of the epidermis and is downregulated when the epidermis becomes stratified (Koster 

et al., 2004). MiR-203 knockout results in ectopic expression of p63 and premature 

miR-203 expression results in loss of basal p63 expression (Yi et al., 2008), 

suggesting that miRNA-203 is involved in promoting differentiation of keratinocytes 

during epidermal stratification. 

MiR-34b and miR-34c have been shown to be targeted by p63 in order to progress 

through the cell cycle and proliferate as the epidermis becomes stratified. MiR-34b 

and miR-34c are both expressed in the suprabasal, differentiating keratinocytes of the 

epidermis, to control cell cycle progression in the differentiating and proliferating 

epidermis (Antonini et al., 2010). These shows the importance of a miRNA as a 
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mediator of skin development and relationship with p63 for cell cycle progression and 

differentiation during epidermal stratification.  

In addition, miR-214 is expressed in differentiating epidermal keratinocytes during skin 

development and hair matrix cells in developing HFs. MiRNA-214 was found to directly 

target β-catenin (Ahmed et al., 2014). Wnt signalling has been implicated in promoting 

differentiation of developing epidermal keratinocytes from the basal layer, initiation of 

HF placode formation and progressive HF formation (Andl et al., 2002, Zhang et al., 

2009b, Zhu et al., 2014). The reduction in HF formation and decreased proliferation 

after induced overexpression of miR-214 is linked to modulation of the diverse 

regulatory Wnt signalling pathway.  

MiRNA-205 was found to be highly expressed in the basal layer of the epidermis and 

in SC compartments during skin and HF development (Yi et al., 2006, Wang et al., 

2013a). Knockout of miR-205 is neonatal lethal by post-natal day 10 and resulted in a 

thinner epidermis and mis-angled HFs at P4.5. Proliferation of the interfollicular 

progenitors and HF-SCs were impaired but not in the matrix cells (Wang et al., 2013a). 

This indicates miRNA-205 plays a role in controlling the proliferation of SCs in 

development.  

1.6.5 MiRNAs in Hair Follicle Cycling 

To determine whether miRNAs are essential during HF cycling, inducible deletion of 

Dicer or Drosha was performed during anagen (Teta et al., 2012). Induced deletion of 

Dicer or Drosha during anagen stage of HF cycling resulted in failure to enter the 

subsequent catagen phase and loss of bulge SCs. Anagen induction by plucking 

resting HFs in induced Dicer or Drosha knockout resulted in the production of transit-

amplifying matrix-like cells but with increased apoptosis and increase in DNA damage 
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(Teta et al., 2012). This indicates that miRNAs are essential in HF cycling and 

maintenance of SC populations for progressive cycles.  

In another study, global miRNA microarray profiling in the skin was performed at 

distinct stages of the hair cycle and differential expression pattern for a wide range of 

miRNAs was revealed (Mardaryev et al., 2010). MiRNA-31 was shown to be 

upregulated during anagen and markedly downregulated during catagen and telogen 

and inhibition of miR-31 resulted in accelerated anagen development. It was revealed 

that miR-31 regulated anagen stage through direct regulation of Fgf10 and negatively 

regulates Wnt and BMP signalling components: Sclerostin and BAMBI. MiR-31 was 

also shown to directly target Krt16, Krt17, Dlx3 and Fgf10 (Mardaryev et al., 2010). 

Another miRNA, miR-148a was shown to be differentially expressed during hair 

cycling. MiR-148a expression was upregulated during telogen stage of HF cycling with 

downregulation of miR-148a expression during anagen and catagen stage, however, 

the role of miR-148a has not been established in hair cycling (Mardaryev et al., 2010). 

This microarray analysis shows the diverse regulatory control miRNAs have on 

controlling HF cycling. 

An additional miRNA, miR-125b was found to be expressed in HF-SCs and decreased 

in the progenitor populations (Zhang et al., 2011). Overexpression of miR-125b was 

found to increase epidermal thickness, enlargement of sebaceous gland and 

development of alopecia with Blimp1 and VDR identified as direct targets of miR-125b. 

(Zhang et al., 2011). Blimp1 is required for sebaceous gland development and 

expressed in sebaceous gland stem/progenitor cell populations (Horsley et al., 2006). 

VDR has been shown to be essential for the anagen phase and normal HF cycling. 

VDR-null mice exhibit alopecia and significant reduction of Wnt and Shh target genes, 

associated with early anagen induction (Andl et al., 2002, Sato et al., 1999, Lisse et 
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al., 2014). Therefore, miRNA-125b most likely plays a role in fine tuning SC 

specification and fate involved in HF cycling by maintaining SC ‘stemness’ (Zhang et 

al., 2011). 

MiR-29a/b1 is also involved in the fine-tuned control of SCs during HF cycling. MiR-

29a/b1 expression patterns showed that its expression was inverse to HF-SC lineage 

progression, with decreased expression as SCs differentiate (Ge et al., 2019). 

Overexpression of miR-29a/b1 in anagen and telogen HFs resulted in shortened hair 

shafts and hair loss due to reduced proliferation of stem and matrix cells, whilst 

inhibition of miR-29a/b1 in vivo resulted in accelerated SC lineage progression (Ge et 

al., 2019). MiRNA-29a/b1 was found to target Ctnnb1, Lrp6, Bmpr1a, and Ccna2, 

genes associated with Wnt and BMP signalling and contribute to proliferative and 

differentiation regulation during HF cycling (Ge et al., 2019). 

1.6.6 MiRNAs in Skin Disease 

Various miRNAs have been implicated in skin disorders through either repression of 

tumour suppressor genes (Onco-miRs) (Esquela-Kerscher and Slack, 2006) or 

dysregulation of their regulatory roles. Dysregulation of signalling pathways can 

provide aberrant proliferation or differentiation associated with some skin disorders 

and failure to maintain skin homeostasis (Lim and Nusse, 2013, Lopez-Pajares et al., 

2013).  

MiRNA-21 plays a role in controlling skin development by modulating BMP signalling 

as a downstream component (Ahmed et al., 2011). MiR-21 expression is observed in 

the epidermis and the HF epithelium. BMP4 treatment was shown to dramatically 

reduce miR-21 expression in keratinocytes and miR-21 expression was increased in 

transgenic mouse model overexpressing BMP antagonist noggin. MiR-21 was also 
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shown to target BMP dependant tumour suppressor genes Pten, Pdcd4, Timp3 and 

Tpm1 (Ahmed et al., 2011). MiR-21 has also been shown to be involved in ageing. 

MiR-21 negatively regulates chromatin remodeler Satb1 in both aged human and mice 

and serves as a directly target of miR-21 (Ahmed et al., 2019). Together, these studies 

show the importance of miR-21 in maintaining skin homeostasis though skin 

development and potentially age-related disorders. 

MiRNAs have also been shown to be dysregulated in inflammatory skin disease such 

as psoriasis (Ichihara et al., 2011). Psoriasis is a chronic inflammatory skin disease 

mediated by dysregulation of inflammatory pathways that form lesions on the skin 

(Timis and Orasan, 2018). MiR-146a, has been shown to be upregulated in psoriasis 

(Sonkoly et al., 2008). After miR-146a inhibition, Interleukin-7 expression was 

increased, hyperproliferation was observed, and psoriasis onset (Ichihara et al., 2011, 

Srivastava et al., 2017). MiR-146a was found to target genes involved in the TNF-α 

signalling which have been shown to mediate immune responsive genes (Taganov et 

al., 2006). Another miRNA involved in psoriasis is Let-7b. Let-7b overexpression was 

shown to increase epidermal differentiation in psoriasis. Let-7b was found to directly 

target Interleukin-6 and regulate differentiation through modulation of the Erk1/2 

pathway (Choi et al., 2014, Wu et al., 2018). 

Taken together, these indicate the importance of miRNAs in the control of normal skin 

and HF development. Dysregulation of miRNAs in the skin can lead to development 

of skin disorders and therefore provide ideal targets for future therapeutic approaches.  
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1.7 E74 Like Transcription Factor 5 (Elf5) 

Elf5 is a transcription factor that is a member of the ETS family of transcription factors 

whose membership is based on the ETS binding region which binds to A/G rich regions 

in gene promotors, modulating gene expression in this manner (Zhou et al., 1998).  

Elf5 has been well categorised in the control of mammary gland alveolar development 

and is also essential for embryonic development, with Elf5 knockout being embryonic 

lethal (Zhou et al., 2005). Conditional knockout of Elf5 in mammary glands result in 

failure of alveologenesis during pregnancy (Chakrabarti et al., 2012b). Deletion of Elf5 

led to increase in expression of basal cell markers Krt8 and Krt14, and accumulation 

of mammary SCs along-side increase in Notch signalling, indicating that Elf5 plays an 

important role in modulating cellular differentiation from SCs in the mammary gland 

(Chakrabarti et al., 2012b). 

Elf5 has previously been observed in the skin. Generation of  Elf5-LacZ mice resulted 

in high galactosidase staining observed in the IRS of anagen HFs (Choi et al., 2008). 

In a separate study, Elf5 expression was also upregulated in keratinocyte 

differentiation (Tummala and Sinha, 2006). 

Elf5 has also been characterised in several other tissues. During kidney development, 

Elf5 expression was observed in developing collecting ducts and mature principal 

cells, as analysed by lineage tracing. Elf5 was also found to be upregulated when 

Notch1 was overexpressed and is linked to promotion of principal duct cell lineage, 

implicating Elf5 in promoting cell differentiation and commitment (Grassmeyer et al., 

2017). Elf5 is also expressed during lung development. Elf5 was observed in the distal 

tips of developing lungs and restricted to the epithelium. Elf5 expression was also 

found to be induced by Fgf7 and Fgf10 and mediated through the Akt pathway 
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(Metzger et al., 2007). These studies demonstrate the variety of pathways involved in 

modulating Elf5 expression and indicate its importance during developmental 

processes. However, its role in skin and HFs is currently unknown. 

Elf5 has also been characterised in progression of various cancers. Elf5 has been 

shown to supress breast cancer progression through acetylation and reduction in  

expression of Elf5 target gene Cyclin D1 (Ccnd1), a driver of S to G2 phase during cell 

cycling (Stacey, 2003). Ccnd1 was shown to have two Elf5 binding sites in the 

promotor identified by ChIP analysis (Li et al., 2021). The anti-proliferative mechanism 

of Elf5 in breast cancer may be present in other epithelial tissue types and help to 

regulate proliferation in other developmental processes (Chakrabarti et al., 2012a). 

To our knowledge, Elf5 has not been shown to be regulated by any miRNAs in skin or 

HFs. Understanding the regulation of Elf5 through miRNA targeting could elucidate 

the regulatory mechanisms behind keratinocyte proliferation and differentiation 

processes and offer a new therapeutic or research target for controlling key 

developmental processes in skin and HFs. 

1.8 Rho-Associated Kinase (Rock) 1 

Rock1 is a serine/threonine kinase and downstream effectors of GTPase Rho. There 

are two main mediators of Rho signalling, Rock1 and Rock2. Rock1 and Rock2 have 

been shown to have 92% sequence identify in their kinase domains but 66% in their 

PH domains, indicating similar, but distinct roles (Nakagawa et al., 1996).  

Rock signalling has been shown to regulation of the actin cytoskeleton and cell 

adhesion. Isolation of mouse embryonic fibroblasts from Rock1 knockout mice showed 

increased actin cytoskeletal stability resulting in a decrease in cell shrinkage, 

detachment and apoptosis compared to fibroblasts isolated from Rock2 knockout mice 
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resulting in impaired cell adhesion (Shi et al., 2013). In the skin, inhibition of ROCK2 

signalling in human keratinocytes resulted in inhibition of differentiation and an 

increase in cell proliferation, whereas activation of ROCK2 resulted in increase in 

differentiation and a decrease in proliferation (McMullan et al., 2003). The same group 

showed a difference between the roles of ROCK1 and ROCK2 in human keratinocytes 

with ROCK1 inhibition resulting in decreased keratinocyte adhesion and increased 

differentiation, whereas ROCK2 inhibition resulted in the opposite (Lock and Hotchin, 

2009). These studies indicate the dual mechanism of RhoA signalling in fine tuning 

keratinocyte differentiation and proliferation, potentially through modulation of cell 

adhesion and detachment required for terminally differentiating or proliferating cells. 

Rock signalling has been shown to play a role in wound healing. Administration of 

Rock inhibitor to mouse wounds led to a significant delay in wound closure and a 

decrease in α-Smooth muscle actin fibre formation (Tholpady et al., 2014). Slower 

wound healing and re-epithelialization was observed in zebrafish wound models upon 

Rock inhibition and also failure for epidermal cells to undergo cell elongation to close 

the wound (Richardson and Hammerschmidt, 2018). Rock signalling has been shown 

to play a role in determining planar cell polarity to form epithelial sheets and could 

influence wound closure and re-epithelialization (Strutt, 2001, Caddy et al., 2010). 

Several miRNAs have been shown to directly target Rock1 in cancers: MiR-145, 

increasing glioma cell invasion by actin cytoskeletal reorganisation, miR-124, which 

inhibits cell proliferation and metastasis in colorectal cancer, and miR-129-5p, 

supresses proliferation and invasion in osteosarcoma (Wan et al., 2014, Zhou et al., 

2016, Han and Wang, 2018). In gastric cancer cell lines, pharmacological inhibition of 

Rock signalling resulted in G1-S phase arrest during the cell cycle and cyclin 

dependant kinases (CDK) 2, 4 and 6 were downregulated, whilst upregulation of cell 
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cycle inhibitors: p15, p16, p18 and p19 was also observed (Zhang et al., 2009a). In 

non-small cell lung cancer and melanoma mouse models, conditional knockout of 

Rock1 and Rock2 resulted in defects in cell proliferation through G1 cell cycle arrest. 

Downregulation of CDK1, Cyclin A and cyclin dependant kinase regulatory subunit 1 

(CKS1b) were also observed alongside increased cellular senescence (Kümper et al., 

2016). These indicate the powerful role of Rock signalling in mediating cellular 

proliferation in cancer models that may have similar functional roles in developmental 

processes. 

With Rock1 playing a diverse role in cellular differentiation and proliferation, 

characterising the regulatory pathway in during skin development and HF cycling 

would open potential routes of investigation for novel therapies and research targets 

in treatment of skin related disorders. 
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1.9 Aims 

MiRNAs form a diverse and expansive regulatory network of genetic expression in the 

body. The skin and HF provide a model of research that is representative of the cellular 

processes in the body such as, cell migration, differentiation, proliferation, and 

apoptosis. Using skin and HFs as research models to study miRNA regulatory 

networks will help elucidate the role of miRNAs and their role in regulating these 

cellular processes. This will improve our understanding of the important pathways 

involved in skin and HF development, regeneration, and homeostasis, which will lead 

to improved treatment and therapy for various skin disorders in the future. 

Our initial miRNA microarray data has shown that miR-148a is highly expressed during 

telogen phase (quiescent SCs) of HF cycling (Figure. 11A). We hypothesise that miR-

148a plays an important role in regulating skin development and HF cycling via tight 

regulation of gene targets and signalling pathways associated with stem/progenitor 

cell populations during this stage. Therefore, the aim of this study was to investigate 

the role of miR-148a in controlling molecular mechanisms underlying stem/progenitor 

cell maintenance and activation during skin and HF development.  
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2.0  

Materials and Methods 

2.1 Materials Used in the Investigation 

2.1.1 Reagents and Chemicals Used During the Investigation 

Table 1.  Laboratory Reagents/Chemicals Used in the Investigation. 

Reagent Catalogue number Company 

0.25% (w/v) Trypsin-
EDTA 

25200-072 ThermoFisher 

0.45µm nitrocellulose 
membrane 

1620115 BIO-RAD 

2-Mercaptoethanol 125470010 ThermoFisher 

3,3’,5-Triiodo-L-thyronine 
sodium salt (T3) 

TT5516 Merck 

30% (w/w) Acrylamide/Bis 
solution (37.5:1) 

1610158 BIO-RAD 

5X Saline-sodium citrate 
(SSC) 

15557-044 ThermoFisher 

Acetic acid 10171460 ThermoFisher 

Acetic anhydride 320102 Merck 

Adenine A8626 Merck 

Agarose 11496950 ThermoFisher 

Ammonium persulfate 
(APS) 

161-0700 BIO-RAD 

Ampicillin Sodium Salt BP1760 Fisher Scientific 

Baphthol AS-BI 
phosphate 

N2125 Merck 

Blocking reagent 11096176001 Roche 

BM Purple AP substrate 11442074001 Roche 

Bovine serum albumin 
(BSA) 

BP9702 Fisher Scientific 

BT chelex 100 resin 143-2832 BIO-RAD 

Calcium chloride (CaCl2) 
0.5 M 

C/1400/60 Fisher Scientific 

Cholera Toxin C8052 Merck 

Chondroitin sulfate 
sodium salt from shark 
cartilage (CSC) 

C4384 Merck 
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cOmplete ULTRA 
Protease inhibitor cocktail 
tablets, Mini EDTA-free 

04906837001 Merck 

DAPI D9542 Merck 

Deionised (DI) formamide F9037 Merck 

Diethyl pyrocarbonate 
(DEPC) 

D5758 Merck 

DMEM media (+4.5g/L D-
glucose, -L-glut, -
pyruvate) 

11960-044 ThermoFisher 

DMEM/F-12 Ham (3:1) 
High Glucose (+L-
glutamine, -CaCl2, -
Sodium bicarbonate) 

AT189 HIMEDIA 

DPX mounting medium 06522 Merck 

EDTA UltrPure 0.5 M, pH 
8.0 

15575-020 ThermoFisher 

Epidermal growth factor 
from murine submaxillary 
gland 

E4127 Merck 

Ethanol BP8202 Fisher Scientific 

Formamide F9037 Merck 

Glycerol G/0650/17 Fisher Scientific 

Hanks' Balanced Salt 
Solution (HBSS) without 
Ca2+, Mg2+ 

88284 ThermoFisher 

Heat-inactivated Fetal 
bovine serum 

11550356 Fisher Scientific 

Hematoxylin BP2424 Fisher Scientific 

Heparin BP2524 Fisher Scientific 

HEPES BP310-100 Fisher Scientific 

Hydrocortisone H0888 Merck 

Insulin from bovine 
pancreas 

16634 Merck 

Isopropanol BP2618 Fisher Scientific 

Kanamycin Sulfate BP906-5 Fisher Scientific 

Levamisole hydrochloride 187870100 ThermoFisher 

L-Glutamine (200 mM) 25030-081 ThermoFisher 

Lipofectamine 3000 L3000001 ThermoFisher 

Magnesium Chloride 
(MgCl2) 

223210010 ThermoFisher 

Milk powder  Marvel 

(EMEM) Minimum 
Essential Medium -Eagle 
with Earle’s BSS (with 
non-essential amino 
acids, L-glutamine, 
without calcium) 

BE06-174G Lonza 
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MiRCURY LNA miRNA 
Detection Probe mmu-
miR-148a-3p 

339112 Qiagen 

Mitomycin C (MMC) BP2531 ThermoFisher 

N, N,-Dimethylformamide 
(DMF) 

D4551 Merck 

New Fuchsin 2121410000 ThermoFisher 

MEM Non-essential 
amino acid solution 100X 

M7145 Merck 

Normal Donkey Serum S30 Merck 

Normal Goat Serum 191356 MP Biomedicals 

NP-40 surfact-AMPs 
detergent solution 

28324 Fisher Scientific 

Nuclear fast red solution N3020-100 Merck 

OCT medium KMA-0100-00A ThermoFisher 

Paraformaldehyde P/0840/53 Fisher Scientific 

Penicillin/Streptomycin 
(10,000 U/ml) 

15140122 ThermoFisher 

Polybrene TR-1003-G Merck 

Ponceau S 10454915 ThermoFisher 

Propidium Iodide P1304MP ThermoFisher 

PsiCHECK-2 C8021 Promocell 

PureCol Collagen Type I 
(Bovine) 

5005 Advanced Biometrix 

qPCRBIO SyGreen High 
ROX 

PB089618-041-6 PCR Biosystems 

Reduced serum OptiMEM 31985070 ThermoFisher 

Rhodamine B 132311000 ThermoFisher 

RiboRuler High Range 
RNA ladder 

SM1821 ThermoFisher 

RNase A 10109169001 Roche 

Sheep Serum 16070096 ThermoFisher 

SOC outgrowth medium B9020S New England Biolabs 

Sodium Chloride (NaCl) 10316943 Fisher Scientific 

Sodium Deoxycholate D6750 Merck 

Sodium dodecyl sulphate 
(SDS) 

BP1311-1 Fisher Scientific 

Sodium nitrite G7398 Merck 

Subcloning Efficiency 
DH5α Competent Cells 

18265017 ThermoFisher 

SybrSafe 533102 ThermoFisher 

T4 DNA ligase M0202 New England Biolabs 

TaqMan probe hsa-miR-
148a-3p 

4427975 (000470) ThermoFisher 

TaqMan probe U6 snRNA 4427975 (001973) ThermoFisher 

TaqMan universal 
mastermix II, no UNG 

4440045 
 

ThermoFisher 

TEMED 161-0800 BIO-RAD 

Triethanolamine (TEA) 421630010 ThermoFisher 
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Tris Base BP152 Fisher Scientific 

Tris-HCl BP1758 Fisher Scientific 

Triton X-100 BP151-500 Fisher Scientific 

TRIzol R050-1-50 Zymo-Research 

Tween-20 BP337-500 Fisher Scientific 

Vectashield antifade 
mounting medium with 
DAPI 

H-1200 Vector Labs 

Versene 15040-033 ThermoFisher 

Filter paper, 5-13 µm pore  11445248 ThermoFisher 

Xylene 534056 Fisher Scientific 

Yeast RNA AM7118 ThermoFisher 

PCRBIO DNA ladder IV PB40.14-01 PCR Biosystems 

Pageruler plus pre-
stained protein ladder 

26619 ThermoFisher 

 

2.1.2 Transfection and Transduction Reagents Used During 

the Investigation 

Table 2. Transfection/Transduction Reagents Used in the Investigation. 

Reagent Catalogue number Company 

Atelocollagen, AteloGene 
Local use. 

1492 Koken 

mirVana miR-148a-3p 
Inhibitor 

4464084 ThermoFisher 

mirVana miR-148a-3p 
Mimic 

4464066 ThermoFisher 

mirVana miRNA Inhibitor 
Negative Control #1 

4464076 ThermoFisher 

mirVana miRNA Mimic 
Negative Control #1 

4464058 ThermoFisher 

MiRZIP-148a anti-miR-
148a microRNA construct 

MZIP148a-PA-1 Cambridge Biosciences 

Scrambled shRNA control 
in pGFP-C-shLenti 
shRNA Vector 

TR30021 OriGene 

 

2.1.3 Plasticware and Tools Used During the Investigation 

Table 3. Plasticware and Tools Used in the Investigation. 

Item Catalogue number Company 

1.5 ml microcentrifuge 
tubes 

72.690.001 Sarstedt 
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12-well plate CC7682-7512 StarLab 

15 ml sterile tubes 62.554.503 Sarstedt 

2.0 ml microcentrifuge 
tubes 

72.695.500 Sarstedt 

24-well plate CC7682-7524 StarLab 

40 µm cell strainer 22-363-547 ThermoFisher 

50 ml sterile tubes 62.547.254 Sarstedt 

60 mm dish CC7682-3359 ThermoFisher 

6-well plate CC7682-7506 StarLab 

70 µm cell strainer 1-800-766-7000 ThermoFisher 

96 well semi-skirted PCR 
plates 

E1403-6200 StarLab 

96-well plate 83.3924 Sarstedt 

96-well plate white 
bioluminescence plate 

165306 ThermoFisher 

Glass coverslips 12323148 ThermoFisher 

Haemocytometer 145-0011 BIO-RAD 

Petri-dishes 12654785 ThermoFisher 

Polyolefin sealing film for 
qPCR, Self-adhesive 

E2796-9895 StarLab 

Serological pipettes, 10ml 86.1254.001 Sarstedt 

Slide mailers HEA15986 HeathrowScientific 

SuperFrost plus 
microscope slides 

631-0108 VWR 

T75 flasks 83.3910.002 Sarstedt 

Cell Scraper 08100241 ThermoFisher 

 

2.1.4 Kits Used During the Investigation 

Table 4. Kits Used in the Investigation. 

Kit Catalogue number Company 

Direct-zol RNA MiniPrep 
Kit 

R2050 Zymo-Research 

Dual-Glo Luciferase 
Assay System 

E2920 New England Biolabs 

Lenti-vpak Packaging Kit TR30037 OriGene 

Micro BCA Protein Assay 
Kit 

23235 ThermoFisher 

Mini Trans-Blot 
Electrophoretic Transfer 
Cell 

1703930 BIO-RAD 

NE-PER Nuclear and 
Cytoplasmic Extraction 
Reagents 

78833 ThermoFisher 
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Nucleospin Gel and PCR 
Clean-up 

740609.50 Machery-Nagel 

Nucleospin Plasmid Mini 
kit for Plasmid DNA 

740588.250 Machery-Nagel 

Phusion Flash High-
Fidelity PCR Master Mix 

F548S ThermoFisher 

Q5 Site-Directed 
Mutagenesis Kit 

E0554 New England Biolabs 

qPCR Lentivirus 
Complete Titration Kit 

LV900 Abm 

qPCRBIO cDNA 
Synthesis Kit 

PB30.11-02 PCR Biosystems 

Quick-DNA Miniprep Plus 
Kit 

D4068S Zymo-Research 

SuperSignal West Pico 
PLUS Chemiluminescent 
Substate 

34577 ThermoFisher 

TaqMan MicroRNA 
Reverse Transcription Kit 

4366596 Applied biosystems 

TaqMan Reverse 
Transcription Kit 

4366596 ThermoFisher 

Zero Blunt PCR Cloning 
Kit 

K270020 ThermoFisher 

 

 

2.1.5 Machines Used During the Investigation 

Table 5. Machines Used in the Investigation. 

Machine Catalogue number Company 

Automated cell counter TC20 BIO-RAD 

CLARIOStar plus plate 
reader 

- BMG Labtech 

Compact orbital shaker-
incubator 

ES20 Grant Instruments 

Cryostat CM1860 Leica 

DM500 microscope with 
EC4 camera 

- Leica 

Gallios Flow Cytometer - Beckman Coulter 

HulaMixer sample mixer 10548425 ThermoFisher 

Universal oven UN110 Memmert 

iBright FL1000 Imaging 
system 

A32752 ThermoFisher 

IncuCyte S3 live cell 
analysis instrument 

- Sartorius 
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Leica Thunder 3D cell 
culture imaging system 

- Leica 

MoFlo XDP cell sorter - Beckman Coulter 

NanoDrop 8000 ND-8000 ThermoFisher 

QuantStudio 5 Real-Time 
PCR system 

A34322 ThermoFisher 

Refrigerated Micro-
Centrifuge 

75002543 ThermoFisher 

Thermocycler T-100 BIO-RAD 

Thermo-Shaker HC24N Grant-bio 

Transilluminator – Blue 
light 

13193102 ThermoFisher 

Avanti Ultra-Centrifuge JXN-26 Beckman Coulter 

 

2.1.6 Antibodies Used During the Investigation 

Table 6. List of Antibodies Used in the Investigation. 

Name Host species Dilution used Catalogue 
number 

Company 

Anti-
Digoxigenin-
Alkaline 
phosphatase 
Fab fragments 

Sheep ISH: 1:2500 11093274910 Merck 

Allophycocyanin 
(APC) 
Streptividin 

Rat FACS: 1:300 405207 BioLegend 

Anti-
Digoxigenin-
Rhodamine, 
Fab fragments 

Sheep FISH: 1:100 11207750910 Roche 

Anti-Guinea Pig 
IgG Alexa Fluor 
555 

Goat IF: 1:200 A21435 ThermoFisher 

Anti-Mouse IgG, 
HRP linked 

Horse WB: 1:3000 7076S Cell Signaling 

Anti-Rabbit IgG 
Alexa Fluor 
Plus 488 

Goat IF: 1:200 A32731 ThermoFisher 

Anti-Rabbit IgG 
Alexa Fluor 
Plus 647 

Goat IF: 1:200 A32733 ThermoFisher 

Anti-Rabbit IgG, 
HRP linked 

Goat WB: 1:3000 7074S Cell Signaling 
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Anti-Rat IgG 
Cyanine5 

Goat IF: 1:200 A10525 ThermoFisher 

CD34 Rat IF: 1:100 ab8158 Abcam 

CD34 (RAM34) Rat FACS: 1:50 13-0341-82 ThermoFisher 

CD49f (integrin 
α6) 

Rat FACS 1:50 555736 BD 
Biosciences 

Cytokeratin 1 
(Krt1) 

Rabbit WB: 1:10000 
IF: 1:500 

ab93652 Abcam 

Cytokeratin 15 
(Krt15) 

Guinea Pig IF: 1:100 BP5077 OriGene 

Elf5 Rabbit IF: 1:100, 
WB: 1:1000 

A718 2B Scientific 

GAPDH Mouse WB: 1:10000 ab8245 Abcam 

Histone 3 (H3) 
XP 

Rabbit WB: 1:1000 4499 Cell Signaling 

Ki67 Rabbit  IF: 1:100 Ab16667 Abcam 

Lamin B1 Mouse WB: 1:200 Sc-374015 Santa Cruz 
Biotechnology 

Ly-6A/E (Sca-1) Rat FACS: 1:50 11-5981-82 ThermoFisher 

Rock1 Rabbit IF: 1;100  
WB: 1:1000 

MBS9610378 MyBioSource 

 

2.1.7 Primers Used During the Investigation 

Table 7. List of Primers Used for RT-qPCR in the Investigation. 

Gene 

symbol 

Gene 

name 

Accession 

no. 

Sense sequence (5’-3’) Anti-sense 

sequence (5’-3’) 

Actb 

 

Actin, beta NM_007393.5 

 

CCAACCGTGAAAAGATGACC 

 

CCATCACAATGCCTGTGGTA 

 

Atxn7l1 

 

Ataxin 7 like 

1 

NM_001033436.3 

 

GTGTTTGATAGAAGGTGGGATCG 

 

TGAAAGGCTGCAAAACGGAT 

 

Ccnb2 

 

Cyclin B2 NM_007630.2 AGCAGCAGTATTACACAGGC 

 

GGAGGCCAGGTCTTTGATGA 

 

Ccnd1 

 

Cyclin D1 NM_001379248.1 CCCCAACAACTTCCTCTCCT 

 

CCTTGGGGTCGACGTTCT 

 

Ccnd2 

 

Cyclin D2 NM_009829.3 GCCAAGATCACCCACACTGA 

 

ATGCTGCTCTTGACGGAACT 

 

Ccne1 

 

Cyclin E1 NM_007633.2 ACTCCCACAACATCCAGACC 

 

CGCTGCTCTGCTTCTTACTG 

 

Cdk1 

 

Cyclin-

dependent 

kinase 1 

NM_007659.4 GGGCACTCCTAACAACGAAG 

 

CCAGAGATTCGTTTGGCAGG 

 

Cdk16 

 

Cyclin-

dependent 

kinase 16 

NM_011049.5 GCAATCGGATCTCTGCTGA 

 

CAGGCATAGAAGTGGACCGA 
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Dynll2 

 

Dynein light 

chain LC8-

type 2 

NM_026556.4 GCAGTGATCAAGAACGCAGA 

 

GTGCTTTGTCTCGTGTGTGA 

 

Elf5 

 

E74-like 

factor 5 

NM_010125.3 

 

GTGGCATCAAGAGTCAAGACTGTC 

 

CTCAGCTTCTCGTACGTCATCC

TG 

 

Ivl 

 

Involucrin NM_008412.3 

 

TGCCTTCTCCCTCCTGTGA 

 

CAGTCTTGAGAGGTCCCTGA 

 

Ptges3 

 

Prostaglandi

n E synthase 

3 

NM_019766.4 TTGTCTTGGAGGAAGCGATAA 

 

GTCATCCTCCCAGTCTTTCCA 

 

Krt1 

 

Keratin 1 NM_008473.2 

 

CATATTAGTAGCAGTCTGA 

 

TGAAGTCCTCTTTCAAAT 

 

Krt10 

 

Keratin 10 NM_010660.2 

 

AGTTCCTTGCTCTTCTGATTG 

 

CAAGTCTGACCTGGAAATGC 

 

Rab10 

 

RAB10, 

member 

RAS 

oncogene 

family 

NM_016676.5 TCACACCATCACAACCTCCT 

 

TGTTCTCCTTTGCCTTTCGG 

 

Rab14 

 

RAB14, 

member 

RAS 

oncogene 

family 

NM_026697.4 AGCAGACTTGGAAGCACAGA 

 

AGACTCGGCAGCATTCAGAT 

 

Rmnd5a 

 

Required for 

meiotic 

nuclear 

division 5 

homolog A 

NM_001355745.1 TGTCCCATTCTTCGTCAGCA 

 

GGCATCTCCTGGACTCTGTT 

 

Rock1 Rho-

associated 

coiled-coil 

containing 

protein 

kinase 1 

NM_009071.2 GACTTGATTTCCCCGTGCAA TCTTGTTGACAGCGTTCGAG 

 

Stx3 

 

Syntaxin 3 NM_152220.2 CTCTCCCGGAAGTTTGTGGA 

 

CTTACGATGTCCTTGTGCCG 

 

Tbl1xr1 

 

Transducin 

(beta)-like 

1X-linked 

receptor 1 

NM_030732.3 CCAACAGGACCAGGGACAAA 

 

AAAAGCCACACTGTACACGG 

 

Ythdc2 

 

YTH domain 

containing 2 

NM_001163013.1 TAGGAAGGGAGAAGAGCCAG 

 

AACTGTTCCCCAACCTGAGG 
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2.2 Methods Used in the Investigation 

2.2.1 Animals 

Animal studies were performed in accordance with protocols approved by the UK 

Home office. All Animal work was conducted under licence of the Nottingham Trent 

University (Nottingham, UK). 

C57BL/6 wild type female mice were acquired from Charles River Laboratories, UK. 

For hair cycle analysis, dorsal C57BL/6 skin samples were collected by liquid nitrogen 

snap freezing at post-natal day (P) 12-14 (late-anagen), P16-17 (catagen), and P20-

23 (telogen) for RT-qPCR analysis. Depilation induced hair cycle of C57BL/6 dorsal 

mouse skin was performed as previously described (Muller-Rover et al., 2001, 

Mardaryev et al., 2010). Briefly, hair was removed by waxing 7-week-old C57BL/6 wild 

type dorsal mouse skin which induces HF cycle development. Depilation-induced skin 

samples were collected at time points day (D) 0 (telogen), D3 (anagen II), D5 (anagen 

IV), D8-12 (anagen VI), and D16-19 (catagen) by snap freezing in liquid nitrogen for 

subsequent RT-qPCR analysis and in situ hybridization. Consequently, ≥ five mice 

were used for each time point. 

Whole skins of C57BL/6 wild type female mice were collected at telogen stage of HF 

cycling (7-9 weeks old, telogen) for FACS SC sorting for colony forming assay and 

RT-qPCR analysis. Consequently, ≥ three mice were used for each FACS sorting. 

2.2.2 MicroRNA Microarray 

Total RNA was extracted as described below from snap frozen C57BL/6 skin samples 

collected during post-natal hair cycling, P12-23. 5 µg of RNA was used for microRNA 
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microarray analysis and performed by LC Sciences (Houston, US) as described 

previously (Mardaryev et al., 2010) (please see appendices 1.1). 

2.2.3 Cell Culture and Transfection 

C57BL/6 wild type mouse pups were collected between post-natal day P1 and P3 and 

primary mouse keratinocytes (PMEKs) were extracted for subsequent growth and 

modulation. The following steps were carried out for each skin. Briefly, the skin was 

gently removed from the mouse, leaving a single skin sheet. The skins were incubated, 

floating dermis-side-down (with the epidermis remaining dry and unsubmerged) in 

0.25% (w/v) Trypsin-EDTA (please see materials for all catalogue numbers) at 4°C 

over-night. The following day, the epidermis was removed from the dermis and 

collected in complete primary mouse epidermal keratinocyte (PMEK) low calcium 

media, comprised of; EMEM calcium-free medium supplemented with 0.05 mM CaCl2, 

4% (v/v) chelated heat-inactivated fetal bovine serum, 0.4 µg/ml hydrocortisone, 5 

µg/ml insulin, 10 ng/ml epidermal growth factor, 10-10 M cholera toxin, 2-9 M 3,3’,5-

Triiodo-L-thyronine sodium salt (T3), 100 U/ml penicillin, 100 µg/ml streptomycin, and 

2 mM L-glutamine and minced by repeated snipping with scissors and pipetting up 

and down with a serological pipette for 5 minutes each (please see appendices 2.1). 

The resulting cell homogenate was the filtered with a 70µm cell strainer. Tissue culture 

(TC) plates were coated with collagen coating solution (5ml of hanks balanced salt 

solution (HBSS), 500 µl 1 M HEPES, 100 µl 5% (v/v) BSA, 50 µl of 3 mg/ml PureCol 

collagen type I, excess aspirated and allowed to dry before seeding PMEKs in 

complete PMEK media. Cells were cultured at 33°C, 8% CO2 until 60-70% confluent 

for experimental purposes (please see appendices 2.2).  
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PMEKs were transfected with 200 nM of synthetic miR-148a mimic (pro-miR-148a) or 

inhibitor (Anti-miR-148a) or miRNA negative controls using Lipofectamine 3000 in 

reduced serum OptiMEM for 4 hours at 33°C, 8% CO2 before changing to complete 

PMEK media and subsequent culturing for 48 hours for down-stream analysis (please 

see appendices 2.3). 200 nM was chosen as a concentration for miRNA 

mimic/inhibitor transfection as previously reported (Ahmed et al., 2014, Ahmed et al., 

2019). Validation of transfection efficiency was assessed by TaqMan RT-qPCR for 

miR-148a. For calcium-induced differentiation analysis, complete PMEK media was 

supplemented with 1.8 mM CaCl2 and cultured for 48 hours at 33°C, 8% CO2 before 

downstream analysis. 

2.2.4 Flow Cytometry 

PMEKs were cultured and treated with either pro-miR-148a, anti-miR-148a or miRNA 

control as described above. 48 hours post transfection, cells were trypsinized with 

0.25% (w/v) Trypsin-EDTA, washed with PBS and fixed with 70% (v/v) ethanol/PBS 

at -20°C for 30 minutes. Fixed cells were incubated with RNase A (100 g/ml) at 37°C 

for 30 minutes. The cells were subsequently stained with propidium iodide (20 g/ml) 

at 4°C for 30 minutes. Analysis of cells in each distinct stage of cell cycle was 

evaluated using Beckman Coulter Gallios. For each sample, minimum of 10,000 

events were collected and analysed on Beckman Coulter Kaluza Analysis Software 

(Beckman Coulter, UK, please see appendices 3.1). 

2.2.5 Real-Time quantitative PCR (RT-qPCR) 

Total RNA was extracted using Direct-Zol RNA MiniPrep kit (please see appendices 

4.1). For first-strand cDNA synthesis, 100 ng of total RNA was used with the qPCRBIO 

cDNA synthesis kit (please see appendices 4.2). Gene expression was analysed using 
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qPCRBIO SyGreen High ROX mix and performed on a QuantStudio 5 Real Time PCR 

system at the following conditions: 95°C for 2 minutes followed by 40 cycles of 

denaturation (95°C for 5 seconds) and annealing and extension (30 seconds at 

temperature experimentally determined for each primer pair, please see appendices 

4.3). Primers were designed using Primer3 (https://primer3.ut.ee/), UCSC genome 

browser (https://genome.ucsc.edu/) and NCBI primer blast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (please see table 7 for primer 

sequences). Differences in amplification between treated samples and controls were 

calculated using ∆∆Ct method with normalisation to Actin (Actb). Data was normalised 

to Actin due to its consistent expression levels between treated and non-treated 

samples. Data from technical triplicates were pooled, mean standard error of the mean 

(± SEM) was calculated, and statistical analysis was performed using unpaired 

student’s t-test (please see appendices 18). 

TaqMan RT-qPCR was utilised for detection of microRNAs for evaluation of efficient 

miRNA overexpression/inhibition. TaqMan cDNA was synthesised from total RNA 

using TaqMan MicroRNA Reverse Transcription kit (please see appendices 5.1). 

Detection of miRNAs by TaqMan RT-qPCR was performed using TaqMan Real Time 

PCR Assay and TaqMan Universal Master Mix II, No UNG. MiR-148a/miR-148a-

5p/miR-152 was amplified under the following cycling conditions: 95°C for 10 minutes, 

followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds (please see 

appendices 5.2). Differences between samples and controls were calculated using the 

Ct method and normalized to the U6 snRNA values. Data from triplicates were 

pooled, mean ± SEM was calculated, and statistical analysis was performed using 

unpaired Student’s t-test (please see appendices 18). 

 

https://primer3.ut.ee/
https://genome.ucsc.edu/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.2.6 Western Blotting 

Total protein lysate was extracted from cultured cells using RIPA lysis buffer (50 mM 

Tris-HCl, 1% (w/v) NP-40, 0.25% (w/v) sodium deoxycholate, 150 mM NaCl, and 1 

mM EDTA; pH 7.4) and cOmplete ULTRA Protease Inhibitor Cocktail and quantified 

using Micro BCA Protein assay kit (please see appendices 6.1). 10 µg of protein with 

appropriate volume of 4x sample buffer (0.25 M Tris-HCl, 0.28 M SDS, 40% (v/v) 

glycerol), 0.5 µl 2-mercaptoethanol and made up to equal volume with RIPA lysis 

buffer was run on a 7.5, 10, 12 or 15% (v/v) SDS gel depending on protein molecular 

weight of interest. The gel was run at 120V for approximately 90 minutes (please see 

appendices 6.2). The protein gel was then transferred to a 0.45 µm nitrocellulose 

membrane by wet transfer with ice cold transfer buffer at 90V for 90 minutes (please 

see appendices 6.3). The resulting membrane was blocked with 5% (w/v) milk in TBST 

(0.1% (v/v) Tween-20, 20 mM Tris base, 150 mM NaCl) before incubating with primary 

antibody in 1% (v/v) milk/TBST at 4°C overnight. The following day, horseradish 

peroxidase-tagged IgG antibody was used as a secondary antibody (1:3,000). 

Antibody binding was visualized with an enhanced chemiluminescence SuperSignal 

West Pico kit and iBright FL1000 GelDoc Imager (please see appendices 6.4). 

Antibody against protein Gapdh was used as a loading control. 

Nuclear and cytoplasmic protein was extracted from cultured cells using NE-PER 

Nuclear and cytoplasmic extraction kit reagents (please see appendices 6.5). Nuclear 

and cytoplasmic Western blot procedure was conducted as described above, as per 

manufacturer’s instructions. For nuclear Western blot, Antibodies against proteins 

Histone 3 or Lamin B1 were used as loading controls. 
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2.2.7 In Situ Hybridisation 

In situ hybridization was performed on 10 µm skin cryosections fixed with 4% (w/v) 

paraformaldehyde at room temperature for 10 minutes. Sections were acetylated with 

triethanolamine buffer (300 mM triethanolamine, and 0.25% (v/v) acetic anhydride) for 

10 minutes and permeabilized (1% (v/v) Triton X-100/1x DEPC treated PBS) for 10 

min. Slides were incubated in hybridization buffer (50% (v/v) formamide DI, 5x saline-

sodium citrate (SCC), 50 µg/ml yeast RNA, 1% (w/v) SDS, 50 µg/ml heparin) at 60°C 

for 1 hour. 320 nM of MiRCURY LNA miRNA mmu-miR-148a-3p double-digoxigenin 

detection probe in hybridization buffer was mixed and incubated at 80°C for 5 minutes 

followed by incubation on ice for 5 minutes. Slide sections were hybridized with probe 

solution at 60°C for 16-20 hours. The following day, slide sections were washed three 

times in wash buffer one (50% (v/v) formamide, 5X SSC and 1% (w/v) SDS) at 60°C 

for 15 minutes per wash, followed by three times in wash buffer two (50% (v/v) 

formamide and 5X SSC) at 60°C for 15 minutes per wash, followed by three times in 

TBST-levamisole buffer (1x tris-buffered saline, 0.05% (v/v) tween-20 and 1x 

levamisole) at room temperature for 10 minutes per wash. Slides were blocked at room 

temperature for 60 minutes in blocking solution (2% (w/v) blocking reagent, 5% (v/v) 

sheep serum, 1% (v/v) Tween-20 and levamisole in 1x TBST). Slides were incubated 

with sheep alkaline-phosphatase-conjugated anti-DIG antibody (1:2500) at room 

temperature for 2 hours and then washed three times at room temperature for 15 

minutes per wash with NTMT buffer (100 mM NaCl, 100 mM Tris HCl (pH 9.5), 50 mM 

MgCl2, 1% (v/v) Tween-20). Slides were incubated with BM purple for 12-96 hours 

until a purple colour reaction had occurred. Slides were washed three time with PBS 

for 10 minutes per wash and counterstained with nuclear fast red solution for 1 minute. 

Slides were subsequently washed with ddH2O three times, once with xylene and 
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coverslip with DPX mounting medium. MiR-148a was imaged using Leica THUNDER 

imager 3D cell culture (please see appendices 7.1). 

2.2.8 Fluorescent In Situ Hybridization 

Fluorescent in situ hybridization was completed as per in situ hybridization with 

following modifications. Sections were blocked at room temperature for 30 minutes in 

blocking solution (0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl, 5% (v/v) sheep serum and 

0.5% (w/v) blocking reagent). Detection of miR-148a was performed using sheep 

rhodamine-conjugated anti-Digoxigenin antibody (1:100) and incubated at 4°C 

overnight alongside antibodies against Rock1, Elf5, cytokeratin 1 (Krt1), CD34 or 

Krt15. Slides were washed with TNT wash buffer (0.1 M Tris-HCl (pH7.5), 0.15 M NaCl 

and 0.05% (v/v) tween-20) at room temperature for 10 minutes per wash. Slides were 

incubated at room temperature with corresponding Alexa Fluor-488 antibodies or 

Alexa Fluor-647 (1:200) for 1 hour. Slides were then washed with TNT wash buffer at 

room temperature for 10 minutes per wash and mounted with Vectashield anti-fade 

mounting media with DAPI. Images were taken using the Leica THUNDER imager 3D 

cell culture. Please see appendices 7.2. 

2.2.9 RNA Sequencing Analysis 

Total RNA from pro-miR-148a and miRNA control treated PMEKs were collected as 

described above and sent to Novogene, UK for RNA sequencing using the Illumina 

PE150 platform. The data was uploaded to Galaxy web platform 

(https://usegalaxy.org/) for analysis. Data was aligned to Mus Musculus genome 

(mm9) and all genes that were insignificant (p>0.05) were excluded from our analysis 

and subsequent heat map and gene ontology analysis (please see appendices 8.1). 
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2.2.10 MiRNA-148a Gene Target Prediction  

Potential miR-148a target genes were predicted using three different prediction 

algorithms on default settings: TargetScan (http://www.targetscan.org/) which predicts 

biological targets of microRNAs by analysis of conserved sites that match the ‘seed’ 

region of microRNAs, miRanda (http://microrna.sanger.ac.uk) uses an algorithm to 

predict microRNA-mRNA pairs, and miRDB (http://mirdb.org/) uses miRNA-target 

interactions from high-throughput sequencing experiments. A Venn diagram of all 

potential miR-148a targets was made to determine consistently predicted genes from 

all three prediction algorithms. Gene conservation between mouse and human was 

assessed using NCBI homologene (https://www.ncbi.nlm.nih.gov/homologene/) 

(please see appendices 8.1). 

2.2.11 Luciferase Reporter Assay 

For generation of plasmids incorporating miR-148a binding sites on 3’UTR of Rock1 

and Elf5, forward and reverse primers containing XhoI and NotI restriction sequences 

were used to amplify 3’UTR miR-148a binding sequence from C57BL/6 mouse 

genomic DNA. C57BL/6 mouse genomic DNA was extracted using Quick-DNA 

Miniprep Plus kit. Elf5 Sequences: 5’- 

AAAACTCGAGACACAGCATCGATCTCTTCTCT-3’ and 5’-

TTTTGCGGCCAGTTAGGGTTCAGGGCACTC-3’, and Rock1 sequences: 5’- 

AAAACTCGAGTTGGGAACTGGGAGAAGAGG-3’ and 5’ 

TTTTGCGGCCGCGGGTAATGCAACTTCCACTGA-3’ were used and PCR products 

were generated using Phusion Flash High-Fidelity PCR Master Mix (please see 

appendices 9.1). The amplified PCR products were incorporated into psiCHECK-2 

plasmid using zero blunt cloning kit (please see appendices 9.2). Mutated binding 
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sequences were generated using Q5 site-directed mutagenesis kit, substituting 6 

bases from the miR-148a binding sequence (please see appendices 10.1). Plasmids 

were verified to containing wild type or mutated miR-148a binding site by Sanger 

sequencing (Source Biosciences, UK, please see appendices 11.1). 

1x103 HaCaT cells (ATCC, PCD-200-001) per well were grown in a 96 well 

bioluminescence plate with DMEM supplemented with heat-inactivated 10% (v/v) fetal 

bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mM L-glutamine in 

5% CO2 at 37°C. After 72 hours (70% confluence), HaCaTs were co-transfected with 

100 ng generated plasmid and 200 nM pro-miR-148a or miRNA control mimic using 

lipofectamine 3000. 24-hours post transfection relative luciferase activities were 

measured using Dual-Glo luciferase assay system (please see appendices 12.1). 

Luminescence was measured using CLARIOStar plate reader. Data from five 

independent experiments was pooled, mean ± SEM was calculated, and statistical 

analysis was performed using unpaired Student’s t-test (please see appendices 18). 

2.2.12 Pharmacological Treatment of Mouse Skin 

20 µM Synthetic miR-148a inhibitor (anti-miR-148a) or inhibitor negative control was 

administered subcutaneously to dorsal skin of C57BL/6 wild type mice in 20 μM 

atelocollagen for their local and sustained delivery. Anti-miR-148a treatment was 

performed on post-natal skin days P20, P21 and P22, and skin samples were collected 

on P23 (Figure. 20A). In each experiment, ≥ four-five mice/time point were used for 

analyses in both experimental and control groups. Collected samples were processed 

for histological, immunofluorescent, and RT-qPCR analysis, please see appendices 

13.1). 
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2.2.13 Alkaline Phosphatase Staining 

Skin cryosections (10 µm) were fixed in acetone at -20°C for 10 minutes followed by 

three washes with PBS at room temperature. Slides were incubated in developing 

solution (100 mM NaCl, pH 8.3, 100 mM Tris, pH 9.5, 20 mM HCl, 0.05% (w/v) Naphtol 

ASBI phosphate, 0.5% (v/v) DMF, 25 mM sodium-nitrite, and 5% (w/v) New fuchsin) 

for 15 min, followed by three washes with PBS. slides were immersed in Hematoxylin 

counterstain solution for 45s at RT and rinsed with running H2O before dipping in 

xylene and mounting with DPX mounting media (please see appendices 14.1). Images 

were captured using Leica DM500 microscope. 

2.2.14 Immunohistochemistry 

Dorsal mouse skin cryosections (10 µm) were fixed with 4% (w/v) paraformaldehyde 

at room temperature for 10 minutes followed by washing with 0.2% (v/v) Triton-X-

100/PBS. cryosections were blocked with 0.2% (v/v) Triton-X-100/PBS, 5% (v/v) fetal 

bovine serum, 2% (v/v) bovine serum albumin and 10% (v/v) normal goat and/or 

donkey serum for 1 hour at room temperature. Slides were subsequently incubated 

with primary antibody (see table 6) overnight at 4°C. The following day, slides were 

washed with 0.2% (v/v) Triton-X-100/PBS and incubated with the associated Alexa 

Fluor-488, Alexa Fluor-A555 or Alexa Fluor-647 (see table 6) secondary antibody at 

room temperature for 1 hour. slides were washed with 0.2% (v/v) Triton-X-100/PBS 

before counterstaining and mounting with Vectashield anti-fade mounting media with 

DAPI. Images were taken using Leica THUNDER imager 3D cell culture. Please see 

appendices 15.1. 
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2.2.15 Immunocytochemistry 

PMEKs were grown on coverslips and transfected with either miR-148a mimic or 

miRNA control, as described above. PMEKs were treated with media supplemented 

with 1.8 mM CaCl2 for 48 hours to induce keratinocyte differentiation. Cells were fixed 

with 4% (w/v) paraformaldehyde followed by washing with 0.2% (v/v) Triton-X-

100/PBS. Cells were blocked with 0.2% (v/v) Triton-X-100/PBS, 5% (v/v) fetal bovine 

serum, 2% (v/v) bovine serum albumin and 10% (v/v) normal goat and/or donkey 

serum for 1 hour at room temperature. Cells were subsequently incubated with primary 

antibodies Elf5 or Rock1 (see table 6) overnight at 4°C. The following day, cells were 

washed with 0.2% (v/v) Triton-X-100/PBS and incubated with the associated Alexa 

Fluor-488 (see table 6) secondary antibody at room temperature for 1 hour. slides 

were washed with 0.2% (v/v) Triton-X-100/PBS before counterstaining and mounting 

with Vectashield anti-fade mounting media with DAPI (please see appendices 15.1). 

Images were taken using Leica THUNDER imager 3D cell culture. Arbitrary 

fluorescent units were measured using ImageJ (https://imagej.nih.gov/ij). 

2.2.16 Fluorescence Activated Cell Sorting (FACS) 

Dorsal and ventral skin from C57BL/6 mice were harvested and shaved during telogen 

stage of hair follicle cycling (7-9 weeks old). The hypodermis was removed, and skin 

sections were floated on 0.25% (w/v) trypsin-EDTA overnight at 4°C. The following 

day, the epidermis including hair follicles were removed and minced before trypsin 

neutralisation with EMEM calcium-free medium (as described above, with no CaCl2) 

and filtered using a 70 µm and 40 µm cell strainer. The cells were pelleted by 

centrifugation at 300 x g for 10 minutes and suspended in 1 ml of EMEM calcium-free 

medium. Cells were stained with antibodies: Ly-6A/E (Sca-1), CD34 (RAM34) and 
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CD49f (α6) in 2% (v/v) bovine serum albumin/PBS staining buffer rotating in the dark 

for 1 hour at 4°C. Cells were then washed with FACS wash buffer (phenol-free, Ca2+-

free, Mg2+-free HBSS containing 1% (v/v) penicillin-streptomycin, 20 mM D-glucose, 

and 2% (v/v) chelated heat inactivated fetal bovine serum). Cells were stained with 

secondary antibody APC streptavidin in the dark for 1 hour at 4°C. Hair follicle bulge 

stem cells (CD34+/CD49fHigh/Sca-1-) and junctional cells (CD34-/CD49fLow/Sca-1-) 

were sorted using MoFlo XDP cell sorter and data analysed using Summit software 

(Beckman Coulter, UK). Sorted cells were then used for colony forming assay or RT-

qPCR analysis. Please see appendices 16.1. 

2.2.17 Production of Anti-miR-148a and Control 

Expressing Lentiviruses 

HEK293T cells were cultured in a 6-well plate with DMEM supplemented with heat-

inactivated 10% (v/v) fetal bovine serum, 1% (v/v) L-glutamine and 5% (v/v) non-

essential amino acids with 5% CO2 at 37°C. At 40% confluence, HEK293T cells were 

co-transfected with MiRZIP-148a anti-miR-148a microRNA construct or Scrambled 

shRNA control in pGFP-C-shLenti shRNA Vector control with packaging plasmid using 

Lenti-vpak packaging kit. Per well, 1 µg of plasmid with 1.2 µg and 6.6 µl of Turbofectin 

transfection reagent was prepared and pipette dropwise to the HEK293T cells in 

media. Media was changed after 12 hours, and viral supernatant was collected 24-

and 48 hours post media change. Precipitation of viral particles was achieved using 

80 µg/ml polybrene and 80 µg/ml chondroitin sulfate C (CSC), followed by incubation 

for 18 hours at 4°C. Viral pellets were acquired by centrifugation at 10,000 x g for 30 

minutes at 4°C (please see appendices 17.1). Titration of lentiviral particles was 

performed using qPCR lentivirus titration kit (please see appendices 17.2). 
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2.2.18 Colony Forming Assay 

Swiss 3T3 cells were grown in 24 well plates with DMEM supplemented with 10% (v/v) 

heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 

mM L-glutamine with 5% CO2 at 37°C. At 70% confluence, 3T3 cells were treated with 

8 µg/ml mitomycin C (MMC) for 2 hours followed by washing with PBS and 

replacement of media (please see appendices 17.3). Post sorting, 1000 HF-bulge SCs 

were seeded per well of a 24 well plate with MMC treated 3T3 cells with DMEM/F-12 

(3:1) supplemented with 10% (v/v) chelated fetal bovine serum, 10 ng/ml epidermal 

growth factor, 0.5 µg/ml hydrocortisone, 10-10 M cholera toxin, 5 µg/ml insulin, 1.8-4 M 

Adenine, 100 U/ml penicillin, 100 µg/ml streptomycin and 0.3 mM calcium and cultured 

at 5% CO2 and 32°C. 48 hours post seeding, stem cells were transduced with MiRZIP-

148a or scrambled shRNA control at a MOI of 20 (4.0 x 104 viral titre per ml) 

supplemented with 8 µg/ml polybrene directly into the cell culture media for 4 hours at 

5% CO2 and 32°C (please see appendices 17.4). Media was changed every 48 hours 

and cells cultured for 10 days. GFP and Phase imaging was performed using IncuCyte 

S3 live cell analysis instrument to determine transduction efficiency and used for 

calculation of difference in colony size and number. 

2.2.19 Image Fluorescence Quantification Analysis 

Immunofluorescence intensity analysis was determined using ImageJ software, as 

described previously (Ahmed et al., 2014). In brief, red or green fluorescent signals 

were collected from experimental tissues in RGB format using the same exposure 

conditions. To measure the fluorescence intensity at each pixel, the RGB images were 

converted to 8 or 16-bit grayscale format. Regions of interest of distinct size within the 

control and anti-miR-148a (epidermis and/or HFs) were selected, and the mean values 
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of intensity were calculated for each selected areas followed by the normalization 

relative to the number of DAPI+ cells and fluorescence intensity. 

2.2.20 Statistical Analysis 

Unpaired student’s t-test was used for analysis of relative expression or relative 

fluorescence intensity in RT-qPCR data, Immunocytochemistry, and CFA 

measurements, where ≥ four-five mice were used per in vitro and in vivo experiments. 

Please see appendices 18. 
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3.0 

 

Results 

 

3.1 Spatiotemporal Expression Analysis of MiRNA-148a 

During Hair Follicle Cycling 

 

Aims: 

The analysis of miR-148a expression patterns during skin and hair follicle (HF) 

development and hair cycling. 

 

Results: 

Initial analysis of global microRNAs (miRNAs, miRs) during spontaneous hair cycle 

from post-natal day (P) 12 (anagen) to P23 (telogen) was completed by miRNA 

microarray analysis (Mardaryev et al., 2010). The array data showed significant 

expressional changes in a number of miRNAs. One of the most dynamic and highly 

expressed miRNAs in telogen phase of hair cycling was miR-148a, which was further 

investigated. We observed in the miRNA microarray analysis that the highest 

expression of miR-148a was observed during telogen stage of the hair cycle (P20-21), 

a period of stem cell (SC) inactivity and quiescence, compared to late-anagen and 

catagen stages (P12-P17). MiR-148a expression was very low in late-anagen (P12) 

and remained low throughout late-anagen (P12-P15) and catagen (P16-P17) phases 

of hair cycle. MiR-148a expression markedly increased during early telogen (P20-21) 

and reduced expression in late telogen stages (P22-23; Figure. 11A). Due to the 
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distinct expression pattern of miR-148a during hair cycling, miR-148a was selected for 

further investigation, as to investigate its potential molecular mechanisms in controlling 

SC quiescence during telogen stage of HF cycling. To validate the miRNA microarray 

profile, TaqMan RT-qPCR was performed initially during spontaneous post-natal hair 

cycle. During catagen (P16-P17), miR-148a expression increased compared with late-

anagen stage (P12) of HF cycling (***P<0.001). At telogen (P20-23), miR-148a 

expression increased further compared to anagen and catagen (*P<0.05, ***P<0.001) 

and remained elevated during the rest of telogen stage (Figure. 11B). MiR-148a 

expression was also investigated during depilation-induced hair cycle and revealed a 

similar expression pattern of miR-148a during spontaneous HF cycling. During 

anagen, post depilation day (D) 3-12, miR-148a expression reduced (**P<0.01) 

compared to telogen (D0). During catagen stage of HF cycling (D16-D19), miR-148a 

expression reduced further compared with telogen and anagen stages of HF cycling 

(***P<0.001, Figure. 11C). 

As we observed high levels of miR-148a expression during telogen phase of skin and 

HF development in spontaneous (post-natal) and induced hair cycle, we analysed the 

spatiotemporal expression pattern of miR-148a during HF cycling. In situ hybridisation 

was performed during depilation-induced HF cycling in C57BL/6 wild type dorsal 

mouse skin. In the epidermis of telogen skin, miR-148a expression was observed in 

the suprabasal layer, with reduced expression observed in the basal layer (Figure. 

11D, Panel (i), arrowhead). In telogen HFs, expression of miR-148a was observed in 

the bulge and secondary hair germ (Figure. 1D, Panel (i)). During mid-anagen (D5), in 

the epidermis, miR-148a expression was markedly decreased compared to telogen 

skin (Figure. 11D, Panel (ii), arrowhead). In the HFs in early anagen, miR-148a 

expression was markedly reduced in the bulge region and developing hair bulb 
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compared to telogen HFs (Figure. 11D, Panel (ii), arrows). During late-anagen (D12) 

and catagen (D18) stages of HF cycling, miR-148a expression reduced further and 

very little expression was detected in the epidermis and HFs (Figure. 11D, Panels (iii)-

(iv)). Negative control using scrambled probe showed no detectable colorimetric signal 

(Figure. 11E).  
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As we observed high levels of miR-148a expression during telogen stage of HF cycling 

via TaqMan RT-qPCR and in situ hybridisation, we aimed to determine if miR-148a 

Figure 11. Analysis of MiR-148a Expression in Skin and During Hair Follicle Cycling. 

(A) Microarray profile of miRNAs during post-natal HF cycling revealed dynamic expression 

patterns of several microRNAs. MiR-148a was shown to be one of the highest expressed 

miRNAs during telogen stage of hair follicle (HF) cycling compared with anagen and 

catagen. (B-C) TaqMan RT-qPCR analysis of miR-148a expression. (B) MiR-148a 

expression analysis during spontaneous HF cycling from post-natal day (P) 12-15 (late-

anagen), through P16-17 (catagen) and P20-P23 (telogen). MiR-148a expression was 

highest during telogen stage of HF cycling (P20-23) compared with anagen and catagen. 

(C) MiR-148a expression analysis during depilation induced HF cycling from Day (D) 0 

(telogen), through D3-12 (anagen), and D16-19 (catagen). MiR-148a expression was 

highest during telogen (D0) stage of induced hair cycle compared with anagen and catagen. 

(D) In situ hybridization of miR-148a during induced hair cycle. MiR-148a expression was 

observed in the suprabasal layer of the epidermis during telogen stage of HF cycling (Panel 

(i), arrowhead).  In the HF, miR-148a expression was detected in the bulge and secondary 

hair germ stem/progenitor compartments (Panel (i), labels) during telogen stage (D0) of HF 

cycling. A reduction of miR-148a expression was observed during mid-anagen stage (D5) 

of HF cycling in the suprabasal layer of the epidermis (Panel (ii), arrowhead), and in the HF 

bulb (Panel (ii), arrows) and). MiR-148a expression was absent from late-anagen (D12) and 

catagen stages of HF cycling (D18, Panels (iii) and (iv), respectively). (E) Negative control 

using scrambled probed showed low to no detection of expression. Broken lines define 

epidermal-dermal boarder and HF-SC compartments. RT-qPCR data are presented as 

mean ± SEM from three independent experiments. **P<0.01, ***P<0.001 analysed by 

Student’s t-test. Representative microphotographs of In situ hybridization are shown from n 

= three mice per experiment. Scale bars: 50 µm. 
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was co-localised with SC markers in the skin and HF. Fluorescent in situ hybridisation 

(FISH) with simultaneous immunostaining was utilised to analyse the spatiotemporal 

expression pattern of miR-148a with stem/progenitor markers cytokeratin 15 (Krt15) 

and CD34. In the epidermis, FISH analysis revealed Krt15 expression in the basal 

layer, mutually exclusively from miR-148a expression in the suprabasal layer (Figure. 

12A-B, asterisk). In the HF, Krt15 and CD34 were both co-expressed with miR-148a 

in the bulge region of the HF (Figure. 12A-B, arrowheads). Negative control using 

scrambled probe showed no detectable expression (Figure. 12C). As CD34 is uniquely 

expressed in and used to isolate mouse HF-bulge stem cells (SCs) (Trempus et al., 

2003, Blanpain et al., 2004), we therefore employed fluorescent activated cell sorting 

(FACS) to isolate mouse HF-bulge SCs and we observed significantly higher 

(*P<0.05) miR-148a expression in CD34-positive (CD34+/CD49fHigh/Sca-1-) bulge SCs 

compared to CD34-negative (CD34-/CD49fLow/Sca-1-) populations analysed by 

TaqMan RT-qPCR (Figure. 12D). In addition, analysis of FACS sorted telogen SCs by 

RT-qPCR showed that we had indeed successfully sorted bulge SC populations: Krt15 

(***P<0.001), Lgr5 (***P<0.001) and Lhx2 (*P<0.05) SC markers were significantly 

higher in FACS sorted bulge SCs (CD34-positive) versus CD34-negative cells (Figure. 

12E). 
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Figure 12. Expression Analysis of MiRNA-148a in Stem Cell Populations in Skin and Hair 

Follicles. 

(A-C) Fluorescent in situ hybridization of miR-148a expression (red) and SC markers 

cytokeratin 15 (Krt15, green) and CD34 (cyanine) with DAPI (blue) in C57BL/6 wild type 

telogen mouse skin. (A-B) MiR-148a expression was observed in the suprabasal layer, 

whereas Krt15 was observed in the basal layer of the epidermis. CD34 expression was not 

observed in the epidermis (A-B, asterisk). In the HF, miR-148a expression was observed in 

the bulge and secondary hair germ stem/progenitor region of the HF, co-expressed with 

stem/progenitor markers Krt15 and CD34 (A-B, arrowheads). (C) Negative control using 

scrambled probe and secondary antibodies showed no non-specific/background 

expression. (D) An increase in miR-148a expression was observed in HF-bulge SCs 

isolated from 7-9-week-old female C57BL/6 wild type telogen mouse skin by fluorescent 
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From microarray analysis of miR-148a expression during hair cycling and subsequent 

RT-qPCR and in situ hybridisation analysis, we observed that miR-148a is highly 

expressed during the telogen stage of HF cycling, compared to anagen and catagen, 

specifically in the bulge SC region, progenitor SHG population and the differentiated 

suprabasal layer of the epidermis (Figure.11). Further analysis revealed that miR-148a 

was co-expressed with stem/progenitor markers CD34 and Krt15 in the bulge and 

SHG (Figure. 12). The expression of miR-148a in differentiated suprabasal layers of 

the epidermis, suggests that miR-148a may function to promote differentiation in the 

epidermis. However, the expression of miR-148a in the stem/progenitor regions of the 

HF during telogen suggests that miR-148a may play a role in modulating SC 

quiescence during HF cycling, potentially performing a dual role in skin. 

 

 

 

 

 

 

 

 

 

activated cell sorting (FACS). (E) Confirmatory RT-qPCR analysis of bulge SC markers 

revealed an increase in expression of all bulge SC markers analysed in CD34-positive 

populations compared to CD34-negative. Broken lines define epidermal-dermal boarder 

and HF. n = three mice were used per experiment. RT-qPCR data are presented as mean 

± SEM from three independent experiments. *P<0.05, **P<0.01, ***P<0.001 analysed by 

Student’s t-test.  Scale bars: 50 µm. 
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3.2 Identification of Novel Targets of MiRNA-148a in 

Epidermal Keratinocytes 

 

Aims: 

To identify novel gene targets of miR-148a in primary mouse epidermal keratinocytes. 

Results: 

To investigate the possible regulatory mechanisms of miR-148a in primary mouse 

epidermal keratinocytes (PMEKs), we utilised RNA sequencing analysis. PMEKs were 

transfected with either pro-miR-148a (overexpression) or miRNA-controls. Using the 

publicly available Galaxy platform (https://usegalaxy.org/), we generated a heat map, 

gene ontology analysis (under-and/or over expressed genes) and the selection of 

significantly (*P<0.05) downregulated genes for further analysis (Figure. 13). The heat 

map depicts gene expression changes based on Z-score following pro-miRNA-148a 

(overexpression) versus miRNA-control transfections in PMEKs. The Z score depicts 

the standard deviation of the sample, above or below the mean of the rest of the 

samples. Blue colour depicts up to 2 standard deviations below the mean gene 

expression and red colour depicts up to 2 standard deviations above the mean gene 

expression (Figure. 13A). Genes were then grouped into 12 functionally distinct 

categories and ranked, including cell differentiation and cell cycle categories and 

revealed many gene expression changes in these functional groups (Figure. 13B). To 

assess the quality of our RNA sequencing data, a principal component analysis (PCA) 

and volcano plot were generated (Figures. 13C-D). In our PCA-1 component, we 

observed 96% variance between pro-miR-148a treated PMEKs versus miRNA-

controls and high degree of clustering of RNA samples with corresponding treatments 
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showing there is dramatic and reproducible effects on cells after miR-148a 

overexpression compared to control samples (Figure. 13C). Our volcano plot also 

confirmed large fold changes, which are statistically significant (*P<0.05), are caused 

by overexpression of miR-148a compared to control samples. Genes that were not 

significant were excluded from further analyses (Figure. 13D). To identify putative 

gene targets of miR-148a, online prediction tools were used: TargetScan 

(http://www.targetscan.org/), miRanda (https://www.mirbase.org/) and miRDB 

(http://mirdb.org/) (Ahmed et al., 2014, Ahmed et al., 2019). Four hundred and eight, 

overlapping, putative miR-148a gene targets were identified from all three databases 

(Figure. 13E). To refine our gene target list further, these four hundred and eight 

predicted gene targets were overlapped with genes identified from our RNA 

sequencing that were significantly (*P<0.05) downregulated (a total of eight hundred 

and fifty-nine genes). From this analysis, we identified forty-three potential gene 

targets of miR-148a (Table 9 and Figure. 13E). 
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Figure 13. Global Gene Expression Profiling after MiRNA-148a Overexpression in 

Primary Mouse Epidermal Keratinocytes. 

(A) Heat map depicting gene expression changes (Red: up to 2 standard deviations above 

the mean gene expression. Blue: up to 2 standard deviations below the mean gene 
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expression) in pro-miR-148a transfected PMEKs versus miRNA-controls following RNA-

sequencing analysis. (B) Gene ontology bar chart of distinct functional groups depicting 

changes to total number of genes after pro-miR-148a transfections in PMEKs versus 

miRNA-control. (C) PCA plot depicting the variance between samples and groups. A 96% 

variance was achieved between pro-miR-148a treated PMEKs versus miRNA-controls. (D) 

Volcano plot depicting a significant number of gene expression changes (overexpression 

and inhibition) in pro-miR-148a treated PMEKs versus miRNA-controls. Genes that were 

not significant (P>0.05) were excluded from further analyses. (E) Venn diagram of online 

miRNA target prediction tools; TargetScan, miRanda and miRDB, revealed four-hundred 

and eight aligned predicted targets of miR-148a. Predicted gene targets were overlapped 

with significantly (*P<0.05) downregulated genes from our RNA-sequencing data after pro-

miR-148a transfections in PMEKs, which revealed forty-three significant, potential gene 

targets. *P<0.05 analysed by Student’s t-test. 

 

Having identified forty-three potential targets of miR-148a, we validated the top ten 

highly conserved genes between human and mouse as well as genes that have known 

regulatory roles in epithelial development (Table 9) (Lock and Hotchin, 2009, 

Chakrabarti et al., 2012b). From this, Rock1 (**P<0.01, ***P<0.001) and Elf5 (*P<0.05, 

***P<0.001) were found to be the only significantly up and downregulated genes after 

anti-(inhibition) and/or pro-miR-148a transfections in PMEKs. Despite the apparent 

large increase in Stx3 expression after treatment with pro-miR-148a, sample 

expression variation resulted in an insignificant increase in expression (Figure. 14A). 

No significant difference was observed in the remaining genes analysed (Figure. 14A-

B). In addition, an increase and decrease in protein levels of Rock1 and Elf5 was 

observed following anti-and/or pro-miR-148a transfections, respectively (Figure. 14C-

D). We therefore focussed only on Rock1 and Elf5 for further analysis. 
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Figure 14. MiRNA-148a Target Analysis Revealed Rock1 and Elf5 are Inversely Expressed 

to MiRNA-148a. 

(A-B) Target validation of RNA sequencing by RT-qPCR. (A) Pro-miR-148a transfected 

PMEKs resulted in a significant decrease in predicted gene targets Rock1 and Elf5, whereas 

no significant changes were observed in other genes analysed. (B) Anti-miR-148a 

(inhibition) transfected PMEKs resulted in a significant increase in predicted gene targets 

Rock1 and Elf5 whereas no significant changes were observed in other genes analysed (C-

D) Protein analysis by Western blot in PMEKs following anti-and/or pro-miR-148a 

transfections in PMEKs showed an increase and decrease in Rock1 and Elf5 protein levels 

respectively. RT-qPCR data are presented as mean ± SEM values from three independent 
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experiments. Representative Western blots shown from three experimental repeats. 

*P<0.05, **P<0.01, ***P<0.001 analysed by Student’s t-test. 

 

To confirm whether Rock1 and Elf5 are indeed direct targets of miR-148a, we utilized 

a dual luciferase reporter assay. Reporter constructs containing miR-148a binding site 

in the 3’ untranslated region (UTR) of Rock1 and Elf5 were co-transfected with pro-

miR-148a in HaCaT cells. A significant (Rock1: ***P<0.001, Elf5: *P<0.05) reduction 

in bioluminescence was observed after co-transfections with pro-miR-148a and 

reporter constructs. No reduction in bioluminescence was observed following co-

transfections with pro-miR-148a and reporter constructs containing mutated miR-148a 

binding sites in the 3’UTR (Figure. 15A).  

 

Following confirmation of miR-148a as a direct regulator of Rock1 and Elf5, we 

investigated the expression patterns of Rock1 and Elf5 in skin and HFs, in relation to 

miR-148a using fluorescent in situ hybridization (FISH) with simultaneous 

immunostaining: in the epidermis, miR-148a was primarily expressed in the 

suprabasal layer (Figure. 15B, Panel (i), asterisk) whereas Rock1 was expressed in 

the basal layer (Figure. 15B, Panel (i), arrow). Elf5 expression was also observed 

mainly in the basal layer with some expression observed in the suprabasal layer also 

(Figure. 15B, Panel (iv), arrow). In the HF, Rock1 and Elf5 were co-expressed with 

miR-148a in the bulge region and secondary hair germ stem/progenitor compartments 

(Figure. 15B).  
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Figure 15. Co-localisation of MiRNA-148a and Gene Targets Rock1 and Elf5 Within the 

Epidermis and Hair Follicle Stem Cell Compartments. 

(A) Luciferase reporter assay: Luciferase reporter plasmids were constructed containing 

miR-148a 3’-UTR binding sites of Rock1 and Elf5 (green letters) as well as mutated binding 

sites (red letters). A significant reduction in luciferase activity was measured after co-
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transfections of pro-miR-148a and Luciferase reporter plasmids constructs containing miR-

148a binding sites in Rock1 and Elf5 3’-UTR in HaCaTs. No reduction in luciferase activity 

was observed following co-transfections with pro-miR-148a and Luciferase reporter 

plasmids constructed containing mutated miR-148a binding sites in Rock1 and Elf5 3’-UTR. 

pRenilla reporter luciferase activity was normalised to pFirefly luciferase activity. (B) 

Representative microphotographs of fluorescence in situ hybridization of miR-148a (red), 

Rock1 (green), Elf5 (green) and DAPI (blue) in C57BL/6 wild type dorsal mouse skin during 

telogen stage of hair cycle. In the epidermis, miR-148a is expressed in the suprabasal layer 

(Panel (i), asterisk), whereas Rock1 is predominately expressed in the basal layer (Panel 

(i), arrow). Elf5 expression in the epidermis is observed in the basal layer and the suprabasal 

layer, co-expressed with miR-148a (Panel (iii), arrow). In the HF, miR-148a is expressed in 

the SC compartments (bulge region and secondary hair germ) of telogen HFs which is co-

localised with Rock1 and Elf5 expression (Panel (i)-(vi)). (C) Representative 

microphotographs of negative control fluorescent in situ hybridisation of scrambled probe 

(red, Panel (i)) and Alexa fluor 488 (A488, green, Panel (ii)) and overlay (Panel (iii)). 

Negative controls using scrambled probe and A488 showed no detectable expression. 

Broken lines outline epidermal-dermal boarder. Luciferase bioluminescence data are 

presented as mean ± SEM values from five independent experiments. *P<0.05, ***P<0.001 

analysed by Student’s t-test. In situ hybridization with subsequent immunofluorescent 

analysis was performed from n = three mice per experiment. Figure. B, Panels (i) and (iv), 

and Figure. C, Panels (i)-(iii) scale bars: 50 µm, Figure. B, Panels (ii), (iii), (v) and (vi) scale 

bars: 25 µm. 

 

In summary, bioinformatic analysis of RNA-seq data of miR-148a overexpression in 

PMEKs and overlapping of potential gene targets of miR-148a from online databases, 

revealed 43 potential gene targets of miR-148a (Figure. 13). Validation of the top 

genes from this list that were most conserved between human and mice, and with a 
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known role in epithelial tissue revealed only Rock1 and Elf5 as significantly changed 

in expression following modulation of miR-148a in PMEKs (Figure. 14). Following 

identification of Rock1 and Elf5 as potential targets of miR-148a, dual luciferase 

reporter assay incorporating the miR-148a binding site in the 3’UTR of Rock1 and Elf5, 

and mutated binding sites was performed. This revealed Rock1 and Elf5 as genuine 

targets of miR-148a (Figure. 15). We next investigated the expression pattern between 

miR-148a, Rock1 and Elf5 in telogen HFs. We observed expression of miR-148a in 

the suprabasal layer of the epidermis, with Rock1 and Elf5 expression mainly 

observed in the basal layer of the epidermis. In the HF, miR-148a was co-expressed 

with Rock1 and Elf5 in the bulge SC region and the SHG (Figure. 15). MiRNA 

modulation of gene expression occurs through regulation of their gene targets. 

Identification of direct targets of miR-148a helps to elucidate the role of miR-148a in 

the skin through investigation of the roles of Rock1 and Elf5. The potential role of miR-

148a in modulation of differentiation processes in the epidermis and maintenance of 

SC quiescence during HF cycling may occur through a miR-148a-Rock1/Elf5 

mechanism. 
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3.3 MiRNA-148a Modulates Proliferation and Differentiation 

Processes, In Vitro 

Aims: 

To investigate the role of miR-148a in controlling cell proliferation and differentiation 

processes in primary epidermal mouse keratinocytes, in vitro. 

Results: 

Bioinformatic analysis and gene ontology analysis of our RNA sequencing (Figure. 13) 

revealed changes in genes belonging to cell cycle and differentiation categories 

(Figure. 13B). We therefore investigated the possible role of miR-148a in cell 

proliferation and differentiation in PMEKs, in vitro. RT-qPCR analysis into cell cycle 

gene regulators of anti-and/or pro-miR-148a transfected PMEKs revealed a significant 

up-or downregulation of genes: Cyclin dependant kinase 16 (Cdk16, *P<0.05 and 

***P<0.001), Cyclin dependant kinase 1 (Cdk1, *P<0.05), Cyclin B2 (Ccnb2, *P<0.05 

and **P<0.01), Cyclin E1 (Ccne1, *P<0.05), Cyclin D1 (Ccnd1, *P<0.05), Cyclin D2 

(Ccnd2, *P<0.05 and **P<0.01) and Cdc28 Protein Kinase Regulatory Subunit 1B 

(Cks1b, ***P<0.001 and **P<0.01), respectively (Figure. 16A-B). To further analyse 

the potential role of miR-148a in regulating cell cycle, we subsequently utilised flow 

cytometry with propidium iodide staining which revealed a 6.85% decrease in cells in 

G0/1 phase, a 14.3% increase in cells in S phase, and a 7.78% decrease in cells 

entering G2/M phase following pro-miR-148a transfections versus miRNA-controls 

(Figure. 16C). 
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Figure 16. MiRNA-148a Inhibits Proliferation of Primary Mouse Epidermal Keratinocytes, 

In Vitro. 

(A-B) RT-qPCR analysis of cell cycle gene regulators in PMEKs. An increase or decrease 

in expression for all cell cycle genes analysed was observed following anti-and/or pro-miR-

148a transfections, respectively. Data are presented as mean ± SEM values from three 

independent experiments. (C) Flow cytometric analysis of PMEKs by propidium iodide 

staining revealed an accumulation of cells in S phase of cell cycling in pro-miR-148a 

transfected PMEKs compared with miRNA-controls. Graphs shown are representatives 

from a single experiment. Percentages in each cell cycle stage are mean values from three 

independent experiments. 10,000 events were collected per experiment. *P<0.05, 

**P<0.01, ***P<0.001 analysed by Student’s t-test. 
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Subsequently, we investigated the role of miR-148a during differentiation in PMEKs 

using calcium-induced differentiation assay. Calcium induced differentiation of 

keratinocytes by media supplementation with 1.8 mM Ca2+ is a well-established 

method for differentiation induction (Hennings et al., 1980, Borowiec et al., 2013).  

Calcium-induced differentiation of PMEKs was performed in parallel with transfection 

with either anti-and/or pro-miR-148a. RT-qPCR analysis revealed that differentiation 

markers Cytokeratin (Krt) 1 (**P<0.01 and ***P<0.001), Krt10 (***P<0.001) and 

Involucrin (Ivl, ***P<0.001) were all either significantly up-and/or downregulated 

respectively (Figure. 17A-B). In addition to differentiation markers, miR-148a gene 

targets Rock1 (**P<0.01 and ***P<0.001) and Elf5 (*P<0.05 and **P<0.01) were 

analysed, and both were up or downregulated after anti-and/or pro-miR-148a 

transfections, respectively (Figure. 17A-B). Furthermore, we analysed whole protein 

extract levels by Western blot of Krt1, Rock1 and Elf5, which revealed up-and/or 

downregulation of all proteins analysed after anti-and/or pro-miR-148a transfections, 

respectively (Figure. 17C-D). 

 

 

 

 

 

 

 

 

 

 



 

115 
  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. MiRNA-148a Regulates Differentiation of Primary Mouse Epidermal 

Keratinocytes, In Vitro. 

(A-B) RT-qPCR analysis of differentiation associated genes, Krt1, Krt10, Ivl, alongside 

Rock1 and Elf5 in calcium-induced (1.8mM) differentiation of PMEKs. An increase and 

decrease in expression of all genes analysed was observed following anti-and/or pro-miR-

148a transfections, respectively. Data are presented as mean ± SEM values from three 

independent experiments. (C-D) Western blot analysis of differentiation marker Krt1 

alongside Rock1 and Elf5 during calcium-induced differentiation of PMEKs. An increase and 

decrease in protein levels of all proteins analysed was observed following anti-and/or pro-

miR-148a transfections, respectively. Data shown are representative images from a single 

experiment, of three independent repeats. *P<0.05, **P<0.01, ***P<0.001 analysed by 

Student’s t-test. 
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To investigate whether differentiation of PMEKs is regulated by miR-148a through 

modulation of Rock1 and Elf5, we performed immunocytochemistry investigating 

whether miR-148a could regulate nuclear translocation/activation of Rock1 and Elf5 in 

differentiation induced PMEKs (Ca2+: 1.8 mM), in vitro. Immunocytochemical staining 

of Rock1 and Elf5 in differentiated PMEKs was performed following pro-miR-148a or 

miRNA-control transfections. A decrease in expression of both nuclear and 

cytoplasmic Rock1 and Elf5 was observed in pro-miR-148a transfected PMEKs versus 

miRNA-controls (Figure. 18A-D). This was validated by quantitative 

immunofluorescence analysis, revealing a significant (***P<0.001) decrease in nuclear 

and cytoplasmic fluorescence levels of Rock1 and Elf5 after pro-miR-148a transfected 

PMEKs compared to miRNA-control transfected (Figure. 18E-F). We further confirmed 

effects on nuclear localisation using Western blot analysis from isolated nuclear 

protein extracts. Nuclear protein analysis after pro-miR-148a treated differentiated 

PMEKs revealed a downregulation of nuclear Rock1 and Elf5 protein levels compared 

to miRNA-controls (Figure. 18G-H). 
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Figure 18. Overexpression of miRNA-148a Inhibits Nuclear Localization of Rock1 and Elf5 

in Differentiated Primary Mouse Epidermal Keratinocytes. 

(A-D) Immunocytochemistry of Rock1 (green), Elf5 (green) and DAPI (blue) in pro-miR-

148a transfected differentiated PMEKs. Overexpression of miR-148a resulted in a decrease 

in Rock1 and Elf5 in the cytosol and nucleus of differentiated PMEKs compared to miRNA-

controls. (E-F) Quantitative immunofluorescence analysis of Rock1 and Elf5 in differentiated 

PMEKs after pro-miR-148a transfection compared with miRNA-controls was analysed by 

ImageJ (https://imagej.nih.gov/ij/) and normalised to DAPI+ cells. A significant reduction in 

Rock1 and Elf5 fluorescence in the nucleus and cytosol was observed in pro-miR-148a 

transfected differentiated PMEKs compared to miRNA-controls. Data are presented as 

mean ± SEM values from 100 cells counted from three independent experiments. (G-H) 

Western blot analysis of nuclear protein of Rock1 and Elf5 following pro-miR-148a 

transfection in differentiated PMEKs. Overexpression of miR-148a reduced the nuclear 

protein levels of Rock1 and Elf5 in differentiated PMEKs compared to miRNA-controls. Data 

shown are from a single representative experiment of three experimental repeats. 

***P<0.001 analysed by Student’s t-test. Scale bars: 50 µm. 

 

From analysis of proliferation in PMEKs after modulation of miR-148a, we revealed 

that miR-148a inhibits proliferation of PMEKs and cells accumulate in the S phase of 

cell cycling after miR-148a overexpression, in vitro (Figure. 16). Analysis of PMEKs 

following modulation of miR-148a in calcium induced differentiation assay revealed 

that miR-148a inhibits differentiation of PMEKs, in vitro (Figure. 17). MiR-148a 

modulation of these processes provides a potential explanation of the role of miR-

148a in skin based on its spatiotemporal expression pattern, with modulation of 

proliferation and differentiation processes an integral part of maintaining skin 

homeostasis. MiR-148a may modulate these processes to maintain SC quiescence 
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during telogen stage of HF cycling, and to modulate proliferation/differentiation 

commitment of epidermal cells. 

We next investigated whether overexpression of miR-148a could prevent the nuclear 

translocation of Rock1 and Elf5 during in calcium induced differentiation of PMEKs. 

Treatment of pro-miR-148a in calcium induced differentiation in PMEKs revealed that 

Rock1 and Elf5 were indeed prevented from translocating to the nucleus (Figure. 18). 

This suggests that the role of miR-148a in modulating differentiation processes in 

PMEKs may be through a miR-148a-Rock1/Elf5 mechanism, preventing their nuclear 

translocation, and their downstream activity. 
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3.4 Functional Analysis of MiRNA-148a Expression in Stem 

Cells In Vitro and In Vivo 

 

Aims: 

To analyse the potential effects of inhibition of miR-148a on skin and HF development, 

through modulation of SCs. 

Results: 

As we have determined specific miR-148a expression in stem/progenitor 

compartments of telogen HFs (bulge and hair germ), as well as high expression of 

miR-148a in FACS sorted CD34-positive SCs (Figure. 12D), we subsequently 

attempted to determine whether miR-148a could impact SC populations, in vitro. We 

performed colony forming assay using FACS sorted HF-bulge SCs from C57BL/6 wild 

type mouse skin. Lentiviral vectors containing sequences to inhibit miR-148a or act as 

controls (scrambled sequence) were used for transduction of HF-bulge SCs during 

colony forming assay. High transduction efficiency was observed in both controls and 

anti-miR-148a transduced SCs as seen by GFP positive colonies, which were 

subsequently counted and quantified after 10 days of growth (Figure. 19A, Panels (i) 

and (ii)). An increase in colony size and number is a method used to determine the 

clonal capacity of SCs and a well establish mechanism to assess the colony forming 

capacity of isolated SCs (Moestrup et al., 2017). To determine if inhibition of miR-148a 

had any impact on colony number and size, we measured and counted all GFP 

positive holoclonal SC colonies. Holoclonal colonies are distinct, well bordered, 

circular colonies of homogenous SCs that have a high capacity of self-renewal and 

contain no differentiated cell types. The borders of holoclonal colonies are much 
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smoother and rounder compared to the ‘wrinkled’ and more unordered borders of more 

differentiated paraclone and meroclone colonies (Barrandon and Green, 1987). We 

observed a significant increase in both number of colonies (**P<0.01) and size of 

colonies above 50 µm in diameter (***P<0.001) between anti-miR-148a transduced 

SCs compared to controls (Figure. 19A-B). There was no significant difference 

observed between colonies measuring less than 50 µm in diameter (Figure. 19B). In 

addition, to confirm that the effects were due to loss of miR-148a, TaqMan RT-qPCR 

revealed a significant reduction (***P<0.001) of miR-148a expression in anti-miR-148a 

treated SCs compared to controls (Figure. 19C). 
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Figure 19. MiRNA-148a Inhibition Promotes Colony Forming Abilities of Hair Follicle Stem 

Cells, In Vitro. 

(A) Colony forming assay: Anti-miR-148a lentiviral transduction of HF-bulge SCs increased 

the number and size of colonies formed compared to control transduced HF-bulge SCs. 

Efficiency of lentiviral transduction for control and miR-148a inhibition in FACS isolated HF-

bulge SCs were evaluated using green fluorescent protein (GFP) incorporated lentiviral 

particles (B) Quantification of number and size of GFP positive SC colonies in anti-miR-

148a lentiviral treated HF-bulge SCs versus control. A similar number of smaller colonies 

(<50 µm in diameter) were found in anti-miR-148a treated HF-bulge SCs compared to 

controls. While a significantly higher number of larger colonies (>50 µm in diameter) were 

observed in anti-miR-148a treated HF-bulge SCs compared to controls. (C) MiR-148a 

TaqMan RT-qPCR expression analysis of lentiviral anti-miR-148a transduced SCs and 

revealed a significant reduction of miR-148a expression. Data are presented as mean ± 
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SEM and representative microphotographs from three independent experiments. **P<0.01, 

***P<0.001 analysed by Student’s t-test. Scale bars: 100 µm. 

 

To investigate the role of miR-148a in controlling skin and hair cycle associated tissue 

remodelling, miR-148a was pharmacologically inhibited with a synthetic inhibitor which 

specifically binds to miR-148a via complimentary base pairing, preventing it from 

binding to its gene targets. Pharmacological miR-148a inhibitor or miRNA-control was 

administered into dorsal skin of C57BL/6 wild type mice at post-natal day 20 through 

to day 22. The skin was harvested at post-natal day 23 for histomorphological and 

immunofluorescent analysis (Figure. 20A). Successful inhibition of miR-148a was 

assessed by TaqMan RT-qPCR. A significant (***P<0.001) reduction of miR-148a was 

observed in anti-miR-148a treated skin compared with miRNA-controls (Figure. 20B). 

Pharmacological inhibition of miR-148a revealed changes in HF stages. In miRNA-

control treated skin, HF staging analysis revealed that the majority of HFs were in 

anagen II stage of HF cycling (Figure. 20C, Panel (i), arrows). In anti-miR-148a treated 

skin, significantly (*P<0.05) more HFs were observed in anagen stage III of HF cycling, 

characterised by an enlarged dermal papilla partially enclosed by keratinocytes 

(Figures. 20C, Panel (ii)-(iii), arrows and  20D). Skin thickening is an established factor 

of hair cycle progression (Hansen et al., 1984, Muller-Rover et al., 2001, Mardaryev 

et al., 2010), we therefore investigated whether pharmcological inhibition of miR-148a 

could affect skin thickness. Skin thickness was measured from the outermost 

epidermis to the top of the panniculus carnosus, the base of the skin in mice (Schmidt 

and Horsley, 2012). In anti-miR-148a treated skin, a significant (*P<0.05) thickening 

of the skin was observed compared with miRNA-controls (Figures. 20C, asterisk, and 

20E).  
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Figure 20. MiRNA-148a Inhibition Accelerates Telogen to Anagen Transition, In Vivo. 

(A) Anti-miR-148a and miRNA negative control were administered subcutaneously in 

C57BL/6 wild type mouse dorsal skin from post-natal day 20 to 22 before harvesting on 

post-natal day 23. (B) TaqMan RT-qPCR analysis of miR-148a in anti-miR-148a treated 

skin compared to miRNA-controls showed a significant inhibition in miR-148a expression. 

(C) Representative microphotographs of alkaline phosphatase-stained miRNA-control and 

anti-miR-148a treated wild type C57BL/6 dorsal mouse skin. In anti-miR-148a treated skin, 
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To determine the impact of loss of miR-148a on skin and hair stem/progenitor 

populations, in vivo, immunofluorescent analysis of SC marker Krt15 was analysed in 

anti-miR-148a treated and miRNA-control skins. Krt15 is a well-established as a 

marker of basal and HF-bulge stem cells as well as the ORS (Liu et al., 2003, 

Cotsarelis, 2006). In the epidermis, a significant (*P<0.05) increase of Krt15 

expression was observed in the basal layer in anti-miR-148a treated skin, whereas 

expression was reduced and uneven throughout the basal layer in control treated skin 

(Figures. 21A, Panel (i) and (ii), asterisk, and 11B). In the HF, a significant increase 

(*P<0.05) in expression of Krt15 was observed in the developing hair bulb and bulge 

region in anti-miR-148a treated skin compared to miRNA-controls (Figures. 21A, 

Panel (i) and (ii), arrows, and 11B).  

the skin was thicker compared to miRNA-controls (Panel C, (i), (ii) and (iii), asterisk). HFs 

in miRNA-control treated skin were mainly observed in anagen II stage characterised by an 

enlarged dermal papilla close to the hair shaft (Panel C, (i), arrows). In anti-miR-148a 

treated skin, the HFs were predominantly in anagen III, characterised by an enlarged dermal 

papilla partially enclosed by keratinocytes (Panel C, (ii)-(iii), arrows). (D) Pharmacological 

inhibition of miR-148a resulted in an increase of anagen III stage HFs and a reduction of 

anagen stage II HFs compared to miRNA-controls. Data are presented as mean ± SEM 

values of 100 HFs. (E) Skin thickness increased post miR-148a inhibition compared to 

miRNA-controls, a well-known characterisation of hair cycle progression. Data is presented 

of n = three mice. Data of skin thickness and HF category is presented as mean ± SEM 

values of 100 measurements. *P<0.05 analysed by Student’s t-test.  Scale bars: 50 µm. 
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Figure 21. MiRNA-148a Inhibition Alters Stem Cell Activity in Skin, In Vivo. 

(A) Representative microphotographs of immunofluorescent analysis of Krt15 (red) and 

DAPI (blue) in skin and HFs. In the epidermis, elevated Krt15 expression was observed 

throughout the basal layer in anti-miR-148a treated skin, whereas in control skins, Krt15 

expression was reduced and uneven throughout the basal layer (Panel A, (i) and (ii), 

asterisk). In the HFs: elevated Krt15 expression was observed in the bulge region and 

developing hair bulb in anti-miR-148a treated skin compared to miRNA-controls (Panel A, 

(i) and (ii), arrows). (B) Quantitative immunofluorescence analysis: Krt15 (red fluorescence) 

in the epidermis and HFs of control versus anti-miR-148a treated skin samples normalised 

to DAPI+ cells. A significant increase in Krt15 fluorescence was observed in the epidermis 

and HFs in anti-miR-148a treated skins versus miRNA-controls. n = three mice/treatment. 

Data are presented as mean ± SEM values from three independent experiments. *P<0.05 

analysed by Student’s t-test. Scale bars: 50 µm. 
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Functional analysis of the role of miR-148a in modulating SCs, in vitro, was performed 

by colony forming assay. Inhibition of miR-148a in isolated bulge SCs by colony 

forming assay revealed that inhibition of miR-148a increased colony size and number 

of bulge SCs, in vitro (Figure. 19). Functional analysis of the role of miR-148a in 

modulating SCs, in vivo, was performed by subcutaneous injection of miR-148a 

inhibitor. Alkaline phosphatase staining and HF characterisation revealed that HFs had 

progressed to anagen stage III in anti-miR-148a treated skins compared to anagen 

stage II in control treated skins and a thickening of the skin was also observed in anti-

miR-148a treated skins compared to controls (Figure. 20). Immunofluorescent 

analysis of stem/progenitor marker Krt15, revealed a significant increase in the activity 

of Krt15 in anti-miR-148a treated skins compared to controls (Figure. 21). Together, 

these indicate that miR-148a functions to repress SC activation and maintain SC 

quiescence. Abnormal activation of stem/progenitor cells after inhibition of miR-148a, 

in vitro (Figure. 19) and in vivo (Figure. 21) may explain the acceleration of hair cycle 

stage observed (Figure. 20), due to increased proliferation and differentiation 

processes associated with SC activation.  
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3.5 Analysis of the Effects of MiRNA-148a Inhibition During 

Skin Homeostasis, In Vivo 

Aims: 

To investigate the effects of miR-148a inhibition on Rock1 and Elf5 expression in skin 

and hair follicles, in vivo. 

Results: 

Following anti-miR-148a treatment in mouse skin, in vivo (Figure. 20), in the epidermis, 

miR-148a inhibition resulted in an increase in expression in differentiation marker Krt1 

compared to controls epidermis (Figure. 22A-B). Quantitative immunofluorescence 

analysis of Krt1 showed a significant increase in Krt1 fluorescence observed in the 

epidermis in anti-miR-148a treated skin versus miRNA-control skins (Figure. 22C). 

Subsequently, to analyse the effect of miR-148a inhibition on cell proliferation, we 

used proliferation marker Ki67. We observed no changes in Ki67 fluorescence after 

inhibition of miR-148a compared to controls epidermis (Figure. 22D-E). Quantitative 

immunofluorescence analysis of Ki67 showed no significant change in fluorescence in 

anti-miR-148a treated skins versus miRNA-control skins (Figure. 22F). 
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Figure 22. Loss of MiRNA-148a Alters Expression of Cytokeratin 1, But Not Ki67, In Vivo. 

(A-F) Representative microphotographs of Immunofluorescent analysis of Krt1 (green), 

Ki67 (green) and DAPI (blue). (A-B) Krt1 expression was elevated in anti-miR-148a treated 

skin (Panel B, arrowhead) compared to controls epidermis (Panel A, asterisk). Broken line 

demarcates dermal-epidermal boarder. (C) Quantitative immunofluorescence analysis: 

Immunodetection of Krt1 in the epidermis of control versus anti-miR-148a treated skin 

samples normalised to DAPI+ cells. A significant increase in Krt1 fluorescence was 

observed in anti-miR-148a treated skin versus miRNA-controls. (D-E) No significant 

difference in Ki67 expression was observed in anti-miR-148a treated skin compared to 

controls epidermis (Panel D and Panel E, asterisk and arrowhead). Broken line demarcates 

dermal-epidermal boarder. (F) Quantitative immunofluorescence analysis: 

Immunodetection of Ki67 in the epidermis of control versus anti-miR-148a treated skin 

samples normalised to DAPI+ cells. No significant difference in Ki67 fluorescence was 

observed in anti-miR-148a treated skin versus miRNA-controls.  n = three mice/treatment. 

**P<0.01 analysed by Student’s t-test. Scale bars: 50 µm. 

 

We then analysed expression patterns of Rock1 and Elf5 in anti-miR-148a treated 

skins compared to control skins. In the epidermis, an increase in Rock1 expression 

was observed in the basal and suprabasal layer of the epidermis of anti-miR-148a 

treated skins (Figure. 23B, arrowheads) compared to control skins, where expression 

was restricted to the basal layer of the epidermis (Figure. 23A, asterisk). In the HF, an 

increase in Rock1 expression was observed in the bulge and hair bulb regions of the 

HF in anti-miR-148a treated skins (Figure. 23B, arrows) compared to control skins, 

where Rock1 expression was restricted to the hair bulb (Figure. 23A, arrow). In 

addition, Elf5 expression was increased throughout the basal and suprabasal layer of 
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the epidermis in anti-miR-148a treated skins (Figure. 23D, arrowheads) compared to 

control skins, where expression was significantly lower in the epidermis (Figure. 23C, 

asterisk). In the HF, Elf5 was expressed throughout the developing HF, with 

expression observed in the bulge and bulb regions, and ORS in anti-miR-148a treated 

skins (Figure. 23D, arrows) compared to control skins, where lower expression was 

observed in the bulge region and developing hair bulb (Figure. 23C, arrows). 

Quantitative immunofluorescence analysis of Rock1 (**P<0.01 and ***P<0.001) and 

Elf5 (*P<0.05 and **P<0.01) showed a significant increase in fluorescence in the 

epidermis and HF of anti-miR148a treated skins versus miRNA-control skins 

respectively (Figure. 23E-F).  
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Figure 23. MiRNA-148a Inhibition Alters Rock1 and Elf5 Expression During Skin and Hair 

Follicle Development, In Vivo. 

 (A-D) Representative microphotographs of Immunofluorescent analysis of Rock1 (green), 

Elf5 (green) and DAPI (blue) in anti-miR-148a treated dorsal mouse skin compared to 

control skins (A-B) Immunohistochemical staining of Rock1 in the skin. An increase in 

Rock1 expression was observed in anti-miR-148a treated skin in the basal and suprabasal 

layers of the epidermis (Panel B, arrowheads) and in the bulge and developing hair bulb 

region of HFs (Panel B, arrows). While, lower Rock1 expression was restricted to the basal 

layer of the epidermis and developing hair bulb of control samples (Panel A, asterisk, and 

arrow respectively). (C-D) Immunohistochemical staining of Elf5 in the skin. Elf5 expression 

was elevated within the basal and suprabasal layers of the epidermis (Panel D, arrowheads) 

compared with control skins (Panel, C, asterisk).  In the HF, an increase in Elf5 expression 

was observed throughout the HFs including the bulge and developing hair bulb regions, and 

ORS (panel D, arrows) compared to control skins where lower expression was detected in 

the developing hair bulb and bulge (panel C, arrows). (E-F) Quantitative 

immunofluorescence analysis: Immunodetection of Rock1 (Panel E) and Elf5 (Panel F) in 

the epidermis and HFs of control versus anti-miR-148a treated skin samples normalised to 

DAPI+ cells. A significant increase in both Rock1 and Elf5 fluorescence in the epidermis 

and HF was observed in anti-miR-148a treated skin versus miRNA-controls. n = three 

mice/treatment. *P<0.05, **P<0.01, ***P<0.001 analysed by Student’s t-test.  Broken lines 

demarcate dermal-epidermal boarder. Scale bars: 50 µm. 

 

In summary, investigation of inhibition of miR-148a on differentiation processes, in 

vivo, revealed an increase in fluorescence of differentiation marker Krt1 in the 

epidermis of anti-miR-148a treated skins compared to controls (Figure. 22A-C). 

Investigation of inhibition of miR-148a in vivo on proliferation processes revealed no 

significant difference in fluorescence of proliferation marker Ki67 in the epidermis of 
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anti-miR-148a treated skins compared to control skins (Figure. 22D-F). Investigation 

of inhibition of miR-148a in vivo on Rock1 and Elf5 revealed and increase in 

fluorescence of Rock1 and Elf5 throughout the epidermis in anti-miR-148a treated 

skins compared to the basal layers in control treated skins. In the HF, an increase in 

fluorescence of Rock1 and Elf5 was observed in the bulge and hair bulb regions 

compared to control skins (Figure. 23). These results show that the effect of miR-148a 

modulation of differentiation and Rock1 and Elf5 expression, in vitro (Figure. 17-19) is 

sustained in vivo. These data indicates that miR-148a modulation of Rock1 and Elf5 

may regulate skin homeostasis through modulation of differentiation processes, 

however, no effect was observed in proliferation after inhibition of miR-148a in vivo.   
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4.0  

Discussion 

4.1 MiRNA-148a is Expressed in Stem Cell Regions of 

Telogen Skin and Hair Follicles 

MicroRNAs have been shown to play fundamental roles in modulating gene 

expression profiles throughout skin development and HF cycling (Mardaryev et al., 

2010, Ahmed et al., 2011, Ahmed et al., 2014). Microarray analysis of miRNAs during 

hair cycling revealed high expression of miR-148a during telogen stage of HF cycling 

(Figure. 11A). Through RT-qPCR and ISH analysis, we show for the first time, miR-

148a expression in the differentiated, suprabasal layer of the epidermis, as well as in 

the bulge and SHG stem/progenitor cell compartments of telogen HFs during cycling 

(Figure. 11B-D). MiR-148a expression was also shown to be enriched in CD34+ HF-

SCs and co-expressed with SC markers Krt15 and CD34 in telogen HFs (Figure. 12). 

The expression of miR-148a in differentiated suprabasal layers of the epidermis, 

suggests that miR-148a may function to promote differentiation in the epidermis. MiR-

148a has been shown to modulate differentiation processes in other cells and tissues, 

suggesting that this could be a common mechanistic role of miR-148a. For example, 

miR-148a promotes differentiation of macrophages upon activation of Notch signalling 

(Huang et al., 2017). Also, during adipogenesis, differentiation of human adipose-

derived mesenchymal stem cells (hMSCs-Ad) is partially regulated by miR-148a. In 

addition, miR-148a was shown to target Wnt1 – an inhibitor of adipogenesis, whilst 

inhibition of miR-148a accelerated differentiation (Shi et al., 2015). Furthermore, miR-
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148a was also found to be upregulated in obese humans and mice on a high-fat diet, 

suggesting that miR-148a has an instrumental effect in modulating cellular processes 

during adipogenesis and maintaining homeostasis under changing conditions (Shi et 

al., 2015). These studies show that miR-148a plays an important role in cellular 

differentiation and suggests that miR-148a may have a similar function in the 

epidermis during skin development. 

Of note, individual miRNAs have been shown to play a crucial role in modulating 

differentiation processes in skin. Examples include, miR-203 which promotes 

epidermal differentiation and directly targets p63, which is highly expressed in the 

basal layer of the epidermis and an important modulator for epidermal stratification 

during skin development (Koster et al., 2004, Lechler and Fuchs, 2005, Romano et 

al., 2007). Premature expression of miR-203 in basal cells resulted in a thinner 

epidermis and prevention of full stratification, along-side restriction of proliferation and 

cell cycle exit (Yi et al., 2008). MiR-203 expression has also been observed in the 

differentiated suprabasal layer of the epidermis during human skin morphogenesis and 

co-expressed with differentiation markers Involucrin and Filaggrin (Wei et al., 2010). 

These studies show that miR-203 functions as a promotor of differentiation in the 

epidermis and acts as a molecular switch between proliferating basal cells and 

terminally differentiating epidermal keratinocytes.  

In addition, regulation of epidermal differentiation is also controlled by miR-184. MiR-

184 was shown to promote epidermal differentiation and inhibit proliferation in human 

epidermal cells, in part through targeting Krt15, and inducing Notch signalling. 

Knockout of miR-184 resulted in skin thickening, accumulation of spinous cells and an 

increase in Ki67+ proliferating epidermal cells, indicating a role in commitment switch 

from proliferating basal cells to differentiating suprabasal epidermal cells. 
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Furthermore, inhibition of miR-184 increased the clonogenicity of epidermal 

stem/progenitor cells, indicating a functional role of modulating differentiation and cell 

commitment during skin development (Nagosa et al., 2017). We postulate that miR-

148a may have a similar role as miR-184 in modulating proliferation/differentiation 

processes during epidermal development and of miR-203 in promoting epidermal 

differentiation, which requires further investigation. 

Our data demonstrates that miR-148a is expressed in stem/progenitor regions of the 

bulge and SHG in telogen HFs (Figures. 11D and 12). Its role could be postulated from 

evaluation of another miRNA, miR-125b, which has been shown to modulate SC 

activities and fine tune SC activation/quiescence during HF cycling. MiR-125b is 

expressed in early bulge cells and targets VDR, a promotor of anagen stage of HF 

cycling. Furthermore, gain and loss of function studies revealed miR-125b to repress 

SC differentiation, whilst depilation of HFs in miR-125b overexpression mouse model 

failed to re-grow HFs  (Zhang et al., 2011). In addition, similarly to miR-148a, miR-

29a/b1 was shown to be highly expressed during telogen stage of HF cycling, and 

overexpression of miR-29a/b1 during telogen or anagen resulted in shortened HFs 

and eventual hair loss (Ge et al., 2019). We believe that miR-148a may have a similar 

effect as miR-125b and miR-29a/b1 in HFs, in regulating SC quiescence/activation 

based on their spatiotemporal expression pattern in healthy skin and HFs. 

Furthermore, we speculate that elevated levels (induced overexpression) of miR-148a 

may also lead to failure of HF development, which requires further investigation.  

Taken together, our data suggests a dual role for miR-148a during skin and HF 

development due to its specific spatiotemporal expression patterns. We postulate that 

miR-148a in the epidermis acts as a molecular switch between proliferative basal cells 
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into a terminal differentiation program. In the HF, miR-148a may act as a repressor of 

SC activation, limiting HF-SC activation, proliferation, and differentiation. 

 

4.2 Rock1 and Elf5 Are Direct Targets of MiRNA-148a 

MicroRNAs function as post-transcriptional regulators by binding to the 3’-UTR of 

target genes, preventing their translation into proteins (Yi and Fuchs, 2010). To identify 

gene targets of miR-148a, and elucidate its potential regulatory pathway in skin, we 

performed overexpression of miR-148a in PMEKs and further downstream analyses. 

Through analysis of RNA-seq data of miR-148a overexpression in PMEKs and 

overlapping of potential gene targets of miR-148a from online databases, we identified 

43 potential gene targets of miR-148a (Figure. 13). Of these 43 genes, subsequent 

validation by RT-qPCR of the top, highly conserved genes between human and mice 

and with a known role in epithelial tissue, revealed only Rock1 and Elf5 as significantly 

changed in expression following modulation of miR-148a in PMEKs. This was 

validated at protein level by Western blot (Figure. 14). Through dual luciferase reporter 

assay, our study identified targets Rock1 and Elf5 as genuine miR-148a targets 

(Figure 15), which helps to elucidate the potential role of miR-148a during skin 

development and HF cycling. In addition, fluorescent in situ hybridisation with 

simultaneous immunostaining revealed miR-148a, Rock1 and Elf5 are co-expression 

in the bulge and SHG of telogen HFs, whilst expression was mutually exclusive in the 

epidermis (Figure. 15). 

This inverse expression pattern observed in the epidermis between miR-148a, and its 

gene targets is common in many tissue types due to miRNA degradation of their target 

mRNAs (Stark et al., 2005, Bartel, 2009). However, co-expression of miR-148a and 
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its targets was also observed (Figure. 15). Of note, miRNAs and their targets tend to 

be mutually exclusive in neighbouring cells and tissues (Wang et al., 2019a) as we 

observe with miR-148a in the epidermis (basal versus suprabasal). However, miRNAs 

and their target mRNA co-expression have also been observed in a cell and tissue 

dependent manner (Liu and Kohane, 2009). These demonstrate that miRNAs can form 

diverse networks of gene regulation and can act as ‘buffers’ of gene expression by 

fine tuning different cellular processes upon developmental cues (Farh et al., 2005, 

Ebert and Sharp, 2012). 

The mainly mutually exclusive expression of Rock1 and Elf5 to miR-148a in the 

epidermis indicates that Rock1 and Elf5 may have a functional role required for basal 

cell proliferation, whereas miR-148a inhibition of Rock1 and Elf5 in the suprabasal 

epidermal layers, functions to restrict proliferation and promote terminal differentiation. 

MiR-148a functions to buffer the activity of Rock1 and Elf5 suggesting a dual 

functionality of miR-148a is dependent on its spatiotemporal expression and its target 

genes in the skin and HFs. Of interest, Rock1 is a downstream effector of GTPase 

Rho. Rock1 regulates downstream genes that are involved in a variety of cellular 

processes. Lim kinases (Limk1 and Limk2) are Rock1 substrates. Limk2 has been 

shown to be expressed in the basal layer of the epidermis, functioning to maintain 

adhesion to the basement membrane and prevent terminal differentiation. Limk1 has 

been shown to be expressed in the upper spinous and granular layers of the epidermis, 

inhibiting cofilin and promoting epidermal differentiation and compaction of 

differentiated layers (Honma et al., 2006). In addition, Rock signalling component 

Rac1 co-localises with Limk2 in the basal layer of the epidermis, suggesting that Rock 

signalling is required to prevent terminal differentiation and maintain proliferation in 

this region. Rock signalling has also been shown to phosphorylate Limk1, which in 
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turn inhibits cofilin-mediated actin depolymerisation, maintaining healthy and 

homeostatic epidermal stratification program (Honma et al., 2006). MiR-148a 

regulation of Rock1 may serve as a switch between proliferating basal cells into 

terminally differentiating suprabasal cells, however, more research is required to 

confirm this mechanism. 

Studies with inducible Rock1 knockout mouse embryonic fibroblasts have shown that 

inhibition of Rock1 improved actin cytoskeletal stability and reduced cell detachment 

through decreased MLC2 phosphorylation and maintained cofilin phosphorylation 

(inhibition) (Shi et al., 2013). Through a similar mechanism, Rock1 may function to 

promote detachment and migration in skin and HFs. Promotion of bulge and SHG cell 

detachment/adhesion and migration is an integral part of initiation of anagen stage of 

HF cycling and these processes are inhibited during telogen stage of HF cycling 

(Blanpain and Fuchs, 2009).  

Rock1 has not been previously categorised in epidermal or HF-SCs, however, Rock1 

has been shown to promote embryonic SC colony formation, and maintenance of an 

undifferentiated state (Chang et al., 2010). Additionally, Rock1 signalling is thought to 

elevate stem/progenitor cell functions by its prevention of apoptosis of human 

embryonic SCs, and inhibition of Rock signalling by administration of Y-27632 Rock 

inhibitor led to enhanced survival of intestinal crypt SCs and neuronal precursor cells 

(Watanabe et al., 2007, Koyanagi et al., 2008, Sato et al., 2009, Centonze et al., 2022). 

Rock inhibitor Y-27632 has also been shown to maintain HF-SC stemness and self-

renewal (An et al., 2018). However, inhibition of Rock signalling was shown to promote 

differentiation and proliferation of bone marrow SCs into keratinocyte-like cells, 

suggesting that Rock signalling provides a mechanism for SC differentiation and 

lineage commitment (Li et al., 2015). Therefore, miR-148a regulation of Rock1 may 
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serve as a regulator of SC quiescence/activation in HF cycling. Of note, miR-148a is 

known to regulate Rock1 in gastric cancer cell lines and tissue, with inhibition of Rock1 

resulted in a decrease in cell migration and invasion (Zheng et al., 2011). Together, 

these studies suggest how miR-148a may contribute to prevention of stem/progenitor 

cell activation (detachment/migration) in HFs, through inhibition of Rock1 in these 

stem/progenitor cell regions. 

In the epidermis, miR-148a regulation of Rock1 may function to promote differentiation 

processes as keratinocytes transition from basal to suprabasal. Whereas, in the HF, 

negative regulation of Rock1 by miR-148a may function to maintain quiescence and 

self-renewal capacity of HF-SCs and their progeny. These studies show several 

functional roles of Rock1, and in turn suggest how miR-148a regulation of Rock1 is 

important for normal and healthy skin and HFs development and homeostasis, which 

is dependent on their spatiotemporal expression patterns. 

Similarly, Elf5 is expressed in the bulge and SHG stem/progenitor regions of telogen 

HFs (Figure. 15), and in the IRS and ORS of HFs (Choi et al., 2008, Singh et al., 2019). 

The function of Elf5 in skin and HFs is currently unknown, however, Elf5 has been 

shown to be a key regulator of stem/progenitor cells in other epithelial tissues, such 

as the mammary gland (Chakrabarti et al., 2012b, Choi et al., 2009). Elf5 functions in 

mammary gland include regulating stem/progenitor cell fates, with Elf5-null mice 

resulting in accumulation of basal/luminal (Krt8+/Krt14+) cells with dual identity and 

also to promote differentiation during alveologenesis (Oakes et al., 2008, Chakrabarti 

et al., 2012b). In the kidney, Elf5 functions to promote principal cell lineage 

commitment by activation of promotors for principal cell genes, Aqp2 and Avpr2. While 

Notch signalling has been shown to promote principal cell lineage commitment through 

Elf5, highlighting that Elf5 has a crucial role in network of lineage commitment 
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promoting genes and transcription factors in the kidney (Grassmeyer et al., 2017). 

These studies reveal that Elf5 functions as a key regulator of stem/progenitor cell 

commitment for specific lineages during specific developmental cues in other epithelial 

tissue development, which may be sustained in skin and HF development. 

We postulate that due to the dynamic expression patterns of miR-148a and Elf5 within 

stem/progenitor populations of the skin and HF (Figure. 15, bulge, SHG and basal 

layer of the epidermis), suggest that miR-148a via tight regulation of Elf5 is a key 

determining factor of SC fate and lineage commitment in the bulge and SHG region, 

as well as maintaining healthy, homeostatic differentiation processes in the epidermis. 

 

4.3 MiRNA-148a Alters Proliferation and Differentiation 

Programs in Primary Mouse Epidermal Keratinocytes, In 

Vitro 

MiRNAs, through their gene targets, fine tune cellular processes in response to 

developmental signals. Here, we reveal that, miR-148a inhibits proliferation of PMEKs 

and cells accumulate in the S phase of cell cycling after miR-148a overexpression, in 

vitro (Figure. 16). MiR-148a also affects differentiation processes in skin with 

modulation of miR-148a in calcium induced differentiation assay revealed that miR-

148a inhibits differentiation of PMEKs, in vitro (Figure. 17). Subsequent investigation 

as to whether overexpression of miR-148a could prevent the nuclear translocation of 

Rock1 and Elf5 during in calcium induced differentiation of PMEKs revealed that 

Rock1 and Elf5 were indeed prevented from translocating to the nucleus, indicating 

that modulation of differentiation processes in PMEKs by miR-148a occurs through its 

regulation of Rock1 and Elf5 (Figure. 18). 
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To our knowledge, our study is the first to demonstrate miR-148a effects on cell 

proliferation in PMEKs, revealing an accumulation of PMEKs in S-G2/M transition 

phase of cell cycle after overexpression of miR-148a in PMEKs (Figure. 16C), a 

potential keratinocyte mitotic checkpoint via miR-148a. In addition, our data showed 

an up-and/or downregulation of Cdk1 and Cks1β after modulation of miR-148a 

expression in PMEKs (Figures. 17A-B). Inhibition of Cdk1 and Cks1β have been 

shown to arrest cell cycle at S-G2 transition in somatic cells during embryogenesis 

(Martinsson-Ahlzén et al., 2008). While, Cks1β has also been shown to also promote 

cell growth and metastasis in cancers (Shi et al., 2020). Furthermore, we observe 

expression changes of Ccne1, Cdk16, Ccnb2 and Ccnd1/2 after modulation of miR-

148a expression in PMEKs (Figure. 16A-B). Inhibition of Cdk16 has been shown to 

reduce proliferation of squamous cell carcinoma cell lines by G2/M arrest, and 

inhibition of Ccnb2 has been shown to reduce mouse embryonic fibroblasts in M phase 

and inhibit cellular proliferation (Yanagi et al., 2017, Wu et al., 2010b). Interestingly, 

overexpression of Ccnd1 in differentiated epidermal cells induces re-programming into 

SC-like cells with high colony forming ability (Zhao et al., 2016). MiR-148a regulation 

of Ccnd1 in particular, may play a role in restricting proliferation of terminally 

differentiating keratinocytes during skin development and epidermal stratification. 

Furthermore, miR-148a regulation of Ccnd1 may help to maintain SC quiescence in 

the HFs, whilst promoting SC maintenance and self-renewal. While our study did not 

investigate Ccnd1 specifically, these studies indicate a potential mechanism of miR-

148a regulation of proliferation and SC maintenance via Ccnd1 which needs to be 

explored further in skin. 

Of note, miR-148a has been implicated in previous studies to modulate proliferation in 

various cancer tissues and cell lines suggesting a common role of miR-148a as an 
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anti-proliferative regulator. MiR-148a has been shown to reduce proliferation in 

cervical cancer by targeting DNA methyl transferase 1 (DNMT1) (Chen et al., 2021). 

Proliferation is also inhibited in cutaneous squamous cell carcinoma by miR-148a 

modulation of MAPK pathway (Luo et al., 2015). In esophageal squamous cell 

carcinoma (ESCC), miR-148a is downregulated alongside a reduction of protein levels 

of KLF4, SOX2, OCT4 and NANOG, whose genes are known to promote ‘stemness’ 

(Qi and Pei, 2007, Wei et al., 2009, Tan et al., 2020). In addition, miR-148a was shown 

to inhibit proliferation, migration and invasion in human ESCC cell lines by targeting 

activin receptor type-1 (ACVR1) (Tan et al., 2020). In oral squamous cell carcinoma 

(OSCC), miR-148a was downregulated. Overexpression of miR-148a in SCC-9 cells 

inhibited migration, invasion, and proliferation, whereas inhibition of miR-148a, 

enhanced these through regulation of human leukocyte antigen-G (HLA-G) (Zhang et 

al., 2019). Lastly, in gastric cancer, miR-148a was shown to inhibit proliferation and 

metastasis by targeting SMAD2 (Wang et al., 2013b). These studies highlight that 

miR-148a acts as a tumour suppressor and our data suggests that miR-148a may be 

crucial in regulating proliferation in normal healthy tissue cells and preventing initiation 

and development of tumorigenesis. 

Also, as miR-148a is a well-established proliferative regulator, we attempted to 

determine if miR-148a modulation of cell proliferation may also occur through 

regulation of Rock1 and Elf5 (Figure. 16). After modulation of miR-148a, in vitro, we 

observed changes in proliferative processes (Figure. 16), however, we did not observe 

any changes in proliferation after inhibition of miR-148a, in vivo (Figure. 22D-F). Rock 

signalling has been shown to regulate cell proliferation in lung tumour and melanoma 

mouse models, with deletion of Rock1/2 in mice resulted in cell cycle arrest and 

downregulation of Cdk1 and Cks1 expression (Kümper et al., 2016). While, miR-148a 
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has also been shown to target Cdk1 directly in cervical cancer cells (Wang et al., 

2020). These indicate that through regulation of Rock1, miR-148a functions as a 

tumour suppressor, modulating cell proliferation through a potential novel miR-148a-

Rock1/Cdk1 mechanism. Evidence of this mechanism has largely been discovered in 

cancer models; further investigation would be required to establish this as a potential 

anti-tumorigenic mechanism via miR-148a during skin development.  

Of note, Elf5 has been shown to modulate proliferation programs in various other 

tissues and pathologies. In human breast cancer cells, Elf5 was found to interact with 

acetyltransferase p300, where acetylation of Elf5 led to its degradation. Inhibition of 

cell proliferation was observed in breast cancer cells after Elf5 acetylation, by inhibition 

of CCND1 (Li et al., 2021). MiRNA regulation of genes by acetylation has previously 

been observed, for example, miR-455 promotes chondrogenesis by enhancing 

acetylation of histone 3 by targeting histone deacetylases (Chen et al., 2016). Through 

this mechanism, cell proliferation programs in skin and HFs may be regulated by a 

potential indirect miR-148a acetylation of Elf5, although further research is required to 

confirm this. 

In addition to proliferation, our data revealed that modulation of miR-148a activities 

affects differentiation of PMEKs (Figures. 18 and 22A-C). This is consistent with 

previous data demonstrating that miR-148a promotes differentiation and supresses 

apoptosis in skeletal muscle cells (Yin et al., 2020). In another study, miR-148a has 

been shown to mediate Notch signalling to promote the differentiation of monocytes 

(Huang et al., 2017). Our data shows mutually exclusive expression of miR-148a and 

Rock1 in the epidermis (suprabasal versus basal) (Figure. 15B Panel (i)). Of note, 

inhibition of Rock1 has been shown to inhibit human keratinocyte terminal 

differentiation (McMullan et al., 2003) which is also consistent with our data in PMEKs 
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(Figure. 17). MiR-148a has been shown to target Rock1 in myoblasts and inhibition of 

Rock1 resulted in an increase in differentiation (Zhang et al., 2012). During epidermal 

stratification, proliferation of basal progenitors is supressed, whilst terminal 

differentiation is activated (Fuchs, 2007). MiR-148a may contribute to commitment to 

terminal differentiation by functioning to supress proliferation of keratinocytes, thereby 

promoting terminal differentiation program, in part by regulating Rock1. 

Furthermore, Elf5 has been previously categorised in regulating differentiation 

processes during mammary gland development (Oakes et al., 2008, Chakrabarti et 

al., 2012b), and in other tissues. In trophoblast cells, overexpression of Elf5 resulted 

in an increase in differentiation through co-occupancy of Tfap2c at differentiation 

associated gene promotors. Moreover, a certain threshold of Elf5 expression was 

found to be required for maintenance of trophoblast cells and proliferative processes, 

with a critical expression threshold promoting cells to differentiate (Latos et al., 2015). 

In turn, Tfap2 has also been shown to promote differentiation of trophoblast cells by 

inhibiting OCT4 (Krendl et al., 2017). In embryonic SCs, overexpression of Elf5 can 

promote differentiation into blood cells, while Elf5 in combination with other 

transcription factors can lead to differentiation into other cell types (Yamamizu et al., 

2013). We postulate that miR-148a tight regulation of Elf5 may function to regulate 

differentiation and maintain normal processes during skin and HF development and 

homeostasis. 
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4.4 Inhibition of MiRNA-148a Accelerates Telogen-Anagen 

Transition, and Modifies Stem Cell Activity, In Vitro and In 

Vivo 

The effect of miR-148a on SCs in vitro, was performed by colony forming assay. 

Inhibition of miR-148a in isolated bulge SCs revealed an increase in colony size and 

number of bulge SCs compared to controls, in vitro (Figure. 19). The possible 

phenotypic effects of miR-148a on stem/progenitor cell populations in skin and HFs 

were investigated by pharmacological inhibition of miR-148a. Our data revealed an 

acceleration of telogen to anagen transition in anti-miR-148a treated skins compared 

to controls. An increase in anagen stage III HFs in anti-miR-148a treated skins were 

observed compared to predominantly anagen stage II in control treated skins, whilst a 

thickening of the skin was also observed in anti-miR-148a treated skins compared to 

controls (Figure. 20). Immunofluorescent analysis revealed a significant increase in 

activity of stem/progenitor marker Krt15 in anti-miR-148a treated skins compared to 

controls (Figure. 21).  

The accelerated telogen-anagen transition we observe after inhibition of miR-148a 

(Figure. 20) suggests that miR-148a may function to prevent SC activation, 

proliferation, migration, and differentiation, required for anagen stage initiation of HF 

cycling. Our data shows that stem/progenitor marker Krt15 is upregulated in 

stem/progenitor regions of the bulge, SHG and in the epidermis after inhibition of miR-

148a, in vivo (Figure. 21), indicating an abnormal activation of stem/progenitor cells 

within the epidermis and HFs, potentially responsible for the acceleration of telogen-

anagen transition by reduction of modulation by miR-148a. 
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The hair cycle is a tightly regulated process of gene activation and silencing. The 

telogen stage of HF cycling is a period of rest and SC quiescence, in which we observe 

miR-148a expression in the SC bulge region (Figures. 11D (i) and 12A-B and 15B). 

We subsequently isolated bulge SCs and performed a colony forming assay, which 

showed that miR-148a inhibition in isolated bulge SCs, leads to an increase in colony 

size and number, in vitro (Figure. 19). 

This data indicates that miR-148a may play a role in maintaining SC quiescence and 

repression of proliferative/differentiation processes during telogen stage of HF cycling. 

We speculate that this may potentially occur through miR-148a regulation of Ccnd1, 

which has been shown to re-program differentiated epidermal cells into SC-like cells 

with high colony forming capacity (Zhao et al., 2016). However, additional experiments 

will be required to confirm this. 

The role of miR-148a in modulating SC activation has been observed in other cells. 

MiR-148a promotes differentiation of embryonic SCs into mesenchymal SCs (Giraud-

Triboult et al., 2011). In mesenchymal stromal cells, a multipotent SC progenitor, miR-

148a was found to be downregulated during osteogenic differentiation (Manochantr et 

al., 2017). Together, these indicate that miR-148a may play a role in stem/progenitor 

maintenance/activation and may have a similar role in maintenance of SC populations 

in HF-SC regions in the skin and HFs. 

The potential role of miR-148a in stem/progenitor cell populations in HFs can be 

evaluated by other miRNAs, which have been shown to play an important functional 

role in telogen stage of HF cycling. In goat HFs, thirty-five miRNAs were found to be 

upregulated in telogen stage compared to anagen stage, with miR-148a, miR-335, 

and miR-34b being some of the most highly upregulated (Liu et al., 2018). Inhibition 
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of miR-335 was shown to promote differentiation, and overexpression inhibited 

proliferation and migration in human mesenchymal SCs (Tomé et al., 2011). Secondly, 

miR-34b has been shown to supress cell cycle progression in myoblasts (Wang et al., 

2019b). Whist in the skin, the miR-34 family was shown to be regulated by p63 to 

maintain proliferation in basal cells of the epidermis. The miR-34 family are expressed 

in the suprabasal layers of the epidermis and contribute to commitment of terminal 

differentiation from proliferative basal cells (Antonini et al., 2010). These suggest that 

miR-148a regulation of stem/progenitor populations in the skin and HF may be part of 

a wider gene regulatory network to fine tune the control of healthy, homeostatic skin 

development and HF cycling, through modulating various gene targets, however 

further research is required to elucidate the wider network. 

 

4.5 Inhibition of MiRNA-148a Leads to Increased Activity of 

Rock1 and Elf5, In Vivo. 

After we determined the effects of modulation of miR-148a on Rock1, Elf5 and 

proliferation and differentiation processes in PMEKs, in vitro (Figures. 17-18), we 

examined whether these effects were sustained in vivo. After pharmacological 

inhibition of miR-148a in mouse skin, immunofluorescent analysis revealed an 

increase in fluorescence of differentiation marker Krt1 in the epidermis compared to 

control treated skins. However, no increase in fluorescence was observed for 

proliferation marker Ki67 between anti-miR-148a and control treated skins (Figure. 

22). Moreover, immunofluorescent analysis of Rock1 and Elf5 revealed an increase in 

fluorescence in the epidermis, hair bulb, bulge region and ORS in anti-miR-148a 

treated skins compared to control treated skins (Figure. 23).  
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The functional importance of Elf5 has not been characterised in the skin or HFs. 

However, Elf5 has been shown to be a master regulator of stem/progenitor populations 

and cellular processes in the control of a closely related tissue of the skin, the 

mammary gland (Zhou et al., 2005, Choi et al., 2009, Chakrabarti et al., 2012b). 

Knockout studies of Elf5 in mammary gland resulted in loss of Stat5 through direct 

targeting, resulting in inhibition of alveogenesis (Choi et al., 2009). Stat5 is a 

component of the Jak/Stat signalling pathway which has been shown to have 

regulatory roles in cell proliferation, differentiation and migration in a variety of cells 

and tissues (Williams, 2000, Andl et al., 2004a, Amoyel and Bach, 2012, Jang and 

Baik, 2013). Of note, in the skin, Stat5 expression originating in the DP has been 

shown to induce anagen, with knockout models in mice resulting in delayed anagen 

re-entry (Legrand et al., 2016). In other studies, topological pharmacological inhibition 

of JAK/STAT pathway in mice and human dermal papilla cells (including patients with 

alopecia) resulted in anagen onset and subsequent hair growth (Harel et al., 2015, 

Kim et al., 2020). Of interest, miR-148a is predicted to target various protein tyrosine 

phosphatase (PTP) receptors in online databases TargetScan 

(http://www.targetscan.org), miRanda (http://microrna.sanger.ac.uk) and miRDB 

(http://mirdb.org/). PTPs function to regulate the Jak/Stat pathway, and have been 

shown to play functional roles in disease pathogenesis (Böhmer and Friedrich, 2014). 

For example, in glioblastoma multiforme, PTP-receptor delta (PTPRD) was found to 

be frequently inactivated. Furthermore, PTPRD was found to dephosphorylate Stat3 

and result in decrease in cell proliferation (Rahaman et al., 2002, Veeriah et al., 2009). 

In addition, PTPRA has been shown to be upregulated in some breast cancers and 

result in decrease in tumour growth (Ardini et al., 2000). These show that PTPRs 

function in a network in modulation of tumorigenesis and cell proliferation and may 
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have a similar functional role in skin. We speculate that miR-148a modulation of 

Jak/Stat pathway through Elf5 or PTP mechanism in stem/progenitor populations 

could maintain SC quiescence during telogen stage of HF cycling, while aberrant 

expression of Elf5-Jak/stat pathway after inhibition of miR-148a may be responsible 

for the accelerated telogen-anagen transition we observe (Figure. 20). However, 

additional studies will need to be carried out to determine this potential mechanism. 

Interestingly, Rock1 is also implicated in the Jak/Stat pathway. Rock1 was shown to 

activate Jak2 in hypothalamic leptin signalling (Huang et al., 2012). Whilst, in 

carcinoma-associated fibroblasts, Rock signalling has been shown to activate Stat3, 

regulating actomyosin contractility in tumour cells (Sanz-Moreno et al., 2011). The  

Jak/Stat3 pathway has been shown to be essential in skin tumour development with 

inhibition of Stat3 resulting in decreased proliferation and reduction of targets Ccnd1 

and c-Myc (Pedranzini et al., 2004). Myc has been shown to be essential in epidermal 

differentiation processes and expressed in the basal layer of the epidermis and in 

proliferative areas of the HF, with activation in SC regions leading to SC depletion 

(Waikel et al., 2001, Watt et al., 2008). In addition, miR-148a was also shown to 

regulate Stat3 and subsequent proliferation and invasion of non-small cell lung 

carcinomas and also in papillary thyroid cancer cells (He and Xue, 2017, Xu et al., 

2017). MiR-148a regulation of Rock1 and in turn potentially regulating Jak/Stat3 

pathway (directly/indirectly), may provide a mechanism for regulation of a switch from 

proliferative basal to terminally differentiating suprabasal keratinocytes, along-side 

regulation of SC quiescence through reduction of the Rock1-Jak/Stat3 pathway. 

Further experimentation through transcriptomic and proteomic analysis of Jak/Stat 

signalling components after inhibition/overexpression of Rock1/Elf5, would indicate a 

link between miR-148a-Rock1/Elf5 and Jak/Stat signalling in the skin. In vitro and in 
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vivo inhibition and functional analysis of Jak/Stat pathway would give an insight 

whether Jak/Stat signalling is a key player in the control of HF homeostasis through 

modulation of Rock1/Elf5. We have identified miR-148a modulation of Rock1 and Elf5 

provides a key regulatory pathway in the homeostatic control of skin. Further work to 

elucidate the wider regulatory pathway could provide biomarkers and therapeutic 

targets in the treatment and/or research of dermatological conditions such as 

dermatitis, skin cancers or wound healing. 
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5.0 

Conclusion 

In this project, a novel role of miR-148a in skin development and HF cycling has been 

determined with far reaching implications for dermatological and SC research. The 

following conclusions can be made based on this study: 

1. miR-148a exhibits distinct expression pattern in the skin with highest 

expression observed during telogen sage of HF cycling. In the epidermis of 

telogen skin, miR-148a is expressed in the differentiated suprabasal layers, in 

the HF during telogen stage of HF cycling, miR-148a is expressed in the 

stem/progenitor cell populations of the bulge and SHG. 

2. RNA sequencing analysis, target prediction tools and validation by RT-qPCR, 

Western blot and Luciferase reporter assay, Rock1 and Elf5 were confirmed as 

genuine direct targets of miR-148a in keratinocytes. 

3. MiR-148a inhibits proliferation and differentiation processes in PMEKs, in part, 

through tight regulation of Rock1 and Elf5, in vitro. 

4. Pharmacological inhibition of miR-148a resulted in acceleration of telogen-

anagen transition and an increase in activity of stem/progenitor cell populations 

in skin and HFs, in vivo.  

5. Inhibition of miR-148a increased colony forming capacity of isolated HF-SCs 

after inhibition of miR-148a expression, in vitro.  

6. Pharmacological inhibition of miR-148a modulates cellular differentiation and 

leads to elevated expression of Rock1 and Elf5 expression in skin and HFs, in 

vivo. 
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Taken together, we propose a dual role of miR-148a in skin. In the epidermis, miR-

148a functions to reduce the proliferative potential of basal stem/progenitor cell 

populations and commitment to terminal differentiation. In the HF, miR-148a functions 

to maintain quiescence in stem/progenitor cell populations. We believe these roles of 

miR-148a in skin and HFs is due, in part, to tight regulation of Rock1 and Elf5 (Figure. 

15). Of note, Rock1 and Elf5 have not been functionally analysed in the skin and HF 

and their targets are currently unknown. Identification of their targets may provide an 

insight to a potential indirect regulatory mechanism of miR-148a for normal skin and 

HF development, cycling and homeostasis, which requires further investigation. Our 

proposed mechanism can be observed in Figure 24. This study identifies a previously 

unidentified miRNA in the control of homeostasis within the skin. We believe we have 

identified potential new therapeutic/diagnostic markers in skin and a route for further 

research in the control of epidermal SCs and treatment of various skin disorders. 

 
Figure 24. Working Model: The Mechanism of Action of MiR-148a in Modulating 

Stem/Progenitor Cells during Skin development and Hair Follicle Cycling 

A working model of the potential mechanisms of miR-148a on stem/progenitor cell 

populations. MiR-148a modulation of stem/progenitor differentiation and proliferation 

programs helps to maintain SC quiescence and epidermal development, through regulation 

of Rock1 and Elf5 required for normal skin development and HF cycling. 
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6.0 

Future directions 

To continue this research, we would aim to categorise the role of Rock1 and Elf5 in 

skin development and HF cycling. Along-side this, understanding the role of miR-148a 

in controlling wound healing would provide further understanding of the modulation of 

stem/progenitor cell populations by miR-148a. We would perform the following 

experiments: 

• Transgenic knockout of miR-148a with subsequent pharmacological inhibition 

of Rock1/Elf5 to confirm whether the phenotype observed in our study can be 

rescued from inhibition of miR-148a alone. This would provide clearer 

mechanistic evidence of miR-148a functions in skin via regulation of Rock1 and 

Elf5. 

• Transgenic knockout of Rock1/Elf5 to determine the regulatory processes 

governed by Rock1 and Elf5. 

o Histological, immunofluorescent and pathway analysis during skin 

development, hair cycling and wound healing. 

• ChIP sequencing to identify binding site associated with Elf5 and elucidate 

pathways that are regulated by Elf5 as this would allow the identification of 

indirect targets of miR-148a via Elf5 (Figure. 24). 

• Lineage tracing of Rock1 and Elf5 to elucidate their functional role throughout 

skin and HF development, homeostasis and cycling, and identify progenitor cell 

populations. 
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• To investigate whether the Jak/Stat pathway is involved with miR-148a-

Elf5/Rock1 mediated regulation in skin involving: 

o RNA-sequencing after overexpression/inhibition of Rock1 and Elf5 in 

PMEKs. 

o RT-qPCR analysis of Jak/Stat pathway components following 

modulation of activities of miR-148a, Elf5 and Rock1 in PMEKs. 

o Jak/Stat inhibition/overexpression in PMEKs to determine any effect of 

differentiation and proliferation assays, in vitro. 
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7.0 

Appendix 

Appendix 1. MicroRNA Microarray. 

1.1 MicroRNA microarray examines all microRNAs and their expression levels in 

a biological sample. This is completed as anti-miRNA probes are conjugated 

to the wells of a microarray plate and are fluorescently conjugated. With 

addition of total RNA, miRNAs hybridize to the anti-miRNAs and fluoresce, 

which is measured and given as a relative expression level microarray profile 

(Thomson et al., 2007). 

 

Appendix 2. Cell Culture and Transfection. 

2.1 Primary epidermal mouse keratinocytes (PMEKs) were isolated as outlined 

by Lichti and authors (Lichti et al., 2008). No calcium EMEM was used as 

keratinocytes are highly sensitive to calcium concentration, which causes 

them to differentiate. Calcium was removed from heat inactivated fetal bovine 

serum by chelation process using BT chelex 100 resin. 100 g of chelex resin 

was dissolved in 450 ml H2O and titrated to pH 7.4 before filtering through 

filter paper (5-13 µm pore size). The resin slurry was then added to a 500 ml 

bottle of heat inactivated fetal bovine serum and mixed at room temperature 

for 3 hours. The mix was then filtered through filter paper, resin slurry 

discarded and re-filtered. Chelated heat inactivated fetal bovine serum was 

filtered through 0.2 µm filter before use in cell culture. Chelex resin removes 
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calcium from solution by ion exchange. At pH 7.4, chelex resin binds to Ca2+ 

ions by its charged carboxylic acid groups, which is filtered out of solution 

using filter paper. 

 

2.2 Selection of keratinocytes from other cells in the skin was firstly conducted by 

trypsin-EDTA digestion of the dermis and isolation of the epidermis. Collagen 

coated cell culture plates allow for attachment of viable keratinocytes, Lastly, 

hydrocortisone, cholera toxin and epidermal growth factor aid keratinocyte 

proliferation, out competing contaminating dermal fibroblasts and 

melanocytes in vitro (Rheinwald and Green, 1975). In rat keratinocytes, 

Insulin and hydrocortisone are essential for attachment and sustained 

proliferation (Vaughan et al., 1981). Supplementation of EMEM media was 

based on the protocol from Dlugosz and authors (Dlugosz et al., 1995). 

 

2.3 Cells were transfected at 70% confluence to maximize transfection efficiency 

with either miRNA mimic/inhibitor/control or plasmid. MiRNA mimics have the 

same sequence as endogenous miRNA with chemical modifications to ensure 

the guide strand is selected in the RISC. MiRNA inhibitors are single stranded 

oligonucleotides and have a sequence complimentary to the target miRNA, 

binding to and preventing its activity. MiRNA controls do not bind to any known 

miRNAs/target mRNAs. The transfection volumes depended on the plate size 

being used (Table 8).  
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             Table 8. Volumes of Reagents for Cell Transfection Using MiRNAs or 

Plasmids in Different Sized Cell Culture Plates. 

 

  

  

 

 Lipofectamine 3000 reagent was mixed with OptiMEM and 200nM miRNA 

mimic/inhibitor/control or plasmid was mixed with OptiMEM in separate tubes 

and incubated at room temperature for 5 minutes. The OptiMEM-

lipofectamine mix was added to the OptiMEM miRNA 

mimic/inhibitor/control/plasmid mix and incubated at room temperature for 15 

minutes. Lipofectamine is a lipid-based cation and so liposomes form 

surrounding the miRNA/plasmids with lipid subunits forming positively 

charged surface. The liposomes are attracted to the target cells’ negatively 

charged lipid bilayers, increasing attraction, and delivery of the 

miRNA/plasmid into the cell. Cells are transfected using reduced serum 

OptiMEM as proteins found in serum can interfere with the complexes formed 

between lipofectamine and miRNA, reducing transfection efficiency. After 

incubation, cell media was removed and cells washed 3 times with PBS, after 

which, transfection medium was pipette onto the cells and cells incubated at 

their appropriate cell culture conditions for 4 hours. After 4 hours, the 

transfection mixture was removed, cells washed rinsed with PBS, replaced 

with media, and cultured for 48 hours. 48 hours post transfection, cells were 

used for further analysis. 

Plate type Lipofectamine 

3000 (µl) 

MiRNA (20µM 

stocks) (µl) 

Plasmid (µg) OptiMEM 

(µl) 

96 well 0.2 1 0.1 100 

12 well 2.5 3 1.25 300 

60mm dish 5 10 5.75 1000 
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Appendix 3. Cell Cycle Analysis by Flow Cytometry. 

3.1 Flow cytometry by propidium iodide (PI) staining was used to determine the 

percentage of cells in each phase of cell cycling. PMEKs were grown and 

treated in 60mm dishes and pooled together before flow cytometric analysis. 

Fixing cells with 70% (v/v) ethanol at -20°C causes cell dehydration and 

precipitation of proteins as well as permeabilization to allow entry of PI. PI 

binds to the major groove of double stranded DNA and is excited at 535 nm 

with an emission wavelength of 615 nm. The amount of binding is directly 

proportional to the fluorescence measured, the more double stranded DNA 

present, the higher the fluorescence. PI also binds to RNA, because of this, 

RNase treatment is required to degrade RNA, so only difference in quantity of 

DNA is measured as cells are fixed at different stages of mitosis. 

 

Appendix 4. Transcriptomic Analysis of Total RNA. 

4.1 RNA was collected from adherent cells by first removing media and washing 

cells three times with PBS. Cells were collected and lysed using TRIzol 

reagent with subsequent rigorous vortexing. TRIzol reagent is a guanidine 

thiocyanate chaotropic salt solution that can be used to isolate RNA, DNA and 

protein from a single sample. It lyses cells and causes disruption of hydrogen 

bonds with water, allowing negatively charged DNA and RNA to bind via salt 

bridges to the negatively charged silica membrane at low pH and high salt 

concentrations, whereas protein does not. It also inhibits RNase and DNase 

activity by enzyme denaturation. RNA was extracted from TRIzol solution 

using Direct-Zol RNA MiniPrep kit. Reagents were prepared by adding the 
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appropriate volume of ethanol to the pre-wash and wash buffers (as per 

manufacturers instruction) and DNase I powder is reconstituted to 6 U/ml. All 

centrifuge steps are performed at 16,000 x g at room temperature (RT). Firstly, 

equal volume of 100% (w/w) ethanol was added to the TRIzol sample and 

mixed thoroughly. Nucleic acids are insoluble in ethanol and will bind to the 

silica-based column matrix once centrifuged through. The TRIzol-ethanol mix 

was added to a Zymo-spin IIC column and centrifuged. The flow through was 

discarded. Next, 400 µl of RNA wash buffer was added to the column and 

centrifuged. The flow through was discarded. DNase treatment was 

conducted at this stage by adding 5 µl of DNase I to 75 µl of DNA digestion 

buffer and pipette directly onto the column matrix and incubated at room 

temperature for 15 minutes. This digests the DNA, leaving RNA in the column 

matrix. Next, 400 µl of RNA PreWash was added to the column and 

centrifuged. The flow through was discarded and the step repeated. This wash 

buffer functions to remove any small, degraded DNA and contains a low 

concentration of chaotropic salts. Next, 700 µl of RNA Wash buffer was added 

to the tube and centrifuged for 1 minute to ensure complete removal of the 

wash buffer. This wash buffer contained a higher ethanol concentration and 

functions to remove any residual salts left on the column. contaminating salts 

will affect downstream applications. Lastly, 30 µl of DNase/RNase free water 

was added directly to the column matrix and centrifuged into a new 

DNase/RNase free microcentrifuge tube to elute the RNA in low salt 

conditions. RNA is soluble in water so will dissolve from the column matrix. 

RNA is quantified using NanoDrop 8000, using the same vial of DNase/RNase 

free water used for elution as the blank. The NanoDrop isa a UV 
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spectrophotometer and the Beer-Lambert law to calculate the concentration 

of RNA. Nucleic acids absorb UV light at 260 nm whereas proteins absorb at 

280nm. A 260/280 ratio of approximately 2.0 is considered RNA without 

protein contaminants. Salts involved in the RNA isolation process absorb UV 

at 230 nm. A 260/230 ratio of approximately 2.0 is considered RNA without 

salt contaminants. The 260/280 ratio is higher in RNA than DNA (approx. 1.8) 

due to the presence of uracil. RNA was evaluated for integrity by gel 

electrophoresis. 800 ng of RNA was run on a 1% (w/v) TAE gel and imaged 

using SybrSafe dye on the iBright FL1000 (Figure 25). 

 

 

 

 

 

 

 

 

 

Figure 25. Example of an RNA Integrity Analysis by Gel Electrophoresis. 

800ng of RNA was run on a 1% (w/v) TAE gel with SybrSafe and imaged. Intact RNA is 

observed to have two bands. One at approximately 5 kb and 2 kb, with the 5 kb band twice 

as bright. These are the RNA ribosomal subunits 28S and 18S respectively. RiboRuler high 

range RNA ladder used and imaged using iBright FL1000. 
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4.2 Complimentary DNA (CDNA) synthesis was performed using qPCRBIO cDNA 

synthesis kit. RNA is converted to cDNA due to increased stability and  

protection from abundant RNases, and for using DNA polymerase to amplify 

DNA in the subsequent qPCR. Conversion of RNA into cDNA excludes non-

coding introns in DNA, leaving only coding regions. cDNA synthesis was 

performed by making up the following reaction mixtures. 4 µl of 5x cDNA 

synthesis mix, 1 µl of Reverse Transcriptase, 100 ng total RNA and 

DNase/RNase free water up to 20 µl. The 5x cDNA synthesis mix contains 

anchored oligo(dT) and random hexamer primers, 15 mM MgCl2, 5 mM 

dNTPs and enhancers and stabilizers. Anchored oligo(dT)s contains a 

sequence of thymine nucleotides which serve as primers to RNA, annealing 

to the poly(A) tail and contains a Guanine, Cytosine or Adenine nucleotide at 

the 3’ end which ensures the primer binds to the 5’ end of the poly(A) tail of 

RNA. Random hexamers are 6-9 bases long and anneal at several different 

points along the RNA sequence. In combination, these primers increase 

transcription efficiency and can therefore increase RT-qPCR sensitivity. 

MgCl2 is required to enhance the activity of reverse transcriptase by binding 

to negatively charged phosphate groups on the RNA (through Mg2+ ions), 

linearising secondary folding/binding structures. Deoxyribonucleic 

triphosphates (dNTPs) provide the building blocks of cDNA as it is 

synthesized, consisting of each of the four bases – adenine, thymine, 

cytosine, and guanine. The cDNA synthesis reaction mixture underwent the 

following cycling conditions using a T-100 Thermal Cycler: 42°C for 30 

minutes followed by 85°C for 10 minutes. 42°C is the optimal working 

condition for reverse transcriptase, primer annealing and extension or the 
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template. At 85°C, the Reverse Transcriptase is denatured so it will not 

interfere with the following RT-qPCR, affecting results.  

 

4.3 Real-time quantitative PCR (RT-qPCR) was performed using SYBR Green 

chemistry. SYBR Green binds to double stranded DNA and as more copies of 

the target gene are made, the fluorescence increases. The following reaction 

mixtures were made: 5 µl SYBR GreenBlue Mix + ROX, 0.4 µl (10 µM) 

Forward primer, 0.4 µl (10 µM) Reverse primer, 1 µl cDNA, 3.2 µl nuclease 

free water. SYBR GreenBlue mix + ROX contains dNTPs, DNA polymerase 

and ROX as a reference fluorescent against SYBR green dye. DNTPs provide 

‘building blocks’ for the amplification of DNA. Amplification was performed at 

the following conditions: 95°C for 2 minutes – to fully denature the double 

stranded cDNA template, followed by 40 cycles of denaturation (95°C for 5 

seconds), annealing, and elongation (optimised primer temperature for 30 

seconds). Primer annealing temperature is determined experimentally by 

completing RT-qPCR reactions for untreated cDNA samples at different 

temperatures. The resulting melt curve is analysed and the temperature giving 

a single, tall, distinct peak is used in future experiments. Running PCR 

products on a 1% (w/v) agarose gel to determine expected product size was 

also employed. Negative control reactions where cDNA is synthesised without 

Reverse transcriptase is used to evaluate any amplification caused by 

genomic DNA (gDNA) contamination of the RNA samples. Fluorescence is 

relative to Actin (Actb) expression. Fluorescence is given as a Ct value, the 

cycle number at which fluorescence exceeds the threshold or background 

fluorescence. The lower the Ct value, the more starting amount of a certain 
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gene. Primers were designed using prediction tools that predict only the gene 

of interest using (https://primer3.ut.ee/), (https://genome.ucsc.edu/) and 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). NCBI primer blast 

evaluates how self-complimentary the primers are, indicating the potential for 

primer dimers, a low score alongside using prediction tools stated gives a 

good indication of primer specificity.  

 

Appendix 5. Transcriptomic Analysis of TaqMan Targets. 

5.1 TaqMan cDNA was synthesised from total RNA. MicroRNAs are converted to 

cDNA using a stem-loop primer which binds to the mature miRNA. The 

following reaction master mixtures were made: 0.15 µl 100mM dNTPs, 1 µl 50 

U/µl Reverse transcriptase, 1.5 µl 10X reverse transcription buffer, 0.19µl 20 

U/µl RNase inhibitor and 4.16 µl Nuclease free H2O. 3µl of the specific 5X 

stem-loop primer and 5 µl of total RNA (containing 5 ng of RNA) was added 

to each master mix. Reaction mixes are then incubated at 16°C for 30 minutes 

(for primer annealing), followed by 42°C for 30 minutes (optimal temperature 

for Reverse transcriptase and template extension) and then 85°C for 5 

minutes (to degrade the Reverse transcriptase). 

 

5.2 TaqMan qPCR was performed using the following reaction mixture for a 96 

well plate: 1 µl 20X TaqMan small RNA assay, 10 µl TaqMan universal mix II 

(no UNG), 7.67 µl Nuclease free H2O and 1.33 µl cDNA template. Each 

sample was completed in duplicates. The TaqMan universal master mix II (no 

UNG) contains free dNTP nucleotides, buffer, Taq polymerase to amplify the 
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cDNA, and passive ROX dye for normalisation of fluorescence of TaqMan 

probes. Uracil-N-glycoslyase (UNG) functions to prevent carry over 

contamination from previous PCR reactions by degradation of uracil 

containing contaminant products. However, good lab practise and fresh tubes 

should prevent this. TaqMan small RNA assay contain dual labelled probes 

for specific miRNAs with a reporter dye attached to the 5’ end and a quencher 

dye attached to the 3’ end of the probe. When the probes are located close to 

one another, the quencher suppresses the fluorescence of the reporter dye. 

A minor groove binder (MGB) moiety is also incorporated to allow for short 

probes, suitable for tagging miRNAs. Forward and reverse primers are also 

contained. The reaction mixture underwent the following cycling conditions: 

95°C for 10 minutes for polymerase activation, followed by 40 cycles of 95°C 

for 15 seconds and 60°C for 60 seconds for strand denaturation, primer 

annealing and strand extension. During annealing, the TaqMan probe and 

primers anneal to the cDNA. During extension, Taq polymerase extends from 

the primers using dNTPs and cleaves the labelled probes, separating the 

reporter and quencher dye, allowing fluorescence to be detected. As more 

copies of the target miRNA are made, fluorescence increases. Fluorescence 

is normalised to U6 snRNA expression, a small nuclear component of 

spliceosome formation (Didychuk et al., 2018), which is highly and 

consistently expressed in skin. 
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Appendix 6. Proteomic Analysis by Western Blot. 

6.1 Before protein collection, cell media was removed and washed three times 

with PBS. This is to wash any contaminating proteins away that are present 

in the media. RIPA lysis buffer contains buffer to maintain pH to prevent 

protein degradation, detergent to solubilise the proteins, and salts to maintain 

ionic structure of proteins. Protein quantification by bicinchoninic acid (BCA) 

assay was completed using Micro BCA Protein assay kit. Bovine serum 

albumin (BSA) of stock solution 10 mg/ml was used to create serial dilutions 

from 10 mg/ml to 0.08 mg/ml. Volumes were made up equal with RIPA buffer. 

Protein lysate samples were diluted, 1:2, 1:4 and 1:10 with RIPA buffer and 

pipette into a 96-well flat bottom plate. Using Micro BCA protein assay kit, 100 

µl of regent ‘MA’ is mixed with 96 µl reagent ‘MB’ and 4µl of regent ‘MC’ for 

each well and pipette into the protein test wells. Plates are incubated at 37°C 

for 2 hours before reading absorbance at 562 nm using CALRIOStar plate 

reader. Cu2+ ions in the reaction mix are reduced by protein to Cu1+ which 

forms complex with BCA in an alkaline environment resulting in a purple colour 

that absorbance at 562 nm can be measured (Smith et al., 1985). The 

absorbance of known protein concentration standards were plot and a line of 

best fit was drawn. The unknown samples were interpolated against the 

calibration curve and estimated protein concentration was obtained (Figure 

26). 
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Figure 26. Example of a BCA Calibration Plot for Determining Protein Concentration. 

A BCA assay is conducted including proteins of known concentrations ranging from 2.5 

mg/ml – 0.08 mg/ml are plot against their absorbance reading at 562 nm. The resulting line 

of best fit equation is used for calculating the concentration of an unknown protein samples 

using their absorbance reading. R2 value indicates how close the absorbance values are to 

the line of best fit – the variance. An R2 value of 1 shows no variance and a perfect fit. The 

equation is used to estimate the protein concentration of an unknown sample using its 

absorbance. The equation is solved for X with Y being the absorbance reading. 

 

6.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is 

a method to separate protein by molecular weight. SDS is a detergent with a 

hydrophobic tail and hydrophilic head. SDS strips the outer shell of water 

molecules and linearises proteins by hydrophobic interactions, leaving a 

denatured, linear protein with a negative charge. A charge difference at one 

end of the polyacrylamide gel causes migration of the negatively charged 

proteins towards the positive electrode. Longer proteins move through the gel 

more slowly than shorter proteins, giving separation by molecular weight. Gels 
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were made using BIO-RAD mini-protein tetra cell system. The gels were made 

in two parts, the lower resolving gel for protein separation, and the upper 

stacking gel, for protein loading. The resolving gel was made using the 

following reagents for a 10% gel: 4.0 ml of 30% (w/w) Acrylamide/bis solution, 

3.0 ml of 4X lower buffer (1.5 M Tris-base, 0.4% (w/v) SDS, pH8.8), 4.9 ml 

H2O, 75 µl APS and 10 µl TEMED. For a different percentage gel to resolve 

proteins of varying molecular weight, the volume of acrylamide and H2O are 

amended with the final volume remaining the same as for 10% gel. Volume of 

acrylamide is changed to 3.0 ml, 4.8 ml and 6 ml, and H2O is changed to 5.9 

ml, 4.1 ml and 2.9 ml for a 7.5%, 12% and 15% gel respectively. The higher 

percentage gel resolves proteins of lower molecular weight. The stacking gel 

remains 4% regardless of the resolving gel percentage. The 4% stacking gel 

was made using the following reagents: 0.65 ml of 30% (w/w) Acrylamide/bis 

solution, 1.25 ml 4X upper buffer (0.5 M Tris-base, 0.4% (w/v) SDS, pH6.8), 

3.075 ml H2O, 25 µl APS and 5 µl TEMED. The resolving gel was pipette into 

a gel chamber (leaving enough room for the stacking gel and comb) and 1 ml 

of isopropanol was pipette on top. 30 minutes later, once the resolving gel had 

set, the isopropanol was removed and allowed to evaporate. The stacking gel 

was pipette on top followed by addition of the comb. After 30 minutes, once 

set, the comb was removed, and the gel placed in a gel tank with 1X running 

buffer (25 mM tris-base, 0.192 M glycine, 3.5 mM SDS, pH7.4). 

 

The samples were prepared with addition of 5 µl 4X sample buffer (0.25 M 

Tris-HCl, 0.28 M SDS, 40% (v/v) glycerol), 0.5 µl 2-Mercaptoethanol and 

made up to 20 µl with RIPA buffer. The samples were then heated at 98°C for 
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10 minutes. 2-Mercaptoethanol functions to break disulphide bonds in the 

tertiary structure of proteins that can affect the migration of the proteins. 

Heating the sample also aids protein denaturation and breakdown of any 

proteases. SDS maintains the protein a uniform negative charge, so the 

proteins migrate towards the positive electrode. The gel was run at 120V for 

approximately 90 minutes, or until the dye front has reached the end of the 

gel. The SDS is negatively charged and functions to maintain proteins in a 

linear form and maintain overall negative charge across the protein so the only 

variable of the protein as they migrate across the gel is the molecular weight. 

 

6.3 Transfer of proteins to membrane was conducted by wet transfer method. A 

transfer stack was made from positive to negative electrode: 2xs 2.5 mm thick 

filter papers followed by 0.45 µm nitrocellulose membrane, the protein gel, 

and lastly, 2xs 2.5 mm thick filter papers. A roller was used to expel any 

bubbles between the layers that would affect protein transfer. The transfer 

stack was placed in a transfer tank and submerged in ice cold transfer buffer 

(0.192 M glycine, 25 mM tris-base, 20% (v/v) methanol), packed around with 

ice and run at 90V for 90 minutes until the proteins have transferred to the 

membrane which were visualised using ponceau stain (5% (v/v) acetic acid, 

0.1% (w/v) ponceau) (Figure. 27). The cold temperature prevents overheating 

and potential damaging of proteins. Methanol functions to dissociate SDS 

from the protein and absorption of protein onto the membrane. 
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Figure 27. Example of a Ponceau Stained Protein Transferred Nitrocellulose Membrane. 

Once the proteins have transferred to the nitrocellulose membrane, the membrane is 

incubated for two minutes with ponceau stain before washing the excess off with ddH2O. 

Ponceau bind reversibly to positively charged amino acids on proteins allowing for 

visualisation of successful protein transfer and an indication of equal loading before 

antibody staining. 

 

6.4 The transferred protein membrane was blocked with 5% (w/v) milk in TBST 

for 1 hour at room temperature. The milk proteins bind to non-specific proteins, 

reducing background when visualising. The blocked membrane was then 

incubated with primary antibody in 1% (w/v) milk in TBST overnight at 4°C. 

The primary antibody binds to the protein of interest. The following day, the 

membranes were washed five times for 5 minutes with TBST. Next, 

horseradish peroxidase conjugated antibodies in 1% (w/v) milk in TBST were 
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incubated with the membrane for 1 hour at room temperature, followed by five 

washes for 5 minutes with TBST. The horseradish peroxidase antibodies are 

developed against the same species as the primary antibody and so will only 

bind to the primary antibody. The protein was visualised using enhanced 

chemiluminescence system SuperSignal West Pico kit. 500 µl of SuperSignal 

West Pico PLUS Luminol/Enhancer Solution and 500 µl SuperSignal West 

Pico PLUS Stable Peroxide Solution were mixed and pipette onto the 

membrane and incubated for 5 minutes before visualisation using iBright 

FL1000 GelDoc Imager. The horseradish peroxidase tagged to the secondary 

antibodies oxidises luminol to 3-aminophthalate which emits light that can be 

detected at 425 nm. 

 

6.5 Nuclear vs cytoplasmic protein extraction was performed using NE-PER 

Nuclear and cytoplasmic extraction reagents. Adherent cells grown in 60 mm 

dishes were collected by trypsinization with 0.25% (w/v) Trypsin-EDTA, 

generally giving a packed cell volume of 20 µl following centrifugation at 500 

x g. 200 µl of CER I buffer was added to each packed cell pellet, vortexed 

vigorously and incubated on ice for 10 minutes. 11 µl of CER II buffer was 

added and vigorously vortexed before centrifugation at 16,000 x g for 5 

minutes. CERI and CERII buffers lyse the cell membrane but leaves the nuclei 

intact. The nuclear pellet was then suspended in 100 µl NER buffer and vortex 

every 5 minutes for 40 mins on ice. Both cytoplasmic and nuclear protein 

lysates underwent BCA assay and subsequent Western blot.  
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Appendix 7. In Situ Hybridization. 

7.1 In situ hybridization utilizes colour change to detect miRNA spatiotemporal 

expression patterns in tissue sections. Acetylation of fixed tissue sections 

functions to reduce non-specific background signal by neutralising positive 

charges in the tissue and glass slide (Princivalle et al., 2012). 

Permeabilization of tissue was then conducted to solubilise the fixed cells to 

allow probes to reach their targets. Following permeabilization, slides were 

incubated with hybridization buffer which contains salt buffers alongside yeast 

RNA and heparin, both acting to reduce background signal and increase 

target specificity (Singh and Jones, 1984). Double-Digoxigenin (DIG) labelled 

probes (hsa-miR-148a-3p miRCURY LNA detection probe) were used specific 

to the target of interest. DIG is a non-radioactive method of detection. Double 

DIG probes have a DIG molecule bound to the 3’ and 5’ end of the probe, 

allowing for more binding sites for anti-DIG antibodies and a higher signal to 

background ratio. Through locked nucleic acid (LNA) structure, the probes 

exhibit high thermal stability upon perfect base pairing of the target. LNA 

technology can aid sensitivity by discriminating between single nucleotide 

changes in highly similar miRNAs. The double DIG label attached to the probe 

provides a higher signal when visualising due to additional binding site for AP 

linked antibodies. The tissue was incubated at the predetermined 

hybridisation temperature for 16-18h. potential hybridisation temperature can 

be determined by reducing the melting temperature given on probe data sheet 

by approx. 20-18°C due to the deionized formamide destabilization of double 

stranded molecules (Blake and Delcourt, 1996, Farrell, 2010), but optimal 

hybridization temperature must be experimentally determined for best results. 
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The following day the slides were washed. Levamisole in wash buffer 

functions to bind to endogenous alkaline phosphatase, reducing non-specific 

background signal. Slides were incubated with anti-DIG alkaline phosphatase 

(AP) conjugated antibody at pre optimised dilution (approx. 1:1000 for low 

expressing miRNAs to 1:2500 for high expressing miRNAs) at room 

temperature for 2 hours. After washing and incubation with NTMT staining 

buffer, the samples were incubated with BM purple for 12-96 hours at RT until 

a desired colour reaction has occurred. BM purple substrate reacts with AP to 

produce a purple-coloured precipitate. Nuclear fast red is used as a counter 

stain to stain cell nuclei red, together showing the complete structure of the 

tissue section. 

 

7.2 Fluorescent in situ hybridization (FISH) utilises the same fundamental process 

as in situ hybridization with a few modifications. Instead of using alkaline 

phosphatase tagged anti-DIG antibody, rhodamine tagged anti-DIG antibody 

was used. Rhodamine is a fluorescent marker with an emission of 568 nm. 

This negates colour development time when using BM purple as the 

fluorescent rhodamine can be visualised after 1 hour incubation. It also allows 

co-staining antibodies with different emission spectra, a fundamental 

application of FISH. 

 

Appendix 8. RNA Sequencing Analysis. 

 

8.1 RNA sequencing data was analysed using Galaxy web platform 

(https://usegalaxy.org/). The RNA sequencing data has been deposited to 
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GEO Datasets with the following accession number: GSE197862. For 

analysis: The data was aligned to Mus musculus genome (mm9) using Hisat2 

(version 2.2.1) (Kim et al., 2015) with mapping quality (Phred score) set to 

>30, allowing an error or 0.1%. Genes were counted using FeatureCounts 

(version 2.0.1) (Liao et al., 2014), and then differential gene expression 

analysis was performed by DESeq2 (version 2.11.40.7) (Love et al., 2014) 

and the resulting output sorted with significance *P<0.05. The heatmap was 

produced using Heatmap2 (3.1.1) and gene ontology was assessed using 

GOEnrichment (version 2.0.1). The differential expressed gene list was then 

sorted by expression level compared to controls (average of n=3). This data 

was then overlapped with online miRNA target prediction tools to refine our 

target gene list to give 43 potential gene targets of miR-148a. Percentage of 

similarity between mouse and human genes was assessed by NCBI 

homologene (https://www.ncbi.nlm.nih.gov/homologene/).  

Table 9. 43 potential gene targets of miR-148a were identified from 

overlapping of analysed RNA-seq data and online target prediction tools. 

Gene 
symbol 

Accession 
number 

Expression 
level 

P value Percentage  
Homology 
between 

mouse and 
human 

Dynll2 

 

NM_026556 

 

0.81655 

 

0.00138215 

 

97.8 

Rab10 

 

NM_016676 

 

0.43973 

 

0.006483 

 

95.3 
 

Rmnd5a 

 

NM_024288 

 

0.51768 

 

0.000375 

 

95.1 

Ptges3 

 

NM_019766 

 

0.65226 

 

0.01218438 

 

95.0 
 

Rab14 

 

NM_026697 

 

0.86911 

 

0.00430008 

 

94.4 

Rock1 

 

NM_009071 

 

0.81003 

 

0.00982357 

 

92.0 
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Stx3 

 

NM_152220 

 

0.82185 

 

1.48E-06 

 

91.8 

Ythdc2 

 

NM_001163013 

 

0.83512 

 

8.30E-05 

 

91.3 
 

Tbl1xr1 

 

NM_030732 

 

0.77985 

 

6.92E-07 

 

91.2 

Atxn7l1 

 

NM_028139 

 

0.80868 

 

0.01177215 

 

91.1 

Sos1 

 

NM_009231 

 

0.84467 

 

0.02493209 

 

91.1 

Dyrk2 

 

NM_001014390 

 

0.54666 

 

0.02734482 

 

90.8 

Tmed7 

 

NM_025698 

 

0.77670 

 

0.00052898 

 

90.8 

Ywhab 

 

NM_018753 

 

0.74636 

 

0.03941289 

 

90.7 

Btbd3 

 

NM_145534 

 

0.80771 

 

5.32E-05 

 

90.7 

Wnt10b NM_011718 

 

0.60175 

 

0.00170011 

 

90.2 

Tnrc6c 

 

NM_198022 

 

0.74672 

 

0.0009881 

 

90.1 

Klf5 

 

NM_009769 

 

0.57879 

 

1.60E-08 

 

89.9 

Chd7 

 

NM_001277149 

 

0.74508 

 

0.04007672 

 

89.9 

Slc2a1 

 

NM_011400 

 

0.71758 

 

4.12E-10 

 

89.5 

Prickle2 

 

NM_001134460 

 

0.85677 

 

0.01490624 

 

89.5 

Hecw2 

 

NM_001001883 

 

0.88179 

 

0.04509484 

 

89.4 

Rab12 

 

NM_024448 

 

0.62497 

 

0.00010101 

 

89.3 

Ube2d1 

 

NM_145420 

 

0.62590 

 

7.63E-07 

 

89.3 

Sbf2 

 

NM_177324 

 

0.82114 

 

0.00124393 

 

89.0 

Gpr137c NM_027518 0.18994 1.84E-20 

 

88.8 

Klf4 

 

NM_010637 

 

0.88910 

 

0.01386642 

 

88.5 

Uba6 

 

NM_172712 

 

0.75934 

 

2.35E-07 

 

88.2 

Chd1 

 

NM_007690 

 

0.68441 

 

0.04546082 

 

88.0 

Gpatch8 

 

NM_001159492 

 

0.76258 

 

0.00607488 

 

87.8 

Klf6 

 

NM_011803 

 

0.80318 

 

0.00893694 

 

87.8 
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Itga11 

 

NM_176922 

 

0.56667 

 

1.67E-05 

 

86.8 

Osbpl11 

 

NM_176840 

 

0.73272 

 

1.44E-09 

 

86.7 

Adamts19 

 

NM_175506 

 

0.85175 

 

0.00616249 

 

86.6 

Met 

 

NM_008591 

 

0.80327 

 

5.99E-08 

 

86.4 

Zdhhc7 

 

NM_133967 

 

0.39462 

 

0.002814 

 

85.9 

Mmp15 

 

NM_008609 

 

0.30996 

 

2.31E-28 

 

85.2 

Dock6 

 

NM_177030 

 

0.67926 

 

2.67E-08 

 

84.7 

Prnp 

 

NM_001278256 

 

0.64051 

 

0.00078513 

 

84.1 

Mdfic 

 

NM_175088 

 

0.73773 

 

1.12E-07 

 

83.9 
 

Ap4e1 

 

NM_175550 

 

0.72860 

 

2.23E-06 

 

83.8 

Rassf8 

 

NM_027760 

 

0.61594 

 

0.00025408 

 

83.0 

Arhgap20 

 

NM_175535 

 

0.83735 

 

0.00720285 

 

82.2 

 

Appendix 9. Generation of MiR-148a Binding Site Clones. 

9.1 The first stage of generating clones incorporating miR-148a binding site was 

to generate PCR products incorporating this site for later input into plasmids. 

Phusion Flash High-Fidelity PCR Master Mix is used for generation of PCR 

products from C57BL/6 primary mouse epidermal keratinocytes (PMEKs) 

genomic DNA. Genomic DNA (gDNA) was extracted using Quick-DNA 

Miniprep Plus kit. Untreated PMEKs were collected using 0.25% (w/v) trypsin-

EDTA, centrifuged and washed with PBS. PMEKs pellet was then re-

suspended in 200 µl Cell buffer and 20 µl Proteinase K before mixing and 

incubation for 10 minutes at 55°C. This lyses the cells and digests proteins. 

220 µl of genomic binding buffer was then added to the digested sample and 

mixed. Genomic binding buffer is guanidine thiocyanate chaotropic salt and 
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works as outlined in appendices 4.1. All following centrifuge steps were 

performed at 12,000 x g at room temperature. The digested sample was 

added to a Zymo-Spin IIC-CLR column and centrifuges for 1 minute and flow 

through discarded. 400 µl of DNA pre-wash buffer was added to the column 

and centrifuged for 1 minute followed by 700 µl of gDNA wash buffer, 

discarding the flow through each time. The DNA was eluted in 40 µl DNA 

elution buffer by centrifugation for 1 minute and quantified using NanoDrop 

8000 for subsequent use. Primers were designed either side of the miR-148a 

binding site within the 3’UTR of Rock1 and Elf5 using tools outlined in 

appendices 4.3. Restriction enzymes XhoI was added to the forward primer 

and NotI to the reverse primer so they could be cloned between these sites in 

psiCHECK-2 plasmid. The PCR reaction mix was generated as follows: 10 µl 

2X Phusion Flash PCR master mix, 2 µl (5 µM) forward primer, 2 µl (5 µM) 

reverse primer, 50 ng gDNA, up to 20 µl with H2O. The PCR reaction 

underwent the following cycling conditions: 98°C for 10 seconds, followed by 

30 cycles of 90°C for 1 second, gradient annealing temperature for 5 seconds 

(can use online prediction tool can be used to estimate primer annealing 

temperature), 72°C for 15 seconds and a final extension of 72°C for 1 minute. 

The PCR mix was then run on a 1% (w/v) TAE gel and the band of interest 

was visualised using SybrSafe on a transilluminator. The PCR product size 

for Elf5 was 204 bp and for Rock1, 271 bp. PCR product was extracted from 

the gel using Nucleospin Gel and PCR clean-up kit. The band of interest was 

excised and placed in a tube with NTI buffer, 200 µl for every 100 mg of gel 

and the gel dissolved for 5-10 minutes at 50°C. DNA was then bound to a 

silica spin-through tube by centrifugation. DNA binds to the silica membrane 
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in the presence of chaotropic salts as outlines in appendices 4.1. The silica 

membrane was washed twice with NT3 buffer – an ethanoic wash buffer to 

remove contaminants soluble in ethanol. The purified DNA was then eluted in 

slightly alkaline buffer to re-establish the ‘water shell’ around the nucleic acid 

and break the bonds with the silica membrane. Concentration and purity of 

DNA PCR products was evaluated using NanoDrop 8000. 

 

9.2 PCR products incorporating the miR-148a binding site was cloned into 

psiCHECK-2 plasmid by a multifaceted approach. Firstly, linearizing 

psiCHECK-2 plasmid by double digestion with NotI and XhoI to linearize the 

plasmid and create ‘sticky ends’ to the 5’ and 3’ end of the plasmid. For double 

digestion with NotI and XhoI restriction enzymes, the following reaction 

mixture was made: 1 µg plasmid, 2 µl NEB Cutsmart buffer, 2 µl BSA, 0.5 µl 

(10 U) NotI, 0.5 µl (10 U) XhoI, up to 20 µl H2O. BSA in the reaction mixture 

reduced the enzyme lost to binding to pipette or tube surfaces by stabilising 

the enzymes. The mixture was flick-mixed and incubated for 1 hour at 37°C 

followed by 65°C for 20 minutes. 65°C is required to inactivate the enzymes. 

The digested psiCHECK-2 plasmid was then run on a 1% (w/v) TAE gel with 

SybrSafe and a band of approximately 6250 bp was excised and underwent 

gel extraction as outlined in appendices 9.1. The PCR products generated by 

Phusion Flash High-Fidelity PCR Master Mix generates blunt ends, ‘sticky 

ends’ incorporating a sequence over-hang will increase cloning efficiency into 

psiCHECK-2. Blunt PCR products are cloned into pCR-Blunt plasmid using 

Zero Blunt PCR Cloning Kit. A 10:1 molar ratio of PCR product to plasmid 

vector was used. The following reaction mixture was made: 1 µl (25 ng) pCR-
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Blunt plasmid, 14.58 ng Elf5 PCR product (204 bp) or 19.35 ng Rock1 PCR 

product, 2 µl 5X ExpressLink T4 DNA ligase buffer, 1 µl ExpressLink T4 DNA 

ligase (5 U/µl), H2O up to 10 µl. The amount of PCR product insert was 

calculated using the following equation: 

 

 

The reaction mixture was incubated at room temperature for 15 minutes. The 

ligated pCR-Blunt vector and PCR insert were cloned into DH5α competent 

E.coli. Firstly, the E.coli was thawed on ice for 30 minutes. Next, 50 µl of E.coli 

was pipette to a new tube with 5 ng ligated pCR-Blunt – PCR insert plasmid, 

mixed gently and heat-shock at 42°C for 20 seconds before incubating on ice 

for 2 minutes. This permeabilises the E.coli membrane for the plasmid to enter 

the cells. 500 µl of SOC media was added to the E.coli mix and incubated in 

an orbital shaker at 37°C for 1 hour. The SOC media mix was plated on an 

agar plate supplemented with 50 µg/ml Kanamycin and incubated at 37°C 

overnight. The following day, colonies were selected and placed in 10 ml LB 

broth media supplemented with 50 µg/ml Kanamycin overnight at 37°C. The 

following day the bacteria was pelleted by centrifugation at 5,000 x g and 

bacterial plasmid DNA was extracted using NucleoSpin plasmid mini kit as per 

the following protocol: Prior to starting, 1 ml of RNase A is added to buffer A1 

which makes sure only DNA is eluted. Absolute ethanol was added to wash 

buffer A4 to 20% (v/v) ethanol content. Post bacterial pelleting, 250 µl of re-

suspension buffer A1 was added to the bacterial pellet and mixed. Next, 250 

µl of lysis buffer A2 was added to the bacterial and incubated at room 

temperature for 5 minutes. Lysis buffer A2 contains sodium dodecyl sulphate 

X ng insert = (molar ratio)(base pairs of PCR product)(25 ng pCR-Blunt plasmid) 

                                                     (3500 pCR-Blunt base pairs) 
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(SDS) which disrupts cell membranes and denatures proteins by forming 

hydrophobic interactions with membrane lipid bilayers and proteins. 300 µl of 

inactivation buffer A3 was added and gently mixed by inversion. The lysate 

was then clarified by centrifugation at 11,000 x g for 5 minutes. The clear 

lysate was then loaded into a NucleoSpin column and collection tube, which 

contains a binding silica membrane and centrifuged at 11,000 x g for 1 

minutes before flow through was discarded. The neutralisation buffer contains 

guanidine hydrochloride, a chaotropic salt and works to bind DNA to the silica 

membrane as described in appendices 4.1. The bound DNA was then washed 

with 600 µl of wash buffer A4, centrifuged at 11,000 x g and flow through 

discarded. The purified plasmid was eluted using 50 µl of Elution buffer AE 

and quantified using NanoDrop 8000.The purified plasmid was ten double 

digested with NotI and XhoI restriction enzymes as previously outlined. The 

digested plasmid was run on a 1% (w/v) TAE agarose gel and PCR products 

gel extracted as outlined in appendices 9.1. Both psiCHECK-2 plasmid and 

PCR product inserts have sequence overhangs which increases ligation 

efficiency. Double digested PCR product and psiCHECK-2 plasmid were 

ligated using T4 DNA ligase (NEB, USA). A 3:1 molar ratio of PCR insert to 

psiCHECK-2 plasmid was used. The following reaction mixture was made: 2 

µl T4 DNA ligase buffer (10X), 100 ng of psiCHECK-2 vector, 9.79 ng Elf5 

PCR product insert or 13.01 ng Rock1 PCR product insert, 1 µl T4 DNA ligase, 

H2O up to 20 µl. The amount of insert was calculated using the following 

equation: 

 

 

X ng insert = (molar ratio)(base pairs of PCR product)(100 ng psiCHECK-2 plasmid) 

                                                     (6250 pCR-Blunt base pairs) 
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The reaction mixture was incubated at 16°C overnight followed by 65°C for 10 

minutes. Ligated plasmids were transformed into competent E.coli as 

previously outlined and spread on agar plates supplemented with 50 µg/ml 

Ampicillin and incubated at 37°C overnight. The following day, colonies were 

selected, expanded and DNA extracted using NucleoSpin plasmid mini kit. 

Purified plasmids were double digested with NotI and XhoI and run on 1% 

(w/v) TAE gel as previously outlined to confirm PCR product incorporation into 

psiCHECK-2 plasmid. 

 

Appendix 10. Generation of MiR-148a Binding Site Mutated Clones. 

10.1 Q5 site-directed mutagenesis kit was used to generate mutated miR-148a 

binding sites. Back-to-back primers were designed binding to the psiCHECK-

2-Elf5/Rock1 plasmids, incorporating a 6-base substitution in the miR-148a 

binding sequence using (https://nebasechanger.neb.com/). The following 

reaction mixture was made to generate mutated psiCHECK-2-Elf5/Rock1 

plasmids: 12.5 µl Q5 Hot Start High-Fidelity 2x master mix, 1.25 µl Forward 

primer (10 µM), 1.25 µl Reverse primer (10 µM), 25 ng psiCHECK-2-

Elf5/Rock1 plasmid DNA, up to 25 µl H2O. The reaction mixture underwent 

the following cycling conditions: 98°C for 30 seconds (denaturation) followed 

by 25 cycles of 98°C for 10 seconds, 56°C (psiCHECK-2-Elf5) or 58°C 

(psiCHECK-2-Rock1) for 20 seconds (primer annealing) and 72°C for 2.5 

minutes (extension) followed by a final extension of 72°C for 2 minutes. The 

mutated sequences then underwent kinase, ligase and DpnI (KLD) treatment. 

The kinase phosphorylates the 5’ ends of the generated sequences, the ligase 

ligates the sequence into a circular plasmid and DpnI degrades the original 
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template sequence. DpnI discriminates between the PCR generated 

sequence and the template sequence by recognition of methyl groups on the 

A of GATC elements. The template plasmid has been transformed with DH5α 

E.coli, which methylates elements of the genome to protect the genetic 

material from being degraded by endogenous endonucleases. The PCR 

product generated using the Q5 site-directed mutagenesis kit do not contain 

methylated groups and so will not be degraded by DpnI. The following reaction 

mixture was made: 1 µl PCR product, 5 µl KLD reaction buffer (2X), 1 µl KLD 

enzyme mix (10X), 3µl H2O. The reaction mix was incubated at room 

temperature for 5 minutes. The mutated plasmids were then transformed into 

DH5α E.coli as described in appendices 9.2 (100 µl of SOC media with heat 

shocked E.coli was plated supplemented with 50 µg/ml ampicillin to avoid 

formation of a lawn of colonies) and colonies were selected, digested, and 

checked on a gel as described in appendices 9.1 and 9.2. 

 

Appendix 11. Validation of Clones by Sanger Sequencing. 

11.1 Sanger sequencing is required to check if the insert is indeed ligated into the 

plasmid but also that the insert is the correct orientation and includes no 

unintentional mutations. The plasmid undergoes extension with DNA 

polymerase, primer and free nucleotides. Along with the free nucleotides are 

modified versions that halt the strand extension due to a lack of hydroxyl group 

on the 3’ carbon. The template is separated into 4 separate reactions, one for 

each modified base, and then run on an agarose gel. The smaller fragments 

will run furthest on the gel and the base sequence can be read off from 
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smallest band to largest (Sanger et al., 1977). A more up to date version is 

the modified nucleotides are labelled with a particular fluorophore depending 

on the base. Fragments are separated by capillary gel electrophoresis and a 

laser reads of the terminating base from one reaction mixture. The PCR 

fragments are aligned in size order on a chromatograph, giving the sequence 

much quicker than the traditional method (Prober et al., 1987, Swerdlow and 

Gesteland, 1990). The result of sequencing is a chromatogram which is split 

into four colours, one per base. The resulting peaks and their colour indicate 

the base which has been read. Peaks should be single, high, and distinct, an 

example of which can be observed in Figure 28. Sanger sequencing is 

accurate to approximately 1kb, so using a primer close to the cloning site/site 

of interest and with only a single priming site are important considerations. 

 

 

 

 

 

 

Figure 28. A Chromatogram of Sanger Sequenced PsiCHECK-2 Cloned with MiR-148a 

Binding Site from Elf5 3’UTR and its Corresponding Mutation. 

A 

B 
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(A-B) A chromatogram following sanger sequencing of PsiCHECK-2 cloned plasmids. Each 

base is indicated by a colour: Adenine (green), guanine (black), cytosine (blue) and thymine 

(red). The tall peaks indicate pure and intact DNA, good primer specificity, and correct 

concentrations of products used. (A) A chromatogram of PsiCHECK-2 cloning site. 

Highlighted sequence shows cloned miR-148a binding site from Elf5 3’UTR. (B) A 

chromatogram of PsiCHECK-2 cloning site following site-directed mutagenesis. Highlighted 

sequence shows mutated miR-148a binding site from Elf5 3’UTR. 

 

Appendix 12. Luciferase Bioluminescence Reporter Assay. 

12.1 PsiCHECK-2 plasmid was used for luciferase reporter assay as it contains a 

cloning site downstream of the Renilla stop codon. Renilla luciferase activity 

is used as a primary reporter gene which is normalised to Firefly luciferase 

activity. Dual-Glo Luciferase assay system was used to measure Renilla and 

firefly luminescence. HaCaTs were co-transfected with 100 ng psiCHECK-2-

Elf5/Rock1 or mutated psiCHECK-2-Elf5/Rock1 with 200 nM miR-148a mimic 

or miR control in a 96 well white bioluminescence plate. These plates are 

white sided, that reflect light and increase the signal when reading 

bioluminescence. 24 hours post transfection, 75 µl of Dual-Glo luciferase 

reagent is added to 75 µl of media with the transfected HaCaT cells and 

incubated at room temperature for 15 minutes before reading firefly luciferase 

activity at 560 nm. 75 µl of Dual-Glo Stop & Glo luciferase reagent was then 

added to the HaCaT cells and incubated at room temperature for 15 minutes 

before reading Renilla luciferase activity at 480 nm. Firefly and Renilla 

luciferase activity was measured using a CLARIOStar plate reader. Luciferase 

activity was calculated relative to firefly luciferase activity and untransfected 
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HaCaTs, giving background bioluminescence. MiR-148a binding site in 

cloned into the 3’ end of Renilla translational stop sequence, fusing it with 

Renilla. When miRNA-148a binds to the cloned binding site mRNA, it is 

cleaved and reduces Renilla luminescence. MiR control or mutated binding 

site sequence will not cause a reduction in Renilla luminescence. Firefly 

luciferase activity is activated by beetle luciferin, ATP, Mg2+ and O2 which are 

present in the Dual-Glo luciferase reagent. Renilla requires coelenterate 

luciferin. Dual-Glo Stop & Glo luciferase reagent also quenches firefly activity 

before activating Renilla luciferase. 

 

Appendix 13. Pharmacological Inhibition of MiR-148a In Vivo. 

13.1 20 µM of atelocollagen was mixed with 20 µM synthetic miR-148a inhibitor 

(anti-miR-148a) or miRNA negative control and delivered by injection into 

three points in the dorsal skin, subcutaneously. Atelocollagen is a liquid at 4°C 

allowing for injection but solidifies at 30°C, allowing targeted area for release 

of siRNAs, and sustained delivery as atelocollagen breaks down (Minakuchi 

et al., 2004, Takeshita et al., 2005, Mardaryev et al., 2010). This delivery 

system slowly releases synthetic miR-148a inhibitor over time providing a 

sustained inhibition of miR-148a in the skin. 

 

Appendix 14. Alkaline Phosphatase Staining for Morphological Analysis. 

14.1 Alkaline phosphatase staining is a histochemical staining method for staining 

cells a deep red colour and identification of morphology of tissue sections. 
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New fuchsin is used as the chromogen as it precipitates in the presence of 

alkaline phosphatase. The tissue sections are counter stained with 

haematoxylin, a nucleic acid stain giving a light pink colour to the tissue.  

 

Appendix 15. Immunofluorescent Analysis. 

15.1 Immunofluorescent analysis using tissue or cells follows the same basic 

principle. Blocking with fetal calf serum and goat or donkey serum contains 

antibodies that will bind to non-specific antigens on the cells/tissue which 

reduces background signal for the specific test antibody. A serum of the same 

host species as the secondary antibody makes sure that the secondary 

antibody only binds to the primary antibody and not non-specific antigens, 

reducing background signal. BSA in the blocking buffer also reduces non-

specific binding to proteins in the sample and saturates any exposed slide or 

plate that could interfere with antibody binding. Once blocked, the primary 

antibody binds to a specific antigen. The secondary antibody which is 

fluorescently tagged will bind to the primary antibody which can then be 

imaged with a fluorescent microscope. Washes between incubation steps 

removes excess and unbound antibody, making sure each incubation step 

binds efficiently to bound antibody and removes excess when imaging, 

reducing background signal. 

 

Appendix 16. Fluorescence activated cell sorting of hair Follicle Bulge Stem Cells. 

16.1 Fluorescence activated cell sorting (FACS) is the mechanism of sorting cell 

populations based on fluorescent antibody binding. 7–9-week-old C57BL/6 
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dorsal and ventral mouse skin was used to extract hair follicle bulge stem cells 

and suprabasal keratinocytes. Antibodies: Ly-6A/E (Stem cell antigen 1 (Sca-

1)), CD34 and CD49f (α6) were used to stain cells. Sca-1 and CD49f are both 

fluorescently conjugated, Sca-1 is FITC conjugated so has an emission peak 

of 525 nm and CD49f is phycoerythrin conjugated with an emission peak of 

574 nm. CD34 is not fluorescently tagged but is biotin tagged. 

Allophycocyanin (APC) streptavidin secondary antibody is used which binds 

to biotin, with an emission peak of 660 nm. CD34 alongside CD49f has been 

shown to be specific markers of hair follicle bulge stem cells (Trempus et al., 

2003). Sca-1 is not expressed in bulge stem cell region but is expressed in 

basal stem cells in the epidermis thus differentiating between bulge and basal 

stem cells (Triel et al., 2004). Combinations of antibody binding were isolated 

giving the different sorted populations: HF bulge SCs (CD34+/CD49fHigh/Sca-

1-) and junctional cells (CD34-/CD49fLow/Sca-1-). DAPI (25 ng/ml) was added 

prior to running to stain exposed nucleic acid of dead cells, making sure only 

viable cells were sorted. DAPI has an emission peak of 457 nm. Along-side 

the sample run, individual samples with single test antibodies were used to 

align the lasers before running the sorting sample.  

 

Appendix 17. Lentiviral Production and Transduction of Hair Follicle Bulge Stem 

Cells. 

17.1 Lentiviruses are packaged in HEK293T cells using plasmids for either control 

or miR-148a inhibition (Scrambled shRNA control in pGFP-C-shLenti shRNA 

Vector control or MiRZIP-148a anti-miR-148a microRNA construct). The 
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plasmids have a puromycin resistance gene and so colony 

amplification/selection was completed as described in appendices 9.2 with 50 

µg/ml puromycin. Once heat-shocked into E.coli bacteria, Ampicillin was used 

to select for positive clones. Scrambled plasmids take an siRNA sequence 

and then are rearranged so they do not target any known genes. MiR-148a 

inhibition is caused by antagomirs which are oligonucleotides that are 

complimentary to miR-148 which prevents its binding activity. The antimiR-

148a insert is driven by H1 RNA promotor for amplification with RNA 

polymerase III. The lentiviral plasmids contain a copGFP insert driven by CMV 

promotor which causes transduced cells to fluoresce GFP, allowing 

visualisation of successfully transduced cells. The plasmids including the 

gene for the specific virus targets are co-transfected with a packaging plasmid 

which contains key genes: Gag, used for viral assembly and matrix proteins 

synthesis, the Pol gene codes for RNA polymerase, RNase H and Integrase, 

required for amplification and integration of viral DNA, and Env, which codes 

for surface glycoproteins. Transfected together, the mature, complete viral 

particles are made by the cells and can be collected for transduction 

experiments. HEK293T cells are used due to their high lentiviral production 

efficiency due to the presence of SV40 T-antigen (Gama-Norton et al., 2011). 

Turbofectin is a cationic polymer that produces complexes with the plasmid 

DNA, aiding transfection by producing a charge attraction between the 

plasmid and the target cell surface membrane. Once the cells have been 

transfected and media changed, the transfected cells produce viral particles 

which are collected 24- and 48-hours post media change. The viral particle 

rich media was then precipitated to collect concentrated viral particles. 
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80µg/ml polybrene and 80 µg/ml CSC were added directly to the viral media 

and incubated overnight, shaking at 4°C. The following day, the media was 

centrifuged at 10,000 x g for 30 minutes at 4°C before re-suspension in 1% 

original volume using DMEM complete media. Polybrene, a cationic polymer 

and CSC, an anionic polymer form large complexes around viral particles 

which can be pelleted by ultracentrifugation (Le Doux et al., 2001, Landázuri 

and Le Doux, 2006).  

 

17.2 Lentiviral titration is the mechanism for working out the concentration of virus 

for use in downstream lentiviral transduction. qPCR lentiviral titration kit was 

used to complete lentiviral titration. Standard control DNA was dilution by 

serial dilutions to obtain 1/100 - 1/100,000 dilutions for creation of a standard 

curve. 2 µl of viral sample was added to 18 µl virus lysis buffer and incubated 

at room temperature for 3 minutes. The following reaction mix was made up 

per standard/test sample. 10 µl BlasTaq 2X qPCR titre master mix, 2 µl primer 

mix, 2 µl viral lysate with each test sample and standard conducted in 

triplicates. BlasTaq 2X qPCR titre master mix contains a fluorescent dye 

which binds to double stranded DNA, the more DNA present, the higher the 

fluorescence. The reaction mixture underwent the following cycling conditions: 

42°C for 20 minutes (RNA reverse transcription) 95°C for 10 minutes (enzyme 

activation) followed by 30 cycles of 95°C for 15 seconds (denaturation) and 

60°C for 1 minute (primer annealing and extension). Ct values of standard 

dilutions were plot against the viral titre and a logarithmic regression curve 

was made. Unknown viral titres were interpolated on to the standard curve 

using the equation y=mln(x)+b where m is the slope of the line, y is the Ct 
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value and b is the y intercept. Concentration is given in viral infectious units 

per ml. 

 

17.3 Feeder cells are required for stem cell growth as they produce growth factors 

and provide a matrix in which stem cells can adhere to. 3T3 cells are either 

gamma-irradiated or mitomycin C (MMC) treated to prevent proliferation of the 

feeder cells at approximately 80% confluency. This leaves enough room for 

stem cells to adhere with close proximity to feeder cells for paracrine and 

physical interactions. MMC treatment was chosen due to its cost-

effectiveness, ease of use and ability to stop proliferation (Ponchio et al., 

2000). Optimal concentration of MMC was determined by testing 2, 4, 6, 8 and 

10µg/ml with a two-hour incubation based on previously reported 

concentration for 3T3 cells (Nowak and Fuchs, 2009). Treated cells were 

imaged using IncuCyte S3 live cell analysis instrument over a course of 5 days 

to determine whether the confluence changed. The lowest concentration of 

MMC where confluency did not change was selected as MMC at too high 

concentrations can be cytotoxic. MMC arrests cell proliferation by covalently 

linking DNA, preventing DNA replication but not affecting protein synthesis, 

keeping cells viable for several weeks (Llames et al., 2015).   

 

17.4 The multiplicity of infection (MOI) is the ratio between viral particles and 

infection targets. Viral volume for a given MOI was calculated using the 

following equation:  

 

 

MOI = Viral titer X Virus volume 

                 Total cell number 
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An MOI of 20 was chosen and tested for infection efficiency. Too low MOI can 

result in too few viral particles per cell and so low transduction efficiency, too high 

MOI can lead to cytotoxicity and cell death. Polybrene is a positively charged 

polymer which increases lentiviral transduction efficiency by neutralising the 

charge repulsion between the lentiviral particles (virions) and cell surface 

membrane. Efficiency of transduction was assessed by GFP imaging using 

IncuCyte S3 live cell analysis instrument. 

 

Appendix 18. Statistical Analysis. 

18.1 The ΔΔCt method of analysis relies on a reference gene expression level or 

control fluorescence level. For RT-qPCR, for each sample, house-keeping 

reporter Actin (Actb), expression is subtracted from the value of any other 

gene analysed giving a normalised expression (ΔCt), before normalised 

control sample was subtracted away from test sample giving ΔΔCt. Actin does 

not change in expression between treated samples. Fold difference was 

calculated by the equation 2^-ΔΔCt and relative the control sample with a fold 

difference of 1. For luciferase reporter assay the house-keeping reporter is 

Firefly luciferase activity. In immunofluorescence, relative arbitrary 

fluorescence units for Elf5 and Rock1 was normalised to DAPI arbitrary 

fluorescence units. 

 

18.2 Unpaired student’s t-test was used for analysis of relative expression or 

relative fluorescence intensity in RT-qPCR data, Immunocytochemistry, and 
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luciferase reporter assay. The student’s t-test is a parametric test used for 

calculating significance p-value based on two sets of normally distributed 

data. Data was normalised by logarithmic transformation so a parametric test 

can be used. The statistical significance of the difference between the two 

data sets is given as a P value; *P<0.05 meaning there is a 95% chance the 

difference between two samples is true and the hypothesis can be accepted. 

**P<0.01 there is a 99% chance the difference between two samples is true, 

and ***P<0.001 there is a 99.9% chance the difference between two samples 

is true. 
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