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Abstract of the Dissertation 
 

 

Interfollicular Epidermal Differentiation is Gradualistic Rather than Stepwis with 

GRHL3 Controlling Progression from Stem to Transition Cell States 

Ziguang Lin 

Doctor of Philosophy in Cellular & Molecular Biosciences 

University of California, Irvine, 2020 

Professor Bogi Andersen, Chair 

 

Although interfollicular epidermal (IFE) differentiation is thought to be stepwise as 

reflected in sharp boundaries between the basal, spinous, granular and cornified 

layers, this prediction has not been studied at a single cell resolution.  We used 

single cell RNA-seq to show that IFE differentiation is best described as a single 

step gradualistic process with a large number of transition cells between the 

basal and spinous layer. RNA-velocity analysis identifies a commitment point that 

separates the plastic basal and transition cell state from the unidirectionally 

differentiating cells. We also show that GRHL3, best known for promoting IFE 

terminal differentiation, has a major function in suppressing epidermal stem cell 

expansion and the emergence of an abnormal stem cell state by suppressing 

Wnt signaling in stem cells. 
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Chapter 1. Background 
 

Epidermis of the skin 

The epithelium is composed of continuous sheets of tightly packed cells that 

lines the surface (ie. skin) and the internal cavities of the body. It acts to mediate 

the interaction between the organism and the environment. Some examples of 

epithelial tissues are epidermis of the skin, intestine epithelium, mammary gland 

and cornea.  

The skin is composed of the upper epidermis and the lower dermis layers 

separated by a basement membrane. The skin is essential for an animal’s 

survival by providing a water-tight physical barrier, thermo-regulation, defense 

against radiation and infections, as well as tactile feedback. In the epidermis of 

the skin, such diverse biological functions are compartmentalized in specialized 

cell types of distinct embryonic origins. During development, the epidermis 

emerges from the surface ectoderm as a single layer of unspecified progenitor 

cells, which later forms the stratified inter-follicular epidermis (IFE), the hair 

follicles (HF), the sebaceous glands (SG), and Merkel cells that enables tactile 

sensing. Meanwhile the epidermis is also embedded with mesoderm-derived 

cells: T-cells, Langerhans cells, as well as melanocytes that renders skin/hair 

colors and UV protection. During homeostasis, the epidermal barrier is 

maintained by mitotically active keratinocyte stem cells in the basal layer of the 

stratified epidermis. The basal cells progressively differentiate and migrate supra-

basally as they form the spinous and granular layers. Eventually, the terminally 
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differentiated cells cease transcriptional activities and die; becoming flattened, 

de-nucleated and form the water-tight cornified barrier that is shed continuously.  

Epidermal Structure 

Four morphologically distinct layers of cells are visible through hematoxylin-

eosin staining. The basal proliferating cells contact dermis through a specialized 

layer of extracellular matrix (ECM) called the basement membrane. 

Hemidesmosomes and integrin-based adhesions link the basal cells and the 

ECM while desmosome junctions are found throughout basal, spinous and the 

granualar layers between the cells. Adherens junctions are found in the basal 

and the spinous layer cells. The keratinocyte stem cells replenish the epidermis 

during homeostasis and regeneration. The cytoarchitechture changes depending 

on differentiation state of the cells to support specific functions of each layer. For 

example, increase in adhesions is observed in stratum spinosum; cornified 

envelope is assembled in the granulosum layer; while the water-tight cutaneous 

barrier is formed in the stratum corneum layer. Distinct cytokeratins are 

expressed in different layers. For instance, cytokeratin 5 (K5) and cytokeratin 14 

(K14) are only expressed in the stratum basale while cytokeratin 1 (K1) and 

cytokeratin 10 (K10) are expressed in the spinosum and granulosum layers. 

Where as Loricrin, Filagrin are only expressed in the cornified layer. Some 

junctional proteins are also found to be expressed in a graded manner. DSC1 

and DSG4 level is the highest in the granulosum layer and drops gradually until 

gone in the stratum spinosum layer. While DSG3, DSC3, DSC2 levels are 
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highest in the stratum basale and decreases gradually toward the stratum 

granulosum layer.  

Epidermal Development 

The ectoderm gives rise to the IFE, hair follicle, sebaceous gland, and 

Merkel cells while the mesoderm gives rise to the connective tissues of the 

dermis. A single layer of epithelial cells at embryonic day 9.5 (E9.5) starts to 

stratify into multiple layers by E14.5. The sub-ectodermal mensenchymes are 

thought to send signals to initiate epidermal stratification. The proliferative 

intermediate layer and the transient protective endodermis-like periderm forms by 

E14.5. The intermediate layer divide and mature into the spinous layer E15.5. 

Both the intermediate layer and the spinous layer express K1 at this time point. 

K1 expression is to be induced by Notch signaling1, which is thought to be 

downstream of Np632. And spinous cells continue to differentiate, mature and 

forms the granular layer by E16.5. The water-tight cornified cell envelope is intact 

by E18.5. Increase in extracellular Ca2+ concentration and the corresponding 

intracellular Ca2+ sensing machinery induces the formation of granular and the 

cornified layers. At the end of epidermal development, transcription factors Klf4 

and Grhl3 are essential for skin barrier formation3,4. 

The embryonic ectoderm can also give rise to the nervous system. The 

choice between epidermal and neural fate depends on the balance of Wnt, FGF 

and BMP signaling. In the absence of Wnt signaling shortly after gastrulation, the 

ectodermal cells develop toward a neural fate in response to upregulated FGF 

signaling and down regulated BMP signaling5. Whereas when Wnt signling is 
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present, the ectodermal cells develops an epidermal fate as a result of 

upregulated BMP signaling6.  

Basal Stem Cell Heterogeneity and Self-Renewal 

Studies on stem cells in the basal layer of the adult epidermis have 

suggested cellular heterogeneity within this layer, although the nature of this 

heterogeneity remains controversial. The hierarchical model of stem cell 

differentiation suggests that the basal layer comprises rare slow-cycling long-

term stem cells and their fast-cycling committed progenitors7. Another related 

model suggests that slow-cycling and fast-cycling stem cells occupy distinct 

regions of the basal layer and renew within their respective regions8,9. The 

stochastic model of stem cell differentiation suggests that all basal cells are 

equivalent in terms of their stemness and that they differentiate in a stochastic 

manner10–12. All these models share the notion that basal cell divisions are 

asymmetric; one progeny gives rise to self-renewing progenitor while the other is 

committed for differentiation. Lineage tracing experiments in mice using Axin2 

has shown that epidermal stem cells in the basal layer competes neutrally and 

require Wnt/β-catenin signaling to proliferate11. These stem cells regulate self-

renewal in an autocrine manner by producing Wnt ligands and inhibitors.  

Transcriptional Regulation of Inter-follicular Epidermal Differentiation 

To date, we know that the gene expression programs underpinning 

epidermal terminal differentiation process is orchestrated by a number of key 

transcription factors such as Trp63, Maf/Mafb, Klf4, Znf750, Prdm1 and Grhl313. 
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GRHL3 (also referred to as GET1) is a member of the highly conserved CP2-like 

transcription factor family. In Drosophila, GRHL3 plays essential roles in cuticle 

formation and repair. In mice, Grhl3 is expressed in the surface ectoderm during 

embryogenesis and in the supra-basal layer of the epidermis in adulthood. Grhl3 

is required for epidermal differentiation and barrier formation in a variety of 

species4,14–16. Mutation in Grhl3 results in defective barrier formation and 

hyperplasia of the epidermis4. Mice lacking Grhl3 die at birth due to dehydration 

and spina bifida. Furthermore, Grhl3 has been shown to act as a tumor 

suppressor gene in squamous cell carcinoma (SCC) by directly promoting the 

transcription of PTEN17,18. Krt14-driven deletion of Grhl3 in adult mouse 

epidermis results in wound healing defect19 and renders the skin more 

susceptible to chemically-induced carcinogenesis via aberrant activation of 

PI3K/AKT/mTOR signaling17. GRHL3 can also indirectly regulate its potential 

target genes by repressing the expression of the microRNA miR-2118, which is 

expressed in skin and upregulated in diseases such as psoriasis, atopic 

dermatitis, and squamous cell carcinoma. Keratinocytes with mutation in Grhl3 

has increased miR-21 expression and exhibit enhanced Ras-mediated 

tumorigenesis18. High-throughput gene expression/chromatin profiling has 

revealed that Grhl3 transcriptionally activate genes for cell-adhesion, lipid 

production, cornified envelope formation and protein crosslinking in mouse 

skin4,15. 

 

Single Cell RNA-seq Rationale 
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Cells are fundamental units of life. Multicellular organisms are made of 

various cell types. Though the conventional notion of cell type is clear, a more 

comprehensive and rigorous definition is still lacking. Superficially, cells can be 

distinguished by size and shape. At the molecular level, cell types can also be 

characterized by distinct surface proteins.  

The cells from the epidermis have been studied using microscopy and 

fluorescence-activated cell sorting (FACS) approaches. These methods provide 

high spatial and cellular resolution information but are limited in that only a few 

molecular markers can be visualized at the same time thus precludes high-

throughput, quantitative observations. On the other hand, methods such as bulk 

RNA-seq or microarray allows global measurement of population-average gene 

expression; and are thus applied to genome-wide screening of regulated genes 

and the detection of compositional changes between conditions. However, bulk 

approaches have limitations because they mask information from rare 

subpopulations of cells.  

In the past few years, scientists were able to integrate high-throughput 

genomics with microfluidics technology to allow gene expression profiling of large 

numbers of individual cells in single-cell RNA-seq (scRNA-seq), combining the 

power of quantitative, high-throughput genomics with microscopic resolution of 

individual cells20. The first single cell RNA-sequencing experiment was published 

in 200921. A few years later, a data set of 1.3 million cells was released by 10X 

Genomics. A unique advantage of scRNA-seq is the ability to define cell types 

through unsupervised clustering based on transcriptomes. Instead of relying 
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strictly on a few conventionally-defined markers to define cell types, this provides 

unique opportunities for systematic, data-driven definition of cell identity. scRNA-

seq can also provide new perspectives about temporal dynamics, spatial 

organization and ultimately molecular mechanisms that control differentiation22. It 

is important to be also aware that scRNA-seq can directly measure only some 

cells of a population and only a fraction of the RNA molecules in each cell.  

 

Single Cell RNA-seq Analysis Overview and Clustering strategies 

 In a typical experiment, unreliable cells and potential doublets are removed 

through quality control. The data is then normalized in terms of sequencing depth 

and other aspects that can potentially be confounding. Because of the large 

number of genes assayed in scRNA-seq, the high dimensional distances 

between cells tend to be too small to identify cell groups in a robust manner. 

Therefore, the most informative genes and features (ie. genes with the highest 

variances) are then selected to reduce background noise23. Cell to cell distances 

are then calculated at lower dimensional space and used for downstream 

graphing and clustering. Euclidean distance, cosine similarity, Pearson’s 

correlation and Spearman’s correlation between cells can all be used to calculate 

cell to cell distances24.  

 The most popular clustering algorithm is k-means clustering. This method 

identifies k centroids in the data and place cells to the nearest centroid. This can 

be applied to large data sets because it scales linearly with the number of points. 

But this method is prone to identify equal-sized clusters which can mask rare cell 
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types. Some of the new methods such as RaceID25 and SIMLR26 can overcome 

this disadvantage. The hierarchical clustering strategy sequentially groups cells 

into larger clusters or divide clusters into smaller subsets. This method is costly 

in terms of computational resource. New methods such as CIDR27 or BackSPIN28 

can address this problem. 
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Chapter 2. Interfollicular epidermal differentiation is gradualistic rather than 

stepwise with GRHL3 controlling progression from stem to transition cell states 

 

Introduction 

During development, the epidermis emerges from the surface ectoderm as 

a single layer of unspecified progenitor cells, which later form the stratified 

interfollicular epidermis (IFE), the hair follicles, the sebaceous glands, and the 

tactile sensing Merkel cells. Meanwhile, mesoderm-derived immune cells and 

neural crest-derived melanocytes take up residence in the epidermis. Although 

IFE heterogeneity and differentiation have been previously studied with single 

cell RNA-sequencing (scRNA-seq) in adult mouse and human skin29–32, late 

development of the embryonic IFE has not been studied with scRNA-seq, and 

key gene regulators of IFE differentiation have not been systematically identified 

with this method.  

Conventionally, IFE differentiation is thought to be stepwise as reflected in 

the IFE’s four distinct layers separated by clear boundaries. Cells of the basal 

layer, which rest on the basal lamina, are mitotically active stem cells marked by 

the expression of keratin (K) 5 and K14. As the cells move to the spinous layer, 

they exit the cell cycle and K5 and K14 expression is replaced by the expression 

of K1 and K10. And as the cells advance to the granular layer, they turn on the 

expression of barrier forming genes, including loricrin and filaggrin33. Eventually, 

the terminally differentiated cells cease transcriptional activities and die, become 



 

10 
 

flattened and de-nucleated, forming the water-tight cornified layer that is 

eventually shed off.  

The layered structure of the epidermis suggests that molecular switches 

could sharply alter the expression of many genes at the boundaries of distinct 

cell layers. This prediction, however, has not been studied at a genome-wide 

scale in the postnatal day (P) 0 mouse epidermis, which—similar to the human 

epidermis, but in contrast to the adult mouse epidermis—contains clearly 

demarcated epidermal layers.  

Layer-restricted expression of transcription factors is thought to contribute 

to the IFE differentiation program. One such transcription factor, GRHL3, is 

expressed throughout the developing epidermis during embryogenesis, but 

becomes restricted to the most differentiate layers at P0. Grhl3-deleted mice 

have a defective epidermal barrier with genome-wide expression studies 

indicating that GRHL3 activates genes encoding cell-cell adhesion molecules, 

lipid producing enzymes, and proteins required for cornified envelope formation 

and crosslinking4,34. At P0, the Grhl3-/- IFE contains a disorganized basal layer, 

thickened spinous and granular layers, and a compacted cornified layer. Based 

on these studies, it has been assumed that the main embryonic role of GRHL3 is 

to promote full differentiation of cells of the granular layer. But the nature of the 

epidermal hyperplasia in the P0 Grhl3-/- IFE remains enigmatic.  

To better understand epidermal differentiation, we investigated 85,286 

single cell transcriptomes from mouse skin at embryonic day (E) 14.5, E16.5, and 

P0 in wild type (WT) and Grhl3-/- mice (Figure 1A). Our findings challenge the 
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classical notion of a stepwise IFE differentiation, where cells within a layer are 

thought to be similar but undergo dramatic changes as they move to the layer 

above. Rather, we find a high proportion of transition cells with a character 

intermediate between the basal and the first spinous layer and other features 

suggesting that IFE differentiation is best viewed as a single-step gradualistic 

process. RNA velocity analysis indicates that prior to the transition-differentiation 

cell state boundary, cell states are plastic, whereas after this commitment point, 

cells states proceed strongly in a unidirectional manner toward terminal 

differentiation.  In Grhl3-/- mice we find a defective activation of the terminal 

differentiation, as expected. But unexpectedly, we find accumulation of epidermal 

stem cell populations and the emergence of proliferative cell states unique to the 

mutated epidermis. The expanded stem cell compartment shows increased Wnt 

expression, suggesting that GRHL3-expressing differentiated cells communicate 

to the basal stem cell compartment to suppress Wnt signaling and expansion of 

IFE stem cells.  

Results 

GRHL3 has a major effect on IFE cell states late in embryogenesis 

To gain an overview of IFE development and to understand the role of 

GRHL3 in this process, we generated single cell suspension from WT and Grhl3-

/- mouse dorsal skin (E14.5, E16.5) and epidermis (P0), followed by scRNA-

seq20,35. We used canonical markers to computationally isolate E14.5, E16.5, and 

P0 IFE cells, and we represented them together in an unsupervised diffusion 

map36,37 (Fig. 1B). In this map, the first diffusion component (DC1) separates IFE 
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cells by developmental age, from E14.5 to E16.5 to P0, whereas the second 

diffusion component (DC2) organizes the cells by their progress in epidermal 

differentiation at each respective age (Fig.1C,D). Although we observed no 

change in cell states between WT and Grhl3-/- IFE cells at E14.5 and E16.5, at 

P0, Grhl3-/- IFE cells are shifted toward an earlier developmental time point 

compared to the WT IFE (Fig. 1D).  We conclude that GRHL3 acts between 

E16.5 and P0 to exert a major effect on IFE cell states.  

scRNA-seq captures newborn mouse epidermal cell heterogeneity  

As GRHL3 has the most striking effect on cell composition in the fully 

developed newborn IFE (P0) (Fig. 1D), we next set out to understand normal IFE 

differentiation at this developmental stage. At P0, the IFE has reached its 

maximum thickness with morphologically well-defined layers: basal, spinous, 

granular, and cornified layers. We generated single cell transcriptomes from the 

back epidermis of a P0 mouse, capturing 5,494 cells with 38,879 mean number 

of reads per cell and 2,388 mean number of genes per cell. Clustering identified 

16 subpopulations of epidermal cells (Fig. 2A). Each cluster was annotated by 

marker genes that are known to be uniquely expressed in each cell type or cell 

state (Fig. 2B; Supplemental Fig. 1A-C). We identified all previously defined 

epidermal subpopulations of the adult epidermis30: IFE, hair follicles, sebaceous 

gland cells, Langerhans cells, T cells, melanocytes, and Merkel cells (Fig. 2A, B). 

Four adjacent clusters of 1,779 IFE cells were identified: two basal clusters 

(IFE.B1 and IFE.B2; 1,002 cells), a basal-suprabasal transition cluster (IFE.T; 

350 cells), and a differentiated cluster (IFE.D; 427 cells). The population of 
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transition cells (IFE.T) is 20% of the all IFE cells, which is a surprisingly large 

fraction. The Gene Ontology (GO) category enrichment38,39 of these marker 

genes indeed reflects the biological functions of each population (Supplemental 

Fig. 1D, E, F).  

The P0 IFE contains a large number of cells transitioning between the basal 

and spinous layers 

Next, we focused on the P0 IFE cells to better understand IFE 

differentiation through pseudo-temporal analysis. We applied Monocle40, an 

algorithm that uses changes in gene expression between cells to learn in an 

unbiased manner the position of each cell in a biological trajectory. Monocle 

introduces the concept of pseudotime as an abstract measure of how far a cell 

has progressed in a process—here in the differentiation of an IFE stem cell in the 

basal layer to a terminally differentiated keratinocyte at the top of the epidermis. 

Monocle ordered the IFE cells along a linear trajectory without introducing 

significant bifurcations (Fig. 2C). This differentiation trajectory corresponds well 

with our cluster annotation from Fig. 2A in that the cells progress from IFE.B 

through IFE.T to IFE.D. To validate the pseudotime ordering, we assessed the 

expression of canonical markers in the trajectory (Fig. 2D), finding that 

Col17a1/K5/K14 mark cells in the early trajectory, K1/K10 in the middle-to-end 

trajectory, and Flg/Lor in the end of the trajectory. These results suggest that 

Monocle ordered the IFE keratinocytes in a biologically meaningful manner from 

the most undifferentiated to the most differentiated cells.  
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We noted high number of transition cells with falling K5/K14 expression 

and rising K1/K10 expression—characteristics that are intermediary between the 

basal and spinous layers. This finding is unexpected because of the apparent 

sharp boundary between the basal and spinous layer41. To validate the existence 

of the transition cells, we performed RNA FISH with Krt14 and Krt10 probes. 

Consistent with the scRNA-seq data, we observed a substantial number of 

double positive transition cells in the basal and first spinous layers (Fig. 2E). 

These results indicate that 1) epidermal differentiation has already started in the 

basal layer42, 2) some spinous cells still retain basal characteristics, and 3) a 

relatively large population of transition cells exists at the basal-spinous boundary. 

The IFE differentiates gradually in a single-step 

To better understand differentiation at a molecular level, we identified 

4,299 genes that are dynamically expressed over the pseudotime trajectory. K-

medoid clustering grouped these genes into 6 gene modules with distinct 

expression patterns and biological functions (Fig. 2F)38,39,43.  Module 1, high early 

and falls sharply, is enriched in genes associated with cell proliferation. Module 2, 

also high early but falls more slowly, is enriched in genes involved in transcription 

and mRNA processing. Module 3, peaks in the middle of the trajectory, is 

enriched in genes for ribosome biogenesis and protein translation. Module 4, 

peaks towards the end, is enriched in lipid biosynthesis genes. Module 5, also 

peaks toward the end but with a slower rise, is also enriched in lipid synthesis 

pathways and in cell adhesion genes. Module 6, a sharp peak at the end, is 

enriched in crosslinking and barrier genes.  
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Each module contains transcription factors with known functions in IFE 

differentiation that matches the overall gene functional category of that cluster. At 

early differentiation stages, transcription factors associated with the cell cycle 

and DNA repair are highly expressed, including Trp53, Smad4, Hmgb1, and 

Hmgb2. As differentiation commences, Mafb and Myc become highly expressed 

whereas late differentiation transcription factors such as Klf4 and Grhl3 become 

highly expressed at late and terminal differentiation stages. In addition, we have 

identified many candidate transcription factors with heretofore unknown roles in 

the IFE (Fig. 2F). 

Although these findings correspond well with known features of IFE 

differentiation, they also point to an unusual relationship between cell 

proliferation and protein synthesis which are normally tightly coupled; in the IFE, 

peak gene expression for protein synthesis appears after peak expression of cell 

cycle genes. Furthermore, these data indicate that the majority of IFE 

differentiation genes exhibit expression that is not layer-specific with at least four 

out of six gene modules straddling different layers. This result and the observed 

high number of transition cells challenge the traditional model of stepwise IFE 

differentiation, suggesting that at a transcript level, IFE differentiation is 

continuous and gradualistic.  

The P0 IFE basal cell layer contains two distinct cell populations 

Next we sought to better decipher P0 basal IFE stem cell heterogeneity by 

examining the unique molecular signatures expressed in the two basal 

subpopulations (Fig. 2A, 3A). IFE.B1 cells (446 cells) express H19, Wnt4, and 
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Igf2 at a higher level than IFE.B2 cells, whereas IFE.B2 cells (556 cells) 

exclusively express Fst, Dcn, and Sox4 (Fig. 3A, B). We performed principle 

component analysis (PCA) on only these two populations and found the above 

markers to be the genes that explain most of the variances in the first 2 PCs. In 

contrast, cell cycle genes do not contribute to variances in the first few PCs 

(Supplemental Fig. 2A). To confirm that active cell cycling does not play a major 

role in defining the two basal clusters, we also regressed out the cell cycle genes 

and re-clustered the basal IFE cells, which did not alter the results (Supplemental 

Fig. 2B, C, D). Therefore, we ruled out the possibility that these clusters are due 

to differences in cell cycle stages among the cells. Furthermore, IFE.B1 and B2 

are not distinct stages of differentiation on the pseudotime trajectory (Fig. 2C, 

Supplemental Fig. 2E). In addition, we used an independent clustering method, 

SC344, to recluster all basal IFE cells; SC3 clustering results were very simiar to 

Seurat’s, confirming the robustness of this finding (Fig. 3C).  

Our data, then, highlights IFE basal cell heterogeneity, suggesting there 

are two basal stem cell populations in the P0 IFE. To validate our findings, we 

carried out RNA-FISH studies with H19 and Wnt4 probes. We found that Wnt4-

high and Wnt4-low cells are distributed heterogeneously within the IFE basal 

layer (Fig. 3D) and that high H19 expression tends to co-localize with the Wnt4-

high cells (Supplemental Fig. 2F). These findings indicate that the IFE.B1 and 

IFE.B2 cells intermingle in the basal layer and are not spatially distinct groups of 

cells. Our findings are in agreement with previous studies showing that WNT-
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secreting stem cells play a central role in IFE self-renewal during 

homeostasis11,45,46.  

Differentiating IFE cells go through a proliferative transition state at E14.5 

To understand how the P0 IFE cell heterogeneity develops and how 

GRHL3 alters cell states, we next examined the E14.5 and E16.5 IFE in greater 

detail. For E14.5, we captured a total of 23,642 cells (WT1=4,841, WT2=5,651, 

Grhl3-/-1=6,064, Grhl3-/-2=7,086). As we captured the whole skin, we observed 

other cell types in addition to epidermal cells (Supplemental Fig. 3A-F). Focusing 

on the IFE cells, we identified four distinct IFE populations at this stage: two 

basal populations (IFE.B1 and IFE.B2), one transition population (IFE.T) and one 

differentiated population (IFE.D) (Fig. 4A).  Among these, E14.5_IFE.B1 

expresses more proliferative marker genes than E14.5_IFE.B2 (Fig. 4B). The 

majority of the E14.5_IFE.T cells are highly proliferative, consistent with known 

features of the intermediate layer at this stage, suggesting that E14.5_IFE.T cells 

represent the intermediate layer at E14.5. We compared the gene expression 

levels of late differentiation genes Klf4, Tgm3, and Lor between WT and Grhl3-/- 

in the E14.5_IFE.D population and observed that there is a marked reduction in 

expression for these genes (Fig. 4C), consistent with GRHL3’s role as a 

transcriptional activator of differentiation genes as early as E14.5. However, in 

contrast to the drastic IFE cell composition change in the P0 Grhl3-/- IFE, no 

change in cell composition is observed at this stage between the WT and the 

Grhl3-/- IFEs (Figs. 1D, and 4D).  
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The pseudotemporal IFE differentiation trajectory at E14.5 cells is a linear 

trajectory with a single branch (Fig. 4E). The branch, which consists mostly of 

proliferating E14.5_IFE.T cells, occurs at the boundary between transition (IFE.T) 

and differentiated cells (IFE.D) (Fig. 4E, Supplemental Fig. 3G). This finding 

corroborates the idea that at E14.5, IFE keratinocytes go through a state of rapid 

proliferation (corresponding to the intermediate layer) before fully differentiating. 

The WT and Grhl3-/- IFE differentiation trajectories were similar at this stage, 

consistent with unchanged cell composition in the Grhl3-/- epidermis at E14.5. 

Together, these data show that whereas Grhl3 loss leads to decreased 

expression of terminal differentiation genes at this stage, it does not alter the cell 

composition of the IFE at E14.5.  

scRNA-seq reveals IFE cell heterogeneity at E16.5 

For E16.5, we captured a total of 26,354 cells (WT1=8,535, WT2=6,482, 

Grhl3-/-1=5,168, Grhl3-/-2=6,169). The cell heterogeneity of the whole skin is 

similar to that observed at E14.5, plus a substantial number of hair follicle cells 

(Supplemental Fig. 4A-F). Five distinct IFE populations were identified at this 

stage (Fig. 5A): two basal populations (IFE.B1, IFE.B2), one transition population 

(IFE.T), one differentiating population (IFE.D), and one terminally differentiated 

population (IFE.TD). One of the basal populations (E16.5_IFE.B2) expresses 

more proliferative marker genes than the other basal population (E16.5_IFE.B1) 

(Fig. 5B). Unlike E14.5 where most IFE.T cells are highly proliferative, a smaller 

subset of the E16.5_IFE.T is highly proliferative (Supplemental Fig. 4G). 

Pseudotime analysis for E16.5 IFE cells showed a single linear trajectory with 
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one minor branch consisting of proliferating IFE.T cells, occuring at the 

IFE.T/IFE.D boundary (Fig. 5C). Also, the expression of terminal differentiation 

genes is reduced in the Grhl3-/- IFE (Fig. 5D). Similar to E14.5, we observed no 

change in the IFE cell composition of the Grhl3-/- IFE at this stage (Fig. 5E). This 

is consistent with previous studies showing defective barrier but no epidermal 

thickening in the E16.5 Grhl3-/- IFE4. Since proliferating cells are not found in 

IFE.T cluster at P0, we conclude that proliferation of transition cells is initially 

high at E14.5, becoming progressively attenuated as the epidermis reaches 

developmental maturity. Therefore, proliferation of transition cells prior to 

differentiation is more characteristic for IFE differentiation at E14.5 and E16.5 

than at P0. 

GRHL3 is required for the formation of the most differentiated cells of the 

IFE and for tempering IFE stem cell number 

Previous work on GRHL3 suggested that all layers of the IFE do develop 

in Grhl3-/- embryos, although the basal layer is disorganized and the spinous and 

granular layers appear thicker than normal4,34.  Bulk gene expression 

measurement and other studies suggested that GRHL3 transcriptionally activates 

the terminal differentiation gene expression program in the granular layer4,34.  

The differentiation-specific function of GRHL3 is also consistent with the 

restricted expression of GRHL3 in the most differentiated layers of the IFE at this 

developmental stage (P0).  

Next we tested how GRHL3 affects P0 IFE differentiation as detected by 

scRNA-seq. We performed scRNA-seq on single cell suspensions from the back-
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skin epidermis of two WT and two Grhl3-/- littermates at P0, capturing a total of 

29,796 cells (WT1=6,766, WT2=6,590, Grhl3-/-1=9,157, Grhl3-/-2=7,283) 

(Supplemental Fig. 5A, B). As expected, we re-captured the IFE cell 

heterogeneity depicted in Fig. 2 (Fig. 6A, B), including the basal keratinocyte 

heterogeneity observed in Fig. 3. But in these experiments, we identified a third, 

actively proliferating basal population (IFE.B3) (Fig. 6A, Supplemental Fig. 5C); 

this cluster most likely emerged due to increased total number of cells captured 

across the 4 samples compared to the experiment in Fig. 2. We also believe that 

the higher number of cells included in this experiment allowed the terminally 

differentiated (IFE.TD) IFE cells to form a distinct cluster. 

We integrated all 4 samples47 and found that although the proportion of 

each of the IFE subpopulations is consistent between the two wild type epidermis, 

the cell composition of the mutant epidermis is clearly different from the wild type 

(Fig. 1D, 6B). The terminally differentiated IFE population (IFE.TD) is almost 

absent in the Grhl3-/- IFE (Fig. 6A, B), suggesting that not only does GRHL3 

regulate the expression of terminal differentiation genes, but that it is also 

required for the formation of the most differentiated cells of the IFE. Most 

strikingly, however, the proportion of basal cells increased (IFE.B1, IFE.B2, 

IFE.B3) whereas the proportion of transitioning (IFE.T) and differentiated cells 

(IFE.D) decreased (Fig. 6B, Supplemental Fig. 5D) in the Grhl3-/- IFE. In addition, 

we detected a substantial number of cells representing IFE states that are 

exclusive to the Grhl3-/- epidermis. We termed these two populations aberrant 

IFE 1 and 2 (IFE.A1, IFE.A2). About 100 of IFE.A1 cells are found in each of the 
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two Grhl3-/- biological replicate, whereas 135 IFE.A2 cells are found almost 

exclusively in Grhl3-/-2 (Fig. 6A, B). These findings indicate that in addition to 

promoting terminal differentiation, a major function of GRHL3 is to suppress the 

abundance of epidermal stem cells and to suppress the formation of abnormal 

IFE cell states.  

GRHL3 suppresses the formation of aberrantly differentiated IFE 

progenitors 

The IFE.A1 cells resemble the normal transitioning cell state (IFE.T) in 

that IFE.A1 cells express both basal and suprabasal IFE gene signatures 

(Supplemental Fig. 6A).  Consistently, IFE.A1 cells are found between the basal 

and differentiated IFE cells on PCA analysis (Supplemental Fig. 6B). RNA-FISH 

staining of the IFE showed an increase in the number of cells in the basal and 

spinous layers expressing both basal (Krt14) and suprabasal (Krt10) markers in 

the Grhl3-/- epidermis compared to WT (Fig. 6D). Immunofluorescence staining 

corroborates this at the protein level (Supplemental Fig. 6C), suggesting that the 

IFE.A1 cells are located at the basal-spinous boundary. Yet, the IFE.A1 

population also expresses genes distinct from wild type IFE.T cells, including 

Sprr2a3, Tpm2, and Ly6a (Fig.6C, Supplemental Fig. 6D). Furthermore, cell 

cycle analysis47,48 on all IFE subpopulations revealed that IFE.A1 cells are much 

more proliferative than the IFE.T cells; in fact, a subset of IFE.A1 cells express 

proliferation genes to a similar level as the dividing basal cluster IFE.B3 

(Supplemental Fig. 6E, F). These findings indicate that GRHL3 suppresses the 

formation of aberrantly differentiated epidermal progenitors and drives late 
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epidermal developmental maturation. Given the unexpected change in basal cell 

composition and the emergence of aberrant transition-like cells in the Grhl3-/- 

IFE, we conclude that GRHL3 is required for maintaining the proper cell 

composition, acting as early as the transition state between basal and spinous 

cells.  

Loss of GRHL3 disrupts the normal IFE differentiation trajectory at the 

IFE.B-IFE.T transition 

To further define the differentiation stage in which GRHL3 functions during 

IFE differentiation, we constructed separate pseudotime trajectories for WT and 

Grhl3-/- IFE cells. In agreement with our earlier experiment (Fig. 2), the two WT 

IFE samples formed a linear trajectory going from basal to terminally 

differentiated cells (Fig. 7A, B, Supplemental Fig. 7A). In the Grhl3-/- IFE, the 

aforementioned expansion of proliferating basal cells and the presence of the 

IFE.A1 subpopulation both contributed to a branching of the linear differentiation 

trajectory (Fig. 7A). The branching occurred at the junction between basal cells 

and IFE.T cells. The tip of the aberrant branch in the Grhl3-/- IFE is composed of 

highly proliferating basal IFE cells (IFE.B3) and the IFE.A1 cells. Consistent with 

the Seurat clustering (Fig. 6A) and the RNA-FISH experiments (Fig. 6E), this 

pseudotime analysis also suggests that the IFE.A1 cell state is most similar to 

IFE.T cells. In contrast, the IFE.A2 cell cluster is more similar to cells at a later 

differentiated stage, albeit with higher proliferation (Supplemental Fig. 6E, F). 

Thus, besides being a transcriptional activator of late differentiation genes, 

GRHL3 performs important functions at early stages of IFE differentiation.  
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RNA-velocity analysis identifies a GRHL3-regulated differentiation 

commitment point 

To further understand the differentiation abnormalities in the Grhl3-/- IFE, 

we applied RNA-velocity, a method that exploits the relative abundance of 

nascent (unspliced) and mature (spliced) transcripts to predict the future state of 

individual cells on a time scale of hours49,50. This method can infer directionality 

and dynamics of small groups of cells with respect to each other in the 

pseudotime differentiation trajectory. In these data, the direction of the arrows 

point to the fate the cells are heading toward whereas the length of the arrows 

reflects how fast the cells are heading in that direction.  

We expected that RNA-velocity would reveal arrows with a uniform 

direction from IFE.B to IFE.TD in the pseudotime trajectory of the WT IFE. 

Surprisingly, we found that during WT IFE differentiation, the basal and transition 

cells exist in a dynamic equilibrium state in which no clear directionality is 

observed among them (Fig. 7C). Once the cells reach the IFE.T/IFE.D boundary, 

the arrows become longer and aligned in the direction of terminal differentiation 

in a uniform manner, suggesting that after cells exit the IFE.T phase, they commit 

to differentiate in one direction until they terminally differentiate (Fig. 7C). These 

results are not exclusive to this particular dimension reduction method (ie. 

Monocle pseudotime) as we found similar results with PCA of all IFE cells, which 

also happens to delineate IFE’s linear differentiation trajectory from IFE.B to 

IFE.T to IFE.D (Supplemental Fig. 7B). In the Grhl3-/- IFE, much fewer cells pass 

the IFE.T/IFE.D commitment point where unidirectional IFE differentiation 
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commences. Strikingly, early transition cells display a clear propensity back 

toward the basal cell fate, again suggesting that Grhl3 plays an important role in 

promoting the differentiation of IFE.B to IFE.T cells.  

These findings suggest: 1) Normal IFE differentiation proceeds in a 

smooth, continuous manner rather than in punctuated stages. 2) There are 

crucial changes in the transcriptional regulation for IFE differentiation at the 

IFE.T/IFE.D boundary where cells align to differentiate. 3) Early progenitor cells 

transitioning to differentiation may be highly plastic in their progenitor-

differentiation fate decisions and loss of GRHL3 disrupts this balance. 4) There 

may be aberrant signaling in the Grhl3-/- epidermis that actively drives the cells 

toward the basal fate.  

GRHL3 is required to repress aberrant Wnt signaling in the IFE 

In the P0 Grhl3-/- IFE the basal compartment is expanded and IFE.T cells 

exhibit a propensity to go backward toward the basal fate. These findings 

suggest that GRHL3 is required to suppress underlying signaling pathways that 

can actively drive IFE cells toward the basal fate. Previous mouse Axin2 lineage-

tracing experiments showed that Wnt-secreting keratinocyte stem cells are 

distributed in the basal IFE and that autocrine Wnt signaling is required for self-

renewal in mouse adult epidermal homeostasis11,46. Hence, we hypothesized that 

aberrant Wnt signaling underpins the change in cell composition and disruption 

of differentiation in the Grhl3-/- IFE.  
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To determine if Wnt signaling is altered in the Grhl3-/- IFE, we compared 

the expression level of Wnt signaling pathway components between P0 WT and 

Grhl3-/- IFE populations. We observed increased expression of genes such as 

Wnt4, Lef1, Ctnnb1, Gpc3, and Gsk3b in the Grhl3-/- basal IFE populations and 

IFE.A (Fig.8A, Supplemental Fig. 8A). To validate some of this finding, we 

performed RNA-FISH of Wnt4 in WT and Grhl3-/- IFE and observed that overall 

Wnt4 is expressed at a higher level in Grhl3-/- IFE. Furthermore, whereas Wnt4 

expression is restricted to only a subset of basal WT IFE, it is expressed in more 

basal cells and in cells in the spinous layer in Grhl3-/- IFE (Figure 8B). This result 

is also consistent with the scRNA-seq results where an increase in the number of 

keratinocyte stem cells (IFE.B) is observed in Grhl3-/- IFE; and the fact that the 

IFE.A population exclusive to the Grhl3-/- IFE is a transition population 

expressing high level of Wnt4. Therefore, Grhl3 is required to ensure proper 

suppression of Wnt signaling upon differentiation. 
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Figure 1. GRHL3 is required for normal IFE cell states in late epidermal 
development.
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Figure 1. GRHL3 is required for normal IFE cell states in late epidermal 

development. A) Experimental scheme for single cell RNA-seq experiments. 

E14.5, E16.5 skin and P0 epidermis cells in two WT and two Grhl3-/- littermates 

at each time point were collected to generate single cell suspension for scRNA-

seq using 10X Genomics Chromium. An additional WT P0 mouse epidermis was 

also analyzed (Figs. 2-3). B) Diffusion map of IFE cells combined from E14.5, 

E16.5 and P0 mouse epidermis. DC1 separates the cells by developmental age 

whereas DC2 separates the cells by progress in IFE differentiation. Lines 

connect potential similar cell states across differentiation/developmental time. C) 

Expression heatmap of Krt14 and D) Krt10 projected onto the diffusion map. E) 

Genotype of each cell is projected onto the diffusion map. A shift toward earlier 

developmental time point is observed for the Grhl3-/- IFE at P0.  
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Figure 2. IFE differentiation is gradualistic rather than step-wise and features a 
large number of transition cells. 

 



 

29 
 

Figure 2. IFE differentiation is gradualistic rather than step-wise and features 

a large number of transition cells. A) tSNE plot showing all 16 epidermal 

subpopulations of the WT P0 mouse back epidermis; IFE cells are in the red-

outlined box. B) Heatmap showing the expression of top 20 marker genes for all 16 

epidermal subpopulations. C) Pseudotime analysis of the IFE with cluster identity 

from panel A projected on the trajectory. The trajectory goes from basal to transition 

to differentiated cells without major branches (arrow), consistent with unidirectional 

IFE differentiation. D) Expression of canonical markers for distinct stages of 

epidermal differentiation. E) RNA-FISH for Krt10 and Krt14 in WT P0 mouse 

epidermis; white arrowheads points to yellow Krt10/Krt14 double-positive cells; E, 

epidermis; D, dermis; HF, hair follicle.  F) Expression heatmap and expression 

pattern of 4,292 pseudotime-dependent genes that cluster into six gene modules. 

Also shown are the gene ontology and example transcription factors for each gene 

module. 
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Figure 3. The P0 IFE basal cell layer contains two distinct cell populations.

 

Figure 3. The P0 IFE basal cell layer contains two distinct cell populations. 

A) Expression heatmap of unique gene signatures for each of the two basal IFE 

clusters. Blue arrows highlight select differentially expressed genes between the 

two basal clusters. B) Expression level of select unique gene signatures 

projected onto tSNE for the two basal clusters. C) Heatmap showing the 

correlation between cells for SC3 clustering results: 1, 2 (red, blue) compared to 

Seurat clustering results: IFE.B1, IFE.B2 (purple, green). D) RNA-FISH for Wnt4 

in the P0 IFE. White arrowheads point to Wnt4-high cells; blue arrowheads point 

to Wnt4-low cells. 
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Figure 4. scRNA-seq reveals a proliferating transition population in the E14.5 IFE.
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Figure 4. scRNA-seq reveals a proliferating transition population in the 

E14.5 IFE.  A) tSNE plot showing basal (IFE.B1, IFE.B2), transition (IFE.T) and 

differentiated (IFE.D) cells for the WT and Grhl3-/- E14.5 IFE (Left); same cells 

colored according to genotypes (right). B) Expression level of cell proliferation 

genes. There is high expression of proliferation genes in one of the basal 

populations (IFE.B1) and in the transition cells (IFE.T). C) Terminal differentiation 

gene signature score based on average expression levels of Lor, Ivl and Dkkl1 

projected onto pseudotime differentiation trajectory in WT and Grhl3-/- E14.5 IFE. 

D) Bar chart showing the percentage of each subpopulation in each biological 

replicate. The cellular composition is similar in WT and Grhl3-/- E14.5 IFE. E) 

Pseudotime differentiation trajectory of E14.5 IFE cells; cells are colored 

according to cluster identity in panel A. The trajectory is consistent with IFE 

differentiation, going from basal to transition to differentiated cells (arrow); also, 

the transition population (presumed intermediate layer keratinocytes) forms a 

branch, apparently due to high cell proliferation.  Loss of Grhl3 does not affect 

the differentiation trajectory. Orange circle outlines the proliferative transition cell 

state. 
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Figure 5. scRNA-seq reveals decreased size of proliferating transition cells and 
progress to terminal differentiation in the E16.5 IFE.
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Figure 5. scRNA-seq reveals decreased size of proliferating transition cells 

and progress to terminal differentiation in the E16.5 IFE.  A) tSNE plot 

showing basal (IFE.B1, IFE.B2), transition (IFE.T), differentiated (IFE.D), and 

terminally differentiated (IFE.TD) cells for the E16.5 WT and Grhl3-/- IFE (Left); 

same cells colored by their genotype (right). B) Expression level of proliferation 

genes projected onto tSNE in panel A. C) Pseudotime differentiation trajectory of 

E16.5 IFE cells colored according to cluster identity in panel A; IFE differentiation 

proceeds from basal (IFE.B1, IFE.B2) to transition (IFE.T) to differentiated 

populations (IFE.D, IFE.TD; arrow). Orange box highlights the proliferative 

transition cell state. The population of proliferating transition cells is smaller than 

at E14.5, creating a minor branching at the late transition population. Loss of 

Grhl3 does not affect the differentiation trajectory. D) Differentiation gene 

signature score based on average expression levels of Krt10, Krt1, Krtdap, Klf4, 

and Mafb projected onto pseudotime in WT and Grhl3-/- E16.5 IFE, respectively 

(top); terminal differentiation score based on average expression levels of Flg, 

Lor, Ivl, Dkkl1 (bottom). E) Bar chart showing the percentage of each IFE 

subpopulation in WT1, WT2, Grhl3-/-1, Grhl3-/-2; the cellular composition is 

similar in WT and Grhl3-/- E16.5 IFE. 
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Figure 6. Grhl3 is required for the formation of terminally differentiated cells and 
for suppressing aberrant expansion of basal IFE stem cells.
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Figure 6. Grhl3 is required for the formation of terminally differentiated 

cells and for suppressing aberrant expansion of basal IFE stem cells. A) 

tSNE plot showing WT and Grhl3-/- P0 IFE cells colored by clusters (left) and 

genotype (right). B) Bar plot showing the fraction of each IFE cell type in each 

sample. There is expansion of basal cells and reduction of 

differentiated/terminally differentiated cells in Grhl3-/- IFE. C) Gene expression 

levels of markers for the IFE.A population. Sprr2a3, Tpm2, Ly6a and Eif3 are 

shown on a tSNE plot of the P0 IFE cells. D) RNA-FISH of Krt14 and Krt10 

transcripts in P0 WT and Grhl3-/- mouse epidermis; white arrows highlight 

Krt14/Krt10 double-positive transition cells. Note the higher number of double-

positive cells in the Grhl3-/- epidermis; also some transition cells are found in the 

spinous layer.  
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Figure 7. RNA velocity reveals a differentiation commitment point at the 
IFE.T/IFE.D transition.
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Figure 7. RNA velocity reveals a differentiation commitment point at the 

IFE.T/IFE.D transition. A) Pseudotime trajectories showing IFE differentiation going 

from IFE-B to IFE-T to IFE-D to IFE-TD for the two WT (left) and two Grhl3-/- (right) P0 

IFEs. The Grhl3-/- differentiation trajectory has a branch which is attributed to the IFE-

A1 population and expansion of basal, proliferating cells. B) Expression of Krt14, Krt5, 

Krt10, and Krt1 projected on the pseudotime trajectory for the WT (left) and the Grhl3-/- 

(right) IFE. C) RNA-Velocity analysis of the pseudotime trajectory of IFE cells for WT1, 

WT2, Grhl3-/-1, Grhl3-/-2. Direction of the arrows points to the fate the cells are heading 

toward; length of the arrows reflects how fast the cells are heading toward a particular 

fate. Note IFE differentiation is marked by a clear commitment point (arrowhead) and is 

a one-step, continuous process with no intermediary stages in the WT. In contrast, most 

cells fail to proceed through the commitment point (arrowhead) and transition cells have 

a propensity to go back to basal fate in the Grhl3-/- IFE. 
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Figure 8. GRHL3 represses Wnt pathway gene expression in the basal IFE cells.
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Figure 8. GRHL3 represses Wnt pathway gene expression in the basal IFE 

cells. A) Violin plot showing the Wnt4 (left) and Lef1 (right) expression for each 

cell among the basal cell types in the WT (both biological replicates) and the 

Grhl3-/- (both biological replicates) IFE. There is higher number of Wnt4-high and 

Lef1-high cells in all basal and aberrant populations in the Grhl3-/- than in the WT. 

B) Representative RNA-FISH image of Wnt4 in WT and Grhl3-/- P0 epidermis. 

There is increased Wnt4 expression and aberrant expression of Wnt4 in cells 

above the basal layer in Grhl3-/- epidermis. n = 3 WT and Grhl3-/- littermates. C) 

Expression of a secreted antagonist of the Wnt signaling pathway, Dkkl1, 

projected onto the pseudotime trajectory of WT (left) and Grhl3-/- (right) IFE cells. 

Note the absence of terminally differentiated cells in Grhl3-/- epidermis with lower 

Dkkl1 expression. 
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Supplemental Figure 1

 

 



 

42 
 

Supplemental Fig. 1. Related to Figure 2. A) Expression of canonical basal (Itga6, 

Col17a1, Wnt10a), differentiated (Klf4, Myc,Mafb), and terminally differentiated (Lor, Flg, 

Ivl) IFE markers. B) Expression of hair follicle (Sp5, Lhx2, Sox9), sebaceous gland 

(Mgst1, Cidea, Scd1), and melanocyte (Pmel, Mlana, Tyr) markers. C) Expression of 

Langerhans cell (Cd74, C1qa, H2-Ab1), T-cell (Cd3g, Nkg7, Cd3d), and Merkel cell 

(Atoh1, Krt8, Krt20) markers. D-F) GO enrichment categories with fold enrichment and 

p-value for the marker genes of the basal (D), transition (E), and differentiated (F) IFE 

populations. 
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Supplemental Figure 2
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Supplemental Fig. 2. Related to Figure 3. A) Heatmap showing expression of 

top loading genes in PC1 for PCA analysis of all basal IFE cells. B) PCA analysis 

was done on all basal IFE cells using cell cycle genes. Inferred cell cycle phases 

are projected onto the PCA plot prior (top) and after (bottom) the effect of cell 

cycle genes were regressed out. C) tSNE result of all basal IFE cells after cell 

cycle genes were regressed out. The two basal IFE clusters identified in Fig. 2A 

are projected onto the plot. D) Expression level of the two basal subcluster 

markers H19, Wnt4, Dcn, and Sox4 projected onto the tSNE plot in panel C. E) 

Pseudotime trajectory of all basal IFE cells with the identity of the two basal 

subclusters projected onto the trajectory. F) RNA-FISH of H19 (green) and Wnt4 

(purple). White arrowheads point to Wnt4-high cells and blue arrows point to 

Wnt4-low cells; high Wnt4 expression coincides with high H19 expression.  
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Supplemental Figure 3
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Supplemental Fig. 3. Related to Figure 4. A) tSNE plot of E14.5 (WT1, WT2, 

Grhl3-/-1, Grhl3-/-2) skin cells. B) Heatmap showing expression of marker genes 

for each population in panel A. C) Expression of level of dermal papillae (Crabp1, 

Pth1r), cartilage (Col2a1, Col11a1), dermal fibroblast (Cd63, Col1a1, Meg3, 

Col1a2) and melanocytes (Pmel) markers projected onto tSNE. D) Expression of 

basal IFE (Krt14), suprabasal IFE (Krt10), hair follicle (Lhx2), mesenchyme (Gal, 

Foxd1), astrocytes (Sox2), muscle (Rgs5) neuron (Tubb3) and erythrocyte (Hba-

a1) markers projected onto tSNE. E) Expression level of monocytes (Pf4, C1qb), 

mast cells (Cma1, Cpa3), endothelial cells (Cldn5, Cav1), and Schwann cell 

(Plp1, Moxd1, Gfra3) markers projected onto tSNE. F) Genotype of each cell 

projected onto the tSNE plot shown in panel A. G) Expression levels of 

proliferation markers Ube2c, Birc5, Aurka, and Mki67 projected onto pseudotime 

trajectory in Fig. 4B.  
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Supplemental Figure 4
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Supplemental Fig. 4. Related to Figure 5. A) tSNE plot of E16.5 (WT1, WT2, 

Grhl3-/-1, Grhl3-/-2) skin cell populations. B) Heatmap showing expression of 

marker genes for each population in panel A. C) Expression level of dermal 

papillae (Crabp1, Pth1r), cartilage (Col2a1, Col11a1), dermal fibroblast (Cd63, 

Col1a1, Meg3, Col1a2) and melanocytes (Pmel) markers projected onto tSNE. D) 

Expression of basal IFE (Krt14), suprabasal IFE (Krt10), hair follicle (Lhx2), 

mesenchyme (Gal, Foxd1), astrocytes (Sox2), muscle (Rgs5) neuron (Tubb3) 

and erythrocyte (Hba-a1) markers projected onto tSNE. E) Expression level of 

monocytes (Pf4, C1qb), mast cells (Cma1, Cpa3), endothelial cells (Cldn5, Cav1), 

and Schwann cell (Plp1, Moxd1, Gfra3) markers projected onto tSNE. F) 

Genotype of each cell projected onto the tSNE plot shown in panel A. G) 

Expression level of proliferation markers Ube2c, Birc5, Aurka, and Mki67 

projected onto pseudotime trajectory in Fig. 5B.  
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Supplemental Figure 5

 

 

 

Supplemental Fig. 5. Related to Figure 6. A) tSNE plot of P0 (WT1, WT2, Grhl3-

/-1, Grhl3-/-2) epidermis cell populations. B) Heatmap showing expression of 
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marker genes for each population in panel A. C) Expression level of cell 

proliferation genes Ube2c, Birc5, Aurka, and Mki67 projected onto IFE’s tSNE 

plot in Fig. 6A. D) Heatmap showing the expression of IFE subpopulation 

markers in WT (top) and Grhl3-/- IFE cells.  
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Supplemental Figure 6
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Supplemental Fig. 6. Related to Figure 6. A) A basal signature score as 

reflected by expression levels of Krt14, Krt5, Col17a1, Itga6, and Wnt10a; and 

(left), suprabasal signature score as reflected by the expression levels of Krt10, 

Krt1, Krtdap, Klf4, and Mafb (middle) and overlay of basal and suprabasal 

signature score (right) projected onto tSNE plot of P0 IFE. Orange circle 

highlights the IFE.A1 population where both basal and suprabasal signature 

scores are high as indicated in purple.  B) PCA plot of P0 IFE populations. 

Orange circle highlight the position of IFE.A1 population, which is in between the 

basal and the transition population.  C) Immunofluorescence of WT and Grhl3-/- 

P0 mouse epidermis against KRT14 and KRT10. A thicker epidermis and the 

presence of more orange KRT14/KRT10 double positive cells is observed. D) 

Heatmap showing the expression of markers for each IFE cluster in WT and 

Grhl3-/- IFE cells. Sprr2a3, Tpm2, Ly6a etc. are specifically expressed in IFE.A 

population. E) P0 IFE cells are scored based on the expression of distinct cell 

cycle genes. G2/M score vs S Score for all P0 IFE cells are shown. A subset of 

IFE.A1 population show high G2/M score, indicative of higher proliferation. F) 

Violin plot of G2/M scores for P0 IFE populations. A subset of IFE.A population 

shows high G2/M score.  
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Supplemental Figure 7
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Supplemental Fig. 7. Related to Figure 7. A) Genotype of WT1, WT2, Grhl3-/-1, 

Grhl3-/-2 are projected onto P0 IFE pseudotime trajectories shown in Fig. 7A. B) 

RNA-velocity analysis of WT1, WT2, Grhl3-/-1, Grhl3-/-2 using PCA embedding. 

Note the PCA happens to delineate the differentiation trajectory from basal to 

transition to differentiated. The continuous differentiation shown in WT samples is 

abolished in Grhl3-/- and a propensity toward basal fate is observed.  
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Supplemental Figure 8 
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Supplemental Fig. 8. Related to Figure 8. A) Violin plots showing the expression 

of Wnt pathway components Ctnnb1, Gpc3, and Gsk3b in WT and Grhl3-/- basal 

and IFE.A1 populations. B) Heatmap showing the expression of genes that are 

expressed in a dynamic manner throughout E14.5, E16.5 and P0 IFE populations. 

C) Violin plots showing the expression of Dkkl1 in WT and Grhl3-/- IFE.D and 

IFE.TD populations. D) Cartoon depicting a model for a gradualistic IFE 

differentiation process as opposed to the traditional model where differentiation 

occurs in punctuated stages.  
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Chapter 3. Methods 
 

Mouse work 

The Grhl3-/- mice and their genotyping were described previously4. Timed 

pregnancies were used to obtain embryos; the developmental stage of embryos 

was verified using external features of the embryos51. All experiments were 

performed on WT and Grhl3-/- littermates from the same pregnancy. Mice were 

fed food and water ad libitum and maintained on a regular 12h day/night cycle. 

All animal experiments were performed in accordance with Institutional Animal 

Care and Use Committee at University of California, Irvine (Protocol No. AUP-19-

012).  

Tissue isolation 

For E14.5 and E16.5, back skin was micro-dissected from the embryos and 

incubated in 2.5U/mL Dispase  (STEMCELL Technologies) in EpiLife medium 

(Thermo Fisher Scientific) for 2 hours at room temperature (RT). The tissue were 

then washed with media and incubated in Accutase (STEMCELL Technologies) 

for 30 min at RT followed by dissociation into single cells. For P0, back skin was 

dissected from the mice and incubated in 2.5U/mL Dispase in EpiLife medium 

overnight. The epidermis was then manually separated from the dermis and 

incubated in Accutase for 30 min at RT followed by dissociation into single cells. 

For all time points, the dissociated cell suspension was strained with 40-uM filter 

and washed with media. Dead Cell Removal kit (Miltenyi Biotec) was used to 

remove dead cells prior to resuspension in 0.04% BSA (Thermo Fisher Scientific). 
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Chromium Single Cell 3’ v1/v2 (10X Genomics) library preparation was then 

performed by the Universtiy of California, Irvine, Genomic High Throughput 

Facility (UCI-GHTF) according to manufacturer’s protocol.  

Immunofluorescence localization of markers 

Fresh frozen OCT 10 µM sections were incubated in acetone at -20oC for 10 min, 

washed with TBS, fixed in 4% PFA for 10 min, and then washed with TBS 3 

times. Tissues were then permeablized using TBS with 0.3% TritonX-100 for 10 

min and blocked in TBS with 0.5% BSA for 1 h. Primary antibodies, Krt14 

(Abcam) and Krt10 (Covance), were diluted 1:1000 and incubated overnight at 

4°C. Secondary antibodies (Abcam, Life Technologies) were diluted 1:1000 and 

incubated at RT for 1 h. Images were acquired using a Keyence BZ-X700 

fluorescent microscope. Fiji was used for image analysis. 

RNA Fluorescent in situ hybridization (RNA-FISH) 

RNA-FISH was performed using the RNAscope Multiplex Fluorescent Detection 

Kit v1 according to manufacturer’s instructions on fresh frozen 10 µM thick OCT 

sections. All sections were counterstained with ProLong Gold antifade reagent 

with DAPI. Images were acquired on a Leica SP8 confocal microscope. To 

ensure that images were comparable, they were all processed the same 

maximum intensity projection and brightness. Three biological replicates were 

analyzed for each FISH staining experiment. 
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Sequencing 

Chromium Single Cell 3’ v1/v2 libraries were sequenced with either a Illumina 

HiSeq 2500 or a HiSeq4000 following the manufacturer’s protocol.  

Primary computational analysis 

Raw sequencing data were demultiplexed and processed using Cellranger (10X 

Genomics version 2.01) using MM10 reference provided by 10X Genomics. Cells 

were filtered and clustered using Seurat version 2.3.447. For E14.5 and E16.5, 

cells with <600 and >4800 genes detected were removed. For P0, cells with 

<900 and >7700 genes detected were removed. For all time points, genes that 

are expressed in <6 cells were removed, and cells with >10% mitochondrial 

genes detected were removed. Raw gene-cell matrices were normalized and 

scaled. Percentage of mitochondrial genes, and the number of unique molecular 

identifiers (UMI) were regressed out using the RegressOut function. High 

variable genes were identified using a x.low.cutoff of 0.0125 and y.cutoff of 0.5 

on mean variance dispersion plot. Data for each developmental age were 

integrated with canonical correlation analysis (CCA) on each biological replicate 

followed by alignment of subspace of each sample. Louvain clustering was then 

performed on the integrated samples. Single-cell consensus clustering (SC3) 

was carried out using k=2 for basal IFE subclustering. Cell cycle analysis was 

carried out in Seurat using a list of cell cycle genes from Regev laboratory48. 

Diffusion maps were implemented using URD version 1.0.236.  
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Pseudotemporal trajectory and RNA-velocity analysis 

Monocle version 2.10.1 was used to construct differentiation trajectories using 

the highly variable genes identified from Seurat package as an ordering filter. 

DDRTree was used for dimension reduction. No root state is specified and 

ordering was done in an unsupervised manner. The p-value cutoff for identifying 

pseudotime-dependent genes was p<0.01. To model gene expression changes 

in pseudotime, we used scEpath package43, which first divides the pseudotime 

into 10 equally spaced bins. Then the expression of each gene in each bin is 

estimated by the trimean of the expressions of this gene across all the cells 

located in this bin. Furthermore, smoothens the average expression of each gene 

using cubic regression splines. To study the temporal patterns and functional 

signatures of pseudotime-dependent genes, we performed k-medoids clustering 

based on the smoothed gene expression profiles, using Matlab function 

―kmedoids‖ with six clusters. We then created a heatmap to show the 

normalized-smoothed expression pattern of pseudotime-dependent genes. 

Genes within this heatmap were ordered such that nearest neighbors have 

similar expression profiles and genes within each cluster were ordered according 

to expression peak. The average expression pattern of each cluster is calculated 

by the trimean of smoothed expressions of all the genes in that cluster.   

RNA-velocity analysis was performed using the velocyto pipeline 

(https://github.com/velocyto-team/velocyto.R)49. The ―run10x‖ function was used 

on Cellranger ouputs to generate the loom files using default parameters, mm10 

gtf file provided by 10X Genomics and repeat mask gtf file from the UCSC 
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Genome Browser. For the RNA velocity estimation, we used the standard R 

implementation of velocyto and only considered cells that were part of the 

pseudotime. The cell-to-cell distance matrix was calculated based on the PCA 

embedding. RNA velocity was estimated using gene-relative model with k-

nearest neighbor cell pooling (k = 20). Embeddings from PCA and Monocle 

pseudotime analysis were used for velocity field projections.  
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Chapter 4. Summary and Conclusion 
 

Here we report the first single cell transcriptome profiling study of the 

developing mouse epidermis at E14.5, E16.5, and P0 in WT and Grhl3-/- mice. 

The data includes a total of 85,286 cells, a valuable resource available for 

analysis beyond the scope of this paper. We identified all known cell types of the 

epidermis and defined unique gene signatures for each cell type. We have also 

uncovered numerous hitherto unknown genes important for epidermal 

development from E14.5 to P0 (Supplemental Fig. 8B).  

Our study, which focused on IFE differentiation and its regulation by 

GRHL3, has revealed a number of new insights: 1) At a transcript level, IFE 

differentiation is  continuous and gradualistic rather than stepwise; 2) There is a 

large number of basal-spinous transition cells; 3) An important regulatory change 

occurs at the IFE.T/IFE.D boundary where IFE cells commit from a plastic state 

to an irreversible fate toward terminal differentiation; 4) There are two main 

populations of basal stem cells and a third state linked to cell proliferation; 5) In 

addition to a role in promoting terminal differentiation, GRHL3 is required at an 

earlier differentiation stage to suppress Wnt signaling and to suppress the 

expansion of stem cells.  

Studies on stem cells in the basal layer of the adult epidermis have 

suggested cell heterogeneity within this layer, although the nature of this 

heterogeneity remains controversial. The hierarchical model of stem cell 

differentiation suggests that the basal layer comprises rare slow-cycling long-

term stem cells and their fast-cycling committed progenitors52,53. Another related 
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model suggests that slow-cycling and fast-cycling stem cells occupy distinct 

regions of the basal layer and renew within their respective regions8,9. In contrast, 

the stochastic model of stem cell differentiation suggests that all basal cells are 

equivalent in terms of their stemness and that they differentiate in a stochastic 

manner11,12,54,55. We found two populations of stem cells in the P0 IFE with one 

major difference between these being the higher expression of Wnt4 in IFE.B1. 

Wnt4 was previously shown to be important for IFE stem cell self-renewal11 and 

our RNA-FISH result also supports a model in which Wnt4-high stem cells are 

distributed randomly throughout the basal IFE. We propose that Wnt4-high basal 

IFE cells are workhorses of IFE maintenance as increased Wnt4 due to Grhl3 

mutation leads to considerable change in cell composition of the IFE.   

Previous work on GRHL3 has focused on suprabasal IFE cells where 

Grhl3 is expressed to its highest level. scRNA-seq allowed us to quantitatively 

characterize the cell compositional change in Grhl3-/- epidermis and uncover 

another important function of GRHL3, which is to suppress aberrant Wnt 

signaling in the basal layer. Our findings suggest that there is a single 

intermediate cell state (IFE.T) during IFE differentiation that is in a plastic state 

with the basal stem cells (IFE.B). GRHL3 promotes the progression of the IFE.B 

state to the IFE.T state by repressing aberrant Wnt signaling.  

Our scRNA-seq data suggests paracrine mechanisms can be at play. The 

secreted Wnt pathway antagonist DKKL1, which is normally expressed in the 

terminally differentiated cells of the IFE, is lost in the Grhl3-/- IFE, thereby 

potentially decreasing the suppression of Wnt signaling in the basal layer (Fig. 
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8C, Supplemental Fig. 8C). Alternatively, data from human keratinocytes suggest 

that GRHL3 may act earlier in maintaining proper proliferation/differentiation 

balance56,57. 

Clearly the IFE contains morphologically distinct layers. Yet, our scRNA-

seq findings challenge the conventional notion of stepwise IFE differentiation. At 

a transcript level, differentiation occurs in a continuous manner from the most 

primitive stem cell to the most terminally differentiated IFE cell at the top of the 

epidermis. Consistent with previous findings, our findings suggest that basal 

stem cells (IFE.B) exist in a reversible equilibrium with a large population of 

transition cells (IFE.T) and that is not until after passing the transition cell stage 

that IFE cells fully commit to differentiation (Supplemental Fig. 8D). We also 

uncovered a prominent accumulation of epidermal stem cells in the Grhl3-/- 

epidermis, which points to a previously unknown function of GRHL3 in the 

progression of basal cells to transition cells and thereby suppression of the basal 

stem cell population; and that GRHL3 achieves this effect by suppressing Wnt 

signaling in stem cells.  
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