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Abstract 

 

The search for epidermal stem cells has gained the momentum as they possess unique 

biological characteristics and a potential in regeneration therapies. Several transcription factors 

and miRNAs have been identified as epidermal stem cell markers. However, the separation of 

epidermal stem cells from their progeny remains challenging. The introduction of single-cell 

transcriptomics pointed to the high degree of heterogeneity in epidermal stem cells imbedded 

within subpopulations of keratinocytes. Pseudotime inference, RNA velocity, and cellular 

entropy further enhanced our knowledge of stem cells, allowing for the discovery of the 

epidermal stem cell plasticity. We explore the main findings that lead to the discovery of the 

plastic trait within the epidermal stem cells and the implications of cell plasticity in regenerative 

medicine. 
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Introduction  

 

Epidermal stem cells (SC) define a subpopulation of keratinocytes required to sustain 

the homeostasis of the skin (1). In a simple model, widely accepted since the early works of 

Yann Barrandon and Howard Green on human epidermis (2, 3) and on hair follicles and the 

interfollicular epidermis (IFE) in mice pioneered by Fiona Watt and Elaine Fuchs (4-7), the basal 

layer of the epidermis contains three subpopulations: stem cells (SC), transit-amplifying cells 

(TA), and the post-mitotic differentiated cells (PMD). Epidermal SC divide asymmetrically to 

produce two daughter cells; a self-renewed SC and the transit-amplifying progenitor cell (TA) 

(Flowchart 1). The ability of SC to maintain a high proliferative potential without exhausting their 

pool relies partially on the immediate environment surrounding the SC called the niche. The 

crosstalk between the epidermal and dermal niches is essential for organ homeostasis and 

wound healing (8). Cell-to-cell signalling of basal SC progenitors with their niche can be 

explored using single-cell RNA sequencing (scRNAseq) incorporated into CellChat 

http://www.cellchat.org (9). Here, we will focus mainly on the epidermal compartment and 

describe recent advances in the identification of subpopulations of keratinocytes with SC-like 

properties.  

Loss of epidermal integrity in an injury or illness can be severely disabling and, in some 

instances, increase mortality (10). The autologous skin transplantation is the preferred treatment 

over allogenic transplants as the latter may result in graft versus host disease (11). Two 

problems with the autologous transplantations are the low starting amount of SC and the 

complexity of cell culture conditions to expand the SC. Therefore, a better understanding of the 

molecular processes that characterize SC and their niches is essential. 

In one of the most successful examples of the skin transplant, Hirsch et al. used 

autologous transgenic keratinocyte cultures to regenerate a fully functional epidermis on a 

seven-year-old boy suffering from junctional epidermolysis bullosa (JEB) (12). The patient-

derived SC provided the complete regeneration of the epidermis and sustained the functionality 

of the skin (12). Cultured autologous keratinocytes are currently successfully used in hospitals 

to regenerate the skin in third-degree burns. It is estimated that approximately 30 SC should be 

present in every 0.1 cm2 of skin for successful regeneration of the epidermis (13).  

Identification and isolation of the epidermal SC involves at least two of the following 

methods: in vivo DNA labelling, measuring adherence rates to the coating matrix, morphological 

analysis, clonogenicity assays, and protein markers detected by immunofluorescent microscopy 

or the FACS (3-5, 14). The complete purification of SC from their progeny after inducing the cell 

cycle presents a challenge because dividing SC are similar to TA. Much of research had thus 

focussed on finding additional, unique markers of SC that would not be present in TA. The 

results of single-cell transcriptomics challenged and improved the simple ‘SC-TA-PMD’ model 

both for the homeostatic and for the regenerating epidermis. Clonal analysis with quantitative 

pseudotime modelling of keratinocytes’ fate and scRNAseq characterized epidermal SC biology 

in a new way. We will analyse how scRNAseq applied to human and murine skin revealed 

transcriptional and translational plasticity of keratinocytes and changed our understanding of 

epidermal SC.  

 

http://www.cellchat.org/
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Epidermal SC vs TA in mouse and human skin 

 

Regulatory factors that discriminate the SC and TA have already been described in 

greater detail elsewhere (15). Here, we mention a selected few that are necessary for the 

characterisation of SC. Myc is a TF involved in regulating SC proliferation; overexpression of 

Myc diminishes establishment and maintenance of epidermal stem cell populations in both 

mouse and human epidermis (16, 17). Phosphorylation of Myc on pS62 enhances these 

populations in normal mouse epidermis but under carcinogenic conditions, also results in 

aggressive tumour phenotypes (18). Rac1 prevents epidermal SC differentiation by negatively 

regulating Myc-Max binding to the DNA (Figure 1) (19). The deletion of Rac1 results in complete 

depletion of SC in adult mouse epidermis (19). Telomerase reverse transcriptase (TERT) 

maintains the proliferative potential of SC. TERT is an enzymatic subunit of telomerase 

responsible for elongating the telomeres of SC. This allows for the indefinite cell division seen in 

mouse epidermal SC without the shortening of telomeres and thus increases the lifespan of a 

cell (20). TERT also promotes stabilization of β-catenin which results in SC becoming a TA cell 

(18). A p53 family member, p63, regulates development and proliferation of the epidermal SC in 

mice and humans (21, 22). The deltaNp63α isoform of p63 is specifically expressed in the 

mammalian epidermal SC (Table 1). DeltaNp63α and other isoforms of p63 plays a vital role in 

stratification and maintains the proliferative potential in adult human epidermal SC (21).  

Proliferation of TA depends on the mitogenic epidermal growth factor (EGF) signalling 

through the EGF receptor (EGFR)-Erk-MAPK pathway (Figure 1) (23). Activated EGFR induces 

Ras, a cytoplasmic GTPase. This stimulates protein kinase cascades of RAF, MEK, and ERK 

and triggers the expression of target pro-mitotic genes in human epidermal SC  (23, 24). To 

maintain the quiescent state of epidermal SC, EGFR undergoes ubiquitin-mediated degradation 

(Figure 1) (24). Activated EGFR triggers the MAPK or PI3K/Akt pathway, resulting in epidermal 

SC proliferation. EGFR signalling in SC can also regulate p63 via the PI3K/Akt signalling 

pathway and is summarised elsewhere (25). Mutations in these pathways may result in skin 

diseases such as pemphigus vulgaris and skin cancer (26). 

Integrins are receptor proteins that regulate cell adherence and signalling to the 

extracellular matrix. Keratinocytes express several integrins, the predominant integrins being 

α2β1, a collagen receptor; α3β1 and α6β4, receptors for laminin 5 (4). The integrin expression is 

restricted to the stratum basale (27); human epidermal SC displaying high levels of α2β1 

integrins exhibited a fourfold increase in efficiency in forming large colonies (28).  

Approximately 40% of keratinocytes within the mammalian epidermis show high levels of 

β1 integrins (27, 29), thus labelling both SC and TA. α6β4 integrin may be a more suitable 

marker as it mediates keratinocyte adhesion to the basal layer via hemidesmosomes (29). The 

addition of a second marker, 10G7 in conjunction with the α6β4 integrin helped to further 

separate the human TA from the SC (29). The antigen 10G7 expressed during proliferation of 

keratinocytes was identified as transferrin receptor CD71 in mice (30). Thus, α6 bright CD71 

dim cells were identified as SC, α6 bright CD71 bright cells were identified as TA, and α6 dim 

cells were identified as PMD of the human epidermis (Table 1). FACS following the α6 bright 

CD71 dim phenotypes provided better separation of SC and TA. The isolated SC showed 5 

times increase in colony forming efficacy vs. a 1.4 times increase by the adhesion method (31). 
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α6 bright CD71 dim SC isolated from human neonatal skin and inoculated into rat trachea 

regenerated epithelium of the tracheal lumen in 10 weeks (32).  

The transmembrane protein, Delta 1 and its receptor Notch1 were identified as inhibitors 

of differentiation of human keratinocytes (33). Delta binds to Notch receptors in adjacent cells to 

trigger the proteolytic processing of Notch. Delta 1 expression was confined to the stratum 

basale, whereas Notch1 is expressed in all epidermal layers. Interestingly, Delta 1 

overexpression promotes terminal differentiation in adjacent cells but not of the Delta1-

expressing cell itself (Table 1) (34). Thus, a SC will express higher levels of Delta 1 in 

comparison to neighbouring cells (34). 

Survivin is an anti-apoptotic molecule present in keratinocytes (35). Three isoforms of 

survivin were expressed at the highest levels in the nucleus of human SC, whereas TA and 

PMD displayed low levels (35).  

 

Heterogeneity of epidermal SC 

 

A scRNAseq of murine epidermis identified 25 different types of cells (36). Of these, 

several subpopulations from upper hair follicle (HF), the outer bulge, the inner bulge, and from 

the basal IFE could potentially contain SC. Two of the basal IFE subpopulations, IFE BI and IFE 

BII, expressed high levels of keratin 14 (Krt14) and keratin 5 (Krt5). Krt14 and Krt5 are the 

markers expressed in the stratum basale; previous studies confirmed that epidermal SC 

expressed these markers at high levels (37, 38). IFE BII differed from IFE BI by expressing high 

levels of arginine vasopressin-induced protein 1 (Avpi1), Krt16, thrombospondin-1 (Thbs1), and 

class E basic helix-loop-helix protein 40 (Bhlhe40). The third isolated basal IFE subpopulation 

portrayed a unique combination of signatures that accounted for cells residing in the 

infundibulum, connecting the HF and IFE. These cells expressed low levels of pan-HF and 

bulge markers along with the expression of markers seen in the IFE (36). These results 

revealed the complexity and an interchangeable nature of keratinocyte subpopulations of the 

epidermis, and suggested that the SC signature can be much longer than expected and contain 

multiple markers.  

Epidermal cells with high levels of Krt14 can also be a source of CD34+/ LRIG1+ SC. 

Leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1) is a transmembrane protein 

that acts as an EGFR antagonist by enhancing receptor ubiquitylation and degradation. LRIG1 

regulates SC quiescence by downregulation of the EGFR-induced cell proliferation in human 

epidermis (24) (Figure 1). The transmembrane phosphoglycoprotein CD34 was originally 

identified as a marker of hematopoietic SC (39) and later, as a marker of epidermal SC in the 

bulge of the HF in mice (40) (Table 1). Since a strong pan-basal signature, including Krt5 and 

Krt14, is shared between CD34+/ LRIG1+ SC and CD34-/ LRIG1- basal cells, an additional 

spatial signature may be required to distinguish the epidermal subpopulations with the SC-like 

features (24). Thus, the SC signature is not defined by markers alone but also relies on the 

location of a cell along the basal membrane. 

Epidermal SC can be identified by the analysis of cell motion during keratinocyte 

cultivation. In culture, primary human keratinocytes form two-cell colonies by a single cell 

division. The daughter cells display a unique rotational movement regulated by α6β4 integrins 

(41). The number of rotating two-cell colonies decreases along with passages (42). The 
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correlation between rotational speed in the two-cell colonies of keratinocytes and their clonal 

growth suggested that keratinocytes with the highest rotational speed are the SC (41). 

In addition to the positioning factors, human epidermal SC are defined by a temporary 

gene expression pattern. Ge et al. described it as “gene blurring” (43). Following the injury, 

epidermal SC co-expressed cell surface markers previously used to distinguish between the HF 

and the IFE. Regardless of the origin of the SC, lineage infidelity arose during wound repair and 

tumorigenesis. The lineage infidelity refers to a cell’s ability to change its identity from one type 

to another, in this instance, from the HF to the IFE. Epidermal SC at the edge of a full-thickness 

wound induced HF SC transcription factors such as SOX9 and TCF3 before returning to their 

original epidermal SC state. Likewise, the HF SC engaged in the healing process in partial 

thickness wounds expressed epidermal SC transcription factors KLF5 and AP2γ and lost their 

identity as HF SC (43).  

The introduction of single-cell transcriptomics greatly aided cutaneous biology. Although 

comprehensive gene expression profiling had been previously applied to skin cells, the 

candidate genes were detected at relatively low sensitivity from morphologically similar cells 

(24, 44). The discovery of scRNAseq allowed for the profiling and segregation of multiple cell 

types in an unbiased manner (45-47). It is now possible to accurately classify cells into 

subpopulations by analysing numerous single cells and dividing them based on relevant 

transcription factors (TF) and gene expression patterns (Flowchart 2).  

 

Molecular mechanisms define the plasticity of epidermal SC 

 

Studies of the transcriptional dynamics (active chromatin areas revealed by ATAC-seq 

and ChIP-seq), gene expression detected by the RNA-seq and paralleled by epigenetic code 

(DNA methylation and histone modifications) showed that lineage commitment of epidermal SC 

is regulated by the cross-talk between the cell nucleus and the niche (48-51). Activity of TFs 

determines the initial lineage commitment of HF SC and the SC located in the IFE (50, 52, 53). 

For example, KLF5 in IFE SC and SOX9 in HF SC are the key TF that control lineage decisions 

between these two types of epidermal SC. The microenvironmental signals can induce SC to 

switch their identity based on the activation of stress-induced regulatory pathways and silencing 

of homeostatic enhancers. Thus, the malignant progression of squamous cell carcinomas 

induced by the RAS/MAPK pathway is linked to the dual lineage state seen in mouse and 

human epidermal SC and HF SC (43). This is a very important finding as it was previously 

shown that both HF SC and epidermal SC could produce squamous cell carcinomas (54, 55). 

Thus, epidermal SC possess the ability to transition from one SC type to another, supporting the 

concept of cell plasticity in the skin. The transient renewal activity of epidermal SC was 

identified by quantitative modelling of clonal analysis and scRNAseq in murine skin subjected to 

mechanical stretching. Mechanical stress induced skin expansion by creating clusters of basal 

progenitor cells committed to differentiation, plus a population of undifferentiated cells with a 

SC-like signature. The SC-like ‘stretch’ cluster appearing 24 hours following expansion was 

marked by Krt14 and Itgb1; immediate early genes and transcription factors regulating 

proliferation (E2f1, Egr1, Fos, Junb and Jund); inflammation (Stat1 and Stat3) and had higher 

expression of Ly6a, H2-K1, Thy1 and Mt2 (51). Similar clusters of keratinocytes were 

recognized and separated in the human skin based on the markers of early and late 
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differentiation, KRT5, KRT14, KRT1, KRT10, IVL, and FLG (56). The pseudotemporal ordering 

of cells determined a trajectory, which started from undifferentiated basal stem cells, passed 

through the progenitor state, and terminated with the most differentiated cells. In expanding 

skin, another differentiation pathway involving progression through the stress and 

hyperproliferation (for example, Krt6a, Sprr1a, S100a8, Klk10) defined a cluster of epidermal 

SC. The fate of proliferative cells during stretch demonstrated that skin expansion promotes cell 

duplication at the expense of the SC (51). The downstream co-effector of Hippo signalling, 

megakaryoblastic leukaemia/myocardin-like 1 (MAL), and the co-factor of serum response 

factor (SRF), essential for epidermal development and wound repair (57), controlled cellular 

heterogeneity in the basal layer (51).  

The idea of epidermal SC posing a plastic trait is not entirely new. Studies conducted 

before the development of single-cell transcriptomics suggested the existence of many 

subpopulations of proliferating keratinocytes including TA and SC. One such study used the 

lentiviral genetic markers to study the unital organisation of the human epidermis (58). SC were 

identified by the retention of labelled DNA, followed by the depletion of TA and PMD cells 

through repeated cycles of cell replication. As TA  continue to divide, they dilute the label to very 

low levels (59). The analysis of the putative SC locations at the side and the bottom of rete 

ridges in the interfollicular stratum basale was conducted by serial sections of grafted skin. 

Surprisingly, no label-retaining cells remained in the engraftment site in so called epidermal 

proliferative units, which continued to grow and differentiate during the period of 28 weeks. The 

self-renewing SC of the graft should have left at least a few label retaining cells behind; 

surprisingly, none were detected (58). It is possible that the label-retaining SC converted to 

another subtype of epidermal SC. Sada et al. observed SC plasticity in the form of a wound-

induced flexibility when two SC populations became functionally interchangeable at the site of 

injury in mice (60). Interestingly, one of the two SC subpopulations retained the label while the 

other one did not. The cells were enriched in spatially distinct skin ‘territories’, could 

preferentially produce unique differentiated lineages, and temporarily replenish each other’s 

pool (60). Thus, the methods of identification and isolation of the epidermal SC have to consider 

the plasticity of a cell’s spatial, temporal, and transcriptional traits. 

The bulge SC assisted in repopulating the epidermis during wound healing and the 

progeny of these cells acted as TA with short lifespans (61). Lineage tracing of genetically 

labelled cells combined with single-cell transcriptome sequencing linked the precise molecular 

signatures of cells to the subpopulations defined by a genetic label (62). Using this approach, 

murine Lgr5-expressing HF SC and Lgr6-expressing IFE SC were traced during their response 

to cutaneous injury (63). Lgr6 marks SC that can generate all cell lineages including those that 

form sebaceous glands and the IFE (64). Single-cell transcriptomics revealed that Lgr5 positive 

HF SC start to quickly change their cellular identity after wounding. As soon as 24 hours 

following the injury, some of the bulge SC were classified as IFE by an unbiased cell sorting. 

After the bulge SC migrated to the wound and contributed to re-epithelization, they gradually 

acquired a complete IFE lineage without any remaining bulge identity (63). Four different 

subpopulations of basal cells were discovered within the normal skin that could change their 

gene expression during wound healing in mice (65) and in human skin equivalents (66). The 

model of keratinocyte proliferation is thus no longer fitting the tripartite division into the SC, TA, 
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and PMD cells but includes additional, distinct and plastic subpopulations of epidermal SC and 

progenitor cells as described in detail below.  

 

RNA velocity and cellular entropy of epidermal SC 

 

The identification of cell types based on molecular markers partially masks variability 

within a subpopulation of cells that express the selected marker gene (62). Pseudotime 

inference resolves cellular heterogeneity by ordering the cells along a developmental trajectory 

and discovers rare subpopulations of cells (51, 67, 68). This technique was implemented to 

study epidermal cells retrieved from human scalp, trunk and foreskin. ScRNAseq identified three 

basal cell types, basal1, basal2, and basal3 (56). Scalp and trunk skin predominantly consisted 

of the basal1 sub-type while the foreskin had basal2 and basal3 cells (56). These 

subpopulations of keratinocytes included the mitotic, channel, follicular and WNTI clusters. The 

channel cluster was enriched for the mRNAs coding for ion channels, cell adhesion, and 

mitochondrial proteins (56). The mitotic cluster showed DNA synthesis and cell division 

transcripts. The WNTI cluster expressed the genes that inhibit WNT activity, such as SFRP1, 

FRZB, DKK3, and WIF1. The pseudotime trajectory from basal to granular layer signified the 

canonical upward differentiation of keratinocytes. An additional differentiation pathway included 

basal keratinocytes that passed through the mitotic cluster (56). Thus, pseudotime inference 

revealed distinct differentiation pathways that commenced from the basal keratinocyte clusters 

and finished in the granular, WNTI, follicular, and channel clusters. Cells in basal1, basal2 and 

basal3 sub-clusters expressed many of previously identified epidermal SC markers including α6 

integrins, Delta1, survivin and p63 (56).  

ScRNAseq also detects cellular entropy and RNA velocity. RNA velocity is a prediction 

of the future state of gene expression within a cell estimated by the levels of unspliced and 

spliced mRNAs (69). Cellular entropy can be used to calculate the differentiation potential of a 

single cell (70). Wang et al. used RNA velocity and cellular entropy to identify and characterize 

four basal SC types in human neonatal epidermis, BAS-I, BAS-II, BAS-III, and BAS-IV, which 

represented represented ~4%, ~9%, ~7% and ~3% of the entire epidermal cell population, 

respectively (66).  

The SC were identified by the expression of KRT14, KRT5, DSG3 and CDH3 (71), and 

then BAS-I SC were further defined by the expression of PTTG1, PLK1, and CDC20 (66). BAS-

II SC expressed RRM2, HELLS, UHRF1, and PCLAF; BAS-III SC expressed ASS1, COL17A1 

and POSTN, and BAS-IV was characterized by GJB2, KRT6A, and KRT16. The BAS-I and 

BAS-II basal clusters were enriched for cell cycle marker genes but were maintained even after 

the cessation of the cell cycle, suggesting that the cell cycle stage does not define the sub-

clusters. 

The new SC marker gene GJB2 (BAS-IV) showed enrichment at the bottom of the rete 

ridges with some expression in the upper strata, whereas BAS-III cluster gene KRT19 localized 

at the bottom/side of the rete ridges. These cells may represent basal SCs that can be 

regenerated after partial-thickness wounding  (72). Staining of PTTG1, CDC20, PCLAF, and 

RRM2 placed BAS-I and BAS-II cells anywhere between the basal and suprabasal epidermis, 

suggesting that these “transitional” basal cells are spread heterogeneously, and may represent 

basal SCs with a fluid cell fate. Importantly, loss of RRM2 and even more so, of PTTG1 led to a 
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disruption of the basal layer, decrease in Ki67-positive cycling cells and a significant decrease in 

most of the tested BAS markers (66). These results confirm the role of the essential role of new 

markers PTTG1 and RRM2 in basal SC maintenance and epidermal homeostasis.  

Cellular entropy and RNA velocity were then used to model a linear hierarchy of 

differentiation. According to the model, BAS-I SC can transition into BAS-II or BAS-III SC. BAS-

II and BAS-III SC can then transition to BAS-IV. BAS-III and BAS-IV cells can both directly 

differentiate into spinous cells (Figure 2). Estimation of cellular entropy showed that BAS-IV had 

the highest probability of transitioning to a new state, i.e., to differentiate. Thus, BAS-IV may be 

considered as the committed progenitor population, whereas BAS-I and BAS-II represent the 

subpopulation of epidermal SC closest to the classical definition of stemness. This fluid state of 

the SC transcriptome, also reflected in the proteome, may explain the difficulties in finding 

constant SC markers in earlier studies. Since some of these cells remain dormant until the 

injury, they remain in the “valleys” of Waddington landscape, showing low potential to change 

their fate. It will be important to measure RNA velocity and estimate the entropy of BAS-I-IV 

populations during wound healing and to validate their clonogenic potential by sub-culturing the 

isolated cells.  

A recent study in this direction analysed murine cutaneous wounds using scRNA 

sequencing coupled with RNAScope and fluorescence lifetime imaging (65). In homeostatic 

skin, three non-proliferative and one proliferative basal cell states were defined by differences in 

metabolism and the spatial partitioning during wound re-epithelialization. Wounding induced 

cellular plasticity manifesting in less dramatic basal-spinous separation (65). The authors used 

single-cell energies (scEnergy) to infer cell lineages and found that lower energies, although 

typically associated with committed and differentiated cell states (70, 73), were also associated 

with a quiescent cell state. This is a very interesting finding of the difference between the 

quiescent and the active state of SCs. We summarized a conceptual landscape showing the 

differentiation dynamics from basal stem cells to terminally differentiated cells in Flowchart 2.  

 

 

microRNAs in discovery and characterization of epidermal SC  

 

A technical limitation of scRNAseq currently does not allow a simultaneous analysis of 

miRNAs in subpopulations of epidermal cells. miRNAs are small non-coding RNA molecules 

involved in gene silencing essential for normal skin development (74). miRNAs have to be 

considered as they contribute to post-transcriptional regulation of mRNAs and influence RNA 

velocity. Furthermore, miRNAs regulate SC division (75), epidermal development (76), 

keratinocyte proliferation (77) and motility (78, 79) and are highly conserved between mice and 

human. Mouse epidermis has copious amounts of miRNA-203, miR-34a, members of miRNA 

19/20 family including miR-19b, miR-20, miR-17-5p and miR-93, and members of the miR-200 

family consisting of miR-200a, miR-200b, miR-200c, miR-141, and miR-429 (76). The only 

miRNAs with pro-stemness properties in the epidermis are miRNA-21 in humans, and miR-125b 

in mice (Table 1) (80, 81).  

 

Table 1: Summary of epidermal SC markers  



 9 

Marker SC Transit Amplifying Cells 

β1 integrin Increased Decreased 

α6 integrin Increased Decreased 

10G7 Decreased  Increased 

CD71 Decreased Increased 

Delta1 Increased Decreased 

Desmoglein 3 Decreased  Increased  

ΔNp63α Increased Decreased 

Survivin (WT, 2B, ΔEx3) Increased Decreased 

Lrig1 Increased Decreased  

CD34 Increased Decreased 

miR-203 Decreased Increased 

miR-34 Decreased Increased 

miR-17 Decreased Increased 

miR-21 Increased Decreased 

miR-125b Increased Decreased 

 

 

Conclusions 

 

The epidermis is an intricately build layer of the skin that protects and maintains skin 

homeostasis. Understanding and isolating epidermal SC is critical for treating cutaneous injuries 

and pathologies. Investigating epidermal surface proteins, TFs, and miRNAs presented us with 

limited information regarding epidermal SC. Recent discoveries of single-cell transcriptomics 

challenged the current knowledge of the skin. Transient gene expression, ‘fluid’ state of the 

RNA levels, spatio-temporal changes in cell populations coupled with the ever-changing 

environmental cues require re-evaluation of categorizing the cells based on the proteome as a 

final functional product of transcriptome. The new criteria defined by the pseudotime inference, 

RNA velocity, and cellular entropy lead to identification and isolation of SC with an 

unprecedented precision and may significantly benefit regenerative medicine. 

 

Perspectives 

 

Single-cell transcriptomics identifies epidermal stem cell plasticity using techniques such as 

lineage tracing, pseudotime inference, RNA velocity, and cellular entropy. 
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Epidermal stem cell markers identified before the discovery of single-cell transcriptomics aid the 

detection of new subpopulations of keratinocytes. 

Consolidating the information about cell motility and position, together with a specific molecular 

signature from the single-cell transcriptomics, will aid the theraeutic use of epidermal SC. 
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Figure legends 

 

Flowchart 1: Heterogeneity of keratinocytes and their markers. Marker names are 

representing SC, TA, and PMD. 

 

Flowchart 2: Single cell transcriptomics of the mammalian neonatal epidermis. Step 1: 

preparing the sample and isolating single cells. Step 2: single-cell RNA sequencing. Viable cells 

are processed by the 10x Genomics Chromium™ Controller and encapsulated by droplets 

containing barcoded gel beads GEMs (Gel Bead-In Emulsions). PolyA tails, tagged with a 10x 

barcode to identify the cell are added to the 3’ end in the first strand cDNA synthesis, followed 

by library amplification. Step 3: Library sequencing and data analysis creates a clustering 

analysis of the various subpopulations of cells present. More detailed analysis involves 

pseudotime inference, RNA velocity, cellular entropy and lineage tracing. The flowchart is 

designed using BioRender ©. 

 

Figure 1. Mechanics of the epidermal stem cell. The crosstalk between the epidermal stem 

cell signalling pathways is depicted with arrows; TF and stand-alone receptors are shown in the 

nucleus next to the DNA sign and on the cell membrane, respectively. The figure is made using 

BioRender ©. 

 

Figure 2. Epidermal stem cell plasticity. An example of a single-cell analysis of the epidermis 

adapted and simplified from (66). Left panel: BAS-l – BAS-IV represent subpopulations of 

epidermal stem cells. SPN-I and SPN-II are spinous keratinocytes. GRN represents granular 

keratinocytes. Left panel: Keratinocyte heterogeneity is evident through epidermal 

subclustering. Middle panel: Pseudotime inference reveals the trajectory of basal keratinocyte 

differentiation. Right panel: Waddington landscape showing the energy levels as a measure of 

cellular entropy. Arrows denote possible transition pathways taken by each subcluster.  EE is 

elastic embedding criteria used by SoptSC algorithm. The figure is made using BioRender ©. 
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