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Abstract 

Title of Dissertation: Melanocyte stem cell subpopulations show distinct pigmentation 

and regenerative potential 

 

Bishal Tandukar, Doctor of Philosophy, 2020 

 

Dissertation Directed by: Thomas J. Hornyak, MD PhD, Associate Professor, 

Dermatology and Biochemistry and Molecular Biology  

 

Melanocyte stem cells (McSCs) are key components of the hair follicle (HF) stem 

cell system. They are derived from neural crest during embryogenesis and are responsible 

for regeneration of differentiated melanocytes during successive HF cycles. We have 

described McSC subsets that can be distinguished by CD34 expression. CD34+ McSCs 

are located within the bulge/lower permanent portion (LPP) while CD34- McSCs are in 

the secondary hair germ (SHG) during the resting stage (telogen). Whether these two cell 

subpopulations are maintained separately or exist in a developmental hierarchy is not yet 

known. The goal of my thesis is to explore whether (a) the two McSC subpopulations are 

functionally distinct, (b) if they are maintained independently throughout the HF cycle 

and (c) their role in generation of mature melanocytes. To study McSCs, we engineered 

the Dct-H2BGFP bitransgenic mouse. We confirm that this animal model accurately 

identifies melanoblasts, McSCs and mature melanocytes by constitutive GFP expression 

that can be regulated by doxycycline. Using our Dct-H2BGFP mouse, we compared the 

transcriptomes of bulge and SHG McSC subsets by genome-wide expression profiling 

(RNA-seq). This study, along with functional in vitro and in vivo assays, confirms that 

CD34+/bulge share characteristics of neural crest stem cells with multilineage potential 

while CD34-/SHG McSCs represent a stem cell population that is more committed to 

melanocyte differentiation. To further understand the relationship between two McSC 



subpopulations, we traced their proliferation throughout the HF cycle and found that 

proliferation of SHG McSCs gives rise to mature melanocytes.  The analysis also 

surprisingly revealed quiescent CD34- melanocytes maintained outside of the HF bulge 

region throughout anagen retaining the stem cell phenotype, identifying a SHG McSC-

like population outside telogen suggesting independent or quasi-independent maintenance 

of the two McSC subpopulations. Taken together, our study identifies heterogeneous 

McSC subpopulations with distinct pigmentation and regenerative potential for the first 

time. Strikingly, CD34+/bulge McSCs exhibited the ability to myelinate neurons in vivo, 

revealing a novel therapeutic possibility for demyelinating disorders and traumatic nerve 

injury. 
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CHAPTER 1: INTRODUCTION 

1.1 Hair follicle (HF) 

Skin is a complex organ containing a rich array of different stem cells and 

specialized cells. One of the primary characteristics of mammalian skin is hair. The 

primary function of this structure is protection against environmental elements and body 

temperature regulation. The generation and maintenance of the hair is performed by the 

hair follicle (HF). One of “mini-organs” of the skin, HF also acts as anchor for sensory 

nerves, blood vessels and arrector pili muscles 1. Hair follicles are comprised of three 

distinct cylindrical structures: the hair shaft, inner root sheath (IRS) and outer root sheath 

(ORS) (Figure 1.1). The rapidly proliferating matrix cells at the hair bulb located at the 

distal end of the HF give rise to the hair shaft that is comprised of hair related proteins 

and intermediate filaments 2,3. The shape of the hair shaft is molded by the rigid inner 

root sheath as the differentiated matrix cells move upwards, while the outer root sheath is 

the outer most layer that separates the HF from the dermis 4. The proliferation of the 

matrix cells and thus, the size of the HF is determined by a tight group of specialized 

dermal fibroblast cells located at the base of the follicle called dermal papilla.  This group 

of cells are formed during early embryonic stage at E14.5 5.  

Hair follicles embody an interesting model in regenerative biology. Studies on 

rabbits in early 1950s showed complete de novo regeneration of hair follicle and 

sebaceous glands in recovering skin after injury 6. This result was replicated in mice and 

is attributed to a phenomenon known as wound-induced hair follicle neogenesis (WIHN) 

7,8 which is regulated by wingless-related integration site (WNT) and fibroblast growth 

factor (FGF) pathways 9. Studies show the migration of leucine-rich repeat-containing G-
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protein coupled receptor 6 (Lgr6) + isthmus stem cells and Lgr5+ bulge stem cells from 

nearby undamaged HFs contribute to the newly formed HFs.  However, the mode of 

repopulation of dermal papilla fibroblasts is still not clear with the studies ongoing. For 

Bulb

Transient portion

Permanent portion

Sebaceous gland (SG)

Melanocyte Stem cells

Arrector pili muscles

Bulge

Hair shaft

Outer root sheath (ORS)

Inner root sheath

Mature Melanocytes

Dermal papilla

Hair shaft precursors

Epidermis

Figure 1.1 Structure of a growing hair follicle (HF). 

The figure shows the top permanent portion of HF that forms bulge in the lower region. 

This region harbors different stem cells including melanocyte stem cells (McSCs). Below 

the bulge constitutes the transient portion of HF. A second group of melanocytes resides 

below the bulge in the outer root sheath in the upper part of the transient portion of HF. 

The bottom part of the HF is the HF bulb where hair shaft precursors forms the hair shaft. 

The bulb also houses the completely enclosed group of fibroblasts- the dermal papilla - as 

well as mature melanocytes that pigment the hair. Melanocytes are identified as green 

cells in the figure.  
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pigmentation, melanocytes migrate directly from the HF to the epidermis to participate in 

wound healing and repopulation of new HFs over multiple HF cycles10. Furthermore, 

active bone morphogenetic protein (BMP) signaling in the newly formed hair follicles is 

required for regeneration of fat cells (adipocytes) by reprogramming of myofibroblasts 7. 

Taken together, we can see that the HF serves as a reservoir of stem cells with incredible 

regenerative plasticity. This bestows the HF with the unique ability to undergo 

continuous cycles of growth and regression called HF cycle.  

1.2 Hair follicle (HF) cycle 

All hair follicles go through three primary stages of HF cycle: anagen (growing 

stage), catagen (regressing stage) and telogen (resting stage) (Figure 1.2) 11. Based upon 

their roles in HF cycling, the hair follicle is classified into two distinct regions: (a) the 

permanent portion which stays more or less constant during HF cycle and (b) the lower 

part of the HF called transient portion that manifests the constant cycle of growth and 

involution 12 (Figure 1.1). Within a given murine inbred strain type, the HF cycle is fairly 

synchronized in mice until the age of 70 days 2. As the mouse ages, HF cycling becomes 

less and less synchronized 13. Two non-melanocytic components of the HF driving the 

HF cycle are HF epithelial stem cells, the most numerous stem cell type within the HF, 

and specialized mesenchymal cells in the dermal papilla 14.  

1.2.1 Anagen 

The start of anagen is marked by growth of the transient portion of the hair 

follicle as well as growth of the hair shaft itself where the regeneration of the 

differentiated cells is primarily provided by HF stem cells of the keratinocyte lineage. It 

is during this stage that melanocyte stem cells (McSCs) are activated and differentiated to 
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produce committed melanocyte progenitors that, ultimately, give rise to mature 

melanocytes. Many signaling pathways and their crosstalk play crucial roles in this 

highly coordinated proliferative stage. Growth factors including insulin-like growth 

factor 7 (IGF7), epidermal growth factor (EGF) and fibroblast growth factor 5 and 7 

(FGF-5,7) have been shown to be essential  for anagen initiation and progression 15–17. In 

addition to intrinsic activation of each HF cycle of proliferation and differentiation, 

anagen can also be artificially induced either physically by HF depilation, or plucking, 

and chemically by retinoic acid treatment. 14  

Figure 1.2 Representation of a HF cycle. 

HFs in each stage of HF cycle are demarcated as permanent and transient portions. All 

melanocytes are identified in the figure by green cells. The figure depicts the HF 

transitioning from its resting stage, telogen, to the growing stage, anagen, with the 

growth in the transient region forming the HF bulb. The mature melanocytes in the HF 

bulb are marked as green cells. The far-right figure is a HF in catagen or regressing stage 

demonstrating involution of the transient portion of the HF.  

 

Transient 

portion

Permanent 

portion

Anagen HF

(Growing stage)

Catagen HF

(Regressing stage)

Telogen HF

(Resting stage)
Grow

Regress

Hair Bulb
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For detailed analysis of HF growth, the anagen stage can be further subdivided 

into multiple substages. While there are no specific markers to clearly demarcate the 

substages and often researchers have defined different anagen substages based on the 

context of their studies, one of the widely accepted schematics is proposed by Müller-

Röver et al. 18. In this classification, the anagen stage is categorized into anagen I, II, 

IIIA, IIIB, IIIC, IV, V and VI. While the basic criterion of the categorization is the length 

of the HF measured from dermal papilla to epidermis, additional subtle changes in the HF 

morphology are also correlated. The most accurate method to identify dermal papillae for 

this study is by positive alkaline phosphatase (AP) staining 19,20. Major distinguishing 

characters are listed as follows: 

(a) Anagen I: During this stage, the HF still resembles the telogen follicle but with higher 

numbers of Ki67+ cells near the dermal papilla. The dermal papilla starts to enlarge 

compared to its condensed form during telogen. 

(b) Anagen II: The HF is still inside the dermis during this stage and the cells from 

transient HF region have proliferated and covered half of the enlarged dermal papilla. 

(c) Anagen IIIA: With the proliferation in the HF, the bulb is at the border of dermis and 

subcutis with first melanin granules visible by this stage. 

(d) Anagen IIIB: The bulb is in the middle of the subcutis with a large amount of melanin 

granules released during this stage. The hair shaft completely enclosed by IRS has 

reached the middle of the HF.  

(e) Anagen IIIC: This stage of anagen is marked by growth of the HF to reach close to 

the panniculus carnosus, the subcutaneous layer of straited muscle under the skin. The 

hair shaft is completely encased and close to the sebaceous gland by this stage. 
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(f) Anagen IV: From this stage and beyond, the location of the hair shaft primarily 

defines the substage of anagen. At anagen IV, the tip of hair shaft reaches hair canal.  

(g) Anagen V: Hair shaft enters hair canal during this stage. 

(h) Anagen VI: Hair shaft emerges through epidermis by this stage. 18  

The classification of the anagen facilitates a closer look at the inner working of 

stem cells as well as other biochemical and molecular aspects during this active growing 

stage of HF cycle. For the purpose of our study, we have incorporated the age of the mice 

during anagen and grouped aforementioned anagen stages for the sake of simplicity. We 

considered early anagen (P22, anagen I and II), early-mid anagen (P23, anagen IIIA, IIIB 

P22

Early 

anagen

P23

Early-mid  

anagen

P25

Mid-

anagen

Transient

portion

Permanent

portion

P30

Late 

anagen

Figure 1.3 Representation of HFs in different stages of anagen.  

Melanocytes are identified as green cells. All the HFs are demarcated for permanent 

and transient portion. Anagen I and II is classified as early anagen seen around the age 

of P22, Anagen III as early-mid anagen (P23), anagen IV as mid-anagen (P25) and 

anagen V and VI as late anagen. Adapted from Muller-Rover et al 18. 



7 
 

and IIIC), mid anagen (P25, anagen IV) and late anagen (P30, anagen V and VI) (Figure 

1.3) as the sub-stages to study the growing stage of HF cycle.  

1.2.2 Catagen 

The HF growth stage is followed by catagen where through a series of apoptotic 

events at the transient region, the HF regresses until only the permanent portion remains. 

Serving as a transition phase between the growing and resting stage of the HF cycle, the 

HF loses around 70% of its length 21,22. Interestingly, the only group of cells outside the 

permanent portion of HF that clearly survive catagen are the fibroblasts of the dermal 

papilla. The interaction of these specialized cells with surviving cells is responsible for 

induction of subsequent HF cycles. The dermal papilla becomes quiescent and condensed 

during this stage 22. The expression of the hairless (HR) protein is essential for upward 

movement of this group of fibroblasts towards the permanent region of HF 21,23. The 

regressing stage of HF cycle is modulated by several signaling pathways. Some of the 

molecules expressed in the ORS that play an important role during catagen are the 

isoforms of FGF5 24. Deletion of FGF5 extends the anagen stage of HF cycle. Mammals 

with loss of FGF5 exhibit an abnormally long hair phenotype 25. The induction of catagen 

is also coupled with an increase in expression of the neurotropin family molecules like 

Brain-derived neurotrophic factor (BDNF), Neurotrophin-3 (NT-3) and Neurotrophin-4 

(NT-4) during catagen. Functional experiments show premature induction of catagen 

when these molecules are overexpressed 26,27.  

Another crucial modulatory molecule for regressiong stage of HF is p53 that 

serves as a possible mediator of apoptosis in the cells of the transient region of HF. 

Apoptotic cells identified by terminal deoxynucleotidyl transferase dUTP nick end 
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labeling (TUNEL) assay colocalized with p53 expression. Conversely, the cells that 

remain in HF identified as TUNEL-negative cells survive catagen by the expression of 

the anti-apoptotic molecule, B-cell lymphoma 2 (Bcl-2) 28. In terms of melanocytes, Bcl-

2 plays an important role in their survival and maintenance with Bcl-2 null mice showing 

loss of pigmentation 29. Recent studies have identified modulation of Bcl-2 expression 

along with maintenance of HF stem cells, including those of melanocyte origin, by TGF-

β signaling 30.  

1.2.3 Telogen 

The catagen is followed by the resting stage of HF cycle , or telogen, where the 

HF is maintained in quiescent state. No mature differentiated melanocytes remain during 

this stage as they proceed through apoptosis during catagen as well 22. The fibroblasts of 

the dermal papilla remain exposed during telogen in contrast to anagen. The hair shaft 

devolve into a dead and completely keratinized club hair 2. The synthesis of proteins 

normally expressed during anagen is non-existent or very minimal and besides the 

morphology, no markers specifying telogen stage of HF cycle are known. 4. In mice, the 

first telogen spans only a few days, but the second telogen lasts around 3 weeks 3. This 

attribute presents a unique opportunity to study HF cycle and associated regulation 

conveniently in the mouse models. In contrast, HF cycling is not synchronized in human 

HFs 31.  

Traditionally, telogen was believed to be a comparatively uneventful stage of HF 

cycle, a byproduct of exhaustion of proliferative capability of cells from extensive 

differentiation and growth of HF during anagen. In other words, telogen is considered to 

be the waiting stage for the cells surviving catagen to enter the next growing stage and 

thus, named the “resting” stage. Telogen HFs lack the proliferation and differentiation 
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signal, and thereby manifest minimal growth or regression. Consequently, many prior 

studies on HF cycle considered telogen as a transition between HF cycles. However, Ralf 

Paus and Chuong et al. proposed an interesting theory that telogen may represent a 

symbol of mammalian evolution towards  efficient energy conservation 32,33. They 

hypothesized that with the crucial requirement of the constant proliferation of cells for 

the maintenance of the interfollicular tissue, the cyclic proliferative and regenerative 

stages in follicles may have been a favorable adaptation for mammalian organisms. In 

contrast, when considering surface structures equivalent to hair, other organisms, such as 

reptiles, require constant proliferation for maintenance of their scales. Based on 

environmental cues, the expression of hormonal and paracrine signaling can induce a 

synchronized response in mammalian systems for anagen or telogen and thus promote 

effective adaptation to a changing environment, providing an evolutionary advantage.  

In contrast to previous theories, telogen may represent a dormant stage with high 

expression of receptors prepared for quick response to outside stimuli. However, more 

work needs to be done to support this hypothesis. Examples like seasonal telogen during 

summers and winters in molting animals are often used to support this theory 34. 

However, this is not generally applicable, because in humans, the scalp HFs progress 

through a prolonged anagen, a characteristic considered unusual in mammals. With 

respect to energy consumption, skin with anagen stage HFs consumes more than 200% of 

glycogen along with huge increases in other active metabolic pathways when compared 

to skin with telogen HFs 33,35. In this respect, it is possible that there is a different role for 

the scalp hair similar to the mane of a lion where hair growth is asynchronized. Presence 

of hair in scalp is in sharp contrast with almost complete lack of hair in other parts of the 
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human body. It is hypothesized that this may be an evolutionary adaptation to low food 

availability and high heat in our original sub-Saharan home resembling bare skin in 

elephants surviving in similar conditions. Telogen skin has the lowest energy 

consumption rate and the presence of the majority of human HFs in this stage may have 

represented a favorable adaptation in early humans.  

In terms of our studies, we are interested in two critical parts of the HF: the 

secondary hair germ (SHG) and bulge. The bulge consists of a group of cells that form a 

“swelling” around the club hair during telogen. Similarly, the SHG is a group of cells 

originally defined at the base of HF located between the bulge and the dermal papilla 36.  

1.2.3.1 Bulge 

Believed to be the reservoir of multipotent stem cells including melanocyte stem 

cells, the bulge is the region of lower permanent portion (LPP) closest to dermal papilla. 

The bulge was originally defined in human hair follicles by Paul Gerson Unna 37 

followed by identification of similar group of cells in mouse telogen HFs by Cotsarelis et 

al. in late 1990s. They showed that this region harbors slowly proliferating stem cells that 

were identified in an elegant experiment using BrdU to identify label retaining cells 38. 

They proposed that the dermal papilla interacts with cells in the bulge to initiate anagen. 

The stem cells in the bulge are primitive and possibly multipotent both biochemically and 

morphologically 14,39. Even earlier work show that these cells have the high 

differentiation potential in vitro 40. Morris et al. showed that these quiescent stem cells 

have relatively high resistance to carcinogens except during early anagen 41. The bulge-

activation hypothesis postulates that all the cells of the transitory growing region of 
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anagen HF die or disappear during catagen with only the cells from bulge surviving the 

apoptotic event.  

The bulge is normally identified by the markers: CD34 and S100A6 42–44. CD34 

was originally identified by its expression on label retaining cells (LRCs) 45. While being 

a very good bulge marker in the murine system, CD34 is identified only in hematopoietic 

cells in human 46,47. One murine bulge marker whose expression is conserved in human 

HFs is keratin 15 (K15), an intracellular intermediate filament protein.  However, the 

expression is not restricted to the bulge with SHG also expressing this protein, though at 

a much lower level. This marker has been verified and used to isolate bulge cells using a 

mouse model with K15 promoter driven expression of LacZ or EGFP 48. However, with 

its keratinocyte lineage specificity, this marker in the study of other types of HF stem 

cells including melanocyte stem cells is not useful. Another marker previous well known  

for identifying neural crest stem cells and with potential to be a very good bulge marker 

is Nestin 49. With the advent of more genomic studies in the field, the identification of a 

greater range of bulge markers that are conserved between animal model and human 

system is inevitable.   

Recent work on circadian rhythm in HFs suggest the stem cell population in bulge 

may be heterogeneous. As HFs proceed through cycles of proliferation and regression, 

the theory of the “hair cycle clock” was proposed that identify the switches between the 

stages of the HF cycle 3,50. This theory closely correlates with the circadian clock which 

modulates cellular functions based upon the 24-hour cycle defined by Earth’s rotation, 

light-dark cycle, and environmental cues. The circadian clock is also called a “biological 

clock” that is transcriptionally self-controlled through a feedback loop 51 and otherwise 
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regulated by clock genes like Clock and Bmal1.  The master clock is localized 

anatomically in the suprachiasmatic nucleus (SCN) of the hypothalamus. This clock is 

synchronized to tissue-specific clocks known as peripheral clocks. Expression of 

circadian genes has been observed in skin 52. Using a genomic approach, Lin et al. 

showed that circadian genes are crucial for anagen progression. Interestingly, the 

differential expression was more apparent in SHG. Using mice with Clock or Bmal1 

mutations, they showed delayed HF cycling and upregulation of p21, a cell cycle arrest 

protein 53. However, based on this information, it is interesting to consider whether the 

heterogeneity of expression of these genes along with regulatory genes of other pathways 

may determine which subset of the cells in the bulge or in the SHG will partake in the HF 

growth during anagen while the rest are withheld and maintained for future HF cycles 33.  

1.2.3.2 Secondary Hair Germ (SHG) 

The SHG is the transient portion of the HF during telogen identifiable by 

expression  of CDH3, or P-cadherin 54. With the growth of the transient region of HF, 

there is no clearly defined SHG during anagen. This region of the telogen HF is believed 

to be important for HF anagen induction. One of the highly investigated questions in 

studies of HF biology is the relationship between the bulge and SHG in the HF. Despite 

being identified as early as 1926, the role of SHG in HF has been understudied until 

recently with the advent of advanced in vivo models and live imaging capabilities 55. 

Originally, the bulge was proposed as the site for all the regenerative activities of HF, 

stimulated by signaling from the dermal papilla. Thus, the role of the SHG was widely 

overlooked with multiple studies considering SHG only an extension of the bulge region 

56.  
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Many studies have scrutinized the origin and maintenance of the SHG as well as 

its role in HF biology. One of the interesting early theories is the “lateral disc theory” that 

proposed survival of a sub-population of cells in the bulb, next to the dermal papilla, 

during catagen to form a subsequent SHG in the next telogen 36,57. According to this 

theory, the role of the bulge is quite limited in terms of its contribution to the growing 

follicle during anagen. Additionally, the existence of the SHG in between the bulge and 

dermal papilla implies that they are not in direct line of contact. Thus, any 

communications between the bulge and dermal papilla necessitates involvement of the 

SHG 56.  Additionally, the SHG is also assumed to shield the bulge from strong 

differentiation and proliferation signals from the dermal papilla and thus modulate the 

maintenance of the bulge stem cells. However, compelling evidence on the existence of 

lateral disc next to the dermal papilla and mechanism governing the formation and 

protection of the region from apoptotic events during HF regression is sorely lacking.  

Whether the SHG is committed to proliferate and differentiate completely, then 

disappear at the end of anagen, with the HF bulge regenerating SHG for future anagen 

initiation, or whether it still retains regenerative ability independent of the bulge remains 

unclear. With recent studies showing important role of SHG in HF biology, efforts to 

properly define this region have increased. For example, Ito et al. proposed  that  the 

SHG is derived from lower portion of bulge 58. Using depilation-based experiments, they 

also showed that the cells lost by injury and destruction of the bulge during forced 

removal of HFs are reconstituted by cells from SHG by dedifferentiation. While the 

results are used to support the notion of the bulge as origin of SHG, they do not rule out 

the possibility of independent or quasi-independent maintenance of the region as well.  
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This interesting conundrum of the SHG region of the HF is due to its peculiar 

nature. This region shows a lower level of or lack of well-defined bulge region stem cell 

markers like CD34 and Nfatc1 59. Different studies often consider the cells in the SHG as 

transient-amplifying cells or as a primed stem cell subpopulation. But the exact 

relationship between the bulge and SHG as well as the defining role of each compartment 

of the HF is unclear. The biggest issue is the ambiguity in defining what constitutes a 

stem cell. Panteleyev et al. propose stem cells to be defined by four major characteristics: 

stem cell marker expression, self-renewability, clonogenicity and potency56. Based upon 

these traits, SHG cells fulfill the definition of stem cells. However, they represent a more 

unconventional class of stem cells. For instance, cells from SHG show structural 

differences, with higher cytoplasmic and metabolic content, compared to bulge stem cells 

59.  SHG cells also lack inhibitory components of differentiation pathways regulating the 

HF cycle. A convenient example would be the dickkopf Wnt signaling pathway inhibitor 

1 (Dkk1) that antagonizes canonical Wnt signaling 60. The clonogenicity experiments 

comparing cells from SHG and bulge present a clearer picture. Comparison showed that 

the cells of the SHG produce more and bigger colonies. In contrast, the cells from bulge 

retain the ability to produce colonies over more passages56,59. All these evidences point to 

a different level of “stemness” between stem cells from the bulge and SHG. 

Recently with the very elegant use of K14-driven H2BGFP-expressing mice for 

live imaging of HF epithelial cells, Dr. Greco’s lab has presented some very interesting 

results. 61,62. When either bulge or SHG epithelial stem cells are removed by laser 

ablation, they found recovery of either population regaining all properties of their region, 

similar to what was found in previous depilation-based experiments. Based upon their 
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findings, they reasoned that the intrinsic properties of the stem cells are defined by the 

niche. This also indicates that, despite many studies on SHG suggesting that the HF stem 

cells from this region are more committed to their specific lineage, they still maintain the 

plasticity to regenerate less differentiated progenitor stem cells. This emphasizes the 

dynamic nature of mechanisms that govern stem cell maintenance under changing 

circumstances. More interestingly, this indicates the dispensability of bulge stem cells as 

well with SHG stem cell fully capable of taking over the role if necessary. 

1.3 Melanocytes  

One of the specialized cells present in hair follicles are melanocytes 2. They 

produce melanin that pigments hair, skin, feathers and eyes of vertebrates where it is 

transferred to surrounding keratinocytes through their dendrites. Besides various 

functions like sexual dimorphism, mimicry, camouflage and hearing, the primary 

function of this pigmentation is protection against UV radiation damage by absorption as 

well as quenching of UV–induced cellular free radicals 63,64. The melanin is produced in 

special membrane-bound, lysosome-like organelles called melanosomes present in 

mature melanocytes (Figure 1.4) 65,66. Cutaneous melanocytes in mice are known to 

reside exclusively on hair follicles pigmenting the hair shaft based on the hair follicle 

cycle, unlike humans who have melanocytes maintained in interfollicular epidermis as 

well (Figure 1.4) 67. The only regions with epidermal melanocytes in mice are the ear, 

footpad, tail, and perineum 68,69. 

In contrast, extracutaneous melanocytes exist unassociated with the skin and may 

not function primarily for environmental protection. For example, ocular melanocytes in 

uveal region of the eye, as well as the embryologically distinct retinal pigmented 
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epithelial (RPE) cells of the posterior retina, provide pigmentation necessary for 

establishment of the optic neuronal network, thereby playing a crucial role in embryonic 

development and proper functioning of the eye. Another population of extracutaneous 

melanocytes are the otic melanocytes whose roles include permitting proper development 

of the auditory system to protection against hearing loss 70. Erroneous development of 

otic melanocytes causes deafness in patients with Waardenburg’s syndrome 71–73. The 

third major group of melanocytes occur in the leptomeninges of the brain. These 

melanocytes secrete neuromelanin 70,74. The secretion of melanin may play vital role in 

quenching toxin accumulation. Multiple studies show strong links between 

neurodegenerative diseases such as Parkinson’s disease and neuromelanin 75. There are 

reports of the presence of melanocytes in other regions such as within the Harderian 

gland and mesenchymal tissue 70. Taken together, we can reasonably deduce that the role 

of melanocytes and pigmentation is not limited only to protection against UV radiation. 

These cells play other crucial roles in biology and organ development as well.  

Keratinocyte Melanosomes

Melanocyte

Melanocyte

Dermal papilla

HF bulb

Figure 1.4. Cutaneous melanocytes of the skin. 

 Figure shows dendritic melanocytes pigmenting the keratinocytes by transfer of 

melanosomes (left image). Also shown here is the mature melanocytes in the HF bulb 

pigmenting the growing hair shaft (right image).  
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1.4 Melanogenesis 

The process of production of melanin from its substrate for distribution to the 

surrounding cells is called melanogenesis (Figure 1.5). Two different melanins are 

produced in mammals as well as birds. These melanins are chemically different with 

differing shape and size. Brown/black coloration identifies eumelanin and yellow to 

reddish coloration identifies pheomelanin 76. The two molecules are packaged distinctly 

as well 77. The process of melanogenesis starts with the common substrate L- tyrosine 

which is initially acted upon for enzymatic oxidation by tyrosinase (Tyr) 78. The resulting 

highly reactive intermediate- dopaquinone acts as the common precursor for both 

eumelanin and pheomelanin 76. Further biosynthesis of eumelanin from this molecule 

requires the tyrosinase-related proteins dopachrome tautomerase (Dct) also known as 

Tyrosinase-related protein 2 (Trp2) and Tyrosinase-related protein 1 (Tyrp1) 79,80. For 

pheomelanogenesis, the additional of the amino acid cysteine as a precursor is essential 

77. Loss of any of the enzymes involved in melanogenesis can cause pigmentary absence 

or dilution, or albinism 81.  The melanin produced and packaged in melanosomes are 

transferred to keratinocytes of hair shaft or epidermis through protease-activated 

receptor-2 (PAR2) 77.  

While multiple factors being involved, studies have consistently shown that 

mutations, either gain or loss of function mutations in the melanocortin receptor 1 gene 

(MC1R/Mc1r), the receptor for alpha-melanocyte stimulating hormone (α-MSH) 

determines the pigmentary variation of predominantly red pheomelanin pigmentation or 

dark pigmentation by eumelanin overproduction 77,82,83. Normally, MC1R acts through 

the adenyl cyclase pathway and is considered a signaling switch whose activation and 
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deactivation changes the ratio of eumelanin to pheomelanin (Figure 1.5)  83. In mice, α-

MSH binding is antagonistically competed by the paracrine signaling protein, Agouti 

83,84. While the homologous molecule to this protein called agouti signal protein (ASIP) is 
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Figure 1.5 Schematic representation of melanogenesis. 

(Tyr: Tyrosinase; Tyrp1: Tyrosonase like protein 1; Dct: Dopachrome tautomerase; L-

DOPA:  L-3:4-dihydroxyphenylalanine; 5-S-CD: 5-S-cysteinyl DOPA; 2-S-CD: 2-S-

cysteinyl DOPA; CD-quinones: Cysteinyl DOPA quinones; DHICA: 5,6-

dihydroxyindole-2 carboxylic acid; DHI: 5,6-dihydroxyindole; IQCA: indole-5,6-quinone 

carboxylic acid; IQ: indole-5,6-quinone). Adapted from Simon et al. and Serre et al. 81,246 
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identified in human, whether it is functionally the same is not yet known 85.  

Most of the studies are in consensus that the health-related or physiologic benefits 

of melanin can be attributed to eumelanin’s ability to provide protection against UV 

radiation and free radicals. Establishing the role of pheomelanin is more challenging. 

Light skinned people are at a higher risk of skin cancer development. Whether this is due 

to insufficient eumelanin or over production of pheomelanin is often debated 86. 

Pheomelanogenesis generates more reactive oxygen species (ROS) than eumelanin 

during its biochemical synthesis contributing to oxidative stress 87.  Hence, it is 

reasonable to propose that the increased risk of skin cancer is due to both decreased 

photoprotection and enhanced intracellular damage, including DNA damage, causing 

unrepaired mutations that contribute to malignant transformation.  Regarding the function 

of pheomelanin, it is theorized that its production may be an evolutionary mechanism to 

enable production of more vitamin D by increasing UV penetrance in inhabitants of 

regions with low sun exposure.   

1.5 Neural crest and melanocytes 

Neural crest cells are multipotent stem cells that are derived from the ectoderm of 

the neural tube during embryogenesis. The migrating cells contribute to different cell 

lineages such as sensory neurons, smooth muscle cells, glia, chondrocytes and osteoblasts 

(Figure 1.6). While some of these cell types, such as neurons and melanocytic cells, 

migrate or extend to the entire embryo, others are limited to specific axial levels, such as 

the contribution of cranial neural crest cells to skeletal structures. Neural crest cells have 

a high self-renewal capacity, retaining an ability to regenerate undifferentiated 

multipotent cells again with cell division. Regarding melanocytes, melanoblasts are 
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derived from the neural tube in two phases. In the first phase, beginning at embryonic day 

(E) 9, neural crest stem cells directly give rise to melanoblasts that migrate dorsolaterally. 

Around E11, another subset of neural crest cell migrates along developing neurons 

ventrally and form melanoblasts after their detachment from the nerve endings 88. Studies 

show that majority of the melanocytes from the trunk and limb are derived from the 

second fraction of migrating cells 89. These cells express the melanogenic markers- Dct, 

Mitf, and Pmel17 90. The epidermal melanoblasts need active Ednrb pathway to migrate 

and survive. Also all the melanoblasts in the embryo require Kit and its ligand, stem cell 

factor (SCF) or KitL for proliferation, migration and survival (Figure 1.7) 91.   

Neural tube

Osteoblasts

Connective 

tissue

GliaNeuron

Smooth 

muscle

Melanocyte

Dorsal

Figure 1.6 Contribution of multipotent neural crest cells during embryogenesis. 

 Different lineages of cells including melanocytes, smooth muscles, sensory neurons, 

osteoblasts, connective tissue and glia are derived from the neural crest cells at the dorsal 

edge of neural tube. Adapted from Bronner-Fraser M et al. 247 
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One interesting aspect of the origin of the melanocyte lineage is that multiple 

studies have shown melanoblasts are derived from bipotent precursors that show glial and 

melanocytic lineage potential 63,92. Dupin et al. showed that Schwann cells can 

dedifferentiate into bipotent cells that can be pushed towards the melanocyte lineage 93. 

Studies suggest that activation of Mitf is essential for guiding a bipotent cell into 

melanocyte lineage. This achieved by the collaborative action of Sry-box 10 transcription 

factor (Sox10) and paired box 3 transcription factor (Pax3) transcription factors (Figure 

1.7) 63,94,95. Interestingly, earlier work in our lab showed that the role of Pax3 may be 

more complicated and not absolutely necessary for Mitf activation, at least in mice. Pax3 

may actually work cooperatively with Mitf to expand the population of embryonic 

melanoblasts 96.  Conversely, the repressive action of Sox2 and Foxd3 on Mitf permits 

bipotent cells differentiation to glial lineages 63,97. Interestingly, Foxd3 can suppress the 

Mitf by preventing Pax3 from binding to Mitf promoter site unlike Sox2 which acts 

directly on the promoter 63,98.  

The migrating melanoblasts are established in the epidermal layer by E15.5 in 

mice63,99. Past E15.5, the melanoblasts start giving rise to melanocyte stem cells in 

newly-forming HFs during follicular morphogenesis. Human melanoblasts differ insofar 

as a subset persists in the interfollicular region of epidermis forming epidermal 

melanocyte stem cells. These stem cells form epidermal melanocytes that pigment the 

keratinocytes of the skin63. 

1.6 Melanocyte stem cells (McSCs) 

McSCs are key components of the HF stem cell system that are responsible for 

regeneration of differentiated melanocytes during successive HF cycles. These stem cells 
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are derived from neural crest during embryogenesis, and are an accessible model to study 

stem cell function and interaction 63,100. From embryogenesis to subsequent HF cycles, 

diverse signaling pathways and the stem cell microenvironment are critical for the 

differentiation as well as maintenance of McSCs. For example, the dermal papilla, 

located below the hair germ, constitutes a crucial niche component necessary for the 

initiation of HF regeneration and the size of the hair shaft itself. Additionally, it indirectly 

controls melanocyte regeneration, whose cycle is dependent on HF growth as well.  

Wnt signaling is important for melanocyte lineage commitment from neural crest 

derived pluripotent cells as well as differentiation. Wnt-dependent stabilization of β-

catenin in epithelial stem cells is necessary for Wnt activation in McSCs 67,101. The 

critical role of this pathway has been shown by inhibition of the canonical Wnt pathway 

by the use of Dkk1 which is highly expressed in palmoplantar region leading to inhibition 

of melanocyte differentiation and consequently, loss of pigmentation 102. Interestingly, 

members of the Wnt family are constitutively downregulated in the bulge region of HF 

48,103.  

Similarly, Transforming growth factor β (TGF-β) signaling has been shown to be 

critical for maintenance of immaturity and quiescence of McSCs through reversible cell 

cycle arrest and downregulation of major transcription factors like Mitf and Pax3 30,101. 

Previous findings published by Nishimura et al. showed the upregulation of the pathway 

upon entry into the dormant state. TGF-β signaling activation by the dermal papilla 

counteracts the BMP mediated suppression of McSC quiescence, leading to activation of 

HF stem cells during the HF transition from the resting (telogen) to proliferative (anagen) 

stage of the HF cycle suggesting the likely role of this pathway in fine-tuning McSC 
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activation as well as return to quiescence. Further information on this aspect of the role of 

TGF-β in McSCs is still lacking 30,101,104.  

The Notch signaling pathway is another pathway important for McSC regulation, 

whereby specific Delta and Jagged ligands activate the pathway leading to cleavage of 

the Notch intracellular domain (NID) and its translocation into the nucleus. In the 

nucleus, NID interacts with transcription factor RBP-J to activate transcription of 

downstream genes of Notch-dependent genes. Research has shown gradual and 

permanent loss of pigmentation in mouse models following targeted depletion of RBP-J 

with severe loss of Dct-expressing McSCs in the bulge region of HF 105.  

Another critical factor that is involved in McSC maintenance and differentiation 

is Microphthalmia-associated Transcription Factor (Mitf). Mitf directly controls and 

regulates many functions of melanocytes. These include fundamental processes such as 

melanocyte proliferation and survival during development, along with promotion of 

melanocyte differentiation through direct regulation of genes like Dct, Tyrp1, Tyr and 

Aim1 (Figure 1.7) 29,106,107. A member of the Myc supergene family, mutations in Mitf 

can cause various degrees of loss of pigmentation due to loss of melanocytes as well as 

other complications such as deafness and defects in osteoclast function 107. Moreover, it 

is believed that epithelial stem cells and their interaction with McSCs have a big role to 

play in the activation of this protein 101. Nuclear factor I/B, Col7a1, Sox10, wounding, 

UV irradiation, and radiation-induced double-stranded DNA breaks are other factors that 

have important roles in McSC maintenance and differentiation.  
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It is widely accepted that one of cell populations surviving catagen is the non-

pigmented, Dct-expressing McSCs. Using the transgenic mouse strain Dct-LacZ, three 

heterogeneous populations of melanocytes have been described during anagen: (a) the 

stem cells residing in the bulge, (b) a sub-population labeled as differentiating 

melanocytes in the ORS and (c) the mature pigmenting melanocytes in the HF bulb 11. It 

was previously thought that only the McSCs in the bulge survive the catagen phase and 

that during the later stages of the catagen, the transient SHG is repopulated by bulge stem 

cells 22. However, the sub-population of melanocytes in the ORS region considered to be 

differentiating melanocytes requires further examination. They present a peculiar group 

Figure 1.7 Major signaling of melanocyte biology targeting Mitf 

This master transcriptional factor that directly control melanocyte differentiation, 

proliferation, survival, maintenance and melanogenesis. (SCF: Stem cell factor; ET3: 

Endothelin 3; Ednrb: Endothelin receptor type B; MSH: Melanocyte stimulating 

hormone; Mc1r: Melanocortin receptor 1; CREB: cAMP response element-binding 

protein). CREB, Sox10 and Pax3 are transcription factors along with β-catenin (all shown 

in light green oval boxes) acting on the Mitf promoter to promote the expression of Mitf. 

They may work alongside Mitf to modulate melanocyte biology.  Adapted from Lin et al. 

and Hocker et al. 77,248 
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of non-pigmenting melanocyte lineage cells. While considered a transitional population 

in the process of terminal differentiation, these cells are located closer to the bulge than 

the bulb. Our preliminary results from cross-sections of late anagen HF show that 

majority of the fully grown anagen HF lack melanocytes except in the bulge, just below 

the bulge (in the sub-bulge ORS) and the HF bulb.  

Our previous research has shown the existence of two subsets of McSCs in 

murine HF that have distinct phenotypes and possibly distinct functional properties as 

well. These McSC subsets can be distinguished by their locations in the telogen HF, with 

the McSCs located at the bulge/lower permanent portion (LPP) expressing the membrane 

protein CD34 and McSCs in the secondary hair germ (SHG) negative for this marker. 

Unlike the permanent bulge region, the SHG is a transient HF region which disappears 

during HF anagen. The understanding of these melanocyte lineage cells is still limited, 

and we do not clearly know if this anatomically-defined subpopulation of cells follows 

the paradigm established through studies with HF epithelial stem cells. Given this, we 

recognize the need to define the physiological importance of SHG McSCs, their 

relationship to and differences between bulge McSCs, and the mechanisms maintaining 

the SHG melanocytes and McSCs over the course of continuous hair cycles. Similarly, 

our understanding of the “stemness” of McSCs within the SHG vis-à-vis bulge McSCs, 

and the nature of SHG McSC commitment to the melanocyte lineage needed to be 

addressed.   

Cells at the bulge region of the outer root sheath (ORS) express a range of 

different signaling molecules and growth factors distinct from those expressed by 

epidermal keratinocytes. Epidermal cells show induced expression of keratins 6 and 16, 
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markers normally expressed in ORS only during wound healing and epidermal 

regeneration, indicating a relationship between the HF and epidermis. Whether the 

CD34-expressing McSCs located at the bulge may participate in regeneration of specific 

components of the epidermis and HFs following tissue damage in a similar way is not yet 

known 64.  

Preliminary work was done in our lab with incompletely separated McSC subsets 

introduced into skin fragments obtained from embryonic or post-natal MitfMi-wh/Mi-wh mice 

engrafted onto nude mice. Homozygous for a dominant-negative mutation in the Mitf 

gene, MitfMi-wh/Mi-wh mice are white due to lack of melanocyte precursors. Despite both 

subsets of McSCs inducing pigmentation in the skin grafts, CD34- McSCs located at 

SHG regenerated pigmentation more efficiently than CD34+ McSCs from the bulge. 

Similarly, CD34- cells also have been shown to express comparatively higher level of 

melanocyte differentiation markers such as Tyr and Tyrp1 while CD34+ McSCs from the 

bulge express an array of markers related to neural crest cell lineages such as glial (Gfap), 

smooth muscle actin (Sma), and neuronal (Tuj1) cells. In vivo experimental results 

evaluating the potential for CD34+ and CD34- McSCs to form myelin, a property of the 

glial cell lineage, show that CD34+ McSCs exhibit a significantly higher potential to 

differentiate into this non-melanocytic lineage, suggesting that CD34+ McSCs may be 

less committed to melanocyte lineage than SHG based CD34- McSCs.  

1.7 Epigenetics of melanocytes 

 Epigenetic modifications, including DNA methylation, histone methylation, and 

histone acetylation play a very important role in the regulation of gene expression 

directly affecting development, proliferation, and differentiation in all types of cells 
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including melanocytes. With continuous stages of growth and regression during the HF 

cycle, melanocyte regeneration and McSC maintenance require tightly coordinated gene 

expression. While epigenetic modifications and mechanisms have been explored as 

therapeutic targets in melanoma, studies on this topic in terms of melanocytes and 

regulation of their heterogenous population is surprisingly limited. Most of the studies on 

epigenetics have focused on enhancer of zeste homolog 2 (EZH2) or EZH1, the 

enzymatic components of polycomb repressor complex 2 (PRC2) that mediate 

trimethylation of lysine 27 of histone 2B (H3K27me3)108. EZH2 promotes proliferation 

through heterochromatic DNA condensation and  gene repression, with direct and 

indirect silencing of cyclin-dependent kinase inhibitors like CDKN1A (p21) and 

CDKN2A (p16) enhancing continued cell division 109,110. Studies in HFs have shown that 

suppression of EZH2 or EZH1 can compensate the other and only loss of both molecules 

impairs HF cycling 108,111. Partial ablation of the  PRC2 component Aebp2 in mice also 

reveals loss of pigmentation in the tail and hindlimbs, a phenotype often seen with loss of 

other developmental genes of melanocytes like Sox10, suggesting an important role of 

the PRC2 complex in melanocyte development from neural crest 108,112. 

1.8 Melanocytic diseases 

Disruption of the normal development and functioning of melanocytes results 

disorders of pigmentation. These include both congenital and acquired conditions. One 

example of a congenital condition of hyperpigmentation is LEOPARD syndrome, 

characterized by extensive dark pigmented macules called lentigines. LEOPARD is an 

acronym standing for multiple Lentigines, Electrocardiographic conduction defects, 

Ocular hypertelorism, Pulmonary stenosis, Abnormalities of the genitalia, Retardation of 
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growth, and sensorineural Deafness 113,114. Thus, as the acronym suggests, the defect in 

melanin synthesis is one of many symptoms in the patients with this disorder. Mutations 

in protein-tyrosine phosphatase non-receptor type 11 (PTPN11) lead to aberrant mitogen-

activated protein kinase (MAPK) and Akt/ mammalian target of rapamycin (mTOR) 

pathway activity that are important for the proper development and function of many cell 

types including melanocytes 114,115. 

Acquired hyperpigmentation may result from multiple environmental factors or 

other stimuli such as  UV radiation, chemical induction and inflammation 116. One 

example of acquired hyperpigmentation is Addison’s disease, which is an autoimmune 

disease affecting function of the adrenal gland. The resultant loss of cortisol production 

removes inhibitory feedback, or negative regulation of α-MSH production and results in 

hyperpigmentation 117.  

On the other side of the spectrum are disorders of hypopigmentation. These 

include the congenital disorder of pigmentation Waardenburg syndrome mentioned 

earlier. Germline mutations in any of six different genes essential for melanocyte 

development can cause different forms of Waardenburg syndrome: PAX3, MITF, 

endothelin 3 (EDN3), endothelin receptor type B (EDNRB), SNAI2 and SOX10. Defects 

in the expression of these genes cause anomalies in proliferation, differentiation, 

migration and maintenance of melanocytes manifesting clinically by loss of pigmentation 

and related consequences 118.  

In terms of acquired hypopigmentation, the most well-known example is probably 

vitiligo. Vitiligo vulgaris or common vitiligo often manifest as loss of pigmentation of 

epidermis due to loss of melanocytes. While epidermal melanocytes account for the 
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majority of melanocytes that are destroyed, HF melanocytes may follow the same fate in 

severe cases.  The disease is categorized into focal, segmental or generalized groups with 

each having unique clinical representation and treatment. Multiple studies have 

demonstrated an autoimmune genetic predisposition to vitiligo with implicated genes 

playing roles in the immune system and inflammatory response. Genes including Nuclear 

localization leucine-rich-repeat protein 1 (NLRP1), CTLA4, CD44 and CCR6 have been 

implicated in the predisposition to vitiligo 116,119–121. Melanocyte targeting cytotoxic 

CD8+ T cells are often responsible for destruction of pigmenting melanocytes. Similarly, 

antibodies specific to melanocyte antigens have been reported in patients along with 

increased cytokines like TNF-α 116,121.  Interestingly, the McSCs in the HFs are largely 

spared from this autoimmune response and are actively being studied for their therapeutic 

implications 122. Ito et al. have attributed the survival of McSCs in vitiligo to the relative 

immune privilege of the bulge region, downregulated major histocompatibility complex 

(MHC) class I and local immune suppression 123.   

The most lethal disease of melanocytic origin is melanoma. Dysfunction of genes 

involved in melanocyte development and biology as well as neurogenesis are often 

involved. The most common signaling pathway involved is the MAPK pathway (Figure 

1.7) which includes kinases like the extracellular signal-regulated kinase (ERK) that are 

constitutively active 124.  The drivers of constitutive MAP kinase activation are often 

mutations in upstream MAP kinase pathway genes such as BRAF and NRAS. BRAFV600E 

is the most common mutation found in melanoma (up to 70% of total cases), followed by 

NRASQ61K and KITL576P 63,125,126. Aberrant expression of Mitf is also linked with 

melanoma formation. Studies show dysregulation of target genes by Mitf as well as the 
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lower expression of Mitf itself promote proliferation without differentiation. The somatic 

mutations in Mitf associated with melanoma are often different than the germline 

mutations responsible for the congenital disorder of pigmentation Waardenburg 

syndrome Type 2B 127.   

The progression of tumorigenesis often involves loss of function of the tumor 

suppressor gene CDKN2A, encoding the tumor suppressor p16INK4a 109,125. In addition, 

aberrations in  epigenetic mechanisms, such as DNA and histone methylation, that 

normally regulate melanocyte biology are also participate in the silencing of 

aforementioned tumor suppressor 109,128. EZH2 is one of the well-characterized epigenetic 

molecules that promotes proliferation in melanoma tumor cells through suppression of 

p21 (CDKN1A) 109. Better in-depth understanding of these genetic and epigenetic 

components and their roles in normal melanocyte is of paramount importance not only 

for targeted therapies but also for other treatment-related consequence including drug 

resistance.   

1.9 Systems to study follicular melanogenic cells 

1.9.1 Animal models  

For studying of melanocytes in their own microenvironment with their 

physiologic morphology and conditions, animal models are crucial. Many different 

species of animals have been used for the purpose including mice, rats, rabbits and 

monkeys. There are many aspects of HF structure and cycling shared between 

mammalian species. Mice have been primary animal model utilized for in vivo 

melanocyte research. The availability of standardized genetic backgrounds, such as 

C57BL/6 or C3H, has facilitated reproducible experiments on time-dependent HF 
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cycling. Development of transgenic mouse strains with melanocyte specific promoters 

driving expression of reporter genes has been useful to identify and track this disperse 

population of cells in the skin and HFs during development and adult stage. Also, in 

contrast to other mammals, the pigmentary melanocytes and their stem cells in these mice 

are located exclusively in HFs in the truncal region, with complete lack of epidermal 

melanocytes in most regions of the skin 4.  

The most well-known mouse model in melanocyte biology is the Dct-LacZ 

mouse. In this model, beta-galactosidase expression is driven by the melanocyte lineage- 

specific Dct promoter 129. Action of this enzyme colors melanogenic cells dark blue 

following X-gal staining. Several important biological discoveries were accomplished by 

the use of this animal model including the identification of McSCs as the slowly-

proliferating label retaining cells (LRCs) 38,130. However, Dct-LacZ mice lack inducibility 

of the reporter gene expression as well as a fluorescent reporter label which is important 

for live cell imaging and isolation and use of fluorescent based technologies for cellular 

marker co-localization. Taking this in account, attempted are made to engineer a mouse 

model with melanocyte specific fluorescent label, preferably inducible  131. For example, 

Mort et al. reported a transgenic mouse with tyrosinase promoter-driven Cre recombinase 

expressing YFP in melanocytes and their precursors. However, the expression pattern of 

this model did not match the Dct-LacZ model in terms of specificity and completeness of 

expression in all melanocyte lineage cells.  Another excellent model, with robust 

expression in both melanocytes and their precursor cells, is the inducible, Tet-on iDCT-

GFP transgenic mouse strain 131.  However, this strain requires the administration of 

tetracycline or its derivative doxycycline for induction of the reporter gene expression 
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and is most suited for research projects in terms of need for constant induction. To 

develop a murine melanocytic reporter, our lab engineered a Tet-off model Dct-H2BGFP 

mouse that we will discuss later.  

1.9.1.1 Limitations of mouse hair follicle model 

One of the biggest limitations of using animal models is their inherent biological 

variability. Even in mice or other mammals with well-established synchronous HF 

cycling, carefully controlling the duration and pattern of HF cycling during experiments 

is necessary to provide reproducible results. Humans, in contrast, lack synchrony of HF 

cycling. Hence, extending the results of animal studies to human HFs requires careful 

translation and validation. Similarly, while HFs in animal models, like human, also 

respond to hormonal stimulation, the type of response may not be the same  and the 

predictions may be misleading 132. However, animal models provide the most accurate 

approximation of the inner workings of human melanocyte and HF biology with the 

added advantage of ability of studying melanocyte function in a standardized and 

controlled tissue microenvironment that other models cannot replicate.  

1.9.2 Ex vivo and in vitro models 

Melanocytes and HFs are also studied ex vivo, using strategies of separating 

melanocytes and HFs from donor animals followed by their in vitro culture and/or 

analysis.  These cells/HFs can be subsequently transplanted into animals with deficient 

immune responses like nude mice. For in vitro studies, besides the use of immortalized 

melanogenic cell lines, individually grown HFs or whole skin cultures with HFs are 

increasingly used 4. These models are often used to validate work done in conjunction 

with in vivo models. 



33 
 

1.10 Scope of study 

Studies on the functional and molecular properties of McSCs not only can reveal 

the cause of various pigmentation-related disorders and diseases like vitiligo, but also 

possible treatment strategies for these conditions. With the same origin in the neural crest 

as neurons and glial cells in the peripheral nervous system (PNS), McSCs conceivably 

may have therapeutic potential beyond pigmentation, potentially useful for regeneration 

of neurons and their support structures. As the largest and most easily accessible organ, 

skin may represent an important source of stem cells for regenerative treatment of 

pigmentation disorders, neural trauma, and debilitating demyelinating diseases like 

multiple sclerosis. Moreover, since melanocytes are precursors of melanoma, studying 

melanocyte differentiation provides an avenue to acquire more insights into disease 

development and potential targets for treatment 133.  

Using Dct-LacZ mice, the laboratory of Dr. Nishimura showed that the McSCs in 

the lower permanent region of HF survive apoptosis in catagen stage to resume 

melanocyte generation in the subsequent anagen, or growth stage 130. Work done with 

epithelial stem cells of the HF also provides insights into possible relationships between 

different HF stem cell populations. Bulge epithelial cell depletion by depilation-induced 

HF injury showed recovery of bulge stem cells by cells from the SHG showing possible 

“dedifferentiation” of these presumably more committed progenitor cells to recover the 

lost stem cells 58. Based upon our current knowledge of McSCs, whether the two cell 

subpopulations of McSCs that we have identified are formed independently or exist in a 

developmental hierarchy is not yet clearly understood. Due to lack of appropriate animal 

models and reliable specific markers, the isolation of both subsets of McSCs in a viable 
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state for further studies has been challenging and limiting the progress in this field. Thus, 

to rectify these issues, we first characterized an innovative Dct-H2BGFP bitransgenic 

mouse by showing constitutive GFP expression in melanoblasts, McSCs, and mature 

melanocytes in both mixed and C57BL/6J background.  

Our lab has successfully optimized the technique for isolation of HF and dermal 

cells from the skin of Dct-H2BGFP bitransgenic mice that can be sorted to obtain viable 

McSC subpopulations, permitting their analysis in ex vivo assays in addition to RNA 

isolation for gene expression analysis.  Preliminary microarray data from bulge and SHG 

McSCs show that melanocyte differentiation markers like Tyr and Tyrp1 are highly 

expressed in CD34- McSCs from the SHG while CD34+ McSCs from the bulge express 

neural crest lineage related markers like Tuj1 (neuronal) and Gfap (glial). Besides these 

markers, RNA sequencing provides an unbiased, comprehensive and sensitive platform to 

compare gene expression between the two McSC subsets (Figure 1.8). Because of the 

role of cell membrane proteins as receptors and in cell-cell communication and adhesion, 

their identification gives us additional insight into the unique dependencies of McSCs in 

their respective niches. Similarly, assessing the expression of target genes of 

developmental signaling pathways whose role in McSC maintenance is less understood, 

such as Notch and Wnt, may help determine specific requirements for the maintenance of 

bulge and SHG McSCs.  

The results from RNA-seq also help inform more in depth and thorough in vitro 

and in vivo analysis of the regenerative potential of McSCs as well as the commitment to 

the melanocyte lineage of both bulge and SHG McSCs, important for identification of the 

precise subset of McSCs that have greater potential for treatment of pigmentation-related 
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disorders. These findings will validate the biological characteristics of the McSC subsets 

to complement the differential gene expression profile identified by RNA sequencing.  

 

Pool 1

P56 Dct-H2BGFP mouse

Multiple SortingCD34+ McSCs CD34- McSCs

Pool 2 Pool 3 Pool 1 Pool 2 Pool 3

Multiple RNA isolation & reprecipitation to obtain 10ng RNA /pool

Covaris S2 System: fragmented to average length of 500 bp

Ovation Ultralow Library System:  end repair, ligation and PCR 

amplification + addition of Illumina adapter sequence and indexes

Illumina HiSeq 2000 : sequencing

BWA or TopHat: Alignment of short reads to  the latest mouse reference genome  

Nugen Ovation RNA-Seq V2 system: linearly amplified cDNA

• Statistical analysis (p values, faslse discovery rate)

• Identify differentially expressed (DE) genes

• Gene set enricment analysis

• Validation of DE genes

• Integration of identified genes into biological pathways

Figure 1.8 Schematic figure for RNA-Seq of FACS isolated McSC subsets. 

The figure lists the procedural steps for RNA sequencing of CD34+ McSCs from bulge 

and CD34- McSCs from SHG of telogen HF followed by the analysis and validation of 

the raw data. The steps are performed in collaboration with Institute for Genome Sciences 

(IGS), University of Maryland, Baltimore MD.  
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Quiescence in stem cells promotes longevity in these cells 134, which in the case 

of McSCs, may be a strategy to maintain their availability for HF pigmentation over 

numerous HF cycles 30. Careful examination of states of proliferation or quiescence in 

CD34+ bulge and CD34- SHG McSC subsets may provide important information about 

how these cells both are differentially regulated and interrelated, possibly leading to 

additional clues about their function. The presence of a fluorescent label in melanocytic 

cells in our animal model gives us the invaluable advantage to identify McSCs and 

melanocytes in different stages of the HF cycle without additional manipulation. Many 

proliferation markers enable the identification of dividing cells at the time of analysis 

only. We employ the use of BrdU which, besides being quickly detectible and highly 

sensitive, provides the ability to track melanocyte and McSC proliferation during a 

complete stage of HF cycle. Creative use of our transgenic mice, by inducing GFP 

dilution in proliferating melanocytes by doxycycline administration in conjunction with 

BrdU labeling studies, can provide very useful insights not only to these fundamental 

relationships between McSC subsets, but also to the regulation of quiescence and 

proliferative properties in McSC subpopulations. 
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CHAPTER 2: Characterization of Dct-H2BGFP Bitransgenic Mouse 

Model for Study of Melanocyte Lineage Cells1 2 

2.1 Introduction 

Cutaneous melanocytes in mice reside exclusively in postnatal HFs, pigmenting 

the hair shaft 67. These melanocytes are derived from quiescent melanocyte stem cells 

(McSCs) that are activated during anagen. McSCs are derived from neural crest during 

embryogenesis and are an accessible model to study stem cell function and interaction 

63,100.  McSCs are key components of the HF stem cell system that are responsible for 

regeneration of pigmented HFs during successive cycles. 

From embryogenesis to subsequent HF cycles, diverse signaling pathways and the 

stem cell microenvironment are critical for the differentiation as well as maintenance of 

McSCs. Mice expressing reporter genes from the Dopachrome tautomerase (Dct) 

promoter have been exceedingly important for understanding both melanocyte 

development and McSCs. Dct-LacZ transgenic mice were used to visualize melanoblasts 

in vivo to study determinants of melanocyte development 129,135 and to characterize 

slowly proliferating label retaining cells (LRCs) identified as McSCs 130.  Development 

of inducible, Tet-on iDCT-GFP transgenic mice 131 represented an advance from Dct-

LacZ mice.  The histone 2B-conjugated GFP reporter (H2BGFP) is inducible and 

fluorescence enabled expression profiling of melanocytes following reporter gene 

induction after in vivo ultraviolet light exposure 136.  These mice require continued 

administration of doxycycline for reporter gene expression and are less optimal for 

identifying melanocytic LRCs where timed cessation of constitutive GFP expression is 

 
1 Tandukar, B., Unni, E., Hornyak, T. J. (Manuscript accepted) 
2 Joshi SS, Tandukar B, Castaneda M, et al. Gene Expr Patterns. 2018;27:76-84. 

doi:10.1016/j.gep.2017.10.003 
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most conducive. To address this gap, we developed Dct-H2BGFP mice. In these mice, 

the Tet-Off, Dct-tTA transgene has been “knocked into” the neutral Hprt locus on the X 

chromosome, providing melanocyte-specific expression of tTA. Separately, mice also 

harbor the TRE-H2BGFP transgene, generating a Tet-regulated, bitransgenic mouse that 

expresses nuclear-localized GFP expression and permits accurate identification of the 

McSCs and melanocytes in the murine HF through GFP expression 137. Using Dct-

H2BGFP mice, developed on a mixed genetic background, we characterized McSCs and 

identified two subsets of these stem cells in telogen with distinct functional and 

regenerative properties (Chapter 3) 43.  

Genetically-engineered mouse melanoma models have provided important 

insights into the genetic and environmental factors contributing to melanoma 

development 138,139. McSCs may contribute to melanoma in murine models 140,141, but the 

precise mechanism of this transformation and the relative contributions of different 

McSC subsets has not been well-defined. Developing mouse models of human tumors on 

a standardized genetic background, such as C57BL6/J (B6), can reduce biological 

variation thereby facilitating the definition of crucial phenotypic differences while 

comparing gene or environment effects. To advance the use of Dct-H2BGFP mice for 

studying melanoma and additional problems, we have also backcrossed Dct-H2BGFP 

mouse onto the B6 background and characterized the phenotype. The B6-Dct-H2BGFP 

share many characteristics of Dct-H2BGFP including separation into CD34+ and CD34- 

subsets, with the former cells demonstrating characteristics more consistent with neural 

crest stem cells and the latter a profile more consistent with a differentiated melanocyte. 

The new Dct-H2BGFP mice enable us to validate findings in a standardized background 
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only described using global RNA-Seq gene profiling (Chapter 2). The results presented 

are from mice with B6 background except Figure 2.4 c, e and Figure 2.5. 

2.2 Results 

2.2.1 Generation of Dct-H2BGFP bitransgenic mouse  

The Dct-H2BGFP bitransgenic mouse was generated by crossing Dct-tTA and 

TRE-H2BGFP 142 mice. The Dct-tTA transgenic line was prepared using homologous 

recombination of a Dct-tTA-SV40p(A) construct into the Hprt locus of the X 

chromosome. The expression of tTA under the control of the Dct promoter was predicted 

to transactivate TRE-H2BGFP expression exclusively in melanocytes (Figure 2.1) 

The Dct-H2BGFP bitransgenic mouse on a mixed genetic background 137 was 

backcrossed to the C57BL/6J (B6) strain by initially intercrossing mice hemizygous for 

the Dct-tTA and TRE-H2BGFP transgenes with C57BL/6J mice over eight generations 

using previously characterized Dct-H2BGFP mice in a mixed background and wildtype 

C57BL/6J mice from The Jackson Laboratory according to the scheme described (Figure 

2.2). This generated B6-Dct-H2BGFP mice, hemizygous for each transgene, that were 

subsequently intercrossed to produce mice homozygous for each transgene used for 

subsequent characterization and experimental work (Figure 2.3a). After nine generations 

of backcrossing, SNP Genome Scanning Analysis (The Jackson Laboratory) with 131 

SNPs was used to characterize the backcross. Results from 2 females (generation 8) and 2 

Figure 2.1 Generation of Dct-H2BGFP mice 

 Dct-tTA transgenic mice were crossed with TRE-H2BGFP mice to obtain Dct-H2BGFP 

bitransgenic mice, with potential for doxycycline-regulated GFP expression. 
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males (generation 7) confirmed over 95% C57BL/6J SNP representation (Table 2.1). 

Conservation of the ancestral FVB background was apparent on the X chromosome (6/7 

and 5/7 FVB SNPs from generation 8 females, 2/7 and 4/7 FVB SNPs from generation 7 

males), likely due to selection at the site of Dct-tTA targeted integration at the Hprt 

locus, residing between X chromosome SNPs 2 and 3 (data not shown).  Taken together, 

these results confirm successful generation of homozygous B6-Dct-H2BGFP bitransgenic 

mice.  

Figure 2.2 Scheme for generation of B6-Dct-H2BGFP mouse. 

The figure lists the steps for backcrossing previously characterized Dct-H2BGFP 

bitransgenic mouse from mixed background to B6 background over 9 background. 

(homozygous: Tg/Tg and hemizygous: Tg/0) 
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2.2.2 Identification of melanoblasts in Dct-H2BGFP embryo 

 The constitutive expression of GFP in the mouse grants the convenience of real 

time assessment of migration of neural crest derived melanoblasts during embryogenesis. 

Here in section, we present our observations in B6-Dct-H2BGFP identical to that of 

mixed background to show GFP expression in melanoblasts.  

Starting from E9 with initial expression observed around the eye, the migration of 

these distinct GFP expressing melanoblasts are observed migrating from neural crest in 

the dorsal region of E11.5 embryo of B6-Dct-H2BGFP mouse as previously 

characterized in other mouse models (Figure 2.3b). Cross-sections of embryos at E12.5 

show GFP expressing cells in pigmented RPE region of eye (Figure 2.3c, top inset) and 

optic nerve (Figure 2.3c, bottom inset) 143. We also observe high number of melanoblasts 

Table 2.1 SNP genome scanning analysis 

Analysis of Dct-H2BGFP mice with C57BL/6J background with 

B6J (C57BL/6J), FVB (FVB/NJ) and Het (heterozygous) controls 
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around the eye outside the RPE region which commit to the choroid, Harderian gland and 

the nasal region 129. Starting from around E10, melanoblasts migrate to surround the otic 

vesicle has been  the mentioned in earlier literature 129. Here, we show melanoblast 

localization in our animal model by GFP expression in the cross-section of the cochlear 

region (the magnified section of the image) (Figure 2.3d). The cross section shows 

distinct GFP+ cells around the developing ear. To study the melanoblast migration 

pattern from the neural tube, we observed the E12.5 embryo cross-section of truncal 

region. While the classical theory postulates dorsolateral migration of melanoblasts, more 

recent studies also suggest second late ventral migration of neural crest cells with 

association to nerves. The formation of this melanoblast subpopulation requires 

disassociation of these neural crest cells from nerves, pushing them towards melanocyte 

lineage. and actually, large portion of melanocytes are actually derived in such manner 

89,144. This late secondary migration of neural crest cells occur around E11 145. 

Observations of truncal sections support these reports as we identified GFP melanoblasts 

near ectoderm (Figure 2.3e, left inset) and adjacent to dorsal root ganglion as well 

(Figure 2.3e, right inset).  Additionally, we also observe previously reported atypical 

expression of GFP above notochord as an well-known artifact of TRE-H2BGFP 

transgene 146. However, GFP being expressed only in the melanogenic lineage cells in the 

context of skin has been extensively validated 131. Taken together, these results confirm 

identification of all the melanoblasts derived from the neural crest cells preceding 

follicular morphogenesis in a Dct-H2BGFP murine embryo by the constitutive GFP 

expression   
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Figure 2.3 Expression of Dct tTA Ki/ TRE-H2BGFP in C57BL/6J mice 

(a) Figure depicts PCR-based genotyping results for recombined Hprt locus with 

integrated Dct-tTA transgene (top), wildtype (WT) Hprt locus (middle), and TRE-

H2BGFP transgene (bottom) from bitransgenic homozygous (Tg/Tg) (left lanes 1,2), 

hemizygous (Tg/0) (lane 3) and C57BL/6J WT mice (lane 4). Mice homozygous for Dct-

tTA transgene show only mutated Hprt band while hemizygous mice have both mutant 

and wildtype Hprt bands. TRE-H2BGFP transgene band is observed in homozygous and 

hemizygous samples, with fainter signal in hemizygous sample consistent with single 

copy of transgene. DNA amplified from control C57BL/6J mice only shows wild-type 

band at Hprt locus. (For the representative image, 1 WT, 1 hemizygous and 2 

homozygous mice were used) (b) Fluorescence whole-mount image shows E11.5 B6-

Dct-H2BGFP embryo. (n= 7 embryos) Scale bars, 100µm. (c) Fluorescence (left panel) 

and merged brightfield-fluorescence (right panel) images show cross-section of the eye at 

E12.5 embryo with GFP-expressing melanoblasts in RPE region (top inset) and proximal 

to optic nerve (bottom inset). (n= 7 embryos) Scale bars, 250µm. (d) Fluorescence image 

(left panel) show cross-section of the ear at E12.5 with magnification of GFP-expressing 

cells at the otic vesicle (middle and right panels). (n= 32 cross-sections) Scale bars, 

250µm. (e) Transverse fluorescence image of truncal region at E12.5. Inset images 

magnifies GFP+ melanoblasts closer to the ectoderm (left) and dorsal root ganglion 

(right). (n=18 cross-sections) Scale bars, 500µm.  
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2.2.3 Transgene inducibility and identification of melanocyte LRCs 

GFP expression is driven by the tTA (Tet-Off) transactivator 147, which is 

negatively regulated by tetracycline and its derivatives. The rapid proliferation of HF 

melanocytes during first anagen 148 represents an opportunity to assess the inducibility of 

Tet-off system (data shown in B6-Dct-H2BGFP mice).  Dox was administered to mice 

from pre-anagen (P19) to late anagen (P30). Fluorescence images of cross-sections of 

P30 anagen hair follicles from Dox-treated mice show loss of GFP expression in the 

mature melanocytes in HF bulb of Dox-treated mice compared to untreated control mice 

(Figure 2.4a, b). These results mirror the Dox-induced GFP suppression observed in 

mixed background Dct-H2BGFP mice (data not shown)  137. Additionally, administration 

of doxycycline to pregnant dams suppressed the expression of GFP through P8 (Figure 

2.5). We then determined whether the system could facilitate detecting, in the telogen 

HF, quiescent melanocyte LRCs, as defined by cells retaining a BrdU label administered 

during anagen followed by an extensive chase period 130. GFP alone was sufficient to 

reveal quiescent keratinocyte LRCs in a previous study 142. The result of this experiment 

(Figure 2.4c, d) showed co-localization of a retained BrdU label with GFP expression in 

P56 telogen HFs, indicating the potential for the mouse model to reveal quiescent 

McSCs. The percentage of GFP-expressing cells that have retained BrdU in the bulge and 

SHG regions was quantified in P56 HFs. Quantification showed that 57(+2)% and 

19(+10)% of GFP cells co-expressed a BrdU label, respectively, in the SHG and bulge 

regions of the HFs (Figure 2.4e), a significant difference (p < 0.021). This result shows 

not only that a significant fraction of GFP-expressing melanocytes is BrdU LRCs, but 

also suggests that there could be differences between the bulge- and SHG-resident HF 

melanocytes in telogen that reflect functional differences between them.  

https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/topics/neuroscience/tetracycline
https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/science/article/pii/S1567133X17301047?via%3Dihub#fig3
https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/science/article/pii/S1567133X17301047?via%3Dihub#fig3
https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/science/article/pii/S1567133X17301047?via%3Dihub#fig3
https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/topics/biochemistry-genetics-and-molecular-biology/keratinocyte
https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/science/article/pii/S1567133X17301047?via%3Dihub#fig3
https://www-sciencedirect-com.proxy-hs.researchport.umd.edu/science/article/pii/S1567133X17301047?via%3Dihub#fig3
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Figure 2.4 Doxycycline induced ablation of GFP expression and identifying LRCs. 

(a) Immunofluorescence images in the top row depict Dct-expressing melanocytes in HF 

bulb of P30 mice with nuclear GFP expression without doxycycline treatment (Dox-). 

(b) In contrast, immunofluorescence images in the bottom row show no nuclear GFP 

expression in Dct-expressing melanocytes from HF bulb of P30 mouse after P19 to P30 

doxycycline treatment (Dox+). (d) Schematic for BrdU chase experiment: Three Dct-

H2BGFP mice were intraperitoneally injected with BrdU solution every 12 h from P21 

to P30 during HF anagen. One control mouse was similarly treated with vehicle only. 

The mice were euthanized at P56, during telogen HF, followed by preparation of 

cryosections from the dorsal skins and were screened for the co-localization of BrdU-

LRCs with GFP-expressing McSCs. (c) GFP-expressing cells and anti-BrdU 

immunofluorescence staining in P56 dorsal skin HF. Arrow depicts co-localization of 

SHG (top panel) and bulge (middle panel) GFP-expressing cell with BrdU stain in BrdU 

injected Dct-H2BGFP mouse telogen HF. Bottom panel shows lack of BrdU stain in 

vehicle injected Dct-H2BGFP mouse. (e) Quantification of co-localization of BrdU-

LRCs with SHG and bulge GFP-expressing McSCs relative to total GFP-expressing cells 

of telogen HF. Data is an average of three independent experiments. (*P Value < 0.05). 
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Figure 2.5 Loss of GFP expression in HF melanocytes following follicular 

morphogenesis 

Images in the first row show loss of GFP expression in HFs after E0-P8 DOX 

treatment. Images in second row depict magnified HF bulb without any GFP 

expression from DOX treated mice. The third and fourth row images show complete 

HFs and magnified HF bulb with normal nuclear GFP expression in melanocytes of P8 

Dct-H2BGFP mouse without DOX treatment. The arrows indicate the location of 

mature melanocytes in HF bulb. 
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2.2.4 Localization of GFP-expressing cells in adult Dct-H2BGFP and B6-Dct-

H2BGFP mice murine HF 

All Follicular melanocytes and McSCs reside in the outer root sheath (ORS) of 

the HF with the exception of the differentiated melanocytes present in the matrix of the 

HF bulb during anagen 149. During telogen, McSCs reside in the bulge and secondary hair 

germ (SHG) 43,137, HF structures that previously have been identified as the site of 

epithelial stem cells  38,58. The bulge and SHG can be identified by their expression of 

CD34 and P-cadherin (Cdh3) respectively 44,54. McSCs in the bulge and SHG express 

CD34 and Cdh3 respectively 43.  Using fluorescence microscopy, we find that GFP-

expressing cells in the HF bulge region colocalize with CD34 in the HF bulge during 

anagen at P30 (Figure 2.6a) and telogen at P56 (Figure 2.6b) (data presented in mice 

with B6 background). Consistent with what we described in a mixed genetic background 

model (data not shown) 137,148, we also observed GFP-expressing melanocytes in the 

CD34- subbulge and bulb region of P30 anagen HFs as well as the CD34- SHG region in 

telogen (Figure 2.6a). Similarly, Cdh3 co-localizes selectively with GFP-expressing 

SHG McSCs of telogen HFs at P56 (Figure 2.7b). However, its expression is less 

specific and not restricted to the melanocytes of the transient portion (subbulge and bulb) 

of the anagen HFs, with over half of the melanocytes from the bulge expressing Cdh3 

(Figure 2.7a and Figure 2.8). 
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Figure 2.6 Expression of HF region specific surface marker CD34 in melanocytes 

(a) Immunofluorescent image of CD34 expression by melanocytes and melanocyte 

stem cells in bulge region of HF at P30. The top panels show CD34 expression outer 

root sheath of anagen hair follicle with right inset image showing CD34+ GFP+ 

melanocytes in bulge region of melanocytes at P30 and the left inset image showing 

CD34- GFP+ melanocytes in sub-bulge region of anagen HF. Scale bars, 100µm. The 

bottom panels show CD34-GFP+ differentiated melanocytes in HF bulb. Scale bars, 

75µm. (b) Immunofluorescent image of CD34 expression in melanocyte stem cells at 

P56. The images show CD34+ McSCs at the bulge region (right inset image) and 

CD34- McSCs at the secondary hair germ (SHG) region (left inset image) in telogen 

HF at P56. Scale bars, 75µm. 
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Figure 2.7 Expression of HF region specific surface markers Cdh3 in melanocytes. 

(c) Expression of p-cadherin (Cdh3) in melanocytes of anagen HFs. The image show 

lack of expression by GFP+ melanocytes in ORS (right inset image) and HF bulb (left 

inset image) region of anagen HF at P30. Scale bars, 250µm. (d) Cdh3 expression 

during telogen by McSCs. The immunofluorescence images show Cdh3- GFP+ McSCs 

in bulge (left inset images) and Cdh3+GFP + McSCs in SHG (right inset images) region 

of telogen HF at P56. Scale bars, 50µm. 
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Figure 2.8 Quantifying Cdh3 expression during anagen 

(a) Expression of Cdh3 in anagen HF melanocytes. The top panels show Cdh3 expression 

in ORS region with Cdh3-GFP+ melanocytes (right inset) and Cdh3+GFP+ melanocytes 

(left inset). The bottom panels depict Cdh3 expression in HF bulb with Cdh3+GFP+ 

melanocytes (inset). The images are taken using Nikon W-1spinning disk confocal 

microscope and processed using Nikon NIS-Elements software. (Scale bars, 50µm. (b) 

The Figure shows the quantification of Cdh3 expressing melanocytes in the bulge, sub-

bulge and bulb region of the anagen HF at P30. (n=25 HFs from 3 mice were counted 

with cell counts are listed in table S3).  ****P < 0.0001 (one-way ANOVA) and 

****P < 0.0001 Bulge vs Sub-bulge cells; ****P < 0.0001 Bulge vs Bulb cells; P > 0.05 

(not significant) Sub-bulge vs Bulb (Tukey’s post-hoc test)  
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2.2.5 Stem cell marker expression in adult Dct-H2bGFP and B6-Dct-H2BGFP mice 

Kit, the receptor tyrosine kinase necessary for proliferation of melanoblasts 

during embryogenesis and maintenance of McSCs 129,150,151, has been used previously as 

a McSC marker 11,152,153.  In anagen HFs, Kit was expressed more robustly in 

melanocytes from the bulge (Figure 2.9a, top panels, left inset) and subbulge (Figure 

2.9a, top panels, right inset) region compared to mature melanocytes of the HF bulb 

(Figure 2.9a, bottom panels) (data presented here is in B6-Dct-H2BGFP mouse). In 

telogen HFs, all the GFP+ McSCs expressed Kit, with higher expression observed in the 

SHG region (Figure 2.9b). This result is consistent with the gene expression results, not 

previously validated in vivo, from our findings with Dct-H2BGFP mice showing a higher 

expression of Kit in CD34-/SHG McSCs compared to CD34+/bulge cells (Chapter 3) 43. 

In addition, expression of the nerve growth factor receptor Ngfr/p75NTR, a marker for 

neural crest stem cells 134,154 which is also expressed in the HF bulge 155, was examined.  

At P30, bulge HF GFP-expressing cells co-express Ngfr/p75NTR, although melanocytes 

immediately below the bulge do not express this marker (Figure 2.10a). In telogen at 

P56, only bulge McSCs express detectable Ngfr/p75NTR (Figure 2.10b). Selective 

expression of Ngfr/p75NTR by bulge McSCs is consistent with higher relative expression 

of Ngfr in CD34+ bulge McSCs compared to CD34- SHG McSCs (Chapter 3) 43.   We 

observed similar expression pattern of stem cell markers in both B6 and mixed strain Dct-

H2BGFP mouse. 
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Figure 2.9 Expression of stem cell marker- Kit in McSCs and melanocytes 

(a) Immunofluorescence image show Kit expression in bulge melanocytes (top panels, 

left inset), sub-bulge melanocytes (top panels, right inset) and lack of Kit expression in 

bulb melanocytes (bottom panels) of anagen HFs at P30. Scale bars, 75µm. (b) Images 

show Kit expression in telogen in bulge McSCs (right inset) and SHG McSCs (left inset) 

of telogen HFs at P56. Scale bars, 75µm. 
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Figure 2.10 Expression of stem cell markers-P75 in McSCs and melanocytes  

(c) Immunofluorescence images of Ngfr (P75) expression during anagen showing 

expression in bulge melanocytes (top panels, right inset) and lack of expression in 

melanocytes of sub-bulge region (top panels, left inset) and bulb region (bottom panels). 

Scale bars, 100µm. (d) Immunofluorescence images show P75 expression only in bulge 

(right inset) and not in SHG McSCs (left inset) during telogen. Scale bars, 50µm. 
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2.2.6 Melanocyte differentiation marker expression in adult Dct-H2BGFP and B6-

Dct-H2BGFP mice 

 Similar murine transgenic models 131,137 have described enhanced expression of 

the melanogenic enzyme proteins Dct, Tyr and Tyrp1 in the differentiated melanocytes of 

the HF bulb during anagen. Higher expression of these proteins correlates with 

melanocyte differentiation during anagen 11. Dct, Tyr, and Tyrp1 were highly expressed 

in GFP+ melanocytes in the bulb of anagen HFs ((Figure 2.11a, 2.11b and 2.11c, bottom 

panels), reconfirming very specific expression of GFP in melanocyte lineage cells only. 

In contrast, Tyr and Tyrp1 showed low or no detectable expression in melanocytes and 

McSCs in the bulge and subbulge regions of anagen HFs (Figure 2.11b and Figure 

2.11c, top panels) and telogen HFs (Figure 2.11e and Figure 2.11f). Dct was also 

expressed at a low level in the sub-bulge region outside the bulb in anagen (Figure 2.11a, 

top panels) and in the bulge and SHG of telogen HFs (Figure 2.11d), consistent with its 

expression in both McSCs 43,130,137 and differentiated melanocytes 11,156. (data presented 

are from B6-Dct-H2BGFP mouse). 
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Figure 2.11 Expression of melanogenic markers in melanocytes and McSCs  

Immunofluorescence of Dct (a), Tyr (b) and Tyrp1 (c) in ORS (top row) and HF bulb 

(bottom row) showing low level of Dct expression in bulge and sub-bulge (top panels; 

Scale bars, 100µm) and relatively high expression in HF bulb (bottom panels; Scale bars, 

75µm). McSCs in bulge and SHG show low expression of Dct (d), Tyr (e) and Tyrp1 (f) 

at P56 in telogen HF. Scale bars, 75µm (d), 50 µm (e) and 100 µm (f). 
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2.2.7 Ex vivo study of melanocytes using Dct-H2BGFP mouse 

Constitutive GFP expression in our bitransgenic mice allows isolation of 

melanocytes and McSCs by fluorescence-activated cell sorting (FACS) to evaluate their 

molecular properties and ex vivo assay. The ability to perform flow cytometry is 

complemented by preparation of viable single cell suspensions from shaven, dorsal skin 

during both anagen and telogen. Based on the harshness of treatment to break down the 

skin, the total viable cell in the parent population can vary greatly especially between 

different HF stages. For example, anagen requires more rigorous treatment and 

consequently shows lower numbers of viable cells in parent single cell suspension 

(Figure 2.12) compared to telogen skin (data not shown).  Moreover, the percentage 

yield of live cells comprising these populations also differed greatly dependent on the 

stage of the HF cycle. For example, the total yield of GFP+ cells can range from 0.03% 

of dermal suspension from anagen skin (P30) (Figure 2.12) to around 1% during telogen 

(data not shown). The total yield is comparable in both mixed and B6 background as well 

as with previous findings with iDct-GFP mice.  

Confirming the possibility of melanocyte FACS isolation enables us to look at the 

heterogeneity in melanocyte and McSC population. This can be achieved when GFP is 

used in conjunction with other specific surface markers identifying different regions of 

HF like CD34 (for bulge during anagen and telogen) and Cdh3 (for SHG during telogen. 

Further separation of melanocytes and McSCs subpopulations permit comparative in 

vitro culture studies as well as RNA isolation for relative gene expression analysis. The 

application of our animal model to study subsets of McSCs is explored further in the 

subsequent chapters.  
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Figure 2.12 Gating scheme to isolate melanocytes (GFP+) by FACS.  

The figures show sequential gating (left to right) by scatter, then of singlets based on   

forward scatter (FSC), 7AAD-GFP+ and 7AAD-GFP- cells were sorted with BD FACS 

Aria1 in 1.0 drop purity mode at a rate of 2400 cells per seconds. The table shows the 

7AAD-GFP+ (pos) sorted cell percentage with respect to parent and total cells. 7AAD is 

the staining dye used to identify dead cells. 
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2.3 Discussion 

Here we generated and characterized Dct-H2BGFP mice which constitutively 

express GFP exclusively in melanocytes. Dct-H2BGFP mice are Tet-off, bitransgenic 

mice comprising both Dct-tTA and TRE-H2BGFP transgenes. Characterization of Dct-

H2BGFP mice confirmed a pattern of GFP expression in melanoblasts, McSCs, and 

terminally differentiated melanocytes similar to the expression pattern of previously 

published mouse models Dct-LacZ 129,130,135 and iDct-GFP 131. Dct-H2BGFP mice not 

only are useful for the in vivo identification of melanocytic cells, but also may be useful 

for isolating them viably and studying their molecular and biological properties. 

Doxycycline administration to Dct-H2BGFP mice inhibits constitutive GFP 

expression in melanocytic cells. This system is similar to the K5-tetVP16/TRE-H2BGFP 

Tet-off mouse model system used to visualize, identify and isolate quiescent keratinocyte 

HF stem cells 142. In this chapter, we have shown that melanocyte LRCs in telogen, 

identified by the classical method of extended BrdU administration during anagen 38,130, 

also express GFP, demonstrating that GFP can be used to identify melanocyte LRCs. 

Additional work will be required to determine whether LRCs can be identified after 

doxycycline-dependent suppression of GFP expression during anagen 142 and whether 

there is overlap between any population of GFP LRCs and the population of McSCs 

defined by BrdU retention. In addition, Dct-H2BGFP mice may complement existing 

mouse models for probing mechanisms underlying initiation and progression of 

melanoma. iDct-GFP mice, a Tet-On bitransgenic model, were utilized to identify 

interferon-γ as a key regulator in ultraviolet radiation-induced melanomagenesis 136. In 

contrast to iDct-GFP mice, Dct-H2BGFP mice do not require administration of 
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doxycycline for expression of GFP in melanocytic cells, advantageous for certain studies. 

Ectopic expression of GFP was reported in a previous mouse model in which GFP 

expression was driven directly by the Dct promoter 140. The absence of ectopic transgene 

expression with Dct-H2BGFP mice may be due to the combination of precise integration 

and copy number of the Dct-tTA transgene construct, homologously recombined at the 

neutral murine X chromosome Hprt locus 157,158, and control of TRE-H2BGFP expression 

level resulting from its activation by the tTA tetracycline-regulated transactivator and not 

by randomly-inserted Dct promoters directly (data not shown). 

Another Dct-driven transgenic model was used to identify McSCs in the early 

post-natal HF mice for characterization by co-localization with putative McSC markers 

and for single-cell gene expression profiling. In this model, Dcttm1(Cre)Bee mice were 

used to recombine the CAG-CAT-EGFP transgene 159 to result in durable expression of 

EGFP in cells expressing or which had expressed Dct 160. The analysis was performed in 

early post-natal life (P6) soon after entry of McSCs into the LPP niche and during the 

anagen phase associated with follicular morphogenesis. This approach has the potential to 

drive expression of a GFP reporter not only in cells actively transcribing Dct, but also in 

cells that previously had expressed Dct at a sufficiently high level to activate the Dct-Cre 

transgene to trigger a recombination event, but no longer express Dct. Our model does 

not necessarily have this capability. Although the TRE-H2BGFP reporter used in our 

system is a stable protein which has been used to identify and isolate quiescent, label-

retaining cells (LRCs) weeks after active transcription is suppressed 160, it is not likely 

that this property extends indefinitely. However, the Dct-Cre; CAG-CAT-EGFP 

transgene only demonstrated a recombination efficiency of approximately 50%; hence, it 
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is likely that the model we have described captures most or all of the melanocyte and 

McSC population, in contrast to the recombination model 160. Although clearly useful for 

the localization and characterization of P6 McSCs, the recombination ultimately may be 

most suitable for lineage tracing to analyze the cellular fate of McSCs and differentiated 

melanocytic progeny. Our model may reveal melanocytes and McSCs most robustly, 

while providing certain capabilities to identify quiescent McSCs after Dct transgene 

expression has been extinguished by a tetracycline derivative. 

Our results confirm that the expression pattern of the Dct-H2BGFP transgene in 

McSCs and differentiated melanocytes is conserved following transition of the 

bitransgenic mouse to the B6 inbred strain. We have analyzed the McSC distribution 

between distinct HF components during anagen and telogen using established markers of 

bulge and SHG regions as well as melanocytes and McSCs. Introduction of the strain to 

this inbred background should be useful for future studies in murine melanoma models 

and other genetically engineered backgrounds where careful control of the genetic 

background is required to minimize variation. 

It is also interesting to note the expansion of the zone of Cdh3 expression, 

normally tightly restricted to the HF SHG during telogen, to the bulge, sub-bulge, and 

bulb during anagen. This expansion stands in contrast with the tight restriction of CD34 

expression in the bulge that is maintained in anagen. Cdh3/P-cadherin is a cell adhesion 

protein that can promote intercellular interactions both homotypically and 

heterotypically. It is intriguing to speculate that its expression in cells of the elongating 

HF following anagen onset is important for the migration of differentiating and 

proliferating melanocytes to their terminal location in the bulb. 
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2.4 Methods and Materials 

2.4.1 Generation of Dct-H2BGFP bitransgenic mouse model 

All experiments were performed in accordance with an approved animal care 

protocol under the University of Maryland School of Medicine. Dct-H2BGFP mice were 

generated by intercrossing Dct-tTA and TRE-H2BGFP mice (gift of E. Fuchs) to the 

homozygous state. Dct-tTA mice were generated commercially by genOway (Lyon, 

France) by homologous recombination of a SpeI-PvuI fragment from the vector Dct-tTA-

SV40p(A) into the Hprt locus on the X chromosome of 129O1a (E14) ES cells. 

Following blastocyst injection, 3 highly chimeric males were selected from 2 different ES 

cell clones. 2 males from a single ES clone yielded agouti pups at 50% frequency when 

crossed with B6 females to indicate germline transmission. Southern blotting confirmed 

the presence of the recombined allele in the female F1 progeny. Female progeny was 

crossed with B6 males to generate F2 Dct-tTA progeny, which were subsequently 

crossed with TRE-H2BGFP transgenic mice to generate bitransgenic Dct-H2BGFP 

progeny. Dct-H2BGFP mice were then intercrossed to generate double homozygous 

females or males hemizygous for the Dct-tTA gene and homozygous for TRE-H2BGFP. 

2.4.2 Backcrossing Dct-H2BGFP mouse into B6 background 

The previously described Dct-H2BGFP mouse was generated by crossing mice harboring 

the Dct-tTA (Hprttm1[Dct-tTA-SV40p(A)]Hyk) and the TRE-H2BGFP (Tg[tetO-

HIST1H2BJ/GFP]47Efu) transgenes 137. The progeny with Dct-tTA transgene had 

129P2/O1AHsd (from E14 embryonic cell line), C57BL/6 (B6) and FVB/NJ background. 

In contrast, the background of TRE-H2BGFP mouse is not clear with CD-1, the only 

known origin strain 142. To address the lack of strain specificity, Dct-H2BGFP mice were 
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backcrossed into the B6 strain (The Jackson Laboratories) for 9 generations (Figure 2.2) 

to generate B6.Cg- Hprttm1[Dct-tTA-SV40p(A)]Hyk Tg[tetO-HIST1H2BJ/GFP]47Efu mice addressed as B6-

Dct-H2BGFP mice. Transgene detection (Dct tTA,TRE-H2BGFP) was by PCR using 

Jumpstart REDTaq PCR system (Sigma-Aldrich).  The primers used are as follows: 

Dct tTAKi (HPRT Recombined locus):  

Forward 5′- GCT TGC AGG ATC ATA ATC AGC CAT ACC -3′ 

Reverse 5′- GCC GAC TTC GAG TTT GAG CAG ATG T -3′ 

Hprt wildtype locus:  

Forward 5′- TGT CCT TAG AAA ACA CAT ATC CAG GGT TTA GG -3′ 

Reverse 5′- CTG GCT TAA AGA CAA CAT CTG GGA GAA AAA -3′ 

TRE-H2BGFP:  

Forward 5′- GCC ACA AGT TCA GCG TGT CC-3′ 

Reverse 5′- GAT GCC CTT CAG CTC GAT GC-3′ 

2.4.3 SNP Genome Scanning Analysis 

The analysis was performed by SNP scanning services at Jackson laboratory to 

confirm that our bitransgenic mice with Dct tTAKi and TRE-H2BGFP to be of B6 

background.  

2.4.4 Doxycycline induced ablation of GFP 

 To suppress H2BGFP expression during first anagen, P19 Dct-H2BGFP mice (n 

= 3) were provided 2 g/l doxycycline (doxycycline hyclate, Sigma) dissolved in drinking 

water for 11 days. The doxycycline containing water was changed every 24–48 h. 
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Control groups received regular water only. The mice were euthanized at P30. Dorsal 

skins were removed from the mice and embedded in Oct compound (Tissue-Tek) to 

prepare 10 μm cryosections. The tissue was fixed with 4% paraformaldehyde for 10 min 

followed by a 1 h incubation in blocking solution containing 10% FBS, 1% BSA and 

0.1% Triton-X. The sections were probed with Dct (1:200, α-PEP8, rabbit polyclonal 

antibody, a gift from Dr. Vincent Hearing, NIH) followed by Cy3 conjugated secondary 

antibody (1:1000, Jackson laboratories). DMi8 Leica fluorescence microscope was used 

to take the immunofluorescence images. 

To suppress GFP expression during embryogenesis and follicular morphogenesis, 

Dct-H2BGFP mice were arranged in breeding trios and immediately given doxycycline 

(doxycycline hyclate, Sigma) at the dose of 2 g/L dissolved in drinking water. The 

doxycycline containing water was changed every 24–48 hours. Doxycycline was 

continued until the dams gave birth to pups and the pups were 8 day old. Control group 

received regular water only. The Dct-H2BGFP pups were euthanized at P8. Dorsal skins 

were removed from the mice and embedded, fixed, and mounted as described above.  

2.4.5 Immunofluorescence of skin samples 

The skin samples from Dct-H2BGFP mice during embryogenesis (E11.5 and 

E12.5), late anagen (P30, +/- DOX) and telogen (P56) were embedded in OCT compound 

(Tissue-Tek) for cryosections. 10µm thick sections were prepared using Leica cryostat. 

The samples were fixed by 4% paraformaldehyde (15 minutes). This was followed by 

permeabilization and blocking using 10% FBS, 1% BSA and 0.1% Triton-X (1 hour). 

The samples are then incubated overnight in primary antibodies for Dct (1:200, clone α-

PEP8, rabbit polyclonal antibody, a gift from Dr. Vincent Hearing, NIH), CD34 (1:200, 
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rat monoclonal antibody, clone Ram34, BD Biosciences), P-Cadherin (goat polyclonal 

antibody, R & D Systems), c-kit (1:200, rat monoclonal antibody, clone ACK4, 

Cedarlane), P75NTR (1:200, rabbit monoclonal antibody, clone D4B3, cell signaling), 

Tyrp1 (1:200, clone αPEP1, rabbit polyclonal antibody, a gift from Dr. Vincent Hearing, 

NIH) and Tyr (1:200, clone αPEP7, rabbit polyclonal antibody, a gift from Dr. Vincent 

Hearing, NIH). The protein signal was detected using either anti-rat or anti-rabbit cy3 

conjugated secondary antibody (60 minutes incubation) (Jackson ImmunoResearch). 

Mounting solution with DAPI (Vector laboratories) was used to mount the section 

covered over by coverslip.  

2.4.6 Administration of BrdU to reveal label retaining cells (LRCs) 

To generate BrdU-LRCs for co-localizing with Dct-H2BGFP-expressing McSCs, 

3 Dct-H2BGFP transgenic mice were injected intraperitoneally with a 10 mM solution of 

BrdU (Molecular Probes), with final volume calculated with drug to body weight ratio of 

50 μg/g, twice a day from P21 to P30. One Dct-H2BGFP mouse was treated similarly 

with vehicle only. The mice were euthanized at P56 followed by preparation of 

cryosections from dorsal skins (Figure 2.4). 

2.4.7 Isolation of McSC sub population from mouse skin 

Dct-H2BGFP (B6 background) mice were euthanized during anagen (P30). The 

skin of the mice was immediately extracted, and the subcutaneous fat was scrapped. 0.5% 

trypsin (Affymetrix) was used to trypsinize the skin for 15 minutes at 37°C. The skin was 

chopped into small pieces and dissociated into single cells by incubation in thermolysin 

low Liberase (Roche) for 45 to 60 minutes incubation at 37°C. The solution was treated 

with 0.05% DNase (Sigma) and 5% FBS. The clumps were broken down into cell 
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suspension by repeatedly passing through 60ml syringe. Impurities and particulates were 

filtered out using 100 µm and then 40 µm cell strainers (Fisher scientific).  The cells were 

suspended in 5% FBS. After 3-4 PBS washes, the cells were suspended in 1% FBS and 

7AAD dye was added to distinguish live and dead cells. Viable bulge/CD34+ McSCs and 

SHG/CD34- McSCs were isolated using BD FACS Aria1 cell sorter (Becton-Dickenson) 

on a 100 μm nozzle at 20 psi low sheath pressure. The unstained skin cells from wildtype 

and transgenic mice, 7AAD only treated cells and CD34 only treated cells were used as 

controls. The GFP+ melanocytes were collected in 5% FBS.  

2.4.8 Microscopy 

The immunofluorescence images were taken using DMi8 Leica fluorescence 

microscope. The whole embryo image was taken using Leica stereo microscope. The 

images were processed using Leica Application Suite X software. 

The Quantification data from qPCR and immunofluorescence were analyzed 

using Graphpad Prism 7.0a.  The significance while comparing two data set were 

accomplished by unpaired, 2 tailed Student’s t-test, multiple data set by one-way 

ANOVA followed by Tukey’s post-hoc test. The confidence level is set at 95% and the 

results are presented as mean ±standard error of mean (SEM). 
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CHAPTER 3: CD34 defines melanocyte stem cell subpopulations with 

distinct regenerative properties1 2 

3.1 Introduction 

Neural crest-derived melanocyte stem cells (McSCs) are responsible for 

producing differentiated melanocytes during each hair follicle (HF) cycle. During 

embryogenesis, neural crest cells emerging from neural tube generate melanoblasts which 

migrate to specific destinations including eye, epidermis and developing HF where they 

continue to proliferate and produce pigment-producing melanocytes in early postnatal 

life. In growing HFs, McSCs are distinguished from hair matrix melanocytes by their 

location in the outer root sheath (ORS) of the bulge/ lower permanent portion (LPP) and 

by distinct molecular signatures, including the expression of Dct and Pax3, but low 

Sox10 160. In resting HFs, McSCs are identified based on their quiescence properties, 

expression of Dct, and by their localization within HF bulge/LPP and a region previously 

described as the subbulge region 130. 

The HF is a skin appendage composed of epithelial cells, follicular cells, 

mesenchymal cells and pigment-producing melanocytes. During each cyclic expansion 

and regression, the mammalian HF proceeds through three distinct phases, anagen 

(growth phase), catagen, (regression phase), and telogen, (a follicular resting phase) 3,46. 

The cycle is initiated for follicular expansion when HF stem cells (HFSCs) in the hair 

germ of telogen HFs are activated by factors including noggin (NOG), FGF-7, FGF-10 

and TGF-β2 secreted from dermal papillae 59,104. In the newly-initiated cycle, McSCs 

 
1 Joshi SS, Tandukar B, Pan L, et al. PLoS Genet. 2019;15(4):e1008034. Published 2019 Apr 24. 

doi:10.1371/journal.pgen.1008034 
2 Tandukar, B., Unni, E., T. J. (Manuscript accepted) 
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become activated by a Wnt signal from HFSCs in the surrounding vicinity to generate 

proliferating, committed melanocyte progenitors 67. During fully-developed anagen, 

terminally differentiated melanocytes reside in the inner core of the hair matrix, where 

they produce and transfer melanin to the surrounding hair cells. During catagen, 

melanocytes degenerate along with the rest of the matrix and lower ORS 161 and the HF 

returns to the resting phase. The quiescent state of telogen HFSCs is maintained by 

factors including BMP6 and FGF-18 from inner bulge cells 162, BMP4 from dermal 

fibroblasts and BMP2 from subcutaneous adipocytes 13.  In telogen, the lower HF 

component consists of two regions, the bulge/LPP 38  and secondary hair germ (SHG) 58, 

an epithelial extension at the base of the telogen HF. These compartments can be 

distinguished using region-specific markers, with the bulge compartment expressing the 

CD34 membrane glycoprotein 44 and the SHG selectively expressing the intracellular 

adhesion protein P-cadherin/Cdh3 54. McSCs along with other HFSCs are found to be 

present in this both compartments. 

Recently, by using tetracycline-regulated expression of a stable H2BGFP fusion 

protein from the Dct promoter in bitransgenic Dct-tTA;TRE-H2BGFP (Dct-H2BGFP) 

mice, we localized sub-bulge McSCs to the SHG, a transient structure at the base of the 

telogen HF 137. Given this localization of McSCs to anatomically separate telogen HF 

compartments whose epithelial stem cells possess distinct characteristics, we wondered 

whether McSCs occupying these distinct sections were functionally different or 

interchangeable. We describe for the first time that McSCs can be separated into two 

distinct populations, corresponding to cells present in the bulge and SHG HF 

compartments, using CD34. We show that CD34+ McSCs from the HF bulge 



68 
 

unexpectedly possess the ability to function as glia, forming dense myelin sheaths 

surrounding neurons of the myelin-deficient Shiverer mouse strain. They function less 

efficiently as McSCs compared to CD34- McSCs. This finding raises the question of 

whether all cells previously identified as McSCs uniformly possess melanocytic 

potential, or whether the CD34+ subset of these cells represents instead another type of 

neural crest-derived progenitor cell. Our findings reveal a novel developmental fate for 

one subset of McSCs, and suggest approaches to utilize specific, skin-derived stem cell 

(SDSC) populations for nerve regeneration and support. 

3.2 Results 

3.2.1 Identification of GFP-expressing McSCs in bulge and SHG of telogen HF of 

Dct-H2BGFP bitransgenic mice 

To identify McSCs in telogen HF, we used Dct-H2BGFP bitransgenic mice 137. 

The transgenic mouse has been successfully backcrossed into C57BL/6J (B6) standard 

background. The comparison in expression pattern show no definition between the 

previous mixed background and current B6 background transgenic mouse (manuscript in 

review). The constitutive expression of Dct-H2BGFP mice irrespective of the 

background is comparable to the expression pattern of Dct-LacZ 129,135,160 and iDct-GFP 

mice 131, which express the transgene in melanoblasts, melanocyte progenitors in 

bulge/LPP and terminally differentiated melanocytes137.   Similar to cells from Tet-On 

iDct-GFP mice (manuscript in preparation), GFP+ cells were present in both the CD34-

expressing bulge region 162 of the HF and the CD34-negative, P-cadherin-expressing 

SHG region 104 at the base of the telogen HF (shown in chapter 2). GFP+ cells in second 

telogen express the McSC markers Kit and Dct 137. Careful observation of GFP+ cells in 

the bulge HF region revealed not only that these cells were present in the CD34+ region, 
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but also express CD34. Since our identification of CD34+ and CD34- cells as putative 

distinct populations of McSCs was limited to the telogen phase, we identified CD34+ 

McSCs selectively throughout the HF cycle including anagen (shown in chapter 2). The 

SHG does not remain as a recognizable anatomic HF feature during anagen, making it 

difficult to establish whether individual cells beneath the bulge during these stages retain 

this identity during anagen. Nonetheless, analysis of expression of the differentiated 

melanocyte markers Tyr and Tyrp1 in HF anagen at P30 shows a clear difference of 

expression in differentiated bulb melanocytes compared to bulge McSCs where they are 

not detectable at this stage (shown in chapter 2). The persistence of CD34+ GFP+ cells 

throughout the HF cycle fulfills an important criterion for these cells as McSCs.   

Selective expression of CD34 by bulge GFP+ cells suggested a strategy to 

separate these cells from SHG GFP+ cells to evaluate their molecular and functional 

properties. Single cell suspensions prepared from shaven, dorsal skin of approximately 8-

week-old (P56) mice, an age when all HFs are synchronously in the telogen 3, were 

incubated with anti-CD34 antibody and prepared (Figure 3.1 and Figure 3.3a) for 

fluorescence-activated cell sorting (FACS). GFP+ cells could be separated into distinct 

CD34+ and CD34- populations using FACS. Although the percentage yield of cells 

comprising these populations differed slightly between experiments, in general 0.1 – 

0.3% of the dermal cell suspension was comprised of CD34+ and 0.5 – 1.0% CD34- 

GFP+ cells (Figure 3.1), comparable to previous findings with iDct-GFP mice 

(manuscript in preparation). To further evaluate the specificity of these cell populations, 

RNA was isolated (Figure 3.2), and relative gene expression for specific marker genes 

determined (Figure 3.3b, c). These results confirmed that GFP+ cells expressed 
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endogenous Dct at significantly higher levels, with expression marginally higher in 

CD34- GFP+ cells compared to CD34+ counterparts. Furthermore, Cd34 expression was 

significantly higher in the CD34+ GFP+ cells, with expression of Cdh3, encoding P-

cadherin, reciprocally elevated in the CD34- GFP+ cells corresponding to the P-cadherin-

expression in the SHG population.  

  

      -                                    

                -        

Figure 3.1 Representative FACS sorting schemes. 

 Dot plots show gatings used isolation of bulge/LPP and SHG melanocyte precursors 

based on GFP and CD34 from Dct-H2BGFP mouse skin HFs and wild type. (DP = 

Douple positive, SP = Single positive and DN = Double negative) (F) Reanalysis for the 

purity of CD34+GFP+ (bulge/LPP) and CD34-GFP+ (SHG) FACS sorted melanocyte 

precursors. Reanalysis of sorted cell populations showed >91% CD34+GFP+ and 97% 

CD34-GFP+ retained respective cell markers. 
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3.2.2 Bulge and SHG GFP+ cells are McSCs with distinct functional properties 

The ability to separate subsets of HF GFP+ cells during telogen, together with 

their origin in the melanocytic lineage, prompted us to evaluate the relative expression of 

the stem cell and melanogenic genes. Melanocytes and McSCs can be isolated from Dct-

H2BGFP mice, with their constitutive expression of GFP enabling clear separation of the 

CD34+/bulge and CD34-/SHG McSC subsets 43,137. To confirm that parameters of McSC 

separation are maintained in Dct-H2BGFP mice, CD34+/bulge and CD34-/SHG McSCs 

were isolated using previously described procedures (Figure 3.3a). Gene expression 

analysis results showed characteristic differences between the two McSC subsets, with 

Cd34 expressed more highly in CD34+/bulge cells and Cdh3 enhanced in CD34-/SHG 

cells (Figure 3.3c). Similarly, higher Dct expression in CD34+GFP+ and CD34-GFP+ 

cells (Figure 3.3c) compared to CD34- cells is consistent with selective GFP expression 

in cells of melanocytic origin. Higher expression of the McSC marker Kit 152 was 

observed in CD34-/SHG McSCs compared to CD34+/bulge McSCs (Figure 3.3b). 
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Figure 3.2 RNA quality of extracts from 

sorted CD34+GFP+ and CD34-GFP+ cells 

 Bioanalyzer analysis of the total RNA 

extracted from the FACS-sorted GFP+ 

melanocytes showed high quality RNA with 

intact 18S and 28S ribosomal RNA bands. 
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Overall, Kit is expressed higher in both McSC subsets compared to GFP- controls (Figure 

S4e). Complementing our immunofluorescence studies, Ngfr (P75ntr) is expressed more 

highly in neural crest stem cell-like CD34+/bulge McSCs compared to CD34-/SHG 

McSCs (Figure 3.3b). Melanocyte differentiation genes Tyr, Tyrp1, Pmel17 and Mitf 

were expressed higher in CD34-/SHG McSCs compared to CD34+/bulge McSCs (Figure 

3.3d), consistent with the more advanced differentiation state of these cells. We also 

demonstrate directly reciprocal relative expression of Kit and Ngfr in McSC subsets 43. 

Only the difference in Tyr expression is not within 95% confidence level (P=01, 

Student’s t-test) which can be attributed to the huge variance in fold-change between the 

replicates originating from 12 mice (n=3, 4 mice per replicate) (Figure 3.3d).  
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Figure 3.3 FACS aided isolation and gene expression analysis of MsSC subsets 
FACS isolation and gene expression analysis of CD34+ and CD34- McSCs. (a) Representative 

dot-plot shows flow cytogram for isolation of CD34+ McSCs (R660-A/APC+ GFP+ cells, right 

top gate) and CD34- McSCs (R660-A/APC- GFP+ cells, right bottom gate). The PCR graphs 

show relative expression of: (b) melanocyte stem cell markers: Kit (left), Ngfr (p75) (right); (c) 

Cd34, Cdh3 (P-cadherin), Dct (from left to right); (d) melanogenic genes: Mitf, Tyr, Tyrp1 and 

Pmel17 (from left to right) between CD34- McSCs and CD34+ McSCs. (mean ± SEM, n = 3 

independent FACS; 4 mice per sorting event) For CD34+ vs CD34- McSCs, *P < 0.05 (Kit), 

*P < 0.05 (Ngfr), *P < 0.05 (Dct), *P < 0.05 (Mitf), P =0.1 (Tyr), *P < 0.05 (Tyrp1), *P < 0.05 

(Pmel17) (Student’s t-test). For Cd34, ****P < 0.0001 (one-way ANOVA) and 

****P < 0.0001 CD34+ vs CD34- McSCs (Tukey’s post-hoc test). For Cdh3, **P < 0.01 

(one-way ANOVA) and ****P < 0.05 CD34+ vs CD34- McSCs (Tukey’s post-hoc test). 



74 
 

To explore this finding functionally, cells were sorted, cultured in melanocyte 

differentiation medium, and observed after 9 days in culture. We observed consistent 

results in both mixed and B6 background. Only cultured cells in the CD34- GFP+ cell 

culture exhibited visible pigmentation following these in vitro culture periods (Figure 

3.4). Quantification of cell pigmentation and morphology (Figure 3.4b) confirmed that 

significant numbers of pigmented cells only developed in the cultures of CD34- GFP+ 

cells, with CD34+ GFP+ cells principally maintaining a round, rather than dendritic, non-

pigmented appearance (data not shown). Results show more than half of the cells have 

distinct dendritic pigmented morphology (Figure 3.4b). Also, many cells showed 

expression of Tyr (Figure 3.4a, top panels), Tyrp1 (Figure 3.4a, second panels), Mitf 

(Figure 3.4a, bottom panels). Quantification of the differentiated melanocytes similar 

number of cells that are pigmented also express melanogenic markers: (71±1%; n=3), 

Tyrp1 (68±4%; n=3) and Mitf (75±7%; n=3). These findings provided evidence that 

CD34+ bulge GFP+ cells are functionally distinct from the CD34- GFP+ cells 

population. 

We determined whether both CD34+ and CD34- GFP+ cells, previously 

characterized as quiescent 137, were McSCs. Introduction of subsets of cells into 

amelanocytic Mitf Mi-wh/Mi-wh neonatal mouse skin and observed transplanted skin on nude 

mice for durable pigmentation showed both stem cell can regenerate pigmentation and 

mature melanocytes, however, with high efficiency from CD34- McSCs compared to 

CD34+ McSC (data not shown). These results show that both CD34+ and CD34- GFP+ 

cells are McSCs, but nonetheless they possess distinct differentiation profiles and 

markedly different efficiencies of McSC function.  
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Figure 3.4 In vitro differentiation of CD34- McSCs 

(a) CD34- McSCs differentiate to express melanogenic markers: Typr1 (top row), Tyr 

(second row) and Mitf (third row) in melanocyte differentiation media. The cells show 

dendritic pigmented morphology (right column). The yellow arrow points at an example 

of the marker positive cells. Scale bars, 250µm. (d) Quantification of expression of 

melanogenic cells markers and pigmented in immunofluorescence images. More than 

half of the cells (compared to DAPI+ cells) show expression of melanogenic markers: 

Tyrp1, Tyr and transcription factor, Mitf (mean ± SEM, n = 3; cells were isolated from 3 

independent FACS). P > 0.05, not significant (one-way ANOVA). 
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3.2.3 CD34+ bulge McSCs have characteristics of neural crest stem cells 

The previous experiments demonstrated that both CD34+ and CD34- GFP+ cells 

are McSCs, while exhibiting differences in their expression of melanogenic genes and 

their efficiency of HF pigmentary unit reconstitution. To characterize differences 

between CD34+ bulge McSCs and CD34- SHG McSCs more completely, we performed 

RNA-seq and analyzed the gene expression profiles of telogen-stage CD34+ and CD34- 

McSCs. Using an absolute log2-fold ≥ 1 cutoff, differential gene expression analysis of 

the RNA-seq reads obtained from these cells demonstrated an expected upregulation of 

Cd34, a bulge marker, in CD34+GFP+ cells and Cdh3, a SHG marker, in CD34-GFP+ 

cells. Global hierarchical clustering and volcano plot analysis showed differential 

expression of 3373 genes between bulge and SHG McSCs (Figure 3.6a). Ingenuity 

pathway analysis (IPA) showed that 'Axonal Guidance Signaling' and two embryonic 

stem cell pluripotency categories were overrepresented in genes more highly expressed in 

CD34+ McSCs, whereas representation in the 'Melanocyte Development and 

Pigmentation Signaling' category was more equally weighted (Figure 3.7), suggesting a 

differentiation state difference between the cell subsets. Since melanocytes are derived 

from the neural crest, we selected candidate neural crest stem cell-related genes from the 

literature to investigate their gene expression differences further by inspection and in 

comparison with known melanocyte development and differentiation genes.  We found 

that CD34- McSCs expressed higher levels of melanogenic genes such as Mitf, Tyr, 

Tyrp1, Pmel, Pax3, Mc1r, Erbb3, Sox10, Melan-A, and Slc45a2, consistent with the 

higher expression of Tyr, Tyrp1, Pmel17, and Mitf determined by qRT-PCR (Figure 

3.5b). In contrast, CD34+ McSCs expressed higher levels of neural crest stem cell 

markers Nr2f2, Nr2f1 163, Ngfr (p75) 134, Twist1, Twist2, Snai1 164, Sox9 165, EdnrA 166, 
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Gli1 167, Bmp2, Bmp4, and Bmp7 168,169. These subsets of cell type-characteristic genes 

organize into distinct hierarchical clusters (Figure 3.5a). Quantitative RT-PCR analysis 

of expression of select genes in CD34+ and CD34- McSCs validated the RNA-Seq 

results (Figure 3.6b, c). 

In a prior study, skin-derived cells expressing neural crest cell markers p75 and 

Sox10 grew as spheroids in culture under non-adherent conditions. These cells were 

reported to exhibit both melanocyte and glial differentiation potential 155. Based upon this 

observation, we tested the ability of CD34+ and CD34- cells to grow as spheroids under 

non-adherent conditions in neural crest stem cell (NCSC) medium. Both populations of 

cells were capable of growth as spheroids, although spheroids from CD34+ McSCs were 

larger than those from CD34- McSCs (Figure 3.8a). Cells growing as spheroids were 

placed in adherent, neural crest cell culture conditions and studied for expression of 

proteins characteristically expressed by distinct, neural crest-derived cell types, such as 

Gfap as a marker of glial cells, Tuj1 antigen (β3-tubulin) as a marker of neurons, and α-

smooth muscle actin (α-Sma) as a marker of myofibroblasts 134. Only adherent cells 

derived from CD34+ McSCs expressed this spectrum of neural crest-derived cell markers 

(Figure 3.8b). Quantification of the expression of markers in individual cells (Figure 

3.8c) showed that of all the neural crest-derived cell type markers expressed in cells 

derived from CD34+ McSCs, Gfap was the most frequently expressed. CD34+ McSCs 

also selectively expressed nestin, a neuronal stem cell marker, at higher levels (data not 

shown). The diversity of neural crest cell lineage markers expressed selectively by 

CD34+ McSCs suggested that these cells might possess the capability of functioning as 

either a neural crest stem cell or as a non-melanocytic neural crest-derived cell. 
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Figure 3.5 CD34+ bulge McSCs exhibit distinct neural crest lineage potential 

(a) Heatmap of scaled and clustered, variance stabilizing transformation (VST) read 

count values obtained for select genes from RNA-seq analysis of CD34+ and CD34- 

McSCs. In bulge and SHG McSCs, the melanogenic marker (red) and NCSC marker 

(blue) are differentially expressed, closely clustered and are statistically significant. 

(Padjusted < 0.02, Benjamini-Hochberg adjusted p value). (b) RNA-Seq analysis, based on 

fold change, showed that CD34+GFP+ McSCs (blue; left panel) express higher NCSC 

markers whereas, CD34-GFP+ McSCs (red; right panel) express higher melanogenic 

markers. 
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Figure 3.6 Differential expression of genes from RNA-Seq analysis of CD34+ and 

CD34- McSCs 

(a) Heatmap using sample clustering show distinct differential gene expression pattern 

between CD34+ and CD34- McSCs. Red represent high expression of genes and blue 

represent low expression of genes (upper panel). MA plot of differentially expressed 

genes identified in CD34+ and CD34- McSCs. Data represent individual gene responses 

plotted as log2 fold-change CD34+/CD34- versus mean of normalized counts and FDR 

<0.02 was used as a cutoff to determine significant differential gene expression between 

two cell types. Positive and negative change represents the up-regulated genes in CD34+ 

and CD34- McSCs respectively and are highlighted in red (lower panel). (b) RT-PCR 

results show and validate higher expression of melanogenic genes and transcription 

factors: Pax3, Slc45a2, Erbb3 and Sox10 in CD34-/SHG McSCs, (*P ≤ 0.01 by 

ANOVA). (c) Likewise, CD34+/bulge McSCs show higher expression of neural crest 

stem cell markers like Ngfr, Bmp7 and Gli1, (*P ≤ 0.01 by ANOVA). 
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Figure 3.7 Classification of differentially expressed genes between CD34+ and 

CD34- McSCs into various canonical pathway categories by IPA 

The figure depicts top 60 section of the stacked bar chart that summarizes all 435 

canonical pathways based on IPA of 3,220 differentially expressed genes (P value≤ 0.01) 

between CD34+/bulge and CD34-/SHG McSCs. The orange line indicates the likelihood 

(-log(p-value)) that the genes in a specific category are differentially expressed. The 

stacked bar graphs show the percentage of genes that are upregulated in CD34+ McSCs 

(red), are downregulated in CD34+ (green) or has no overlap between the 2 McSC 

subsets (white). The selected top section of the graph highlights categories related to 

neural crest stem cells like axonal guidance signaling, human embryonic stem cell 

pluripotency, role of NANOG in mammalian embryonic stem cell pluripotency and 

mouse embryonic stem cell pluripotency. In these categories, higher number of genes is 

upregulated in CD34+ McSCs compared to CD34- McSCs. Similarly, the figure also 

shows melanocyte development and pigmentation signaling category where half the 

percentage of genes are upregulated in CD34+ McSCs while the other half is upregulated 

in CD34- McSCs. 
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CD34+ McSCs also resemble skin-derived precursor cells (SKPs), or skin-derived 

stem cells, that have been previously isolated from mammalian dermis insofar as they are 

skin-derived, grow as spheroids in non-adherent culture conditions, and differentiate 

along multiple neural crest lineages 170–172. Establishing whether SKP differentiation 

Figure 3.8 In vitro differentiation of CD34+ McSCs 

(a) CD34+ McSCs show distinct spheroid formation in neural crest spheroid culture 

media (day 9). Scale bars, 250µm. (b) CD34+ McSCs differentiate to express an array of 

non- melanogenic markers of cells of neural crest lineage in neural crest differentiation 

media. Immunofluorescence show expression glial cell marker: Gfap (top row) and 

CNPase (second row), neuronal marker: Tuj1 (third row) and smooth muscle cell marker: 

α-Sma. Scale bars, 250µm for top row and 75µm for bottom 3 rows. (c) Quantification of 

expression of neural crest lineage cells markers in immunofluorescence images showing 

majority of the cells (compared to Dapi+ cells) express of glial cell marker Gfap and 

CNPase. (mean ± SEM, n = 3; cells were isolated from 3 independent FACS). 

***P < 0.001 (one-way ANOVA) and P > 0.05 (not significant) Gfap vs CNPase; 

**P < 0.01 Gfap vs Tuj1; **P < 0.01 Gfap vs α-sma (Tukey’s post-hoc test). 

*** 
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closely resembles the differentiation profile of CD34+ McSCs that we have previously 

demonstrated could provide insight into the relationship between SKPs and CD34+ 

McSCs. Given the ability of SKPs to undergo glial differentiation 170,171, we wondered 

whether the differentiation profile of CD34+ McSCs, with their expression of multiple 

NCSC-associated genes, would most closely resemble SKPs as a stem cell isolated from 

adult skin or a more primitive embryonic NCSC. Results from our lab support a model 

whereby CD34+ McSCs represent a subset of murine SKPs enriched for glial 

differentiation, and also mirror several defined properties of eNCSCs consistent with 

their profile as a neural crest-like stem cell (data not shown) 43.  

3.2.4 De novo myelination of myelin-deficient, Shiverer neurons by CD34+ McSCs 

To determine whether CD34+ McSCs could recapitulate an activity of a neural 

crest-derived cell type other than a melanocyte, we adapted an in vivo system similar to 

the one previously used to study the ability of oligodendroglial cells (ODCs) to myelinate 

neurons in vitro 173, to assess their ability to function as glia. We transplanted fluorescent 

dye-labelled CD34+ and CD34- McSCs into the vitreal space of eyes of C3Fe.SWV-

Mbpshi/shi/J (Shiverer, shi/shi) mice and studied for their ability to express Mbp, a marker 

of oligodendrocytes 174 and Schwann cells 175 in a neuronal distribution (Figure 3.9a). 

Mice of the shi/shi genotype lack myelin basic protein (Mbp) and develop a “shivering” 

phenotype, or tremor, eventually dying between 3-4 months of age. The 

immunofluorescence signal of endogenous Mbp in WT eye was used as a positive control 

(Figure 3.9b). The transplanted shi/shi eye sections were screened for fluorescent dye-

labelled McSCs. To identify the injection site histologically, we found the disrupted 

retinal pigmented epithelium (RPE) layer corresponding to the injection, (Figure 3.9c, 
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right panels), and focused on sections from this region to identify transferred, CTG-

labelled CD34+ and CD34- McSCs. In 2/2 shi/shi eyes receiving CD34+ McSCs, CTG-

labelled cells co-expressing Mbp could be observed (Figure 3.9c, top panels). However, 

in 2/2 shi/shi mice receiving CD34- McSCs we observed CTG-labelled CD34- McSCs 

does not co-express Mbp (Figure 3.9c, middle panels). This result suggested that CD34+ 

bulge McSCs selectively possess the ability to generate a de novo myelin sheath. In a 

potentially more relevant neurodegenerative model, CD34+ and CD34- McSCs were 

cultured as non-adherent spheroids and introduced intracranially into the brain tissue of 

approximately 6-8 weeks old shi/shi mice (n=5, Figure 3.10a). Significant foci of Mbp 

expression were principally detected in brains injected with CD34+ McSCs, at the site of 

CTG vital dye-labeled CD34+ McSCs (Figure 3.10b, c). Quantification of co-

localization of the CTG vital dye label with Mbp was observed in 85% of CTG+ cells 

following CD34+ McSC injection, versus 19% of CTG+ cells following CD34- McSC 

injection (p<0.01, Figure 3.10e). Shi/shi brain that was not injected with cells as a 

negative control showed no Mbp signal (Figure 3.11a). In addition, groups of CTG-

labeled cells could be found in regions of the central (Figure 3.10c) and caudal brain, 

following injection into a rostral site, perhaps indicating some ability of injected cells to 

move or migrate following their introduction.  Mbp expression colocalizes with 

neurofilament H (NeuH), a neuronal marker 176, in these foci Figure 3.10d). EM analysis 

revealed evidence of dense myelin sheath surrounding neurons of CD34+ McSCs-

transplanted shi/shi brain (Figure 3.10f, 3.11c) similar to observed in EM positive 

control (Figure 3.11d) from Mbp-replete wild type mice (Figure 3.11b). All mice 

injected with CD34+ or CD34- McSCs survived the initial procedure, although in these 
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experiments when the mice were euthanized 2 weeks following injection, it was not 

possible to determine whether CD34+ McSCs extended the normal lifespan of shi/shi 

mice. 
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Figure 3.9 Transplantation of CD34+ McSCs in shi/shi mice eye 

(a) Transplantation of CD34+ or CD34- McSCs, after labelling with fluorescent CTG 

dye, into the vitreous space of shi/shi mouse eye for 10 days. (b) Immunofluorescence for 

the endogenous expression of Mbp around the retinal layer (arrow) and ciliary body 

(arrow head) in wild type mouse eye. (c) Retinal sections of shi/shi eyes transplanted 

with CD34+ or CD34- McSCs show co-localization of Mbp expression in CTG-labelled 

CD34+ McSCs (solid arrows) whereas, absence in CTG-labelled CD34- McSCs (dotted 

arrows) which instead reveal pigmentation (middle row right panel). Arrow head points 

the injection site in each image. The bottom panels represent a no cell injected retinal 

section from control shi/shi mice. Scale bars: 100 µm 
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Figure 3.10 In vivo glial differentiation potential of CD34+ bulge McSCs 

(a) Schematic diagram depicting transplantation of CD34+ or CD34- McSCs, after 

labelling with fluorescent CTG dye, intracranially into shi/shi mouse brain. shi/shi mice 

brains were assessed for the presence of CTG cells at 2 weeks post-injection. (b) Cranial 

sections of shi/shi brains show co-localization of Mbp expression with transplantation of 

CTG-labelled CD34+ McSCs (solid arrows) but not CD34- McSCs (dotted arrows). (c) 

Cranial section of shi/shi brain transplanted with CD34+ McSCs shows individual CTG-

labelled CD34+ McSCs co-expressing Mbp (top and bottom inset images). (d) A section 

of myelin-deficient shi/shi mice brain receiving CD34+ McSCs depicts co-localization of 

Mbp with neurofilament-H stained neurons in the proximity of transplanted CTG-labelled 

CD34+ McSCs (arrowhead in inset images). Scale bars, 100 µm.  (e) Quantification of 

Mbp co-localization with CTG-labelled CD34+ McSCs in cranial sections of shi/shi 

brains transplanted with CD34+ or CD34- McSCs. (*P<0.01 analyzed by ANOVA; 

N=5). (f) Representative example of dense myelin sheath analyzed by transmission 

electron microscopy, surrounding neuron of CD34+ McSC-transplanted shi/shi brain 

(arrowhead). Scale bars, 500 nm. 
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Figure 3.11 Mbp expression and myelin sheath formation in brain sections of shi/shi 

and WT mice. 

(a) Cranial sections of shi/shi brains no transplanted cells show lack Mbp expression. 

Scale bars: 50 µm. (b) Cranial sections of wild type brains (positive control) show high 

expression of Mbp and its expression was co-localized with neurofilament-H (NeuH) 

expressing neurons. Upper panel is a high magnification image and bottom is a low 

magnification image. Scale bars: 50 µm. (c) TEM image show dense myelin sheath 

image of brain sections receiving CD34+GFP+ cells whereas lack of myelin sheath 

formation in brain sections of shi/shi receiving no cells. (d) TEM image show dense 

myelin sheath around neurons of brain sections wild type mice whereas lack of myelin 

sheath formation in brain sections of shi/shi mice receiving no cells. Scale bars: 500 nm. 
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3.2.5 Identification of surface markers for McSC subsets 

An important goal of our genome-wide comparison of CD34+ and CD34- McSCs 

is to identify additional markers of CD34+ and CD34- McSCs. Developmentally-

conserved markers could be used to identify and isolate human McSCs with similar 

properties as murine cells. As previously mentioned , while CD34 serves as an excellent 

surface protein to separate bulge and SHG McSCs in murine system, its expression does 

not translate into human system 46,47. Thus, we selected several differentially expressed 

genes encoding protein expressed on cell surface from the RNA-Seq (Figure 3.12a). One 

of the genes is vascular endothelial cadherin (VE-cadherin) or cadherin 5 (Cdh5). 

Quantitative PCR confirm relatively higher expression of the protein in the bulge/ CD34+ 

McSCs compared to SHG/CD34- McSCs as seen in RNA-Seq (Figure 3.12b). 

Previously considered a strictly endothelial protein involved in adhesion and vascular 

permeability, Cdh5 is also involved in proliferation and angiogenesis 177. However, the 

expression and biological role in melanocytes have not been reported. Interestingly, few 

studies have reported the expression of Cdh5 in melanoma tumor cells forming blood 

vessel like structure by the phenomenon called  vascular mimicry 178,179. Amazingly, 

immunofluorescence analysis of P56 telogen HFs showed co-localization of VE-cadherin 

with GFP, both in SHG and bulge McSCs from of Dct-H2BGFP mice (Figure 3.13a). 

The results are further confirmed in wildtype B6 mice as well (Figure 3.13b). Taken 

together, we report Cdh5 as a novel, previously unknown marker that can identify McSCs 

in a murine HF during telogen. 
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While Cdh5 may represent an alternative marker to identify McSCs in vivo, 

whether it has any functional role in melanocyte lineage cells is unknown. Studies 

regarding angiogenesis and vascularization have shown important interaction of Cdh5 

with signaling pathways relevant in melanocyte biology like Wnt and Notch signaling 

180,181. To explore the possible functional role of this adhesion protein, we cultured 

CD34+ McSCs in neural crest differentiation media and CD34- McSCs in melanocyte 

differentiation media with/without a well-known Cdh5 blocking antibody called BV13 

182,183. Results show that suppression of Cdh5 by BV13 hindered the melanocyte 

differentiation of CD34- McSCs, compared to isotype or other controls including Cdh3 

Figure 3.12 Expression of Cdh5 in McSC subpopulations 

(a) Differential expression of surface protein markers between CD34+/bulge and CD34-

/SHG McSCs from RNA-Seq data. Cd34 shows the highest difference in expression 

between the two subpopulation of stem cells. Conversely, Cdh3 (P-cadherin) show 

higher expression in CD34-/SHG McSCs. DE analysis also identifies Cdh5 (CD144) as a 

differentially expressed gene with higher expression in CD34+ population (red box). (b) 

quantitative PCR confirm relatively higher expression of Cdh5 in CD34+/bulge McSCs. 
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and Kit blocking antibody (Ack2)153 (Figure 3.14a). CD34+ McSC differentiation was 

also inhibited in vitro when compared to control (Figure 3.14b). While these results need 

further validation with more relevant controls as well as application in human system, at 

least in vitro initially, our approach paved the way for utilization of the RNA-Seq to 

identify additional markers to not only distinguish of CD34+ and CD34- McSCs but 

melanocyte lineage cells as a whole. These markers may allow de novo isolation of 

murine SKP subsets with regenerative properties similar to CD34+ McSCs. 

Figure 3.13 Immunofluorescence images of VE cadherin (Cdh5) expression in 

melanocyte stem cells (McSCs) 

(a) Immunofluorescence figure show Cdh5 expression in secondary hair germ (SHG) 

melanocyte stem cells (McSCs) in top row and bulge McSCs in the bottom row during 

telogen (P56) in Dct-H2BGFP mice. (b) Figure show Cdh5 expression colocalizes with 

melanocyte stem cell marker Kit+ cells in telogen HFs (P56) from C57BL/6 wild-type 

mouse.  
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Figure 3.14 Cdh5 blocking antibody (BV13) blocks CD34+ and CD34– McSCs 

differentiation 

(a) The bright-field, GFP and DAPI (top to bottom) images show SHG/CD34- McSCs 

cultured in melanocyte differentiation media with: blocking antibody (BV13) 10µg/ml 

and 50µg/ml, Kit blocking antibody (Ack2) 10µg/ml, P-cadherin blocking antibody 

(6A9) 10µg/ml, mouse IgG, rat IgG 50µg/ml and no treatment control.  BV13 and Ack2 

show round cells with no pigmentation compared to controls.  The bar graph shows 

quantification of pigmented cells over total DAPI+ cells. (b) The images depict 

bulge/CD34+ McSCs cultured in neural crest differentiation media in phase-contrast, 

GFP and DAPI.  Columns from left to right show CD34+ McSCs in same treatment as 

(a). Only BV13 treatments show round cells with no dendritic structure. The bar graph 

quantifies of attached and dendritic cells over total cells (DAPI+ cells).  
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3.3 Discussion 

Two distinct McSC populations, defined by CD34 expression, in the bulge and 

SHG of telogen HFs were identified and characterized using Dct-H2BGFP mice. 

Candidate gene expression analysis, melanocyte differentiation assays, enhanced 

efficiency of in vivo reconstitution of the HF pigmentary unit, and comprehensive RNA-

Seq profiling results showed that CD34- SHG McSCs express melanogenic genes more 

highly and represent McSCs at a more advanced state of melanocyte differentiation in 

comparison to bulge McSCs, thereby indicating bulge and SHG McSCs are functionally 

distinct. Bulge CD34+ McSCs express an array of neural crest-derived cell markers, 

including the glial marker Gfap, and undergo glial differentiation. In murine brain, they 

expressed Mbp in a neuronal pattern similar to primary oligodendroglial cells and form a 

dense myelin sheath surrounding the neuronal axon. These data indicate that CD34+ 

McSCs are not exclusively committed to terminal melanocytic differentiation, readily 

producing myelin in a neural environment, a property normally associated with 

myelinating Schwann cells or oligodendroglial cells of the glial lineage. This could 

indicate that CD34+ McSCs contain glial cell precursors in addition to melanocyte 

precursors, or bipotent or multipotent progenitor cells derived from neural crest. Single-

cell analysis will be required to understand further the heterogeneity and developmental 

potential of CD34+ McSCs.  

Our data are consistent with the description of activities of other skin-derived 

stem cells but identify a specific cell with neural crest stem cell properties. These include 

studies which found evidence of p75/Sox10+ neural crest-like cells in adult murine skin 

HFs 155 and nestin-GFP expressing cells isolated from the HF bulge, which also exhibit 
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the ability to express markers of multiple neural crest lineages 49. The pluripotent, nestin-

expressing GFP cells isolated from CD34+ HF bulge, which transdifferentiate largely 

into Schwann cells, were transplanted into the gap region of severed sciatic nerve which 

greatly enhanced the rate of nerve regeneration and restored the nerve function 184. 

Melanoblasts isolated from skin possess multipotency and self-renewal capabilities. The 

Kit-positive and CD45-negative cells isolated from embryonic melanoblast and neonatal 

skin HFs, when cultured on stromal cells, formed colonies containing neurons, glial cells 

and smooth muscle cells, together with melanocytes 185. There is also evidence for 

endogenous bipotent embryonic precursors to the glial and melanocyte lineage in avians 

89,186 and in mice 89. Our results demonstrate that a melanocyte lineage-specific cell 

defined by Dct, Kit, and CD34 expression in the adult HF bulge represents a neural crest-

like stem cell in the skin and provide comprehensive, genome-scale characterization of its 

expression profile.  

We also demonstrate for the first time the expression of Kit at distinctly different 

levels in the bulge and SHG McSCs of telogen HFs, a finding that had been suggested 

from gene expression profiling but never previously examined with Kit expression in 

situ. We also demonstrate that p75/Ngfr, whose expression in the HF stem cell region had 

been noted previously 155, is selectively expressed in situ in telogen bulge McSCs. This 

finding suggests that p75/Ngfr could represent an alternative, independent marker for the 

isolation of CD34+ McSCs in the absence of a McSC-directed, GFP-expressing 

transgene. It is also important to note the identification of Cdh5 as a potential melanocyte 

lineage marker with unidentified role in melanocyte biology. This marker may permit 

identifying similar McSC heterogeneity in human skin. 
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The skin-derived stem cells (SDSCs) isolated from mouse and human skin170–172  

exhibit glial cell differentiation and express Mbp in vitro similar to CD34+ McSCs 

isolated from HFs of Dct-H2BGFP mice. Mouse and human SDSCs from mammalian 

dermis grow as spheroids in non-adherent culture, express nestin, and possess 

multipotency to generate neural and mesodermal progeny 171. When transplanted into 

shi/shi mice, SDSCs from human and mouse generated Schwann cells that repaired 

peripheral nerve damage and also myelinated neuronal axons of the dysmyelinated 

brain187. However, the cell of origin of these skin-derived cells with unique regenerative 

properties has not yet been identified specifically. CD34+ McSCs may represent a 

highly-specific subset of SDSCs. Although desert hedgehog (Dhh) is selectively 

expressed by myelinating Schwann cells 188, it was not differentially expressed between 

the two McSC subsets. This may reflect the fact that its expression is either only activated 

in the peripheral environment, or that other factors may be responsible for hedgehog 

pathway activity in CD34+ McSCs as suggested by their higher expression of Gli1 

(Figure 3.8b, c). Mbp expression was higher in CD34+ McSCs, although the higher level 

of expression was not statistically significant in the RNA-Seq profiles, Mbp could be 

detected both in vitro (data not shown) and in vivo (Figure 3.9 and Figure 3.10) at low 

levels in cells derived from CD34- McSCs, although expression in these environments 

was more robust and more clearly in a neuronal distribution when derived from CD34+ 

McSCs. Nonetheless, robust myelination was correlated strongly with CD34+ McSCs in 

vivo (Figure 3.9c and Figure 3.10e). Environmental cues are likely to be extremely 

important for determining the terminal differentiation characteristics of CD34+ and 

CD34- McSCs in a manner that cannot be readily predicted from their extant gene 
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expression profile differences. Our ability to define with specific cellular markers the 

identity of these cells, not relying simply upon their growth characteristics and functional 

properties, will facilitate their comparison with McSCs in other species and enhance 

efforts to define highly-specific human skin-derived stem cell subsets with unique 

regenerative properties that can be leveraged for these therapeutic purposes. The 

identification of other developmentally conserved markers like Cdh5 which when fully 

validated will assist in more rapid translation into human system. 

The unique properties of CD34+ McSCs in the bulge, with their ability to 

myelinate neurons and express markers of non-melanocytic lineages, may be relevant to 

their role in this HF region where Shh-expressing neurons approach the HF 189 and where 

the arrector pili muscle attaches 190 CD34+ McSCs may provide regenerative support to 

maintain the function of these extrafollicular tissues in the HF environment. Although 

McSCs have previously been described both in the bulge and the subbulge/SHG regions 

130,136,137,191, some recent studies have emphasized selectively the contribution of the 

subbulge/SHG subset either in the follicular onset of proliferation and differentiation 67 or 

in UV-induced emergence from quiescence and melanomagenesis 192. These and other 

reports on McSCs have not distinguished between the bulge and subbulge/SHG subsets 

and their distinct functional properties. Given the heterogeneity that has been described 

inherently in melanoma cells and their treatment-resistant subpopulations 193, recognition 

of the variation in McSC phenotypes may be especially important to further define the 

contribution of normal McSCs to cancer development.  
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3.4 Materials and methods 

3.4.1 Mice 

Dct-H2BGFP mice that were generated by intercrossing Dct-tTA (Hprttm1[Dct-tTA-

SV40p(A)]Hyk) and TRE-H2BGFP (Tg(tetO-HIST1H2BJ/GFP)47Efu) mice (gift of E. 

Fuchs) to the homozygous state were described previously [15]. C57BL/6-MitfMi-wh/Mi-wh 

homozygotes were obtained originally from Dr. Lynn Lamoureux, Texas A&M College 

of Veterinary Medicine, and maintained on the C57BL/6 background by serial backcross. 

C3Fe.SWV-Mbpshi/shi/J (shiverer, shi/shi; RRID:IMSR_JAX:001428); athymic Foxn1nu 

(nu/nu; nude); (Wnt1-Cre)2Sor (Wnt1-Cre); Tg(Tyr-Cre/ERT2)13Bos, transgene 

insertion 13 (Tyr-CreER); and Gt(ROSA)26Sortm14(CAT-tdTomato)Hze (R26-tdTomato) mice 

were purchased from The Jackson Laboratories. All mice were used under the auspices of 

a protocol approved by the University of Maryland Institutional Animal Care and Use 

Committee. 

3.4.2 Isolation of HF McSCs from subepidermal skin and fluorescence activated cell 

sorting (FACS) 

Dorsal skin samples were obtained from transgenic mice at the indicated ages 

immediately following euthanasia and fat was removed from the dermis using fine 

forceps. Defatted skin was incubated in 0.5% of trypsin (USB) dissolved in PBS at 37oC 

for 30min. Epidermis was peeled away from the dermis following incubation, and the 

remaining dermis including HFs was cut into small pieces. The dermal fragments were 

incubated in digestion medium containing 0.2 mg/mL Liberase Thermolysin low (Roche) 

in a 37oC water bath for 45 to 60 min. The digested dermal mixture was added into PBS 

containing 0.05% DNase (Sigma) and 5% FBS. Single cells were extracted from the 

dermis by repeated plunging with a 60 mL syringe followed by filtration through 40 µm 
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nylon mesh (BD Falcon). The dermal cell suspension is prepared in 5% FBS/PBS prior to 

incubation with respective antibodies and FACS. This procedure was done under aseptic 

conditions 137.  

To separate the hair follicle bulge/LPP and SHG cells of Dct-H2BGFP 

bitransgenic mice using FACS, the cell suspension was incubated with Alexa 647-

conjugated anti-CD34 antibody in for 30min at 4oC. 7-AAD was added to the CD34-

labeled dermal cell suspension in 5% FBS/PBS to discriminate between live and dead 

cells, and cell sorting was performed using BD FACSAria1 (Becton-Dickenson) on a 

100µm nozzle at 20 psi. low sheath pressure. Sorted cells were counted and used either 

for primary cultures or for quantitative realtime PCR (qRT-PCR) by extracting RNA 

from respective cell populations.  

3.4.3 In vitro cell culture 

For melanocyte differentiation medium (MDM) culture, 3000 cells of CD34+ or 

CD34- McSCs at equal density were plated in 24 well plates with MDM containing 5% 

FBS, stem cell factor (SCF; 50 ng/mL; Peprotech), endothelin-3 (20 nM; Sigma), basic 

fibroblast growth factor (bFGF; 2.5 ng/mL; R&D Systems), α-melanocyte stimulating 

hormone (α-MSH; 100 nM; Sigma), phosphoethanolamine (1 M; Sigma), ethanolamine 

(10 M; Sigma), insulin (1 mg/mL; Sigma) and 1% Penicillin/streptomycin in RPMI 1640 

medium 194 (manuscript in preparation). 

For culturing McSCs as spheroids in non-adherent culture conditions, 4000 cells 

of CD34+ or CD34- McSCs at equal density  were placed in ultra-low attachment 24-well 

plates, with neural crest stem cell (NCSC) medium as described previously195,196  

containing DMEM (low glucose) (Gibco Life technologies), 30% neurobasal medium 
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(Gibco Life technologies), 15% chick embryo extract (US Biological), 2% B27 

supplement (Gibco Life technologies), 1% N2 supplement (Gibco Life technologies), 117 

nM retinoic Acid (Sigma), 50 µM β-mercaptoethanol (Sigma), 20 ng/mL insulin-like 

growth factor (IGF; Sigma), 20 ng/mL bFGF (R & D System) and 1% 

penicillin/streptomycin (Gibco Life technologies). For McSC cultures in adherent 

conditions to evaluate neural crest lineage marker expression, cells were cultured in 30 

µg/mL fibronectin-coated (Corning) 8-well chamber slides (Lab-Tek II, Nunc) in neural 

crest differentiation medium, which is NCSC medium that also contains 1% chick 

embryo extract and 10 ng/mL bFGF, for 8 days as described previously 195. 

For the experiment to explore functional role of Cdh5, McSCs were isolated from 

Dct-H2BGFP mice (n=9) by FACS. The SHG/CD34- McSCs were cultured in 

melanocyte differentiation media for 8 days with VE cadherin blocking antibody-BV13 

(rat monoclonal antibody, ebioscience) at optimal dose of 10µg/ml and lower dose of 

BV13 50µg/ml. SHG McSCs treated with  Kit blocking antibody-Ack2 (rat monoclonal 

antibody, biolegend) 10µg/ml, P-cadherin blocking antibody- 6A9 (mouse monoclonal 

antibody, invitrogen) 10µg/ml, mouse IgG (Millipore), rat IgG (Sigma) 50µg/ml and no 

treatment were used as control. Similar, the bulge/CD34+ McSCs were cultured in neural 

crest differentiation media for 16 days with VE cadherin blocking antibody (BV13) 

10µg/ml, BV13 50µg/ml, Kit blocking antibody (Ack2) 10µg/ml, P-cadherin blocking 

antibody (6A9) 10µg/ml, rat IgG 50µg/ml and no treatment control.   

3.4.4 Immunofluorescence assay 

For immunofluorescence detection in cultured cells, cells were washed with PBS 

and fixed with 4% PFA at room temperature for 10 minutes. PBS containing 10% FBS 
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and 1% BSA was used for blocking at room temperature for 1 hour. After blocking, cells 

were incubated with 1:200 dilution of primary antibodies for Cdh5 (rabbit polyclonal, 

Abcam), α-Sma (mouse monoclonal antibody, Sigma Aldrich), Gfap (rabbit polyclonal 

antibody, Dako), Tuj1 (mouse monoclonal antibody, Sigma Aldrich), Tyrp1 (αPEP1, 

rabbit polyclonal antibody, a gift from Dr. Vincent Hearing, NIH), or myelin basic 

protein (Mbp) (rat monoclonal antibody, Abcam) at 4oC overnight followed by 

incubation with Cy3-conjugated secondary antibody or Alexa 647-conjugated secondary 

antibody at room temperature for 1h. Coverslips were mounted using mounting solution 

with DAPI (Vectashield, Vector Laboratories). Fluorescence was detected using an 

Olympus upright fluorescence microscope, Slidebook imaging software or DMi8 Leica 

fluorescence microscope and processed using Leica Application Suite X software. 

3.4.5 RNA extraction, cDNA synthesis and qRT-PCR 

Total RNA was extracted from sorted cells using RNeasy Micro Kit (Qiagen) as 

per manufacturer’s protocol. Following transfer to a spin column, incubation with a 

DNase I, and washing, the spin column membrane was eluted with 14µl RNase free 

water. The quantity and quality of isolated RNA was determined with an Agilent 2100 

Bioanalyzer using RNA PicoChips (Agilent). To synthesize first-strand cDNA from total 

RNA we used the SuperScript III First-Strand Synthesis System for RT-PCR 

(Invitrogen). Total RNA was incubated with random hexamer primer along with dNTP at 

65oC for 5min and added to a mixture of reverse transcriptase containing reaction buffer 

incubated first at 25oC for 10min, then at 50oC for 50min, and the reaction terminated by 

heating at 85oC for 5 min. qRT-PCR analysis for the differential gene expression among 
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the sorted cell population was determined using LightCycler 480 SYBER Green I Master 

(Roche) and running them on LightCycler 480 instrument (Roche).  

3.4.6 RNA-seq and differential gene expression analysis 

RNA was isolated using Qiagen RNeasy Micro Kit, which include DNase 

treatment. 30 ng of RNA per sample was used as an input for the Nugen Ovation RNA-

Seq V2 System. This system generates linearly amplified cDNA, and synthesis of cDNA 

from ribosomal RNA is suppressed. Amplifications typically result in microgram 

amounts of SPIA cDNA, which was then fragmented to an average length of 500 bp with 

a Covaris S2 System using the manufacturer’s recommended settings. 100 ng of 

fragmented cDNA was used as input for the Ovation Ultralow Library System. Samples 

are subjected to end repair, ligation, and PCR amplification to add Illumina adapter 

sequence and indexes. The system typically yields >1 µg of enriched library, which then 

was sequenced on 2X100 base pair Illumina HiSeq 2000 run. 

An Ergatis-based 197 RNA-Seq analysis pipeline was used for analyzing the 

paired-end Illumina sequencing reads.  FASTQC software (v.0.11.5) 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used to evaluate the 

quality of the raw sequencing reads for each sample.  Based on the quality checks, the 

reads were trimmed to remove adapters and low-quality reads using the FASTX-toolkit 

(v.0.0.13) (http://hannonlab.cshl.edu/fastx_toolkit/index.html). The Mus musculus 

genome (version GRCm38, release 83) downloaded from Ensembl 

(http://useast.ensembl.org/Mus_musculus/Info/Index) was used for the RNA-seq 

analysis. The sequencing reads were mapped to the Mus musculus genome using TopHat 
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(v1.4.0), which uses Bowtie (v0.12.9) for read mapping 198–200. The BAM files containing 

aligned reads were processed and evaluated using SAMtools (v1.4.1). 

The number of reads mapping to each gene in the reference genome annotation 

was counted using HTSeq (v0.4.7) 201. The DESeq R/Bioconductor package (v1.10.1) 

was used to normalize the raw counts for each sample to account for differences in 

library sizes, estimate gene-level dispersion, and then test for differential gene expression 

with the negative binomial model 202.  DESeq uses the false discovery rate (FDR) of 

Benjamini and Hochberg’s approach to adjust p-values for multiple testing 203. The filter 

cutoffs for determining if differences in gene expression were significant were a false 

discovery rate (FDR) < 0.02 and an absolute log2 fold change of ≥ 1.  

Variance stabilizing transformed (VST) counts from DESeq were used as input 

for Euclidean distances-based hierarchical clustering to evaluate sample-sample distances 

and to explore gene expression patterns between CD34+ samples and CD34- samples and 

to visualize them using heatmaps. The heatmaps that are displayed in the figures were 

generated by the heatmap.2() function.  To understand the biological context of the 

differences between CD34+ and CD34-, pathway analysis was conducting using 

Ingenuity Pathway Analysis platform (IPA, QIAGEN Redwood City, 

www.qiagen.com/ingenuity) with the list of differentially expressed genes as input. 

3.4.7 Electron microscopy 

The preparation of DRG co-cultures for electron microscopy was achieved by 

removing the medium and washing twice with the sodium cacodylate buffer (0.1M 

sodium cacodylate + 3mM CaCl2; PH 7.4). The DRG cells from co-cultures were fixed 

with 3% glutaraldehyde in sodium cacodylate buffer for 30min at room temperature and 
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then stored at 4oC. After buffer rinse, samples were postfixed in 1% osmium tetroxide in 

buffer for 1 hour on ice in the dark.  Following a distilled H2O rinse, plates were stained 

with 2% aqueous uranyl acetate (0.22µm filtered, 1h in the dark), dehydrated in a graded 

series of ethanol and embedded in Eponate 12 (Ted Pella) resin.  Samples were 

polymerized at 37oC for 2-3 days before moving to 60oC overnight. Thin sections, 60 to 

90nm, were cut with a diamond knife on the Reichert-Jung Ultracut E ultramicrotome 

and picked up with 2x1mm copper slot grids.  Grids were stained with 2% uranyl acetate 

in 50% methanol and lead citrate at 4oC and observed with a Philips CM120 at 80kV.  

Images were captured with an AMT CCD XR80 (4K x 4K) camera.  

3.4.8 Statistical analysis 

The statistical analysis for the qRT-PCR of differential gene expression among 

sorted cells was performed using one-way ANOVA (Prism). The statistical analysis for 

quantification of co-localization of Mbp expression in CTG-labelled CD34+ McSCs in 

cranial sections of shi/shi brains transplanted with CD34+ or CD34- McSCs was 

determined using one-way ANOVA, n=5 mice. The Quantification data from qPCR and 

immunofluorescence were analyzed using Graphpad Prism 7.0a.  The significance while 

comparing two data set were accomplished by unpaired, 2 tailed Student’s t-test, multiple 

data set by one-way ANOVA followed by Tukey’s post-hoc test. The confidence level is 

set at 95% and the results are presented as mean ±standard error of mean (SEM). 

3.4.9 List of Primers 

The primer sequences for mouse Dct, Tyr, Tyrp1, Pmel17 204, Gapdh 205, Slc45a2 

206, Pax3 207, Sox10 208, Erbb3 209, Gli 209, Ngfr 210, and Bmp7 211 were designed as 

described previously.  
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Dct 

Forward: 5’ – TTCGCAAAGGCTATGCGC – 3’  

Reverse: 5’ GTTACTACCCAGGTCAGGCCAG – 3’  

Tyr 

Forward: 5’ – CGGCCAACGATCCCATT – 3’  

Reverse: 5’ – TGCCTTCGCAGCCATTG – 3’  

Tyrp1 

Forward: 5’ – GTGTTCCCTAGCTCAGTTCTCTGG – 3’  

Reverse: 5’ – TCCTCTGACTGATACCTT – 3’ 

Pmel17 

Forward: 5’ – TCCAGGAATCAGGACTGGCTTGGT– 3’       

Reverse: 5’ – GTGAAGGTTGAACTGGCGTG - 3’ 

Gapdh 

Forward: 5’ – TGCAGTGGCAAAGTGGAGATTGTTG – 3’ 

Reverse: 5’ – TGTAGCCCAAGATGCCCTTCAG – 3’ 

P-Cad 

Forward: 5’ – ACAGCATCACAGGGCCTGGC – 3’ 

Reverse: 5’ – TGGCTCCTTCGGCTCTTGGC – 3’ 

Slc45a2 

Forward: 5′ - GCCGACTGACACCCATACC - 3' 

Reverse: 5′- CTGTGCATGACAAGTCTCCC - 3' 

Pax3 

Forward:  5' - ACTACCCAGACATTTACACCAGG - 3' 
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Reverse:  5'- AATGAGATGGTTGAAAGCCATCAG - 3'  

Erbb3 

Forward: 5′ - TACCAACTCCAGCCATGCTC - 3' 

Reverse: 5′- CACGATGTCCCTCCAGTCAA - 3' 

Sox10 

Forward: 5′-CAGTCCGGCAAGGCAGACCC-3′ 

Reverse: 5′-GCAGGTATTGGTCCAGCTCAGTCAC-3′  

Gli1 

Forward: 5′ - TGAGCATTATGGACAAGTGCAGGT - 3' 

Reverse: 5′- ATTGAGGCAGGGTGCCAATC - 3' 

Ngfr  

Forward: 5’ – GACTAACCTAGGCCACCCAA – 3’ 

Reverse 5’ – CAGACGTCGTTTCCAGATGT – 3’ 

Bmp7 

Forward:  5' - TACGTCAGCTTCCGAGACCT - 3' 

Reverse:  5'- GGTGGCGTTCATGTAGGAGT - 3'   

3.4.10 Intracranial and Intraocular transplantation of CD34+ and CD34- McSCs  

FACS-sorted CD34+ or CD34- McSCs from Dct-H2BGFP mouse skin were grown as 

spheroids in NCSC medium for a week. After dissociating spheroids into a single cell 

suspension, CD34+ and CD34- McSCs were labelled with a fluorescent dye, 

CellTrackerTM Green (CTG) (Molecular Probes) as per the manufacturer’s 

recommendations. For intracranial injections, an incision of the skin was cut over the 

lateral skull and a 2 mm hole was drilled in the skull over the hippocampus and the 
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striatum of shi/shi brain. Intracranial injections 212 of CTG-labelled CD34+ or CD34- 

McSCs in 5 uL PBS with a Hamilton syringe were performed into the unilateral cranium 

of anesthetized 6-8 week old shi/shi mice. After the injections, the skin is sutured with 

sterile nylon monofilament suture. Intraocular injections 212,213 of CTG-labelled CD34+ 

or CD34- McSCs in 5µL PBS were performed into the vitreal space of anesthetized 8 

week old shi/shi mice. These procedures were performed under the auspices of an 

approved, Institutional Animal Care and Use Committee protocol of the University of 

Maryland School of Medicine. Control shi/shi mice were injected with 5µL PBS only.  
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CHAPTER 4: Complementary in vivo approaches reveal persistently    

quiescent anagen melanocytes outside the hair follicle stem cell niche1 

4.1 Introduction 

Melanocyte stem cells (McSCs) were first described as quiescent melanocytic 

progenitor cells present in the bulge and subbulge regions of the telogen hair follicle 

(HF). They are Dopachrome tautomerase (Dct)-expressing HF cells that are quiescent, as 

defined by retention of a bromodeoxyuridine (BrdU) label administered during the prior 

early anagen stage of the HF cycle 130. Following this initial description, determinants of 

McSC function and maintenance have been defined. Notch signaling, acting through the 

RBP-J transcription factor 214 and the Hes1 transcriptional repressor 215, maintains the 

survival of McSCs and their melanoblast precursors during development 105. Collagen 

XVII expressed by epithelial HF stem cells (HFSCs) adjacent to McSCs is important to 

maintain a TGF-β signal from HFSCs to McSCs that inhibits premature melanocyte 

differentiation, thereby promoting McSC maintenance in the less-differentiated, quiescent 

state 30,216. The production of a Wnt signal from epithelial stem cells in the subbulge 

region of the telogen HF, a region that has subsequently been characterized as the 

secondary hair germ (SHG) 58, specifically activates β-catenin in the SHG McSC subset 

upon anagen onset, leading to melanocyte proliferation and differentiation that is 

coordinated with epithelial SC activation and HF growth. This report distinguished 

between the response of bulge and SHG McSCs to Wnt ligands from epithelial stem 

cells, suggesting the possibility for distinct regulation or function of McSCs localized in 

these different telogen HF compartments. Finally, the membrane protein CD34 was 

 
1 1Tandukar, B., Joshi, S. S., Pan, L., Hornyak, T. J. (Manuscript in review) 
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found to distinguish CD34+ bulge McSCs from CD34- SHG McSCs during HF telogen, 

with these two McSC subsets exhibiting distinct functional properties 43. 

Epithelial HFSCs have been extensively studied, establishing the paradigm of the 

HF bulge 38 and SHG 58 as quiescent niches for their maintenance.  The lateral disc 

hypothesis was proposed originally to explain the origin of SHG epithelial stem cells and 

their distinct identity from stem cells in the bulge. These authors posited that a group of 

Shh-expressing cells present within the anagen matrix ultimately contribute to the SHG 

during telogen 57. However, this hypothesis was refuted in a subsequent study in which 

ShhCreER/Rosa-LSL-LacZ mice were used to trace these cells or their progeny from late 

anagen to a distinct set of inner root sheath cells in telogen. A short BrdU pulse 

administered in late anagen during the follicular morphogenesis stage was chased for 4 – 

9 days, revealing the presence of slow-cycling cells early in the retracting epithelial 

strand and later in both the SHG and bulge. Although the interpretation of the results of 

these and related experiments was that the SHG cells are derived directly or indirectly 

from the bulge 59, these data may also support a model whereby SHG and bulge cells are 

maintained quasi-independently.  No similar studies have been performed to date to 

examine specifically the relationship between quiescence and proliferation of McSCs 

located in the bulge and SHG. 

In this study, we begin to dissect additional differences between McSCs located in 

the HF bulge and other HF regions during both telogen and anagen. To determine 

comprehensively the quiescent versus proliferative state of McSCs and melanocytes 

during the extended second telogen and second anagen, we utilize BrdU incorporation 

studies in conjunction with a bitransgenic mouse strain, Dct-H2BGFP, that facilitates the 
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identification of McSCs 43,137  to quantify the extent and localization of McSC 

proliferation during telogen and anagen. These experiments reveal the unexpected 

presence of a quiescent population of melanocytes residing outside of the bulge region 

during HF anagen. Using doxycycline regulation of Dct-H2BGFP mice, we confirm these 

observations and demonstrate how dilution of the GFP label correlates with melanocyte 

proliferative status.  Expression of the Polycomb group (PcG) protein EZH2, a histone 

methyltransferase, is associated with highly proliferative cells. EZH2 expression in 

melanocytes in vivo correlates closely with presence of the H3K27me3 mark it generates 

and also Ki67 expression during HF anagen. However, during telogen, a significant 

fraction of bulge and SHG McSCs persist with an H3K27me3 mark despite the absence 

of EZH2 expression at this stage. Quiescent melanocytes located in the outer root sheath 

during anagen may be important for regeneration of McSCs in the SHG during the 

following telogen stage.  

4.2 Results 

4.2.1 Quiescence of McSCs throughout telogen 

 Prior characterization of McSCs using in vivo BrdU labeling identified these cells 

as quiescent through their retention of a BrdU label incorporated during a prior anagen 

phase 130. McSCs were present in both the bulge and sub-bulge HF regions, localization 

subsequently confirmed in another study 67 and confirmed by us 137 with specific 

localization to the CD34+ bulge HF region and the CD34- sub-bulge/secondary hair germ 

(SHG) region 43. The prior analysis 130 identified cells that were quiescent at a single time 

point during HF telogen to retain a label administered during anagen. However, it was not 

sufficient to determine whether most or all HF McSCs remained quiescent throughout 
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telogen. Similar studies conducted in HF epithelial stem cells had shown the presence of 

BrdU LRCs in both the bulge and SHG at P50, as well as a progressive increase in the 

presence of BrdU-labelled cells selectively in the SHG population progressing through 

the extended second telogen phase 59. However, these experiments were focused upon the 

epithelial HF stem cell component and did not use a specific marker to determine the 

proliferative or quiescent status of McSCs comprehensively throughout telogen.  

To determine comprehensively the proliferative or quiescent status of McSCs 

throughout the extended second telogen, Dct-H2BGFP mice 137 were intraperitoneally 

injected with BrdU every 12 hours with 5-bromo-2'-deoxyuridine (BrdU) throughout 3 

temporally adjacent time periods: early telogen (P49-P56), mid-telogen (P56-P63) and 

late telogen (P63-P70) (Figure 4.1a). BrdU incorporation in McSCs in the telogen hair 

follicle was determined for bulge or SHG McSCs respectively. Of telogen-stage follicles 

analyzed, the results showed that 98.0±1.3% of SHG McSCs and 97.4±1.3% of bulge 

McSCs were BrdU- from P49 to P56, 97.7±0.9% of SHG McSCs and 97.2±0.5% of 

bulge McSCs were BrdU- from P56 to P63, and 96.5±1.8% of SHG McSCs and 

98.9±1.1% of bulge McSCs were BrdU- from P63 to P70 (Figures 4.1b, c). Compared to 

vehicle-injected mice during each period, BrdU incorporation was not significant, 

suggesting that essentially all HF McSCs are quiescent throughout telogen. The results of 

this experiment support the notion that the bulge and SHG McSCs are each quiescent 

population without proliferation of either population occurring to maintain itself or the 

other during these stages. It does not exclude the possibility that there may be 

proliferation-independent interchange between bulge and SHG McSCs during telogen, 

however. 
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Figure 4.1 Characterization of proliferating and quiescent follicular melanocytes 

during anagen onset and telogen.  

(a) Experimental design depicts BrdU administration during anagen onset (P21-P30), and 

early (P49-P56), mid (P56-P63) and late (P63-P70) telogen. (b) Analysis of BrdU 

incorporation during telogen stages. Inset images show absence of BrdU incorporation in 

bulge and SHG McSCs. (c) Quantification of BrdU incorporation in SHG, bulge and SG 

McSCs at different telogen stages. (mean ± SEM, n = 3, P >0.1 for all 3 telogen stages vs 

control) (d) BrdU incorporation in bulge, sub-bulge and bulb during anagen onset (P21-

P30). Inset images show BrdU+ (yellow dotted arrows) and BrdU- (white arrows) 

melanocytes. (e) Quantification of BrdU+ and BrdU- melanocytes show quiescent 

melanocytes in both bulge and sub-bulge compared to bulb (mean ± SEM, n = 3). 

***P < 0.0001 (one-way ANOVA). Scale bars, 75µm. 



110 
 

 Moreover, 34% of HFs analyzed at P70 had entered anagen, consistent with the 

enhanced uptake of BrdU in the SHG noted previously 59. The incorporation of BrdU 

administered from 7 days prior in three distinct regions of the anagen follicle, the bulge,  

the sub-bulge, here defined as the region between the bulge and the bulb; and the bulb 

were counted and quantified. Of the anagen follicles, 18.6±4.2%, 30.3±1.1% and 

74.1±2.2% of Dct-expressing cells of the bulge, sub-bulge, and bulb respectively were 

BrdU-positive, with substantial incorporation of BrdU into all three anatomically-defined 

locations, compared to both telogen follicles at P70 and prior in telogen, indicating 

transition into the proliferative stage of the HF cycle (Figure 4.2b, c). The exact stage of 

the HF cycle was confirmed by alkaline phosphatase staining 19,50,149 (Figure 4.2a). A 

small number of GFP+ McSCs in early, mid and late telogen were observed located 

above the bulge closer to the sebaceous gland in the BrdU+ or the proliferative upper, 

infundibular region of the HF (Figure 4.3a). These cells were considered and counted 

separately. These GFP+ McSCs were quiescent or BrdU- (Figure 4.1c), despite being 

surrounded by GFP- BrdU+ cells in this proliferating zone. We did not explore further if 

these cells are phenotypically similar to bulge McSCs. 
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Figure 4.2 Identifying dermal papilla during HF cycle  

(a) Characterization of HF stages by alkaline phosphatase (AP) staining. The left image 

shows AP stained dermal papillae enclosed by ORS characteristic of anagen HF in the 

skin cross section of our BrdU administered mice. The P49 mice from the litter used for 

telogen BrdU labeling show exposed dermal papillae suggesting onset of second telogen 

stage. (b) BrdU incorporation in melanocytes of second telogen to anagen transition HFs 

at P70. Appearance of BrdU+ melanocytes was observed in follicles transitioning in 

anagen. (c) Quantification of BrdU incorporation in the anagen HFs at P70. The highest 

number of BrdU+ GFP+ cells were present at the bulb (mean ± SEM, n = 3).                                   
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Figure 4.3 Identifying rare McSCs that are near sebaceous gland at telogen and 

CD34+ in bulge at anagen in murine HFs. 

(a) Immunofluorescence images of rare BrdU- GFP+ Melanocyte observed near 

sebaceous gland above bulge region in telogen HF. (b) Immunofluorescence image show 

CD34 expression only in melanocytes in bulge area of the anagen HF.  
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4.2.2 Quiescence and proliferation of melanocytes and McSCs during anagen 

 McSCs that are dihydroxyphenylalanine-stained and negative (DOPA-), 

indicating an undetectable level of tyrosinase activity, in all HF cycle stages are 

maintained in the outer root sheath (ORS) layer of the HF, unlike DOPA+, differentiated 

melanocytes located within the matrix of the anagen hair bulb that pigment the hair shaft 

149. Preliminary observations showed GFP-expressing melanocytes in the ORS between 

the bulge and the matrix, usually limited to the upper half of the anagen HF ((Figure 

4.1d). We will refer to the location between the bulge, as defined by CD34 expression 

and including the club hair bulge, and the matrix as the upper transient portion (UTP). 

The bulge and sub-bulge regions described here correspond closely to the LPP and the 

upper transient portion (UTP) previously defined 152. However, this study 152 was 

performed using depilation-induced anagen, rather than endogenous anagen, and used the 

junction of the dermis and subcutis, not intrinsic follicular structures, to define the 

boundary between LPP/UTP.  In first anagen, we recognize the bulge as an epithelial 

swelling around and including the club hair 38,217 corresponding to the region of positive 

expression of CD34 (Figure 4.3b) 43.  Since quiescent sub-bulge melanocytes during 

anagen might represent a source for SHG McSC regeneration in the following telogen, 

we sought to define whether sub-bulge follicular melanocytes during anagen are 

quiescent or proliferative.  

To determine the proliferative state of sub-bulge melanocytes, BrdU labelling was 

performed in vivo during anagen onset from P21-P30 to identify cells that had 

proliferated (Figure 4.1a). Analysis showed that a substantial fraction of Dct-expressing 

cells in the bulge, sub-bulge, and bulb of anagen HFs (56.5±1.5%, 49.9±0.6% and 
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19.4±0.7%) had no BrdU label (Figure 4.1d, e). These results indicate that a quiescent 

population of melanocytes is maintained throughout early anagen in all regions of the HF. 

Although some bulge McSCs remain quiescent during anagen, and matrix 

melanocytes cease proliferation upon differentiation, we were nonetheless surprised that 

a substantial proportion of fully quiescent melanocytes at P30 could be identified outside 

the bulge despite the extensive cellular proliferation associated with follicular anagen. To 

confirm this finding, we used doxycycline (Dox) regulation of Dct-H2BGFP mice to 

extinguish ongoing transgene expression, similar to the technique used previously to 

extinguish Krt5-driven expression in proliferating murine follicular keratinocytes. The 

residual level of GFP expression is inversely correlated to cell proliferation during the 

period of Dox administration 142. Doxycycline was administered from P19-P30. Mice 

were examined for retention or dilution of a stable H2BGFP label in follicular 

melanocytes (Figure 4.4a). In comparison to control mice, fluorescence images from 

Dox-treated mice show lower levels of GFP expression in the HF bulb compared to the 

bulge and sub-bulge, where numerous high GFP+ cells were still visible (Figure 4.4b). 

The distinction between the GFPhigh and GFPlow melanocytes is further revealed with 

confocal microscopy analysis. Compared to control mice (Figure 4.4c, d), the GFPlow 

cells in the Dox-treated mice are visible only with overexposure for GFP (Figure 4.4e) 

and retain GFP fluorescence intensity below 1.14 x 109 gray value threshold under the 

defined parameters (Figure 4.4f, ORS;cell b, Bulb; cell a,b). Quantification (n=3, 100 

HFs/mouse, Table S3C) revealed distinct differences in the retention of high GFP 

expression following Dox administration, with 63±5% of GFP+ cells in the bulge and 

62±3% of total GFP+ cells in the sub-bulge retaining high GFP expression which was 
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shown by only 11±3.8% of melanocytes in the HF bulb (Figure 4.4g). Heterogeneity in 

GFP expression was examined in control mice not receiving Dox. Control mice (n=3, 100 

HFs per mouse) showed that only 10±0.9% of melanocytes in the bulge, 14±1.9% in the 

sub-bulge, and 6±1.5% in the bulb have low GFP based on the GFP intensity threshold 

(Figure 4.5a) for GFPhigh and GFPlow classes. Overall, we observed 20±5% (1368±44 

GFP+ cells/100 HFs in Dox-treated mice vs 1720±78 GFP+ cells/100 HFs in controls) 

fewer total GFP+ cells in Dox-treated mice compared to controls (n=3, p<0.01). This 

difference is likely attributable to complete loss of GFP expression below the threshold of 

detectability in rapidly-dividing cells. Closer examination showed that the reduction of 

GFP+ total cell numbers between Dox-treated and control mice was restricted to the HF 

bulb (Figure 4.5b). 



116 
 

 

Figure 4.4 Characterization of proliferating melanocytes during anagen onset by 

doxycycline induced GFP depletion.  

(a) Schematic representation. (b) GFP expression in melanocytes during anagen +/- DOX 

treatment from P19-P30. Inset images (right) show GFPhigh (top) and GFPlow (bottom) 

melanocytes in ORS and bulb respectively. High magnification confocal images show 

GFP expression in ORS (top) and HF bulb (bottom) without (c) and with (e) Dox. The 

inset images show two melanocytes of the region. Scale bars, 50µm. The graphs show 

fluorescence pixel intensity (32-bit) across the yellow line from cell a to cell b without 

(d) and with (f) Dox treatment with 1.14 x 109 as the lower limit. For overexposure, 

lookup table (LUT) range was changed from 1.12 x 109—1.2 x 109 to 1.12 x 109—1.14 x 

109. Scale bars, 50µm. (g) Quantification of GFPhigh and GFPlow melanocytes after DOX 

treatment. (mean ± SEM, n = 3). ***P < 0.001 (one-way ANOVA).  
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Figure 4.5 Distinction between GFPhigh and GFPlow melanocytes in anagen HFs at 

P30 after doxycycline treatment.  

(a)The figure shows examples of GFPhigh and GFPlow melanocytes with their calculated 

corrected total cell fluorescence (CTCF). (b) Quantification of immunofluorescence 

images for total GFP+ melanocytes classified based on its location in the bulge, sub-

bulge and bulb. (mean ± SEM, n = 3, **P < 0.01).  
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Sox10 is expressed in McSCs where its expression at proper levels is critical for 

maintenance and repressing differentiation, and is less variable than other McSC markers 

152. Consistent with these findings, we observed that Sox10 was expressed at similar 

levels in GFP+ melanocytes in the ORS and bulb regions (Figure 4.6a). Thus, we used 

Sox10 to identify melanocytes that may have lost detectable expression of GFP following 

administration of doxycycline. Comparison of co-localized expression of Sox10 and GFP 

in P30 anagen HFs between untreated and Dox-administered mice (Figure 4.6a, b) 

shows a selective absence of GFP in Sox10+ bulb melanocytes in Dox-administered 

mice. Quantification of immunofluorescence images showed significant numbers of 

Sox10+GFP- cells (80/376 Sox10+ cells, 21±3%) in the HF bulb in Dox-treated mice 

compared to controls (10/254 Sox10+ cells, 4±1%, p<0.001). In contrast, few or no 

Sox10+GFP- cells were observed in the sub-bulge region where melanocytes reside (5/31 

(14±5%) Sox10+ cells in bulge; 0/41(0%) Sox10+ cells in sub-bulge region in Dox-

treated mice versus 0/36 (0%) Sox10+ cells in bulge; 0/47(0%) Sox10+ cells in the sub-

bulge region of control mice) (Figure 4.6c). The selective absence of GFP+Sox10+ 

melanocytes in the HF bulb of Dox-treated mice suggests that the most highly 

proliferative melanocytes are restricted to this location during anagen. Persistence of 

detectable GFP expression in the sub-bulge is consistent with our finding (Figure 4.1d, 

e) of fully quiescent melanocytes existing outside of the bulge region throughout HF 

anagen.  
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4.2.3 Ki67 expression and GFP retention 

in proliferating and quiescent 

melanocytes in anagen HF  

Dox-treated mice exhibited 

heterogeneity of GFP expression in the 

Sox10+ follicular population. These data 

suggested, but did not prove, that anagen HF 

melanocytes proliferate differentially and 

dilute the GFP label to a varying extent. We 

hypothesized that GFP expression in GFPlow 

cells was diluted because they were more 

proliferative.  To demonstrate this, we used 

another proliferation marker, Ki67, to look 

Figure 4.6 Identifying melanocytes by 

Sox10 expression in anagen HF. 

Expression of Sox10 without (a) and with 

(b) DOX treatment in GFPhigh and GFPlow 

melanocytes during anagen onset.  Top 

panels (and middle panels,B) shows 

expression in ORS region and bottom 

panels in bulb region. Inset images depict 

examples of Sox10+ melanocytes (yellow 

dotted arrow). Scale bars, 50µm. (c) 

Quantification of SOX+ GFP+ and SOX10+ 

GFP- cells from bulge, sub-bulge and bulb. 

Graph shows significantly higher number of 

SOX+GFP- cells in HFs from doxycycline 

treated mice compared to control mice. 

(mean ± SEM, 24 HFs) ****P < 0.0001 

(Student’s t-test). 
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for correlation between Ki67 expression and retention of GFP expression. Each of the 

methods used to measure in vivo cell proliferation, including Ki67 expression, BrdU 

incorporation and GFP dilution following Dox treatment requires that cells have entered 

into S phase prior to analysis and not solely have remained in G0 phase 218,219. However, 

cells may retain BrdU or GFP expression even after exiting the cell cycle, whereas Ki67 

expression disappears in G0 
220. Hence, Ki67 analysis should be complementary to the 

use of BrdU incorporation and Dox-induced GFP dilution which mark prior cell cycling 

even following exit in G0.     

Ki67 expression was analyzed in anagen HF cryosections from P30 Dct-H2BGFP 

mice. In control mice that did not receive doxycycline, immunofluorescence images 

showed that most of the Ki67+GFP+ cells resided in the HF bulb (Figure 4.7a), in a 

location correlating strongly with the presence GFPlow cells in Dox-administered mice 

(Figure 4.7b). Moreover, there were fewer Ki67+ melanocytes in the HF ORS (Figure 

4.7a) where we had previously observed a larger population of GFPhigh cells (Figure 

4.7b). Ki67 expression and localization was then analyzed directly in HFs of P30 mice 

that received Dox from P19. Quantitatively, comparison of the Ki67 and GFPlow 

distribution shows that the majority of GFPlow cells (1415/1562 total cells or 91%, n=3) 

and Ki67+GFP+ cells (564/664 total cells or 85%, n=3) of the cells are in the HF bulb 

while fewer than 10% of the Ki67+GFPlow melanocytes reside in the bulge and sub-bulge 

region of the anagen HF of Dox-treated mice (Figure 4.7c). Similarly, almost all 

Ki67+GFPhigh melanocytes were in the bulge and sub-bulge (6.2% and 4.1%, 

respectively, of 10.5% Ki67+GFPhigh melanocytes; Figure 4.7c).  
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The correlation between Ki67 

positivity and GFP expression was 

further investigated by flow cytometry 

analysis. In a representative figure 

(Figure 4.8a), a distinct GFPhigh cell 

population can be seen. This population 

of melanocytes was significantly 

reduced from 0.43±0.05% in control 

mice to 0.21±0.10% in Dox treated 

mice (Figure 4.8b, c; p-value: 0.02), 

consistent with the dilution of GFP 

expression with cell proliferation when 

analyzed with Ki67.  

Figure 4.7 Identifying GFPlow 

proliferating cells with Ki67. 

(a) Ki67 expression in anagen HF (b) 

Ki67 expression in GFPhigh cells from 

ORS (top panel) and GFPlow cells 

(bottom panel) from bulb after DOX 

treatment. Scale bars, 50µm. (c) 

Quantification of Ki67 expression in 

GFPhigh and GFPlow melanocytes shows 

correlation between GFP loss and Ki67 

expression. (mean ± SEM, n = 3; 34 

HFs/animal) χ² (2 degrees of freedom, 

N = 664) = 414, ****P < 0.0001 

(Pearson’s chi-squared test).  
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Figure 4.8 Correlation between GFP loss and Ki67 expression in melanocytes after 

DOX treatment. 

 (a) Flow cytometry analysis of GFP+ cells with (a) and without (b) DOX treatment. (c) 

Quantification of total GFP+ cells from mice +/- DOX. (mean ± SEM, n = 3). *P < 0.05 

(Student’s t-test). Two-color flow cytometry analysis of GFP and Ki67 expression 

without (d) and with (e) DOX treatment. (f) Quantification of Ki67+ and Ki67- 

melanocytes identified +/- DOX treatment. (mean ± SEM, n = 3) P = 0.05 Ki67+ vs Ki67- 

melanocytes (Student’s t-test). 
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Profound reduction in Ki67+GFPhigh cells was observed (top right quadrant; Figure 4.8d, 

e) from 0.23±0.08% to 0.03±0.01% after Dox treatment (Figure 4.8f; p-value: 0.05) 

Ki67-GFPhigh cells did not show a significant difference between samples from control 

mice (0.21±0.07%) and Dox treated mice (0.19±0.02%; p-value: 0.86), probably because 

of the relatively larger number of this cellular subset. The results suggest that the 

Ki67+GFPhigh cell population in control mice that proliferated close to P30 shifted to the 

left due to GFP dilution. Selective loss of Ki67+GFPhigh cells after Dox treatment is 

consistent with the property of Ki67-GFPhigh cells as a quiescent melanocyte population.   

4.2.4 Ezh2 expression and proliferation of melanocytes during anagen  

The Polycomb Repressive Complex 2 (PRC2) histone methyltransferase Ezh2 is 

essential for cell proliferation 109,221,222. PRCs are important in stem cell survival and 

maintenance through their repressive activities that can prevent cell-cycle exit, inhibit 

cellular differentiation, or suppress development into alternate cell lineages 223. Ezh2 and 

Ki67 expression are highly correlated in colorectal cancer tissue 224. To gain more insight 

into the relationship between melanocyte proliferation and differentiation from the 

quiescent stem cell state during early HF anagen, we determined the expression of Ezh2 

and Ki67 during early anagen (P22; anagen I and II), early to mid-anagen (P23; anagen 

III), mid-anagen (P25; anagen IV), late anagen (P30; anagen V and VI) and telogen as a 

control. Skin samples were collected after starting doxycycline treatment from P19. 

Proliferating melanocytes were identified by Ki67 immunostaining. 

Throughout anagen, all proliferating melanocytes identified by positive Ki67 

immunostaining expressed Ezh2 and demonstrated its lysine trimethylation product 

H3K27me3. Immunofluorescence analysis consistently showed a relatively lower number 
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of Ezh2 and H3K27me3-expressing 

melanocytes in the bulge region compared 

to the sub-bulge and HF bulb throughout 

anagen (Figure 4.9 and 4.10). 

Concomitantly, melanocytes from SHG 

were highly proliferative from early to mid-

anagen with a higher number of Ki67+ cells 

(31±6% at P22, 32±5% at P23 and 26±1% 

at P25) correlating with more 

EZH2/H3K27me3 positive cells in this 

region. This result reflects the intrinsically 

Figure 4.9 Analysis of Ezh2 expression 

during anagen.  

(a) Ezh2 and Ki67 expression during: 

(anagen I-II; P22, top panel), (anagen III; 

P23, second panel), (anagen IV; P25, third 

panel), (anagen V-VI; P30, ORS and bulb 

in fourth and fifth panels respectively) and 

telogen (P56, bottom panel). Inset images 

show Ezh2-Ki67- melanocytes (white 

arrows) and Ezh2+Ki67+ melanocytes 

(yellow, dotted arrow). Scale bars, 100µm. 

(b) Quantification of Ezh2 and Ki67 

expression in melanocytes from early to 

late anagen (mean ± SEM, n = 3; 25 

HFs/animal). 
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low proliferative rate of cells in the 

bulge compartment of HF during 

anagen. At mid-anagen (P25, anagen 

IV), the Ezh2 expression and 

H3K27me3 level was highest at the bulb 

which prevailed till late anagen (P30, 

anagen V and VI) (Figure 4.9a and 

4.10a) despite a significant decrease in 

proliferative melanocytes by this stage 

(Figure 4.9b, fourth graph, Figure 

4.10b, fourth graph). This suggests that 

while initially Ezh2 activity is required 

for proliferation, this function is overtaken by an important role in differentiation.  

Figure 4.10 Analysis of 

trimethylation of lysine 27, Histone 3 

(mH3K27) during anagen.  

(a) Immunofluorescence of mH3K27 

and Ki67 expression during: (anagen I-

II; P22, top panel), (anagen III; P23, 

second panel), (anagen IV; P25, third 

panel), (anagen V-VI; P30, ORS and 

bulb in fourth and fifth panels 

respectively) and telogen (P56, bottom 

panel). Inset images show mH3K27-

Ki67- (white arrows) and 

mH3K27+Ki67+ (yellow, dotted arrow) 

melanocytes. Scale bars, 100µm. (d) 

Quantification of H3K27 methylation 

and Ki67 expression in melanocytes 

during anagen (mean ± SEM, n = 3; 25 

HFs/animal). 
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Comparatively, there is a decrease in Ezh2 expression as anagen progresses from mid to 

late anagen at the bulge and sub-bulge region (Figure 4.9b, fourth graph). Interestingly, 

the histone 3 trimethylation did not decrease analogously to Ezh2 (Figure 4.10b, fourth 

graph). A subpopulation of melanocytes in the bulge (32±4%) and SHG (29±4%) 

maintained H3K27me3 at telogen (P56) compared to no detectible Ezh2 expression at 

this stage (Figure 4.9b and 4.10b; bottom panels). This result may indicate a persistent 

effect of Ezh2 that extends into telogen and absence of histone demethylase activity. This 

subpopulation of melanocytes may be primed to proliferate in the subsequent HF cycle.   

4.2.5 Compartmental expression of McSC and melanocyte differentiation proteins 

during HF anagen  

Our discovery of quiescent follicular melanocytes outside of the bulge region 

during anagen shows that anagen melanocytes can be divided into quiescent and 

proliferative subsets. Recognizing these distinct functional populations may provide 

insights into the mechanisms driving cellular quiescence and proliferation following 

emergence from the quiescent stem cell state. Quiescent anagen follicular melanocytes 

present during anagen could represent the source for regenerated SHG McSCs, since our 

experiments show that these cells are not derived directly from proliferating bulge 

McSCs during telogen. Regardless, identifying subsets of anagen melanocytes in distinct 

HF compartments by their relative expression of marker proteins may help provide 

functional insight into cellular behavior, leading to the ability to identify markers that 

differentiate melanocytes in these compartments without using GFP or proliferation-

based markers. 

We initially surveyed the expression of the stem cell markers Kit and nestin in 

anagen HFs.  Kit, a receptor tyrosine kinase, has been utilized previously as a McSC 
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marker 130,152 and is functionally important in prenatal and postnatal melanocyte 

development 129,153. Nestin is a marker for neuronal stem cells and other pluripotent cells 

derived from the neural crest225. These cells demonstrate multipotency with their ability 

to differentiate into neurons, glial cells, melanocytes and smooth muscle cells, similar to 

bulge/CD34+ McSCs we previously reported 43,49,226.  Nestin is also expressed in keratin 

15-negative (Krt15-) cells of the HF bulge. At P30, Kit expression was high in the bulge 

and sub-bulge melanocytes, but not in bulb melanocytes. Within the ORS, the level of 

expression of Kit did not differ between GFPhigh and GFPlow melanocytes (Figure 4.11a, 

b). In contrast, nestin expression was restricted to the bulge region, comparable to the 

bulge/LPP in telogen. Nestin expression in this region was high regardless of whether the 

bulge cells were GFPhigh or GFPlow (Figure 4.11c, d).  

We also examined the expression of melanocyte differentiation markers 

dopachrome tautomerase (Dct), tyrosinase related protein 1 (Tyrp1), and tyrosinase (Tyr) 

in quiescent cells of ORS compared against proliferating melanocytes of the anagen HF.  

While Dct holds the distinction of being expressed in all melanocyte lineage cells 

regardless of their differentiation status, nevertheless these melanogenic proteins are still 

expressed at higher level in terminally differentiated melanocytes 227,228. We wondered 

whether some or all these markers would be differentially expressed, at least at the level 

of immunofluorescence, between the quiescent and proliferative cells. Analysis of 

expression of these markers in immunofluorescence images showed comparatively high 

cytoplasmic expression of Dct (Figure 4.12a), Tyr (Figure 4.12c) and Tyrp1 (Figure 

4.12e) in all melanocytes in the HF bulb relative to ORS melanocytes. Although most of 

the cells expressing Tyr, Tyrp1, and Dct were located in the HF bulb, quantification 
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demonstrated that there was no significant difference between the expression of these 

proteins in quiescent GFPhigh cells or proliferative GFPlow cells in any HF location 

(Figures 4.12b, d, f). Hence, the expression of at least these 3 melanocyte differentiation 

proteins appears to be unrelated to the proliferative state of the melanocyte but is instead 

most closely correlated with the presence of the cell in the anagen bulb. 

Figure 4.11 Kit and Nestin expression distinguish quiescent melanocytes in anagen 

HFs.  

Immunofluorescence and quantification of Kit (a, b) and Nestin (c, d) expression in 

GFPhigh and GFPlow melanocytes with (right panels) and without (left panels) DOX 

treatment. Top panels including middle panels in (a) and (c), show expression of the 

marker in the bulge and sub-bulge. Bottom panels show expression in melanocytes of HF 

bulb at P30 (except (a) with image showing Kit expression at P56 telogen HF). Scale 

bars, 50µm. (mean ± SEM, minimum 30 HFs quantified/animal).  Inset images identify 

melanocytes with (yellow dotted arrow) and without (white arrow) expression of the 

concerned marker. Scale bars, 50µm. 
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4.2.6 Compartmental expression of melanocyte transcription factors during anagen   

Additionally, we analyzed expression of the transcription factors Ap-2α, Sox10, 

Pax3 and Mitf in quiescent melanocytes during anagen. These transcription factors have 

Figure 4.12 Melanogenic markers characterize proliferating melanocytes in anagen 

HFs. 

Immunofluorescence and quantification of Dct (a,b), Tyrp1 (c, d) and Tyr (e, f) 

expression in GFPhigh and GFPlow melanocytes with (right panels) and without (left 

panels) DOX treatment. Top panels including middle panels in (a) and (c), show 

expression of the marker in the bulge and sub-bulge. Bottom panels show expression in 

melanocytes of HF bulb at P30. Scale bars, 50µm. (mean ± SEM, minimum 30 HFs 

quantified/animal).  Inset images identify melanocytes with (yellow dotted arrow) and 

without (white arrow) expression of the concerned marker. Scale bars, 50µm. 
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particular importance in melanocyte development, maintenance, differentiation and 

survival 95,106,135,229. Mitf is directly involved in the control of melanocyte and melanoma 

cell proliferation 230,231; hence, variations in its expression in anagen-stage melanocytic 

cells might be correlated with their existence in quiescent or proliferative states. 

Analysis of immunofluorescence experiments on P30 anagen HFs showed most 

melanocytes at this stage expressed Ap-2α with no significant difference observed 

between quiescent GFPhigh and proliferating GFPlow melanocytes in ORS and HF bulb 

respectively (Figure 4.13a, d). Ap-2α was observed in non-melanocytic HF cells in the 

upper bulge and infundibulum (Figure 4.13a, upper panels), and in ORS cells 

approaching the bulb region (Figure 4.13a, lower panels), but was not as evident in ORS 

cells between the bulge and the bulb (Figure 4.13a, middle panels).  Mitf expression was 

most strongly correlated with differentiated melanocytes in the HF bulb, where its 

expression did not vary significantly between GFPhigh and GFPlow cells. In most the bulge 

and sub-bulge cells, Mitf was expressed at a low level (Figure 4.13b, e). Pax3 expression 

was similar to Mitf, with high levels of expression detected in GFPhigh and GFPlow 

melanocytes in the bulb and lower fractions of cells in the bulge and sub-bulge 

expressing Pax3 at high levels (Figure 4.13c, f).  
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Figure 4.13 Transcription factors Mitf and Pax3 is expressed only in proliferating 

melanocytes from HF bulb in late anagen. 

Expression of Ap-2α (a), Mitf (b) and Pax3 (c) in GFPhigh and GFPlow melanocytes with 

(right panels) and without (left panels) DOX treatment during anagen onset.  Top panels 

(and middle panels (where applicable) shows expression in ORS region and bottom 

panels in bulb region. Inset images depict examples of melanocytes with (yellow dotted 

arrow) and without (white arrow) expression of the interested transcriptional factor. 

Quantification of Ap-2α (d), Mitf (e) and Pax3 (f) in GFPhigh and GFPlow melanocytes 

from the images. Scale bars, 50µm. (mean ± SEM, minimum 30 HFs counted/animal) 
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Table 4.1 Relative marker expression in the bulge, sub-bulge and HF bulb 

Marker Bulge Sub-bulge  Bulb 

CD34 high No expression No expression 

Ki67 low low high 

Kit high high low 

Nestin high No expression No expression 

Dct low low high 

Tyrp1 low low high 

Tyr low low high 

Ap-2α high high high 

Sox10 high high high 

Pax3 low low high 

Mitf low low high 

Ezh2 low low high 

 

 

4.3 Discussion 

Using complementary techniques to measure cell proliferation and quiescence in 

vivo, we report aspects of melanocyte function during HF anagen and telogen, including 

an analysis of the quiescence of distinct HF McSC subsets found in the bulge and the 

SHG. Our results demonstrate that anagen ORS melanocytes can be divided into 

NstnhighKithighMitflowPax3low and NstnlowKithighMitflowPax3low subsets corresponding to 

cells in the bulge/LPP and the sub-bulge, respectively (Table 4.1). Melanocytes in the 

anagen bulb instead have a KitlowMitfhighPax3high phenotype (Table 4.1). None of these 

markers distinguishes between quiescent and proliferative ORS cells during anagen. 
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 These results establish the presence of fully quiescent melanocytes in anagen 

outside of the bulge/LPP region. In previous work using a depilation-induced anagen 

model, only a fraction of sub-bulge and bulb melanocytes expressed Ki67 in early- and 

mid-anagen, implying that some cells were not proliferative at the stage examined. 

However, no label-retaining technique was used to confirm that Ki67- cells remained 

quiescent throughout anagen. Telogen bulge melanocytes expressed Dct alone and were 

Ki67-, consistent with our findings, and sub-bulge melanocytes expressing Dct and a low 

level of Tyrp1 differed from fully differentiated melanocytes in the HF matrix expressing 

Dct/Tyrp1/Tyr. Their description of Kit expression differed from ours, whereby Kit 

expression in the bulge was variable during telogen, decreased or extinguished in this 

region during depilation-induced anagen, but high in the anagen matrix. Our findings are 

more consistent with a more recent study which found that Kit is maintained in 

bulge/LPP and sub-bulge/UTP cells in mid-anagen, with the percentage of Kithigh cells 

declining only slightly in telogen 152 . The prior study 11 used an antibody to Kit requiring 

tyramide amplification, possibly explaining the difference between their conclusions and 

those shared by us and the more recent study 152. 

 Although the bulge/LPP remains intact throughout the HF cycle, the SHG is 

transient and disappears as a recognizable structure following anagen onset. Hence the 

regeneration of McSCs in the SHG after the first anagen is dependent upon their 

appearance from another structure. Since neither bulge nor McSCs proliferate during 

telogen (Fig. 1B,C), it is unlikely that bulge McSCs divide to repopulate the SHG during 

this stage, although our results do not formally exclude proliferation-independent 

interchange of McSCs between compartments. Instead, we propose that quiescent 
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melanocytes outside the bulge/LPP during anagen may represent a source for SHG 

regeneration during telogen, with the survival of select quiescent cells throughout anagen 

and catagen reforming SHG McSCs. Identifying markers which distinguish quiescent 

anagen melanocytes will be important to conduct fate-mapping and other experiments 

required to test this hypothesis directly. 

4.4 Materials and methods 

4.4.1 Animal Model 

A Tet-off bitransgenic mouse Dct-H2BGFP 137  with Dct-tTA (Hprttm1[Dct-tTA-

SV40p(A)]Hyk) and TRE-H2BGFP (Tg[tetO-HIST1H2BJ/GFP]47Efu) transgenes was used for this 

study that permits accurate identification of the melanocytes lineage cells through nuclear 

GFP expression. The use of mouse model is in accordance with guidelines from the 

University of Maryland Institutional Animal Care Committee. 

4.4.2 In Vivo labeling of melanocytes by 5-Bromo-2'-Deoxyuridine (BrdU)  

To identify proliferating melanocytes and McSCs during anagen onset, Dct-

H2BGFP mice (n=3) were intraperitoneally injected with BrdU (50µg/g body weight of 

10mM solution) (Molecular probes) every 12 hours from P21 to P30 (Figure 4.1a). 

Control mouse from same litter were injected with vehicle (PBS). Additionally, the 

transgenic mice (n=3 per experiment) were BrdU labeled at 3 temporally adjacent time 

periods: early (P49-P56), mid (P56-P63) and late telogen (P63-P70) (Figure 4.1a). Skin 

samples were collected from 3 different regions of dorsal skin- frontal, lateral and hind at 

P30, P56, P63 and P70 following BrdU administration during anagen and telogen. 
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4.4.3 Administration of doxycycline (DOX) 

Dct-H2BGFP mice were administered doxycycline hyclate (Sigma) (2g/l 

dissolved in drinking water; changed every 48 hours) from P19 to P30 to identify GFP 

retaining cells. The control group received regular drinking water. After starting 

treatment from P19, dorsal skin samples were collected at P22 (early anagen), P23 (early 

to mid-anagen), P25 (mid-anagen) and P30 (late anagen) as well (n=3 per experiment).   

4.4.4 Immunofluorescence assay  

Cryomounts each of the experiments were prepared from the dorsal skins by 

embedding in OCT compound (Tissue-Tek). The mounts were cut into 10µm 

cryosections (Leica Cryostat) for immunofluorescence assay and fixed with 4% 

paraformaldehyde. For BrdU labeling identification, this step was followed by acid 

fixation by 4N HCl (30 min) and 0.1M sodium borate wash. The sections were 

permeabilized and blocked in blocking solution (10% FBS, 1% BSA and 0.1% Triton-X) 

for 1 hour. For mouse antibody, they were blocked using MOM kit.   

A different protocol was followed for mouse monoclonal anti-BrdU antibody 

(clone B44, BD Bioscience). The sections were first permeabilized with 0.1% Triton-X 

after HCl treatment for 10 minutes and blocked using streptavidin/biotin blocking kit 

(vector laboratories) and MOM kit (vector laboratories). Alexa Fluor 546 conjugated 

streptavidin (1:500 for 15 minutes, Invitrogen) was used as the secondary antibody as per 

MOM kit protocol.  

The sections were incubated overnight in primary antibodies for BrdU (1:200, Rat 

monoclonal antibody, clone BU1/75 (ICR1), Abcam), Ki67 (1:200, rabbit polyclonal 

antibody, Leica Biosystems), c-kit (1:200, rat monoclonal antibody, ACK4 clone, 
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Cedarlane), Nestin (1:100, mouse monoclonal antibody, clone rat401, EMD Millipore) 

Dct (1:200, α-PEP8, rabbit polyclonal antibody, a gift from Dr. Vincent Hearing, NIH), 

Tyrp1 (1:200, αPEP1, rabbit polyclonal antibody, a gift from Dr. Vincent Hearing, NIH), 

Tyr (1:200, αPEP7, rabbit polyclonal antibody, a gift from Dr. Vincent Hearing, NIH), 

Ap-2α (1:100, mouse monoclonal antibody, 3B5 clone, Santa Cruz), Sox10 (1:100, 

mouse monoclonal antibody, A-2 clone, Santa Cruz), Pax3 (1:200, mouse monoclonal 

antibody, Developmental Studies Hybridoma Bank) , Mitf (1:100, mouse monoclonal 

antibody, C5 clone, EMD Millipore), Ezh2 (1:200, rabbit monoclonal, D2C9 clone, Cell 

Signaling), Tri-Methyl-Histone H3 (Lys27) (1:200, rabbit monoclonal, C36B11 clone, 

Cell Signaling) and CD34 (1:200, rat monoclonal antibody, clone Ram34, BD 

Biosciences). Furthermore, the sections were incubated either in Cy3 conjugated anti-rat 

or anti-rabbit IgG (H+L) secondary antibody (Jackson immunoresearch) at 1:1000 

dilutions for 1 hour at room temperature or in Alexa Fluor 546 conjugated streptavidin 

(1:500, for mouse antibodies).  

Immunofluorescence images were obtained by Olympus upright or DMi8 Leica 

microscopes with imaging software (Slidebook/Leica Application Suite X). In addition, 

the confocal images (Fig. 2) were taken using a Nikon Eclipse Ti2 confocal microscope 

equipped with a spinning disk unit (CSU-W1, Yokogawa) and Hamamatsu sCMOS 

camera. 405 and 488nm excitation wavelength were used for DAPI and GFP with 

identical pixel acquisition setting maintained for all experiments. The oil immersion 

objective (Plan Fluor 40X, NA 1.30) acquired images were processed using Nikon NIS-

Elements software for denoising, 3D deconvolution and Z-stacking. The Z-stacks were 

used to obtain extended depth of focus (EDF) images. The grayscale calculation was 



137 
 

performed using Fiji (ImageJ). For BrdU detection, images were taken within 24h of 

fixation to prevent fluorescence loss.   

4.4.5 Distinction of GFPhigh and GFPlow melanocytes in DOX treated mice 

The GFPhigh and GFPlow melanocytes in fluorescence images can be distinguished 

by difference in fluorescence intensity. The quantitative value for the intensity was 

calculated as corrected total cell fluorescence (CTCF). The area, integrated density and 

mean gray value are calculated using Fiji. Background fluorescence is collected adjacent 

to the cells. The formula used is: CTCF = Integrated Density – (Area of selected cell X 

Mean fluorescence of background readings). Based on this calculation, we observed that 

all the GFPlow melanocytes are below the CTCF value of 4000 (Figure 4.5a) 232,233. 

4.4.6 Alkaline phosphatase staining 

The HF cycle stage was confirmed by alkaline phosphatase (AP) staining. A 

representative section from each of the experiment was first fixed in acetone (stored at -

20°C) for 10 minutes and subjected to AP staining following the protocol mentioned by 

Handjiski et al. using Naphthol-AS-BI-phosphoric acid as substrate and New Fuchsin 

stock solution (5% in 2N HCl) as coloring component 19,20.  

4.4.7 Cell sorting analysis 

Skins samples from P30 Dct-H2BGFP mice with/without DOX treatment were 

trypsinized in 0.5% of trypsin (Affymetrix) at 37°C (15 min) after careful removal of 

subcutaneous fat. The skin was cut into small fragments and incubated in thermolysin 

low Liberase (Roche) at 37°C (1 hour) followed by treatment with 0.05% DNase (Sigma) 

and 5% FBS. The fragments were dissociated into single cells by repeatedly passing them 

through a 60ml syringe. Any remaining impurities and clumps were filtered out with 100 
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µm cell strainers (Fisher scientific) and 40 µm cell strainers (Fisher scientific). The final 

cell suspension was prepared in 5% FBS.  

Dead cells in the cell suspension was identified by adding 7AAD (BD 

biosciences). In case of Ki67 labeling for flow cytometry analysis of GFP+ cells, fixable 

viability dye eFluor 780 (30 min) was used to label dead cells followed by fixation with 

4% paraformaldehyde solution (10 min) and blocking in 10% FBS, 1% BSA and 0.1% 

Triton-X (30 min). Cells were incubated in Alexa fluor 647 conjugated Ki67 antibody 

(1:20, rabbit monoclonal antibody, clone D3B5, cell signaling). Cell sorting analysis data 

was acquired by BD LSRII flow cytometer.  

4.4.8 Statistical analysis 

Two-way unpaired Student’s t-test (Figure 1c) or one-way ANOVA (Figure 1e, 

2d) was also used to compared BrdU+ and BrdU– cells as well as GFPhigh and low GFPlow 

cells where applicable (Prism). Pearson’s chi-squared test was used to confirm correlation 

between Ki67 expression and GFPlow cells after DOX treatment (Figure 4.7) (Prism). 

The flow cytometry was analyzed by Flowjo software followed by two-way unpaired 

Student’s t-test (Figure 4.8). 

 

http://www.ebioscience.com/fixable-viability-dye-efluor-780.htm
http://www.ebioscience.com/fixable-viability-dye-efluor-780.htm
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CHAPTER 5: Summary and Perspectives 

5.1 Dct-H2BGFP mouse as an attractive model to study melanocytes 

In this work, we successfully characterized the Dct-H2BGFP mouse in both 

mixed and C57BL/6J (B6) background for in vivo study of melanocytes. The expression 

pattern of our bitransgenic mouse is consistent with previously published mouse models 

like Dct-LacZ 129 and iDct-GFP 131 (Figure 5.1). The unique advantage of the Dct-

H2BGFP mouse model is to label not only a relatively rare and specific cell type of the 

melanocyte lineage by a fluorescent reporter molecule, GFP; but also maintain its 

constitutive expression without the need of constant induction, like the Tet-on iDct-GFP 

model. The GFP expression fused with nuclear histone 2B provides a very specific and 

extremely stable fluorescent signal allowing multi-signal analysis with fluorescent-tagged 

antibodies for markers of interest and signaling molecules.  Using previously known 

markers and identifying characteristics, we confirmed GFP expression in melanoblasts 

during embryonic stage of development. Fluorescence images showed GFP expression in 

the RPE region of developing eye, optic nerve, cochlea and semicircular canals of the ear, 

and the truncal region at E11.5-12.5 after the melanoblasts have migrated away from the 

neural tube.  Similarly, we also confirmed that GFP is expressed in McSCs that are 

classically identified by their ability to retain BrdU label from anagen during telogen 38 as 

well as by expression of the well-established McSC marker, Kit 11. In the end, we showed 

the expression of GFP in mature pigmenting melanocytes of the HF bulb during anagen 

by showing its colocalization with melanogenic markers Dct, Tyr and Tyrp1. 

Often an inducible system is used to drive reporter protein expression only 

following administration of chemical compounds like tamoxifen or tetracycline 
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derivatives. In contrast, one significant feature of our animal model is the combination of 

a tet-off Dct-tTA and TRE-H2BGFP transgenes that combine to drive constitutive 

reporter GFP expression, rendering the need of chemical induction unnecessary in most 

of the studies. This circumvents the undesirable side effects of maintaining tetracycline 

derivative administration over the long term. For example, recent studies have shown an 

adverse effect of doxycycline treatment on cell proliferation and metabolism as well as 

inhibition of mitochondrial ribosomes 234,235. Regardless, we showed that the mature 

Dct-H2BGFP 

C57BL/6J

BL6-Dct-H2BGFP

Backcrossed into

Confirmed GFP expression in:

1. Melanoblasts
(Embryo)

2. McSCs

(Kit+ cells; LRCs)

3. MatureMelanocytes

(Dct+, Tyr+, Tyrp1+ cells)

Confirm the Tet-off system: 

• DOX-
Constitutive GFP
expression in Dct+ cells.

• DOX+                       
Ablation of GFP  

expression in Dct+ cells.

• FACS isolation of 

melanocytes by GFP 
expression

Figure 5.1 Summary of Dct-H2BGFP mouse model characterization 

The figure summarized the characterization of Dct-H2BGFP mouse in mixed background 

or after backcrossing into the C57BL/6J background. GFP expression was confirmed in 

melanoblasts, McSCs and mature melanocytes. The doxycycline inducibility was also 

confirmed followed by successful FACS isolation of the GFP-expressing melanocytes 

from single cell suspension from murine skin. 

 



141 
 

melanocytes in the HF bulb lose GFP if administered doxycycline during the onset of 

anagen (Figure 5.1). In fact, administration of doxycycline from the onset of pregnancy 

to the completion of follicular morphogenesis (E0-P8) results in complete ablation of 

GFP expression. Interestingly, we were able to elegantly use doxycycline regulation 

similar to experiments reported earlier by Dr. Fuchs’ lab using K14 driven transgenic 

mice for studying heterogeneity in epithelial stem cells 142. We successfully identified 

and confirmed loss of GFP expression in proliferating melanocytes if timed 

synchronously with anagen onset.  

To complement the real time visualization of melanocytes in native state assisted 

by imaging, we successfully isolated melanocytes and McSCs over the course of study by 

FACS (Figure 5.1). Prior to flow cytometry analysis, we optimized the protocol for 

preparing single cell suspensions from murine skin as a function of the stage of HF cycle. 

FACS isolation of McSCs made not only in vitro studies possible but allowed RNA 

isolation for gene expression analysis. In conclusion, we successfully characterized the 

Dct-H2BGFP mouse in mixed as well as C57BL/6J background, presenting information 

about the best currently available animal model for the study of melanocyte lineage cells.  

With the establishment of accurate identification of melanocyte lineage cells in 

our animal model, we plan to make this resource available to the wider scientific 

community, especially skin biologists, for studies ranging from basic developmental 

biology to translational medicine. In fact, we are already making our mouse available to 

other scientists. The strain has been shared with scientists at the Peter MacCallum Cancer 

Center, the University of Toledo, and Miller School of Medicine- the University of 

Miami. Scientific communities like PanAmerican Society of Pigment Cell Research 
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(PASPCR) and International Federation of Pigment Cell Societies (IFPCS) organize 

pigment cell related conferences and brings skin researchers together to share their 

findings and to encourage collaborative work. Through those channels or our published 

works, pigment cell biologists are recognizing the importance of our transgenic mouse 

model and some have either acquired it for their work or are collaborating with us to 

assist in their research. 

5.2 Bulge and SHG McSCs show distinct gene expression 

Using our mouse model, we identified two subpopulations of McSCs in murine 

HF during telogen that can distinguished by the expression of CD34 and Cdh3. The bulge 

McSCs represents a CD34+ Cdh3- stem cell population while the SHG McSCs are 

CD34- Cdh3+. Endogenous GFP expression in our transgenic mouse along with 

fluorescent tagged anti-CD34 enables the separation of CD34+/bulge and CD34-/SHG 

McSCs by FACS from single cell suspensions of telogen skin from 56 days old mice. 

Preliminary gene expression analysis showed relatively higher expression of melanogenic 

markers like Pmel17, Dct, Tyr, Tyrp1 and Mitf in SHG McSCs. Whole genomic analysis 

by RNA-Seq was employed for more comprehensive characterization. Accumulating 

enough of these rare skin cells, especially CD34+ McSCs (0.2% of dermal cells), 

required 257 mice over 61 independent sorting events of over one billion total cells.  

Following analysis of RNA seq data with analytical tools such as differential gene 

expression (DE) analysis and Ingenuity Pathway Analysis (IPA), the CD34+/bulge 

showed higher expression of neural crest markers such as Ngfr, Bmp7, Bmp9, Twist1, 

Twist2 and Snai1. Conversely, CD34- McSCs from the SHG region of the HF had higher 

expression of melanogenic markers like Mc1r, Slc45a2, Tyr, Tyrp1, Dct, Pmel17, Pax3 
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and Mitf. Additionally, pathways involved in stem cell pluripotency are upregulated in 

the CD34+/bulge McSCs while the pathways necessary for melanocyte development and 

pigmentation is upregulated in CD34-/SHG McSCs. Overall, these findings confirm the 

neural crest-like gene expression profile of CD34+/ bulge McSCs compared to more 

melanocyte lineage committed expression phenotype of CD34-/SHG McSCs (Figure 

5.2).  

5.3 McSC subpopulations from bulge and SHG are functionally distinct 

Genomic analysis of CD34+ and CD34- McSCs was complemented by functional 

assays showing that CD34+/bulge McSCs demonstrate multilineage differentiation in 

vitro, generating cells with distinct morphologies and expressing markers of different 

neural crest derived cells like GFAP (glia/Schwann cell), α-sma (smooth muscle) and 

Tuj1 (neuron) (Figure 5.2). In contrast, CD34-/SHG McSCs more readily differentiated 

into pigmented dendritic cells that express melanocyte differentiation markers including 

Tyr, Tyrp1 and Mitf. Our lab also demonstrated the stable pigmentation capability of 

these cells in vivo 43. CD34+ McSCs from the bulge have a high propensity to express 

glial markers, GFAP and CNPase. Their commitment to glial differentiation was more 

clearly displayed in vivo where the bulge McSCs, when introduced intraocularly or 

intracranially in myelin-deficient Shiverer mice, myelinated regional neurons (Figure 5.2 

and Figure 5.3). These data support the notion that the two subpopulations of McSCs, 

CD34+ and CD34-, may represent cells with distinct therapeutic regenerative 

applications.  

Currently, reprogrammed mesenchymal stem cells, embryonic stem cells, induced 

pluripotent stem cells and more recently, multilineage differentiating stress-enduring 
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(muse) cells are used as source of stem cells to generate mature melanocytes in 

pigmentation related disorders like vitiligo122,236–240. Our identification of the CD34-/SHG 

McSC subpopulation committed to melanocyte lineage presents another viable option for 

such stem cell therapy. Our study also highlights the incredible plasticity of the HF stem 
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Figure 5.2 Summary of Comparative study of bulge and SHG McSCs 

The figure summarizes the distinction between bulge (CD34+) and SHG (CD34-) 

McSCs. RNA-Seq analysis shows relatively higher expression of neural crest markers 

and stem cell pluripotency pathways in bulge McSCs; and higher expression of 

melanogenic markers and melanocyte specific pathways in SHG McSCs. Bulge McSCs 

can express markers of glia/Schwann cells, melanocytes, neurons and smooth muscle 

lineages while the SHG McSCs are more committed to melanocyte lineage in vitro.  In 

vivo, bulge McSCs show glial potential by myelinating neurons in the myelin deficient 

Shiverer mouse model (shi/shi). 
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cells and their regenerative capabilities. Currently, stem cells like mesenchymal stem 

cells derived from umbilical cord and stem cells from bone marrow are being studied for 

their remyelination potential in neurodegenerative disorders like multiple sclerosis 241. 

The CD34+/bulge McSCs may represent a more readily available multipotent stem cell 

population that can be harvested directly from patient skin and used therapeutically.  

However, only the confirmation of sustained myelinating capability of the bulge/CD34+ 

McSCs will establish these cells as a legitimate alternative for stem cell therapy. 

Additional experiments, initially in murine models, like sciatic nerve injury and 

remyelination in experimental autoimmune encephalomyelitis (EAE) model will be 

crucial. Success of these studies can pave the way for future translational studies in 

Figure 5.3 Scheme for study of glial potential of McSCs from bulge and SHG in vivo 

The figure summarizes isolation of CD34+GFP+(bulge) McSCs and CD34-GFP+(SHG) 

McSCs by FACS. The cells were used to grow spheroids which were CTG fluorescent 

labeled after breaking them into single cell suspension. Equal number of either bulge or 

SHG McSCs were injected intraocularly and intracranially in separate myelin deficient 

shiverer mouse (shi/shi) to investigate myelination of neurons at the injection site by 

immunofluorescence and electron microscopy.  
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human diseases.  

However, before advancing this technology for human use, we will first need to 

identify similar populations and determine the existence of heterogeneity in McSCs from 

human skin. Lack of CD34 expression in the bulge of the human HFs currently impedes 

our ability to isolate these McSCs for more extensive studies. Thus, one of the goals of 

the RNA-Seq analysis was to identify developmentally conserved surface markers that 

can assist in isolation of human McSCs. One of the markers that we are interested in is 

Cdh5. This adhesion protein showed distinct expression in McSCs in both the murine 

bulge and SHG. Similarly, we showed that the Cdh5 blocking antibody, BV13, inhibits 

differentiation of both subpopulations of McSCs. The results in support of Cdh5 as an 

independent McSC marker are very encouraging, but more extensive studies are required 

to validate its applicability. We plan to investigate Cdh5 expression in mature 

melanocytes and melanoblasts; and its potential use for flow cytometry analysis and 

FACS-based isolation of McSCs. The preliminary functional assays need to be repeated 

with more relevant positive controls in vitro like Cdh5+ human umbilical vein 

endothelial cells (HUVECs) 242 followed by in vivo experiments. In the long run, we 

would like to translate and validate the use of Cdh5 in human cells. Besides Cdh5, we 

have identified other candidate genes, like Ngfr/P75, whose expression is being verified 

in murine skin sections, murine melanocyte cell lines, human melanocyte cell lines and 

primary human melanocytes isolated from human skin. Additionally, the biological 

relevance of these markers will also be explored. These markers should also assist in 

identifying melanocytes and McSCs in murine HFs without the need of simultaneous 

GFP expression. 
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A widely identified population of stem cells called skin derived precursor (SKP) 

cells shares similar multipotency as CD34+ McSCs 170–172. However, the cells of origin 

for SKPs are undefined, leading to the possibility that they may originate from a mixture 

of different stem cells from the skin. A comprehensive study in our lab by Dr. Li Pan 

suggests that bulge/CD34+ McSCs show higher expression of neural crest markers and 

have a higher propensity to differentiate into the glial lineage than SKPs 43. With this in 

mind, it would be interesting to see if CD34+McSCs represent a sub-population of SKPs 

that possess a particular ability to differentiate into glial lineage cells. Selectively 

isolating SKPs expressing neural crest markers and comparing them with CD34+ McSCs 

will help us answer this query. If our hypothesis holds true, direct isolation of these 

multipotent stem cells from SKPs will circumvent the need of transgenic mouse models 

for further studies of the bulge/CD34+ McSCs and make identifying similar populations 

in human easier. This experiment will also simplify the procedure of isolating cells for 

stem cell-based therapy for demyelinating diseases.   

Another translational aspect of McSCs heterogeneity may be in the understanding 

of melanoma.  Melanoma originates from cells of the melanocyte lineage. Recent studies 

suggest tumor cell heterogeneity underlies the refractory and resistant phenotype either 

intrinsic in tumors or present after therapy. Understanding heterogeneity in normal cell 

types may not only help us reveal similar populations in cancer but also identify possible 

therapeutic targets and treatment plans.  This point is highlighted by recent reports from 

Dr. Merlino’s lab 243. Using multiple melanoma mouse models that replicate (a) BRAF 

mutant, (b) triple-wildtype (BRAF,NRAS, NF1) and (c) RAS mutant phenotypes, they 

reported that the tumor cells from transgenic mice that are resistant to immune 
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checkpoint blockade (ICB), showed multipotent/neural crest cell like expression pattern 

in whole genome expression analysis (RNA-Seq). Their analysis of differentially 

expressed genes was used to devise a gene expression signature, the melanocyte plasticity 

scale (MPS), with expression of melanocyte differentiation markers inversely correlated 

with a low score. Tumor cells from mice with the lowest MPS scale were most sensitive 

to ICB. Furthermore, they compared the RNA-Seq data set from our study of 

CD34+/bulge and CD34-McSCs to those of tumor cells from melanoma mouse models 

and reported a high correlation between CD34+ McSCs from bulge and ICB resistant 

models with high MPS. Interestingly, they also showed higher expression of CD34 in 

tumor cells from these mice. Using data from human melanoma patient samples, they 

correctly predicted ICB response using MPS, with high score significantly correlating 

with worst progression-free survival (PFS) and overall survival (OS) 244. The Merlino 

group’s correlations highlight the invaluable nature of our study. We suggest possible 

future avenues for utilizing our Dct-H2BGFP mice to study melanoma development in 

vivo. Intercrossing Dct-H2BGFP mice with select melanoma mouse models will label 

cells of the melanocyte lineage, enabling their isolation early in the process of malignant 

transformation. The resultant transgenic mouse can then be used to define molecular and 

cellular changes in melanoma starting from tumor initiation.   

5.4 Identification of quiescent melanocytes outside bulge during anagen  

Since we have refuted the notion of McSCs representing a homogeneous 

population by genome wide expression analysis and functional assays, our findings raise 

new questions on the relationship and role of McSC subpopulations in the generation of 

mature melanocytes. The origin of SHG McSCs is unknown. Theories include the 
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possible precursors ranging from a group of cells close to the dermal papilla in the bulb 

of anagen HF 57 to lower bulge cells present during the late catagen 58. In our study, we 

looked at the relationship between SHG and bulge McSCs by comparing their 

proliferation over the different stages of HF cycle. While no significant proliferation is 

seen during the telogen, we identified quiescent melanocytes in the ORS of the CD34- 

sub-bulge region during anagen by BrdU labeling and doxycycline induced suppression 

of GFP expression. These cells expressed the McSC marker Kit but not the melanocyte 

differentiation markers Tyr and Tyrp1 or transcription factors like Mitf and Pax3. This 

study enabled the melanocytes in an anagen HF to be divided into three populations: the 

CD34+Kit+ melanocytes of the bulge, CD34-Kit+ melanocytes of sub-bulge and CD34- 

Kit- melanocytes of the HF bulb (Figure 5.4). Additionally, the neural crest marker 

nestin was selectively expressed in the bulge region throughout the HF cycle 43. While 

the cytoplasmic expression of the protein limits the utility of the nestin for FACS 

• Kit+

• CD34+
• Nestin+

• Kit+

• CD34-
• Nestin-

• Kit-

• CD34-
• Nestin-
• Tyrhigh

• Tyrp1high

• Dcthigh

• Mitfhigh

• Pax3high

Figure 5.4 Melanocyte subpopulations in 

an anagen HF. 

The figure summarizes the identification of 

three subpopulations of melanocytes in a 

growing HF. The melanocytes are shown as 

green cells. The group of cells closest to 

epidermis is the bulge melanocytes that 

express CD34, Kit and nestin. The sub-bulge 

population express Kit but lack CD34 and 

nestin expression. Finally, the HF bulb 

contain mature melanocytes that lack 

expression of Kit, CD34 and nestin but 

express Tyr, Tyrp1, Dct, Mitf and Pax3.  
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isolation of melanocytes, its expression can still be used for immunolocalization and 

validation of additional McSC markers.  

Furthermore, besides proliferation, we also investigated the expression and 

activity of histone methyltransferase Ezh2 as anagen progressed. As anagen proceeds, 

Ezh2 expression and presence of H3K27me3 mark correlates with cell proliferation as 

measured by Ki67 expression. There is significant proliferation of SHG melanocytes 

from the onset of anagen until the formation of the HF bulb at mid-anagen. Once the HF 

bulb has formed, melanocytes in the sub-bulge showed significantly reduced 

proliferation. In contrast, the bulge melanocytes maintain a minimal level of proliferation 

throughout (Figure 5.5). Interestingly, while the quiescent McSCs from both bulge and 

SHG understandably show lack of Ezh2 expression during telogen, a subset of both 

McSC subpopulations maintained H3K27 trimethylation. These stem cells may represent 

the cells that are primed for proliferation with the onset of anagen or the growing stage 

(Figure 5.5).  Overall, we identified a subpopulation of quiescent melanocytes exists 

outside the bulge during anagen with stem cell properties similar to that of McSCs from 

SHG. The presence of this population of melanocytes indicate independent or quasi-

independent maintenance of the SHG McSCs. 
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While these conclusions are based on proliferative properties of melanocytes and 

their stem cells, future studies should consider the dynamic nature of HF as well. The 

next logical step would be to look at migration of the McSCs and melanocytes during the 

growth and regression of HF as HF cycle progresses. This study is feasible due to: (a) 

availability of Dct-H2BGFP mice with fluorescent reporter GFP expression in 

melanocyte lineage cells and (b) microscopy facility with live imaging capability. While 

P22
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Anagen I & II

P23

Early-mid  anagen

Anagen III

P25

Mid-anagen

Anagen IV

P30

Late anagen

Anagen V & VI

 Proliferation
 Proliferation

 Proliferation  Proliferation  Proliferation

 Proliferation

Proliferation

Proliferation

 Proliferation

 Proliferation

Figure 5.5 Relative proliferation of melanocytes in a growing HF during anagen 

sub-stages 

The figure summarizes the relative proliferation of melanocyte subpopulations over the 

course of anagen based on quantification of Ki67 and Ezh2 expression. Bulge 

melanocytes maintain relatively lower levels of proliferation while SHG/sub-bulge 

melanocytes show higher level of proliferation until the HF bulb is formed (P25) after 

which the melanocytes in the sub-bulge become relatively quiescent.  
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our studies suggest the quiescent sub-bulge melanocytes lacking CD34 expression may 

have an important role in formation of SHG McSCs in the subsequent telogen, the 

contribution of the bulge melanocytes can only be determined through the study of 

melanocyte migration within the HF.  Previously, Keratin 14 (K14) driven expression of 

GFP in the HF stem cells similar to our model was extensively used to study HF biology 

over the course of HF cycle using live imaging without euthanizing the mice 61,62. During 

these studies, migration and differentiation of HF cells would be studied in real time.  

Furthermore, using laser ablation of specific cells, the regenerative plasticity and 

determinants of the HF stem cell system would be characterized. Similar strategies will 

be useful to further our understanding of the bulge and SHG McSCs and their specific 

biological role throughout the HF cycle.  

Describing the existence of a fully quiescent subset of melanocytes outside the 

bulge at the end of anagen despite the extensive cell proliferation in the HF at anagen 

initiation raises additional questions. We need to address the underlying mechanism that 

distinguishes the quiescent or slowly proliferating stem cell like-populations from the 

differentiating cells that form the pigmenting mature melanocytes. One of the defining 

characteristics of stem cells is their ability to maintain themselves while simultaneously 

proliferating and generating differentiated progeny. Recent studies have indicated that 

this is achieved by a cell proliferation mechanism called asymmetrical division where one 

daughter cell retain its “stemness” while the other commits to differentiation. 

Confirmation of asymmetrical division either in the bulge or SHG during the onset of 

anagen will help further clarify mechanisms of maintenance of bulge and SHG McSCs. 

Examination of sub-cellular expression and compartmentalization of asymmetrical 
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division markers, including Numb,  through confocal microscopy will help accomplish 

this study 245.  Additionally, identification of bulge and SHG McSCs necessitate closer 

investigation of signaling pathways relevant in melanocyte biology, such as Wnt, Notch, 

MapK, BMP and TGF-β signaling.  

Whether the presence of CD34+ and CD34- melanocytes in the anagen HF 

represent similar populations in the telogen HF and, if not, questions on their differences 

remains unanswered. One of the ways to address these questions would be additional 

whole genome comparison between melanocyte subpopulations from anagen and telogen 

HFs. Furthermore, inclusion of mature differentiated melanocytes in this study will 

further help clearly distinguish a McSC from a fully differentiated melanocyte and 

intermediate differentiation states.  
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