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Abstract  

Formation of the skin barrier requires rapid proliferation coupled with differentiation and 

stratification of the embryonic epidermis. Basal progenitors give rise to progeny throughout 

development – first to intermediate cells, a transient proliferative suprabasal cell population, and 

later to spinous cells. Neither the function nor the differentiation trajectory of intermediate cells 

has been documented. We generated transcriptomes of intermediate and spinous cells and 

identified specific markers that distinguish these two populations. Further, we found that 

intermediate cells express a subset of genes in common with granular cells of the epidermis – the 

terminal living cell type that helps establish the barrier. Lineage tracing revealed that most 

intermediate cells directly transition to granular cells without expressing markers specific to 

spinous cells, thus revealing a distinct lineage pathway leading to granular fate. In addition to 

their transcriptional similarities, intermediate and granular cells both had hallmarks of increased 

actomyosin contractility. We found that rather than simply lying downstream of cell fate 

pathways, contractility was sufficient to suppress spinous fate and promote 

granular gene expression. Together, these data establish the molecular and mechanical 

characteristics of the developing epidermis that allow this tissue to rapidly develop barrier 

activity. Additionally, I developed an inducible mouse model that enables the controlled 

knockdown of endogenous proteins in both a temporal and spatial manner using the Tet-ON 

system. This in vivo tool allows for the degradation of GFP-tagged proteins as early as 6 hours 

post-induction, providing a precise means to determine the specific timing and location of protein 

function within the organism. 
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1 Introduction 

1.1 Introduction to epidermal cell types and architecture 

The entire epidermis is attached to an underlying basement membrane, which separates it 

from the dermis below. The cells directly in contact with the basement membrane are basal 

progenitor cells that express keratin 5 and 14 (K5/14) and are responsible for the rapid turnover of 

the tissue and for wound healing. Above these are differentiated cells, collectively referred to as 

“suprabasal” that express keratin 1 and 10 (K1/10). There are a number of distinct cell types that 

keratinocytes move through on their path through differentiation and eventual death. In the adult 

epidermis, spinous cells are the direct progeny of differentiating basal cells, which then progress 

through a granular cell fate before their eventual death and formation of the cornified layer, the 

outermost layer of the skin (Figure 1.1) (Prado-Mantilla & Lechler, 2023b). 

1.1.1 Basal cells 

Basal cells have a clear basal side defined by their attachment to the basement membrane. 

At this site, there is an enrichment for the hemidesmosomal 6/4-integrin complex, which is 

likely stabilized at this site by interactions with the underlying extracellular matrix (ECM). In the 

absence of 6 or 4-integrin, the epidermal attachment to the underlying basement membrane is 

lost (van der Neut et al., 1996), resulting in blistering and conditions such as junctional 

epidermolysis bullosa (Niessen et al., 1996; Ruzzi et al., 1997). Common lateral markers of 

simple epithelia, like E-cadherin, are found at all cell-cell contact sites of these cells, including 

the “apical” region, which makes contact with overlying spinous cells. To our knowledge, there 

have been no reports showing specific apical enrichment of transmembrane proteins. These cells 

also lack tight junctions which normally demarcate the borders of apical and lateral membranes. 

While it is unclear whether the apical membrane is polarized, there is clear evidence that the 

apical region of the cell is specified and marked by core polarity machinery like Par3 and Gai3 

(T. Lechler & E. Fuchs, 2005; Williams et al., 2014). This localization depends on both cell-cell 
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and cell-ECM adhesion as it requires both -catenin and 1-integrin. Furthermore, the cytoplasm 

is clearly polarized as both the centrosome and the Golgi Apparatus are consistently apical to the 

nucleus (Lechler & Fuchs, 2007).  

 

Figure 1.1: Diagram of epidermal architecture and cellular composition 

Schematic of the architecture of the epidermis highlighting differences in cellular composition 

across different epidermal cell layers. Figure from (Prado-Mantilla & Lechler, 2023b) 

 

During early development of the epidermis, basal progenitors divide planar to the 

underlying basement membrane (T. Lechler & E. Fuchs, 2005; Smart, 1970; Williams et al., 

2011). These symmetric divisions give rise to two basal daughters. However, concomitant with 

the stratification of the epidermis, a substantial number of divisions become perpendicular and/or 

oblique to the underlying basement membrane. A number of lineage tracing and live imaging 

studies have demonstrated that these are functionally asymmetric – giving rise to one basal cell 

and one cell that is born into the suprabasal layer of the epidermis (Box et al., 2019; Poulson & 

Lechler, 2010). The ability to orient these spindles requires both cell-cell and cell-ECM adhesion 
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(T. Lechler & E. Fuchs, 2005). Perpendicular alignment of the spindle to produce asymmetric cell 

divisions is controlled by a core spindle orientation machinery that is polarized to the apical 

cortex of dividing cells. These divisions are essential for proper stratification and differentiation 

of the epidermis, as disruption of the core machinery results in randomized or symmetric cell 

divisions and profound defects in epidermal morphology (Moreci & Lechler, 2021; Seldin et al., 

2016; Williams et al., 2011; Zhong et al., 2022).  

While a role for spindle orientation in epidermal morphogenesis is evident, the 

connections to cell fate remain stubbornly murky. In the interfollicular epidermis, activation of 

Notch signaling is an essential driver of differentiation (Blanpain et al., 2006). Although the 

molecular connections between spindle orientation and Notch activation in the skin are unknown, 

it is clear that Notch signaling lies downstream of spindle orientation (Williams et al., 2011). 

There are likely both intrinsic and extrinsic cues that robustly guide cell fate, complicating this 

analysis. Notably, a specific population of basal progenitor cells fated to form hair follicles also 

divides asymmetrically (Ouspenskaia et al., 2016). The molecular machinery required for these 

asymmetric cell divisions has both overlapping and distinct components with surrounding basal 

progenitors (Byrd et al., 2016; Moreci & Lechler, 2021). Further, these divisions have an impact 

on Wnt signaling to control cell fate (Moreci & Lechler, 2021). Together, these findings show 

diversity in both the molecular machinery and the downstream signaling pathways of asymmetric 

cell divisions.   

After embryonic stratification, maintenance of tissue architecture does not require precise 

control of spindle orientation. Rather, cell delamination from the basal layer supports homeostasis 

(Rompolas et al., 2016). There have been some reports of delamination occurring even in the 

embryonic epidermis, though neither the rate of this, nor its importance for stratification has been 

determined (Miroshnikova et al., 2018). Basal cells give rise to the first differentiated cell type, 

spinous cells.  
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1.1.2 Intermediate cells 

Intermediate cells are a transient cell population that exists uniquely during development 

for only 1 to 2 days. These cells constitute the first layer of K1/10-expressing suprabasal cells and 

are formed at E14.5, when basal cells start dividing perpendicularly to the underlying basement 

membrane(T. Lechler & E. Fuchs, 2005; Smart, 1970). Then, they are located between the basal 

layer and the periderm. This cell population has unique characteristics like the fact that they are 

differentiated and yet are capable of proliferating. In addition, they are able to proliferate without 

attachment to the basement membrane, unlike basal cells that require dermal-epidermal junctions 

and their signaling cues to proliferate (Rousselle et al., 2022). The proliferation of differentiated 

epidermal cells in the epidermis does not occur later in development nor in adults unless in rare 

sporadic occasions (Cockburn et al., 2022) or in cutaneous diseases (Niehues et al., 2022). It is 

worthwhile to note that in the epidermis of adult humans during homeostasis conditions, there are 

cycling suprabasal cells (Pontiggia et al., 2022); however, this does not occur in mice. 

It's currently broadly accepted in the literature that intermediate cells mature into spinous 

cells, given that suprabasal proliferation stops later in development and granular cells are formed. 

However, there is no direct evidence of the transition from intermediate cell to spinous cell fate 

occurring. 

1.1.3 Spinous cells 

Spinous cells are differentiated keratinocytes that express K1/10 and are postmitotic. 

They lie immediately above the basal layer, making them the first suprabasal cells in the mature 

epidermis. The onset of spinous cells starts after E15.5. At this point and later during epidermal 

development, basal cells give rise to spinous layers, also called stratum spinosum, by asymmetric 

cell divisions. However, in the adult epidermis, spinous cells originate directly from basal cells 

that commit to differentiation (Simpson et al., 2011). In this case, basal cells start expressing 

differentiation markers and stop expressing components that attach them to the basement 
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membrane, like hemidesmosomes and integrins (Cockburn et al., 2022; Haensel et al., 2020; 

Wang et al., 2020). As a result, these cells delaminate and move up to the suprabasal layer. Here, 

keratinocytes form stronger intercellular interactions by an increased number of desmosomes 

(Simpson et al., 2011). Desmosomes are intercellular junctions that mediate cell-cell adhesions 

and, by connecting with actin and keratin, help anchor this network of intermediate filaments to 

the plasma membrane. In this way, they help maintain tissue structures and provide cells with 

mechanical stability while also contributing to mechanosensing (Angulo-Urarte et al., 2020; 

Hatzfeld et al., 2017).  

Desmosomes cover the entirety of spinous cells’ surface. Although there are already 

desmosomes in the basal layers, their composition varies depending on their location throughout 

the epidermis. Overexpressing Dsg2, a desmosome component that is only present in basal cells, 

in suprabasal layers induced EGFR downstream signaling, which resulted in slightly impaired 

differentiation, hyperproliferation in basal and suprabasal layers, and pre-malignant papilloma 

(Brennan et al., 2007). On the other hand, Dsg1, which is increased in suprabasal layers, is 

necessary for repressing EGFR activity in an epidermal organotypic model, thus promoting 

differentiation (Getsios et al., 2009). Therefore, desmosomes seem to play a role in the switch 

from proliferation to differentiation in the epidermis (Johnson et al., 2014; Park, 2022).  

Another event that occurs when keratinocytes pass from basal to spinous fate is that as 

they exit the cell cycle, their centrosomes become inactivated. In this way, centrosomes lose 

microtubule-organizing activity as they no longer co-localize with many microtubule anchoring 

proteins, and their microtubules undergo re-organization and localize cortically (Moreci & 

Lechler, 2020). In vivo experiments in the epidermis suggest that microtubules are important for 

maintaining cell shape and are implicated in junctional strength (Muroyama & Lechler, 2017; 

Ning et al., 2021). In addition, the higher layers of spinous cells that are further in the 

differentiation process start to become more flattened and start to produce Involucrin, an 
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important structural protein involved in the initial step of cornification, a process that occurs in 

terminal differentiation (Furue, 2020).  

1.1.4 Granular cells 

Two layers in the epidermis – the granular and cornified layers – compromise distinct 

aspects of the epidermal barrier. The outermost barrier is the stratum corneum, which is 

composed of enucleated cornified keratinocytes immersed in a complex lipid network that 

provides a watertight environment (Baroni et al., 2012; Blank, 1953; Brandner et al., 2015). The 

inner barrier is composed of tights junctions (TJs) in the stratum granulosum/granular layer 

(Furuse et al., 2002; Tellkamp et al., 2014; Tunggal et al., 2005), which seal neighboring cells 

and are especially important to prevent loss of water from within the body.  

Cells in the granular layer, also called stratum granulosum, produce crucial components 

for the epidermal barrier formation. Some of the cornified envelop precursors that granular cells 

synthesize include structural proteins like loricrin, Involucrin and small proline-rich proteins 

(SPRRs). In addition, they produce keratin-associated proteins like profilaggrin, and trichohyalin, 

and numerous S100A Ca2+-binding proteins. Curiously, all the genes encoding the previously 

mentioned proteins are located within 1.9Mbp of genomic DNA on human chromosome 1q21. 

This genomic region is called the epidermal differentiation complex (EDC), while in mice, they 

are located on chromosome 3 (Matsui, 2023; Mischke et al., 1996). Granular cells also start 

producing water-insoluble protein structures in their cytoplasm that are mainly composed of 

loricrin and profilaggrin, the precursor of filaggrin, which causes keratin bundling and 

condensation important for later cornification (Freeman & Sonthalia, 2024). 

Granular cells also have the important function of synthesizing lipids and other 

components that are secreted to the extracellular space through membrane-bound organelles 

called lamellar bodies (LB) to form part of the stratum corneum (Mahanty & Setty, 2021). Cargo 

components of LB include precursor lipids, and enzymes necessary for processing them into their 
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final lipid products, as well as proteolytic enzymes important for desquamation, and other 

proteins like corneodesmosin (Ishida-Yamamoto et al., 2004). Therefore, LB formation is crucial 

for the establishment of the epidermal barrier, and their defective biogenesis or secretion is linked 

to diseases with defective barrier function like atopic dermatitis and severe ichthyosis syndromes 

(Elias & Wakefield, 2014; Feingold, 2012; Ishida-Yamamoto et al., 2018; Montpetit et al., 2008; 

Sakai et al., 2007). 

The stratum granulosum is composed of three layers in the human skin: the granular layer 

closest to the spinous cells (SG3), the intermediate granular layer (SG2), and the outermost 

granular layer adjacent to the stratum corneum (SG1) (Furuse et al., 2002; Kubo et al., 2009; 

Yoshida et al., 2013). Granular cells change in protein content, structural conformation, and 

organelle reorganization while continuing to differentiate and move up through the different 

granular layers. Similarly, during this process, their LBs undergo changes in structure and 

location within the cell. 

Several studies have proposed different models of LB’s morphology and secretion of 

their cargo (den Hollander et al., 2016; Elias et al., 1998; Landmann, 1986; Norlen, 2001; Norlen 

et al., 2003). However, a recent study elucidated the highly detailed 3D structure of LB 

throughout the different layers of stratum granulosum in human skin (Yamanishi et al., 2019). In 

the SG3 layer, the LB are vesicular. When they transition to SG2, some LB fuse with the apical 

plasma membrane and show a reticular structure, while others remain as vesicles. Furthermore, in 

SG2, the tubular branches of TGN extend underneath the apical reticular network of lamellar 

bodies and connect to the apical vesicular lamellar bodies. Beneath the cornified layer, in SG1 

cells, most LBs are fused to the plasma membrane and form a reticular network in the apical side 

of the outermost granular layer, in accordance with previous studies (Yamanishi et al., 2019). 

Thus, cells in the second granular layer direct their organelles and secrete important components 

for barrier formation to their apical membrane, but the mechanisms involved remain undefined.  
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In addition to SG2 cells being able to direct target apically, they are uniquely 

characterized by having tight junctions within the epidermis. TJ components, such as occludin 

and zonula occludens-1 (ZO1), are concentrated at TJ sites between SG2-SG2 junctions (Furuse 

et al., 2002; Kubo et al., 2009; Yoshida et al., 2013). Additionally, cells in this layer have 

enriched cortical organization of F-actin compared to spinous layers (Rubsam et al., 2017). While 

adherens junctions are present in cell-cell contacts throughout all epidermal layers, vinculin, a 

cytoskeletal protein that couples adherens junctions to the actomyosin complex (le Duc et al., 

2010), is enriched in SG2 (Rubsam et al., 2017). SG2 segregate these cell adhesions such that TJs 

are found between their apical edges, while underneath there is a basolateral network of vinculin-

rich adherens junctions (Rubsam et al., 2017) (Figure 1.1) (Prado-Mantilla & Lechler, 2023b).  

1.1.5 Cornified layer 

The stratum corneum is the final product of epidermal development and provides a 

physical permeability barrier against external pathogens, chemicals, or UV radiation. 

Cornification is the process where keratinocytes undergo programmed cell death and become 

corneocytes. During this process of terminal differentiation, the contents produced while they 

were granular cells, including structural components and lipids, become crosslinked at the cell 

periphery by transglutaminases 1 (Tgm1), 3, and 5, forming the cornified layer. 

Transglutaminases become activated with increased Ca2+ levels, potentially produced by 

organelle degradation, including the endoplasmic reticulum and mitochondria, which store Ca2+ 

(Eckhart et al., 2013; Haftek, 2014).  

After organelle disintegration, keratin filaments form a dense network that occupies all 

the interior of the cell, providing them with mechanical strength. These flattened corneocytes are 

strongly tightened together by corneodesmosomes (Ishida-Yamamoto & Igawa, 2015). These 

junctions are modified desmosomes and are only present in between cornified keratinocytes. 

They play a role as adhesive structures in the cornified layer and in maintaining thickness of the 
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stratum corneum (Jonca et al., 2002). While they originate from desmosomes, their major 

structural difference is the presence of corneodesmosin (CDSN) in the extracellular region of 

corneodesmosomes. Desquamation, the process of shedding terminally differentiated 

keratinocytes from the cornified layer, occurs when degradation of their external structure is 

completed. CDSN is secreted by LBs, as well as proteases, including kallikrein-related proteases 

and their inhibitors, which control the desquamation process (Ishida-Yamamoto et al., 2005; 

Ishida-Yamamoto et al., 2004; Jonca et al., 2011; Raymond et al., 2008). 

Granular cells synthesize precursor barrier lipids like ceramides, cholesterol, and free 

fatty acids, in the Golgi apparatus and endoplasmic reticulum and are then secreted to the 

extracellular space through LBs. These precursor lipids are processed by enzymes also secreted 

by LBs and, once in the intercellular space, are arranged into stacked sheets that are observed in 

the intercellular spaces throughout the cornified layers. This highly organized lipid matrix is 

called lipid lamellae and acts as a water-repellent that also cements corneocytes together in the 

stratum corneum (Bouwstra & Ponec, 2006; Feingold, 2012; Mahanty & Setty, 2021).  

To form a functional epidermal barrier, lipids in the intercellular lipid matrix undergo 

progressive molecular arrangements that result in polarized organization of lipid structures along 

the stratum corneum. As observed by cryo-EM, the lipid lamellae undergo five different 

maturation stages in their progress through the cornified layers (Narangifard et al., 2018; 

Narangifard et al., 2021). In human skin, secreted lipids start as a highly folded, highly hydrated 

lipid bilayer present in LBs of granular cells. After several steps of reorganization, a mature skin 

barrier structure is formed at the third to fifth cornified layer, exhibiting stacked lipid bilayers of 

fully stretched ceramides, with cholesterol associated with ceramide’s shorter sphingoid tail, 

while free fatty acids are associated with ceramides’ longer fatty acid tail (Narangifard et al., 

2021; Norlen et al., 2022) (Prado-Mantilla & Lechler, 2023b). 
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1.1.6 Mechanical differences across the epidermis 

The varied tissues that comprise the main layers of the skin (epidermis, dermis, and 

hypodermis) have different mechanical characteristics. The epidermis is mainly composed of 

keratinocytes, though there are a number of additional resident cell types. The dermis consists of 

connective tissue, which contains fibrous proteins like collagen (18-30% of dermis volume), and 

lower amounts of elastin and other components. This is in addition to the cellular components 

including fibroblasts, vasculature, etc. Lastly, the innermost layer, or hypodermis, contains 

adipocytes that function as both a cushion and a regulator of other aspects of skin biology (Festa 

et al., 2011; Joodaki & Panzer, 2018). A recent study reported stiffness levels of the different 

layers of the human skin in vivo. They measured the Young's modulus of the forearm of healthy 

volunteers: epidermis (∼4 MPa), dermis (40 kPa), and hypodermis (15 kPa) (Feng et al., 2022). 

This indicates that there are mechanical differences across the main layers of the skin.  

During development, mechanical cues are not evenly distributed across the forming 

epidermis. Recent studies have shown that anisotropic tissue deformations, like growth rate and 

morphological changes, induce stretching and crowding in the basal cell layer. These events 

coordinate polarity alignment and produce different cell geometries and tension levels along the 

planar axis of the epidermis (Aw et al., 2016). 

While adherens junctions are found throughout the epidermis, they are thought to be in a 

distinct, high-tension state in granular cells. Adherens junctions are mechanosensitive structures 

that couple intercellular junctions to the cytoskeleton (le Duc et al., 2010). They become engaged 

under tension, which is thought to involve conformation changes in the adaptor protein a-catenin, 

allowing increased association with vinculin and potentially other actin-binding proteins 

(Yonemura et al., 2010). In SG2 cells, there are increased levels of cortical F-actin, suggesting 

higher stiffness. Consistently, vinculin, a-18 (an antibody that recognizes a mechanosensitive 

conformation of a-catenin) (Yonemura et al., 2010), as well as phosphorylated myosin light chain 
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were high in granular cells, indicating increased actomyosin contractility in these layers (Rubsam 

et al., 2017). Engagement of these adherens junctions and generation of intercellular tension is 

mediated by E-cadherin and is required for proper barrier function (Tunggal et al., 2005). E-

cadherin also plays a key role in regulating the polarized localization and activation of EGFR, 

which restricts TJ formation to the SG2 layer, thus allowing the assembly of a functional 

epidermal barrier (Rubsam et al., 2017). 

Depletion of MyoIIA and B in mouse epidermis resulted in reduced tension and severe 

defects in TJ barrier function in vivo (Sumigray et al., 2011). Further, this work demonstrated that 

microtubules, which become strongly associated with the cell cortex in granular cells (Lechler & 

Fuchs, 2007), recruit myosin- II to the cell cortex resulting in adherens junction engagement, 

which promotes proper TJ function (Sumigray et al., 2011). Accordingly, loss of Lis1, which is 

required for microtubule reorganization to the cell cortex in differentiated keratinocytes, resulted 

in loss of both cortical microtubules and of tight junction barrier activity, leading to perinatal 

lethality in mice (Lechler & Fuchs, 2007; Sumigray et al., 2011). These studies suggest that high 

cytoskeletal tension within the granular layers is necessary for epidermal barrier formation. 

 A recent study explored the tension levels in stratified epithelia using atomic force 

microscopy in the mouse back skin epidermis of a wild-type E18.5 embryo. Interestingly, with 

the help of antibody staining to differentiate epidermal layers, they found that granular layers 

were four times stiffer than basal layers (Fiore et al., 2020), confirming that granular cells are 

physically under higher tension than layers underneath. 

Overall, previously mentioned studies suggest that tight control of contractility may be 

important for many aspects of epidermal biology. Accordingly, when contractility was increased 

in differentiated cells of the epidermis (through genetic mechanisms), there were dramatic 

consequences. These included both cell-autonomous effects on adhesions as well as non-cell 

autonomous effects on the proliferation, motility, and cell fates of underlying progenitor cells 
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(Ning et al., 2021). These data highlight the importance of spatially controlled regulation of 

contractility within a tissue (Prado-Mantilla & Lechler, 2023b). 

1.2 Overview of epidermal development 

In mice, epidermal development starts at embryonic day (E) 8.5, when the K8/K18-

expressing surface ectoderm starts expressing a transcription factor crucial for epidermal lineage 

specification, p63 (Mills et al., 1999; Yang et al., 1999). By E9.5, K8/18 is replaced by K5/K14, 

marking the event called epidermal commitment, and giving rise to the epidermal basal layer 

(Byrne et al., 1994; Jackson et al., 1981). At this point, epidermal cells are a simple polarized 

epithelium and have a free apical surface, a hallmark of simple epithelia. Then, the periderm, a 

specialized cell population composed of polarized cells with tight junctions, covers the surface of 

the epidermis, starting shortly after its commitment.  

Epidermal stratification defines the process in which the epidermis transitions from a 

monolayer to a stratified multilayered epithelium that functions as a barrier. This process in mice 

begins at E14.5 when basal cells start dividing perpendicularly to the underlying basement 

membrane and give rise to the first layer of K10-expressing differentiated cells, nominated 

intermediate cells (Terry Lechler & Elaine Fuchs, 2005; Smart, 1970). Intermediate cells are 

located between the basal layer and the periderm and are a transient cell population that exists 

only for 1 to 2 days. These differentiated cells are still capable of proliferating without attachment 

to the basement membrane, unlike later differentiated epidermal cells. By E16.5, suprabasal 

layers are composed of spinous cells and granular cells. A day before birth, at E18.5, a cornified 

layer of terminally differentiated keratinocytes that functions as an epidermal barrier is already 

present (DuBrul, 1972) (Figure 1.2). The periderm, which provides an anti-adhesive coating for 

the developing epidermis, is replaced as the fully differentiated and dying squames of the 

cornified envelope are initially produced. Consistently, in the absence of periderm, there are 

fusions of digits and within the palate (Richardson et al., 2014). 
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Figure 1.2: Diagram depicting the currently established model of epidermal stratification 

during development 

The current model of epidermal development proposes that intermediate cells first differentiate 

into spinous cells, then into granular cells, and finally into terminally differentiated corneocyte 

cells. 

 

1.3 Signaling pathways and transcription factors governing epidermal 

development 

Multiple signaling pathways play significant roles in regulating epidermal development 

during epidermal fate commitment, inducing epidermal stratification and commitment to terminal 

differentiation. After gastrulation, the ectoderm can give rise to either the neuroectoderm, which 

gives rise to the nervous system, or the surface ectoderm, which gives rise to the epidermis and its 
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appendages. The decision between epidermal or neural commitment depends on a balance of 

different signaling pathways like Wnt, bone morphogenetic proteins (BMPs), and fibroblast 

growth factors (FGF). In the absence of Wnt signaling, the ectoderm responds to FGFs and 

inhibits BMP signaling, and the ectodermal cells acquire a neural fate. However, Wnt signaling 

blocks the ectoderm from responding to FGF, resulting in the expression of BMPs, and 

ectodermal progenitor cells adopt epidermal fate. The K8/18 expressing cells in the surface 

ectoderm will later become the epidermis (Fuchs, 2007). In the following sections, I will focus on 

the signaling pathways and important transcription factors involved in epidermal development. 

1.3.1 Epidermal Fate Commitment 

The hallmark of epidermal fate commitment is the replacement of K8/18 for K5/14 in the 

surface ectoderm, signaling that these cells are becoming basal keratinocytes. Involved in this 

process is the transcription factor p63, family of the tumor suppressor p53, a master regulator of 

proliferation and differentiation. p63 expression begins between E8.5 and E9.5, shortly before 

K5/14 appearance. p63 is critical for epidermal morphogenesis, as mice lacking p63 fail to 

develop epidermis and other epithelial tissues (Mills et al., 1999; Yang et al., 1999). Different p63 

isoforms and their targets are implicated in initial epidermal fate commitment.  

p63 can be expressed as multiple functional protein isoforms, including isoforms that 

contain the N-terminal transactivator domain (TAp63) or lack it (DNp63) (Yang et al., 1998). 

TAp63 is present during the early stages of epidermal development (Koster et al., 2006; Koster et 

al., 2004; Laurikkala et al., 2006) and is required for commitment to epidermal stratification by 

mediating K14 expression through AP-2 (Koster et al., 2006). Even though DNp63 is mainly 

expressed in the later stages of epidermal development (Koster et al., 2004; Laurikkala et al., 

2006), different reports suggest that DNp63 can directly induce K14 expression (Candi et al., 

2006; Romano et al., 2007; Shalom-Feuerstein et al., 2011). In addition, p63-mediated expression 

of the desmosome component Perp is related to epidermal fate onset (Ihrie et al., 2005). 
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1.3.2 Early keratinocyte differentiation during Epidermal Stratification   

Initiation of the epidermal stratification process is mediated by asymmetric cell divisions 

(ACD) of E14.5 basal cells to produce one basal and one suprabasal cell. In the absence of p63, 

apical localization of the spindle orientation machinery required to produce ACD does not occur, 

and epidermal stratification fails to occur (Terry Lechler & Elaine Fuchs, 2005).  Some of the 

factors influencing ACD are discussed further in a later section. Equally important is the 

commitment of the cell placed away from the basement membrane to start undergoing the 

differentiation process to eventually die and form part of the epidermal barrier. At the heart of 

this decision-making process are p63 and the Notch signaling pathway. Several studies suggest 

that p63 is critical in maintaining the progenitor pool in different epithelia (Koster et al., 2004; 

Mills et al., 1999; Senoo et al., 2007; Yang et al., 1999), and for suppressing Notch-mediated 

keratinocyte differentiation (Nguyen et al., 2006; Rangarajan, 2001).  

A clear sign of differentiation is the expression of K1/10 in keratinocytes, and later in 

epidermal development, cell-cycle exit is characteristic of differentiated keratinocytes. Apart 

from playing a role in regulating epithelial stemness, there is also evidence of p63’s role in 

epidermal differentiation (Li et al., 2023). For example, DNp63 and Notch synergize to induce 

the differentiation marker K1 in cultured mouse keratinocytes (Nguyen et al., 2006), and 

knocking down DNp63 in neonate mice reduced K1 expression in the epidermis (Koster et al., 

2007). Furthermore, IκB kinase-α (Ikkα), a DNp63 target gene, is the most abundant in the 

embryonic epidermis at E15.5, when spinous cells start to appear. Interestingly, knocking out 

Ikkα produced suprabasal layers that, although expressing K1, were BrdU positive at E16.5 

(Koster et al., 2007). This suggests that Ikkα is necessary for cell-cycle exist of suprabasal cells, 

which normally occurs in post-mitotic spinous cells (Hu et al., 1999; Koster et al., 2007). Other 

factors important for cell cycle exist in suprabasal layers during epidermal development are Irf6 

(Ingraham et al., 2006; Richardson et al., 2006) and Ovol1 (Nair et al., 2006). However, both 
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Ovol1 and Irf6 protein levels were already expressed in cycling intermediate cells (Dai et al., 

1998; Knight et al., 2006).  

A series of loss and gain of function studies in vivo were performed to understand the 

mechanism underlying the role in epidermal development. Upon ligand binding, the Notch 

receptor is cleaved, releasing its intracellular domain (NICD), which binds to the transcriptional 

repressor RBP-J, allowing the expression of target genes such as Hes and Hey (Lai, 2004). 

During development, Notch 1-3 are expressed in suprabasal layers (Powell et al., 1998). 

Inhibiting Notch signaling by conditionally ablating Notch1 and Notch2 or RBP-J in the 

developing epidermis resulted in a decreased number of K1-expressing suprabasal layers, 

including both spinous and granular layers (Blanpain et al., 2006; Moriyama et al., 2008). On the 

other hand, epidermal Notch activation through NICD overexpression resulted in extended 

spinous layers and impaired basal layers with reduced levels of K14 and integrin expression 

(Blanpain et al., 2006; Moriyama et al., 2008; Uyttendaele et al., 2004); while mice lacking 

Notch’s target gene Hes1 presented expanded granular layers and few or no spinous cells. Thus, 

Notch signaling is able to both suppress basal cell fate and induce keratinocyte terminal 

differentiation in a mechanism independent of Hes1.  

Notch signaling induces keratinocyte differentiation to granular fate through Ascl2; 

however, this can be repressed by Hes1 expression  (Moriyama et al., 2008). Consistently, 

endogenous Hes1 expression is present in suprabasal cells starting at E14.5, and it stayed 

restricted to the first layers of spinous cells later in development (Blanpain et al., 2006; Moriyama 

et al., 2008). Therefore, Hes1 restricts premature terminal differentiation in the epidermis. 

Interestingly, Hes1 knockout did not alter p63 expression in suprabasal or basal layers at E14.5, 

while at E15.5, p63 was dramatically reduced in knockout mice compared to controls (Moriyama 

et al., 2008).  
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1.3.3 Terminal differentiation during epidermal development 

Terminal keratinocyte differentiation implicates the adoption of granular cell fate, 

including lipid metabolism and secretion, followed by programmed cell death leading to cell 

cornification. Keratinocyte differentiation is largely regulated by an increase in extracellular Ca2+ 

concentration. Elevated Ca2+ in the exterior leads to an increase of intracellular free Ca2+, creating 

an increasing epidermal Ca2+ gradient from basal to granular layers (Bikle et al., 1996; Menon et 

al., 1985; Sharpe et al., 1989). Keratinocytes can sense extracellular Ca2+ by the Ca2+ sensory 

receptor (CaSR), a member of the family C G-protein–coupled receptor that initiates intracellular 

responses. CaSR regulates Ca2+-mediated keratinocyte differentiation by activation of Rho 

GTPase, which facilitates actin remodeling (Tu et al., 2011; Tu & You, 2014). Ca2+ sensing also 

plays a key role in epidermal development. Epidermis-specific ablation of CaSR during 

development led to a loss of epidermal Ca2+ gradient, abnormal sphingolipid metabolism, 

decreased expression of terminal markers such as loricrin, filaggrin, and Tgm1, and delayed 

epidermal barrier formation (Tu et al., 2012).  

A variety of transcription factors involved in the proper formation of a functional 

epidermal barrier have been reported. Grainyhead-like 3 (Grhl3) is an important transcription 

factor in keratinocyte terminal differentiation. Grhl3 is expressed in the epidermis during 

development, and it becomes restricted to the outermost differentiated layers at P0. Loss of 

function studies of Grhl3 revealed a decreased expression of cell adhesion molecules, lipid 

metabolic enzymes, structural and crosslinking proteins, like Tgm1, and defective epidermal 

barrier (Ting, Caddy, Hislop, et al., 2005; Yu et al., 2006). In addition, Grhl3-null mice exhibited 

defective lamellar bodies and altered lipid lamellae architecture (Ting, Caddy, Wilanowski, et al., 

2005).  

Another important factor for terminal differentiation in the developing epidermis is the 

receptor-interacting protein kinase 4 (RIPK4), a member of the RIPK/serine-threonine kinase 
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family, which functions as a downstream target of different signaling pathways (Holland et al., 

2002). Epidermis-specific loss of RIPK4 displayed delayed keratinocyte differentiation, although 

cornification was still present. Mutants also showed aberrant distribution of polar lipids, defective 

inside-out barrier, lack of the tight junction claudin-1, and decreased F-actin (Urwyler-Rösselet et 

al., 2018). Therefore, RIPK4 is important for proper cortical actin localization and normal lipid 

organization for a functional epidermal barrier (De Groote et al., 2015; Urwyler-Rösselet et al., 

2018).  

Catalytically inactive RIPK4 displays similar epidermal defects to those observed in 

epidermis lacking IRF6 (Ingraham et al., 2006; Richardson et al., 2006). Loss of the kinase 

domain of RIPK4 showed proliferative suprabasal layers, a lack of non-polar lipid lamellar 

membranes, and reduced different classes of lipids. Similarly, IRF6 epidermal knockout mice had 

reduced expression of genes involved in lipid metabolism and tight junction formation (N. 

Oberbeck et al., 2019). This is congruent with biochemical and genetic assays demonstrating that 

RIPK4 directly phosphorylates IRF6, resulting in the expression of previously identified major 

transcriptional factors important for keratinocyte differentiation like Grhl3 and Ovol 1 (Kwa et 

al., 2014; Nina Oberbeck et al., 2019). Thus, the RIPK4-IRF6 signaling axis is essential for 

epidermal differentiation and proper epidermal barrier function, in part by mediating the 

regulation of transcriptional programs important for the lipidic composition of the stratum 

corneum (Flora & Ezhkova, 2020).  

A knockout model of the transcription factor COUP-TF-interacting protein 1 (CTIP1) 

showed aberrant epidermal differentiation, reduced lamellar bodies, and altered lipid 

composition. This data was supported by the demonstration that CTIP1 binds to promoter regions 

of Fosl2, a differentiation-associated gene, and Fatty acid elongase 4 (Elvol4), a lipid metabolism 

related gene. Interestingly, CTIP1 was mainly restricted to the basal layers during development, 

except at E14.5, when it was also expressed in some suprabasal layers (Li et al., 2017). This data 
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suggests that CTIP1 might play a role in barrier formation by predisposing progeny to eventually 

terminally differentiate. Other factors described as relevant for epidermal barrier formation 

include Gata3, Klf4 and Fosl2 (de Guzman Strong et al., 2006; Segre et al., 1999; Wurm et al., 

2015). 

However, the aspects that allow the formation of a functional epidermal barrier on time to 

protect a newborn and prevent dehydration is still unclear. My dissertation work focuses on 

understanding the role of molecular and mechanical factors that play a role in terminal 

differentiation in the epidermis. Here, I uncovered that intermediate cells do not mature into 

spinous cells as previously believed. Instead, intermediate cells are granular precursors. My data 

suggests that mechanical cues might be playing a role in this direct transition from intermediate to 

granular cell fate. In addition, I developed an in vivo tool that allows inducible degradation of 

GFP-tagged proteins in a tissue-specific manner. This is a promising tool that could be used to 

study previously challenging-to-target cell populations, such as intermediate cells. 

1.4 Author contributions 

Parts of this chapter are from the Review “Polarity in skin development and cancer” by  

Alexandra Prado and Terry Lecher  (Prado-Mantilla & Lechler, 2023b). 
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2 Molecular and Mechanical Signatures Contributing to 

Epidermal Differentiation and Barrier Formation 

2.1 Introduction 

Development of many tissues is characterized by rapid proliferation coupled with 

morphogenesis and differentiation. This process often uses specialized and transient cell types 

that are not found in homeostatic tissue, necessitating distinct pathways for differentiation (Singh 

& Tiwari, 2023). During the embryonic development of the epidermis, an initial single layer of 

progenitor cells gives rise to a multi-layered and differentiated tissue that acts as a chemical and 

mechanical barrier at birth (Moreci & Lechler, 2020; Sumigray & Lechler, 2015). This process 

begins at embryonic day (E) 14.5 in the mouse back skin when basal progenitor cells start to give 

rise to a suprabasal cell layer of intermediate cells (Damen et al., 2021; T. Lechler & E. Fuchs, 

2005; Smart, 1970). Subsequently, basal cells divide to generate spinous cells, which are post-

mitotic. These cells then further differentiate into granular cells, the last living cell types in the 

epidermis which are integral to forming the epidermal barrier. Intermediate cells are a transient 

cell type that expresses differentiation markers like Keratin 1 and 10 but remain mitotically active 

(Weiss & Zelickson, 1975). At this time point, the proliferation rate of intermediate cells is 

comparable to basal cells, suggesting that they are a significant contributor to tissue expansion 

(Damen et al., 2021; Smart, 1970). These cells lack basement membrane attachment, and thus, 

they proliferate in a tissue environment that is normally quiescent in the adult. Currently, we do 

not understand if they play functional roles outside of proliferation, their cell fate trajectory, or 

how they compare to later generated spinous cells at a molecular level. Further, we lack specific 

markers for intermediate cells despite recent scRNA-Seq data that has characterized the 

transcriptomes of these cells (Jacob et al., 2023). Generation of intermediate cells is transient 

(E14-15.5), and by E16.5, basal cells give rise to post-mitotic spinous cells (Figure 1.2). It is not 

known whether this switch in progeny type is driven by intrinsic changes in basal progenitors, 
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changes in signals from the surrounding periderm, and/or by systemic signals like circulating 

factors or amniotic fluid (Huebner et al., 2012).  

In addition to chemical cues, mechanical information is assessed by cells and can instruct 

proliferation and differentiation decisions (Vining & Mooney, 2017). This has been most clearly 

demonstrated by substrates of differential elasticity/stiffness eliciting altered differentiation 

pathways in mesenchymal stem cells (Engler et al., 2006). Whether intra-tissue mechanical 

information is also instructive in differentiation has not been as thoroughly addressed. That said, 

in many tissues, differentiation can lead to changes in contractility and or stiffness. For example, 

in the epidermis, there is increased contractility in the granular cell layer, and this contractility is 

important for the formation of tight junctions in this cell layer (Miroshnikova et al., 2018; 

Rubsam et al., 2017; Sumigray et al., 2012a). While this flow of information from transcriptome 

to contractility has largely been assumed to be unidirectional, some works have demonstrated 

bidirectional interactions (Le et al., 2016; Meyer-ter-Vehn et al., 2006). When physical linkages 

between the cytoskeleton and nucleus were removed, there was a premature differentiation of 

keratinocytes and this was hypothesized to involve alterations in the transcription of the 

epidermal differentiation complex (EDC), a genetic locus that undergoes a change in localization 

in response to differentiation (Carley et al., 2021). Further, increased contractility in differentiated 

cells of the epidermis results in a non-cell autonomous effect on proliferation of their progenitors 

(Ning et al., 2021). However, we lack clear evidence that contractility can directly affect 

differentiation in the epidermis. 

Here, we used bulk sequencing to characterize intermediate and spinous cell 

transcriptomes with great depth, as well as their progenitors. We defined markers that are specific 

for intermediate and spinous cells and showed marked transcriptomic differences in the basal cell 

progenitors that give rise to these distinct cell types.  Further, our data demonstrate that 

intermediate cells express many genes associated with granular cells – a cell type that emerges 
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days later and is responsible for secreting lipids that constitute part of the epidermal barrier. 

Rather than moving through a spinous state, as has long been assumed (Koster & Roop, 2005), 

intermediate cells appear to directly transition to granular cells. Intermediate cells also show 

similarity to granular cells in having increased apparent actomyosin contractility. Using genetic 

models to induce contractility in spinous cells, we demonstrate that contractility is sufficient to 

induce a granular-like state. Together this work reveals the lineage pathways and the influences 

of contractility on epidermal barrier formation.   

2.2 Results 

2.2.1 Transcriptomic analysis of embryonic epidermal differentiation 

During early epidermal stratification at E14.5, intermediate cells (ICs) are the first layer 

of suprabasal cells that express the differentiation marker keratin 10 (K10) and proliferate at a 

rate similar to basal cells (Figure 2.1A, B) (Damen et al., 2021; Smart, 1970). The proliferation 

rate of suprabasal cells decreases over the next 48 hours, and these cells are largely postmitotic by 

E16.5 (Figure 2.1A, B). To further validate these suprabasal cell dynamics during epidermal 

stratification, we performed live imaging of back skin explants from K10-rtTA; TRE-H2B-GFP 

embryos, which express H2B-GFP in K10-positive suprabasal cells. Consistent with data from 

fixed embryos, we observed numerous suprabasal mitotic events in explants collected from E14.5 

embryos, while suprabasal cells in explants from E16.5 embryos were mitotically inactive (Figure 

2.2). All divisions visualized were planar to the epithelium. 
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Figure 2.1: Proliferation of basal and suprabasal cells in early epidermal stratification 

A) Image of EdU staining of proliferative cells in white. Immunofluorescence of suprabasal cells 

marked was labeled with K10 in red and the basement membrane, with b4 in green. Scale bars, 20 

μm. 

(B) Quantification of the percentage of EdU+ cells in the basal and the first two layers of 

suprabasal cells at E14.5, E15.5 and E16.5. Total number of mice analyzed was three mice per 

time point. Data are presented as mean ± standard deviation (SD). ANOVA,*: p < 0.5, ***: p < 

0.001. 
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Figure 2.2: Live imaging of mitotic suprabasal cells during early epidermal stratification 

(A) Diagram depicting alleles used for live imaging of suprabasal cells, and the timeline for 

doxycycline treatment. 

(B) Snapshots from live imaging of back skin explants from E14.5, E15.5 and E16.5 K10-

rtTA;Tre-H2B-GFP embryos, which express H2B-GFP in suprabasal cells. Images are from the 

first plane of H2B-GFP+ cells, corresponding to the suprabasal layer immediately on top of basal 

cells from E14.5, E15.5 and E16.5 explants. Time interval between snapshots: 15min. 

(C) Percentage of mitotic events counted during 2hrs of live imaging. Only suprabasal cells from 

layers on top of basal cells were quantified. n=quantifications from at least 4 different fields from 

explants at each time point.  
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To understand the differences between suprabasal cells at E14.5 and E16.5, we explored 

the transcriptomic changes occurring between these two time points. We used K14-RFP;K10-

rtTA;TRE-H2B-GFP mice and FACS to purify H2B-GFP+ suprabasal cells and RFP+ basal cells 

at E14.5 and E16.5 and performed bulk RNA sequencing of each of these cell populations (Figure 

2.3A). Given that granular cells also form part of the suprabasal compartment at E16.5, we 

excluded the more superficial cells that bind Ulex europaeus agglutinin I lectin from E16.5 

samples in order to uniquely compare suprabasal cells that lie immediately above the basal layer 

(ICs and spinous cells) (Brabec et al., 1980). 

Principal component analysis (PCA) of the sequenced cell populations revealed that 

biological replicates grouped together and that samples were segregated by cell type (basal vs 

suprabasal) in the first component, and by age in the second component (E14.5 vs. E16.5). 

Notably, ICs at E14.5 and spinous cells at E16.5 were not clustered together, indicating that they 

are distinct populations, as are their corresponding basal cells (Figure 2.3B). Though not 

addressed further in this manuscript, the developmental transition in suprabasal cells from E14.5 

to E16.5 may reflect the very different states of basal cells at these time points.   
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Figure 2.3: Transcriptomic analysis of embryonic epidermal cell populations 

(A) Schematic showing basal and suprabasal cell populations collected for RNA sequencing: 

K14-RFP;K10-rtTA;TreH2B-GFP pregnant dams were all fed with doxycycline at E12.5, and 

then sacrificed at either E14.5 or E16.5. The E14.5 intermediate cells (Krt10GFP+;K14-RFP-), 

E16.5 spinous cells (Krt10GFP+;K14RFP-), and basal cells at E14.5 and E16.5 (Krt10GFP-

;K14RFP+) cells were collected separately and sent for RNA sequencing. 

(B) Principal component analysis of all four cell populations (n=3 embryos/cell population).  

 

To identify specific molecular markers for ICs and spinous cells, we filtered the genes 

that were uniquely enriched in ICs (at E14.5 compared to both E16.5 spinous cells and E14.5 

basal cells) and in spinous cells (compared to both E14.5 ICs and E16.5 basal cells). The IC gene 
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signature consisted of 610 genes and included Scara5, a scavenger receptor, St8sia6, which 

encodes a sialyltransferase enzyme, and Tgm1 (transglutaminase 1), an enzyme involved in 

covalent cross-linking of proteins (Figure 2.4A). To validate these candidates, we performed 

RNAScope and detected mRNA of Scara5 and St8sia6 in ICs but not in suprabasal cells at E16.5 

(Figure 2.4B-E). It is worthwhile to note that Scara5 expression was specific to ICs, while St8sia6 

mRNA was also present in granular cells at E16.5 (Figure 2.4B, C). This was also reflected in the 

presence of Loricrin and St8sia6 protein in the granular layers at E16.5 by antibody staining; 

however, we did not detect their fluorescence signal in ICs at E14.5 (Figure 2.5). This suggests 

that some granular genes are transcriptionally enriched in ICs but not yet appreciably expressed at 

the protein level. On the contrary, we found Tgm1 protein expression in intermediate cells, as 

described in more detail below (Figure 2.11). 
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Figure 2.4: Identifying markers for intermediate cells 

(A) The core gene signature of intermediate cells was obtained from the list of genes only 

upregulated in ICs (log2fold>1, p< 0.05; as compared with both basal cells at E14.5 and spinous 

cells at E16.5). Total genes in the IC signature were 610. From this list, Scara5 and St8sia6 were 

two of the most highly upregulated genes compared to spinous cells at E16.5. 

(B and C) RNAscope of Scara5 (B) and St8sia6 (C) in WT embryos at E14.5 and E16.5. Basement 

membrane is indicated as a dotted line. Scale bar, 20 μm. 

(D and E) Quantification of the percentage of Scara5+ (C) and St8sia6+ (D) basal and suprabasal 

cells at E14.5 and E16.5. Total number of mice analyzed was three mice per time point. Data are 

presented as the mean ± SD. **: p < 0.01, ***: p < 0.001, ANOVA.  
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Figure 2.5: Intermediate cells do not express some granular markers at the protein level 

(A and B) Immunofluorescence staining of Loricrin(A) or St8sia6 (B) in green labeling granular 

cells at E16.5 but not in intermediate cells at E14.5. Basement membrane is marked with 4 in 

red. Images representative of at least two animals per time point. Scale bars, 20 μm. 
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There were 163 genes whose transcripts were specifically upregulated in spinous cells at 

E16.5 (Figure 2.6A). Among this list, the transcription factor MafB was a prominent candidate 

since it has been implicated in epidermal differentiation in cultured human epidermal cells 

(Lopez-Pajares et al., 2015), and it is expressed in suprabasal cells in vivo during development 

(Miyai et al., 2016b). Consistent with our transcriptional data, immunofluorescence staining of 

MafB at E16.5 revealed that it was present in the first suprabasal cell layers in the epidermis but 

was excluded from granular cells (Figure 2.6B, D), and it was undetectable in ICs at E14.5. 

Another highly upregulated gene in this list, Ptgs1, that encodes the enzyme Cox1, was also 

observed to be enriched in spinous cells but not in ICs at the protein level (Figure 2.6C, E). 

Therefore, MafB and Cox1 are specific markers for spinous cells in the embryonic epidermis. 



 

31 

 

Figure 2.6: Identifying markers for spinous cells 

(A) The core gene signature of spinous cells was obtained from the list of genes only upregulated 

in spinous cells (log2fold > 1, p < 0.05 compared with both basal cells at E16.5 and intermediate 

cells at E14.5). Total genes in the spinous cell signature were 163. 

(B and C) Immunofluorescence staining of MafB (B) and Cox1 (C) in WT embryos at E14.5 and 

E16.5. Basement membrane is indicated as a dotted line. Scale bars, 20 μm. 

(D) Quantification of the percentage of MafB+ (B) basal and suprabasal cells at E14.5 and E16.5. 

Total number of mice analyzed was three mice per time point. Data are presented as the mean ± 

SD. ****: p < 0.0001, ANOVA. 

(C) Quantification of Cox1 puncta/standardized area in intermediate cells was compared to the 

first two layers of spinous cells at E16.5. Total number of mice analyzed was three mice per time 

point. Data are presented as the mean. *: p < 0.05, two-tailed unpaired t-test. 
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2.2.2 MafB inhibits proliferation of intermediate cells 

To test the functional role of Maf transcription factors in determining spinous cell fate, 

we prematurely induced MafB expression in ICs. For this, we collected K10-rtTA;TRE-MafB-

HA (here after called K10-MafB) embryos that were collected at E14.5, when suprabasal cells are 

ICs (Figure 2.7A). In these embryos, MafB-HA was expressed in about 30% of all suprabasal 

cells (Figure 2.7B). Examination of EdU incorporation revealed that HA+ cells had a 

significantly lower rate of incorporation than ICs in controls, demonstrating that MafB expression 

is sufficient to decrease cell proliferation (Figure 2.7C, D). Notably, however, we found that there 

was increased proliferation of surrounding MafB-negative cells in mutant embryos (Figure 2.7C, 

D); while the overall suprabasal proliferation rate was not significantly different in mutants vs 

controls (Figure 2.7E). This suggests a potential homeostatic mechanism for maintaining total 

proliferation during the epidermal stratification process.  
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Figure 2.7:  Mis-expression of MafB in intermediate cells is sufficient to decrease 

proliferation 

(A) Diagram depicting alleles used to induce MAFB expression in intermediate cells. Pregnant 

K10rtTA;Tre-MafB-HA mice were fed with doxycycline chow at E12.5 and sacrificed at E14.5.  

(B) Percentage of suprabasal cells expressing MafB (HA+) in K10-MafB mice at E14.5.  

(C) Image of EdU staining (magenta) and MafB expressing ICs immunolabeled with HA (green) 

in K10-rtTA;Tre-MafB and control mice at E14.5. Scale bars, 20 μm. 

(D) Percentage of dividing suprabasal cells (EdU+) in control, and HA+ and HA- cells in K10-

MafB mice at E14.5 (n=3 embryos/genotype). Data are presented as the mean ± SD. *: p < 0.05, 

**: p < 0.01, ***: p < 0.001, ANOVA. 
(E) Overall percentage of dividing cells among all suprabasal cells at E14.5 in K10-MafB vs 

controls is not significantly different. 
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To determine whether MafB expression was sufficient to repress IC-specific gene 

expression, we examined IC markers, including Tgm1 and Scara5. While we found a decrease in 

the levels of Tgm1 protein (Figure 2.8A, D,), Scara5 mRNA levels were unchanged (Figure 2.8B, 

E). These data demonstrate that MafB may repress parts of the IC signature but does not globally 

repress all markers. Given that it altered the mitotic status of ICs into a spinous-like state, we also 

examined whether MafB expression was sufficient for the induction of spinous markers. 

However, we found that the spinous marker Cox1 was not induced by MafB (Figure 2.8C, F). 

Therefore, MafB is sufficient for some aspects of spinous fate (like loss of proliferation), but not 

for the expression of all spinous marker genes.   
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Figure 2.8: MafB induction is not sufficient for the expression of all spinous marker genes 

(A) Immunofluorescence staining of reduced Tgm1 fluorescence in K10-MafB vs control mice at 

E14.5. 

(B) RNAScope of Scara5 in red and immunostaining with MafB in white. 

(C) Immunofluorescence staining of Cox1 in K10-MafB vs control mice at E14.5. 

(D) Quantification of Tgm1 average fluorescence in suprabasal cells of control vs K10-MafB at 

E14.5 (n=3 embryos/genotype). Data are presented as the mean ± SD. *: p < 0.05, two-tailed 

unpaired t-test. 

(E) Quantification of the average number of Scara5 RNAScope puncta per cell in suprabasal 

layers of control, and MafB+ and MafB- cells of K10-MafB mice at E14.5 (n=3 

embryos/genotype). Data are presented as the mean. ns = not significant, ANOVA.  

(F) Quantification of number of Cox1 puncta per standardized area of suprabasal layer in K10-

MafB vs control mice at E14.5. (n=3 embryos/genotype). Data are presented as the mean. ns = 

not significant, two-tailed unpaired t-test. 
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2.2.3 Intermediate cells are granular cell precursors 

Using the IC-specific gene signature we identified above; we turned to Gene Ontology 

(GO) analysis to determine biological pathways characteristic of these cells. Categories that were 

uniquely enriched in ICs at E14.5 included pathways involved in lipid metabolic processes and 

establishment of the skin barrier (Figure 2.9A). These pathways are hallmarks of granular cells, 

which produce and secrete lipids that contribute to the formation of the watertight cornified layer 

that acts as the epidermal barrier. These findings were unexpected since granular cells have not 

formed yet at E14.5. Comparing the IC gene signature to a granular gene signature that we 

generated from published data ((Matsui et al., 2021) GSE168011) revealed a striking overlap with 

over 1/3 of the genes in the IC signature also being part of the granular cell signature (Figure 

2.9B). GO analysis of these shared genes revealed pathways such as keratinocyte differentiation, 

endomembrane system (reminiscent of lamellar bodies), and lipid processes (Figure 2.10A). 

Notably, both Grhl3 and Hopx, two transcription factors that control late epidermal differentiation 

were upregulated in both of these cell types (Chalmers et al., 2006; Chen et al., 2019; Obarzanek-

Fojt et al., 2011; Ting, Caddy, Hislop, et al., 2005; Ting, Caddy, Wilanowski, et al., 2005; Yu et 

al., 2006).  

 

Figure 2.9: Intermediate cells are transcriptionally similar to granular cells 

(A) Gene Ontology (GO) term enrichment analysis of genes in the intermediate cell signature. 
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(B) Venn diagram illustrating the number of genes in the intermediate cell signature compared 

with the granular signature (log2fold>1, p < 0.05) for each cell population. A total of 209 genes 

were commonly enriched in ICs and granular cells, which represents 34% of the total IC 

signature. 

 

 

 
Figure 2.10: Intermediate and granular cells shared pathways 

GO analysis from commonly enriched genes in intermediate and granular cell signatures show 

pathways related to lipid biosynthetic processes and endomembrane systems. 

 

 

To validate the expression of canonical granular markers in ICs, we performed 

immunofluorescence staining of Tgm1 (Figure 2.11A, C), an enzyme that performs protein cross-

linking of structural proteins for cornified envelope formation, and Abca12 (Figure 2.11B, D), 

which plays a role in transporting lipids into lamellar bodies and is disrupted in Harlequin 

Ichthyosis (Akiyama, 2010; Thomas et al., 2006). Both proteins were already expressed at the 

protein level in ICs, but not in spinous cells.  
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Figure 2.11: Intermediate cells express some granular markers 

(A and B) Immunofluorescence staining of Tgm1 (A) and Abca12 (B) in green and K14 (red) to 

mark basal cells in WT embryos at E14.5 vs E16.5. Scale bars, 20 μm.  

(C) Quantification of Tgm1 average fluorescence intensity at suprabasal cells at E14.5 (IC) vs the 

first two layers of suprabasal cells at E16.5 (spinous cells). Bar represents the mean. *p < 0.05, 

two-tailed paired t-test. Total number of mice analyzed was three mice per time point. 

(D) Quantification of Abca12 average fluorescence intensity at suprabasal cells at E14.5 (ICs) vs 

the first two layers of suprabasal cells at E16.5 (spinous cells). Data are presented as the mean ± 

SD. *: p < 0.05, two-tailed unpaired t-test. Total number of mice analyzed was three mice per 

time point. 

 

Together, these data suggested that in addition to promoting rapid amplification of 

keratinocytes, intermediate cells may serve as progenitors for the first granular cells that form 

during development. To test this hypothesis, we performed a pulse-chase experiment in K10-

rtTA;TRE-H2B-GFP embryos by injecting a low dose of doxycycline to induce the expression of 
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H2B-GFP in K10-positive cells at E14.5 (i.e. only ICs) (Figure 2.13A). We followed the H2B-

GFP+ cells over time, and we found that at E15.5, these cells were already more superficial, 

separated from basal cells by a layer of H2B-GFP negative cells (Figure 2.12A). Based on their 

expression of MafB, these cells are the first spinous cells produced (Figure 2.12A). Strikingly, 

about 95% of H2B-GFP+ cells did not stain for MafB (Figure 2.12D). Thus, rather than 

converting to a spinous cell fate, they are displaced upwards. When we chased these cells until 

E16.5, they were located in the uppermost layers of the epidermis (Figure 2.12B, E), and they co-

stained with loricrin, a granular cell marker (Figure 2.13B). This indicates that most ICs transition 

into granular cells without going through a MafB+ state. When labeled cells were chased until 

E18.5, GFP signal was clearly present in the cornified layer, demonstrating that the traced ICs 

had terminally differentiated before birth (Figure 2.12C).  



 

40 

 

Figure 2.12: Intermediate cells do not differentiate into spinous cells 

(A, B and C) Immunofluorescence staining of spinous cells with MafB in red and labeled cells 

with H2B-GFP from K10-rtTA;TRE-H2B-GFP mice that were injected with a low dose of 

doxycycline at E14.5 to label only ICs and sacrificed at E15.5 (A), E16.5 (B) or E18.5 

(C).Basement membrane is indicated as a dotted line. Scale bars: 20 μm. 

(D and E) Percentage of MafB+ and MafB-suprabasal cells expressing H2B-GFP at E15.5 (n= 3 

embryos) (A) and E16.5 (n= 4 embryos) (B). Data are presented as the mean ± SD. ****: p < 

0.0001, two-tailed unpaired t-test. 
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Figure 2.13: Intermediate cells differentiate into granular cells 

(A) Image showing H2B-GFP expression in intermediate cells in a E14.5 K10-rtTA;TRE-H2B-

GFP mouse fed with doxycycline from E12.5. Basement membrane is indicated as a dotted line. 

Scale bars: 20 μm. 

(B) Immunofluorescence staining of Loricrin in red colocalizing with H2B-GFP labeled cells in 

K10-rtTA;TRE-H2B-GFP mice injected with a low dose of doxycycline at E14.5 and sacrificed 

at E16.5. Scale bars: 20 μm. 

 

 

The above data suggest that the first spinous cells arise from basal cells and not from 

differentiation of ICs. To test this, we generated K14-rtTA;TRE-H2B-GFP mice and pulsed them 

with low levels of doxycycline at E14.5. With these conditions, we specifically labeled basal cells 

at E14.5 and followed their progeny.  In embryos chased to E15.5, we observed that 80% of basal 

cells and 70% of all MafB+ cells were H2B-GFP+, demonstrating that most spinous cells arise 

from basal divisions (Figure 2.14). Altogether, these data demonstrate that most ICs are direct 

precursors for granular cells and do not pass through a MafB+ spinous intermediate. 
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Figure 2.14: Most spinous cells arise from basal cells 

(A) Immunofluorescence staining of spinous cells with MafB in red and labeled cells with H2B-

GFP in K14rtTA;TreH2B-GFP mice that were injected with a low dose of doxycycline at E14.5 

and sacrificed at E15.5.  

(B) Percentage of basal cells and MafB+ suprabasal cells expressing H2B-GFP. Paired samples 

are quantifications from the same mouse (n=3 embryos). 

 

2.2.4 Contractility status changes through epidermal development and is 

sufficient to drive aspects of granular cell fate 

Further analysis of our RNA-Seq dataset suggested that intermediate cells may be 

mechanically as well as molecularly distinct from spinous cells. We examined the list of genes 

that were upregulated in ICs versus spinous cells, regardless of their expression levels in basal 

cells. GO term analysis revealed that regulation of cell morphogenesis and the actin cytoskeleton 

were among the most highly upregulated pathways in ICs (Figure 2.15A). Heat map analysis of 
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the contractome gene set (Zaidel-Bar et al., 2015), demonstrated clear differences in suprabasal 

cell expression at E14.5 and E16.5 (Figure 2.15B). To validate these findings, we stained for 

markers that indicate contractility status. We observed that F-actin levels were higher in basal and 

suprabasal cells at E14.5, as well as in granular cells at E16.5. However, they were low in spinous 

cells at this later time point (Figure 2.15C-C’’). Myosin IIA, a major contributor to actomyosin 

contractility in the epidermis (Miroshnikova et al., 2018; Sumigray et al., 2012a), was also higher 

in ICs than spinous cells (Figure 2.15D-D’’). Similarly, a18, an antibody that recognizes an 

epitope of a-catenin that is exposed when adherens junctions are under tension (Yonemura et al., 

2010), was also higher in basal and suprabasal cells at E14.5 vs E16.5 (Figure 2.15E-E’’).  
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Figure 2.15: Intermediate cells show upregulation of contractility markers as compared to 

spinous cells 

A) Diagram showing the cell populations compared to obtain the list of genes analyzed in (B and 

C).   

(B) Gene Ontology (GO) term enrichment analysis of genes upregulated in intermediate cells vs 

spinous cells at E16.5, regardless of their expression in basal cells (log2fold>1, p< 0.05) reveals 

upregulation of biological processes related to cytoskeleton organization. 

(C) RNA-Seq heatmap depicting differential expression of contractome genes in intermediate and 

spinous cells at E16.5. Gene expression by FPKM was log2-transformed. 

(D, G and J) Immunofluorescence staining of Phalloidin (D), MyosinIIA (G) and alpha18 (J) in 

green at E14.5 vs E16.5. Scale bars, 20 μm. 

(E, H and K) Fluorescence intensity of suprabasal-suprabasal cell boundaries in the first two 

layers of suprabasal cells. Line scans were performed in WT embryos at E14.5 (between 

intermediate cells) and E16.5 (between spinous cells). Line scan graphs show centered 

measurements across six cell-cell boundaries at each time point, data are presented as the mean ± 

SD.  

(F, I and L) Quantification of average fluorescence intensity from the line scan maximum values 
at suprabasal-suprabasal cell boundaries in WT E14.5 and E16.5. For bar plots, bars represent the 
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mean, joined dots are paired samples from each time point. n= 3 embryos per time point, average 

maximum values of at least 15 line scans at suprabasal cell boundaries in each embryo were 

calculated. *p < 0.05, two-tailed paired t-test. 

 

Furthermore, active nuclear YAP, a mechanoresponsive transcriptional co-activator, was 

present in ICs and granular cells at E16.5, but not in spinous cells. Similarly, the percentage of 

basal cells at E14.5 with active YAP was significantly higher than basal cells at E16.5 (Figure 

2.16). Apart from its role in mechanotransduction, the active form of YAP is an important driver 

of proliferation in the basal layers of the epidermis (Aragona et al., 2020; Schlegelmilch et al., 

2011; H. Zhang et al., 2011). To test a potential role of YAP in IC proliferation, we used K10-

rtTA;TRE-Yap1S112A-GFP (hereafter called K10-YAPCA) mice to induce an active form of YAP, 

marked by H2B-GFP, in suprabasal cells at E16.5 (Figure 2.17A). Active YAP was not sufficient 

to induce proliferation in spinous cells; however, it resulted in a non-cell autonomous increase in 

proliferation of basal cells (Figure 2.17B).   

 

Figure 2.16: Like granular cells, more intermediate cells have nuclear YAP than spinous 

cells 

(A) Immunofluorescence staining of YAP/TAZ at E14.5 and E16.5. Scale bars, 20 μm. 

(B) Percentage of nuclear active YAP in basal cells and in the first two suprabasal layers at E14.5 

and E16.5. Active YAP was also quantified in granular cells at E16.5. *:p < 0.05, multiple 

unpaired t-test. n= 3 embryos/time point. 
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Figure 2.17: Inducing constituvely active YAP in spinous cells does not increase their 

proliferation 

(A) Image of EdU staining in magenta and immunofluorescence of Loricrin in red from control 

and K10-YAPCA embryos at E16.5. Cells expressing constitutively active nuclear YAP are 

labeled with H2B-GFP in green. Mice were fed with doxycycline from E13.5. Scale bars: 20 μm. 

(B) Percentage of dividing suprabasal cells in control vs K10-YAPCA. n= 3 embryos/genotype. 

For all plots in this panel, cells located in the first two layers of suprabasal cells immediately 

above the basal layer were considered for quantification. *: p < 0.05, ns: not significant, two-

tailed unpaired t-test. 

 

 

The apparent changes in contractility through epidermal development raised the question 

of whether the shared contractility between ICs and granular cells lies downstream of 

differentiation, or if it contributes to their similar gene expression. To test the effects of 

heightened contractility in the suprabasal cells, we turned to mouse models we previously 

developed that allow doxycycline-induced actomyosin contractility: K10-rtTA; TRE-Spastin and 
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K10-rtTA, TRE-Arhgef11CA, hereafter referred as K10-Spastin and K10-Arhgef11CA, 

respectively (Hinnant et al., 2024; Muroyama & Lechler, 2017; Muroyama et al., 2018; Ning et 

al., 2021).In both cases this expression is confined to suprabasal cells. K10-Spastin expresses the 

active form of the microtubule severing protein Spastin which increases contractility (Ning et al., 

2021); and K10-Arhgef11CA induces expression of a constitutively active Rho-GEF that activates 

RhoA GTPase, a key positive regulator of actomyosin contractility (Ning et al., 2021). 

We started by examining the transcriptomic changes that are induced by contractility 

(from K10-Spastin vs controls at E16.5, log2 fold change >=1; GEO: GSE158786) and compared 

it with the intermediate and granular cell signatures. Remarkably, we found that 47% of 

contractility-induced genes overlapped with the granular gene signature (Figure 2.18A)– 

demonstrating a major change in gene expression and differentiation state by intracellular 

contractility (hypergeometric test representation factor 3.4, p=2X10-101). GO analysis revealed 

that the common signature was highly enriched in keratinocyte differentiation, cornified 

envelope, lamellar bodies and lipid processes – all hallmarks of granular cells (Figure 2.18C). 

When comparing with the IC signature, there was still significant overlap - 80 of the 610 genes in 

the IC signature (13%) were also found in the contractile signature, though less than that found in 

the granular cells (Figure 2.18B). These included the late epidermal differentiation transcriptional 

regulars Grhl3 and Hopx. The most enriched terms for the overlapping genes between ICs and the 

contractile gene signature were lipid processing and transport (Figure 2.18D). In addition, mainly 

lipid metabolic genes were upregulated in the shared ICs, granular cell, and contractility 

signatures (Figure 2.18E), suggesting that these were the pathways commonly upregulated in IC 

and granular cells as a consequence of contractility.  Notably, many EDC genes were enriched in 

the contractile and granular signatures (30/61), but many fewer in the IC signature (5/61). This 

demonstrates specific differentiation pathways are enriched in ICs, while the contractile gene 

signature is much more similar to the full granular gene expression program.  
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In contrast to an upregulation of granular gene markers in hypercontractile skin, we noted 

that about 1/3 of all the spinous signature genes were downregulated in this mutant (55/163) 

genes, demonstrating a partial suppression of the spinous cell fate.  

 

 

Figure 2.18: K10Spastin cells are more granular like than intermediate like 

(A and B) Size proportional-Venn Diagrams depicting that K10Spastin cells are more granular-

like (46.6% similarity) than intermediate-like (11.7% similarity).  Pink: list of genes enriched in 

K10Spastin vs WT embryos at E16.5, blue: genes in granular signature, green: genes in 

intermediate cell signature.  

(C and D) GO term analysis of the list of genes commonly upregulated in suprabasal K10-Spastin 

(vs control spinous cells at E16.5, log 2-fold > 1, p < 0.05) and granular cell signature (C) or 

intermediate cell signature (D). 

(E) GO term analysis of genes commonly upregulated in ICs, granular cells and K10-Spastin 

(total: 50 genes) are lipid metabolic processes: lipid metabolic processes are commonly 

upregulated among K10Spastin, IC and granular. 
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We next examined the effects of increased contractility through analysis of specific 

markers for spinous cells we identified earlier in this study. We used both models of increased 

contractility in suprabasal cells: K10-Spastin and K10-Arhgef11CA, where expression of the 

transgene for both is detectable by HA staining. In both mouse models, suprabasal cells with 

increased contractility (at E16.5 and later) did not express the spinous marker MafB (Figure 

2.19A, C), even when they were positioned in the first layers on top of basal cells, where they 

should clearly be spinous cells. In contrast, these cells precociously expressed the granular 

marker Tgm1 (Figure 2.19B, D). Similar results were obtained in back and glabrous skin of K10-

Arhgef11CA adult mice (Figure 2.20), and at E17.5, when suprabasal contractility was induced 

after there were already spinous cells (Figure 2.21). These latter results suggest that the effects of 

increased suprabasal contractility are the same regardless of the time of its induction.  

Analysis of the IC marker Scara5 revealed that increasing suprabasal contractility did not 

alter Scara5 mRNA levels in HA+ cells compared to controls; suggesting again that contractility 

induces a granular-like rather than intermediate-like cell type in mutant mice (Figure 2.19E). 
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Figure 2.19: Increased contractility in spinous cells is sufficient to induce many granular 

genes 

(A and B) Immunofluorescence staining of MafB (A) or Tgm1 (B) in red, and suprabasal cells 

expressing Spastin marked by HA (green) in K10-Spastin and controls. Images of E16.5 embryos, 

doxycycline fed starting at E14.5. Insets to the left of all images in this panel show close-ups of 

HA+ cells in suprabasal layers adjacent to basal cells. Scale bars: 20 μm. 

(C and D) Immunofluorescence staining of MafB (C) or Tgm1 (D) in red, and suprabasal cells 

expressing Arhgef11CA marked by HA (green) in K10-Arhgef11 and controls. Images of E17.5 

embryos, doxycycline fed from E10.5. Scale bars: 20 μm. 

(A’ and C’) Percentage of MafB+ suprabasal cells in controls, and in HA+ and HA-cells in K10-

Spastin at E16.5 (C’) or K10-Arhgef11CA at E17.5 (E’). Total number of mice analyzed was three 

embryos per genotype. Data are presented as the mean ± SD. *: p < 0.05, ****: p < 0.0001, 

repeated-measures one-way ANOVA, Tukey’s multiple comparisons test. For all plots in this 

panel, cells located in the first two layers of suprabasal cells immediately above the basal layer 

were considered for quantification. 

(B’ and D’) Quantification of average fluorescence intensity of Tgm1 in suprabasal cells of 

control and HA+ cells in K10-Spastin at E16.5 (B’) or K10-Arhgef at E17.5 (D’). Total number 

of mice analyzed was three embryos per genotype. *: p < 0.05, two-tailed paired t-test. 

(E) RNAScope of Scara5 in red and immunostaining with HA in green in control and K10-

Arhgef11. Images of E16.5 embryos, doxycycline fed starting at E14.5. Scale bars: 20 μm. (E’) 

Violin plot of number of Scara5 puncta per suprabasal cell in control, and HA+ cells and 

neighbor HA-cells in K10-Spastin at E16.5. n= 224 HA+ cells and 160 WT cells from 2 embryos 

per genotype. ns: not significant, two-tailed unpaired t-test. 
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Figure 2.20: Increased contractility in spinous cells of adult epidermis induces some 

granular markers in adult epidermis 

(A and B) Immunofluorescence staining of MafB in back skin (A) or glabrous skin (B) in red, and 

suprabasal cells expressing Arhgef11CA marked by HA (green) in adult K10-Arhgef11 and 
controls. Mice were fed with doxycycline since adulthood. Scale bars, 20 μm. 

(C and D) Immunofluorescence staining of Tgm1 in back skin (C) or glabrous skin (D) in red, 

and suprabasal cells expressing Arhgef11CA marked by HA (green) in adult K10-Arhgef11 and 

controls. Mice were fed with doxycycline since adulthood. Scale bars, 20 μm. 
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Figure 2.21: Increased contractility in spinous cells accelerates acquisition of granular 

markers 

(A and B) Immunofluorescence staining of MafB (A) or Tgm1 (B) in red, and suprabasal cells 

expressing Arhgef11CA marked by HA (green) in adult K10-Arhgef11 and controls. Images from 

E17.5 embryos, fed with doxycycline starting at E15.5. Scale bars, 20 μm. 

 

 

Nuclear YAP signaling has been shown to be downstream of increased contractility in 

both of our contractility mouse models previously tested (Ning et al., 2021), and YAP is localized 

to the nucleus in granular cells (Figure 2.16B). To test the role of YAP in inducing a granular-like 

state, we again used the mouse model K10-YAPCA. We observed that inducing active YAP did 

not induce Tgm1 in spinous cells (Figure 2.22A, C), and did not suppress the expression of 

MafB, the spinous cell marker (Figure 2.22B, D). These data suggest that YAP activation lies 

downstream of contractility but is not sufficient to induce the effects observed by increased 

contractility in spinous cells. In addition to YAP activation, stretching of keratinocytes results in 

epigenetic changes, including an increase in H3K27me3 levels (Le et al., 2016). However, 

inducing contractility did not cause a significant change in nuclear levels of this epigenetic mark 

(Figure 2.23). 
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Figure 2.22: Inducing constitutively active YAP in spinous cells does not induce granular 

markers 

(A and C) Immunofluorescence of MafB (A) or Tgm1 (C) in red, active YAP in green (YAP-

H2B-GFP) in control, and K10-YAPCA at E16.5. Scale bars: 20 μm. 

(B) Average MafB fluorescence intensity per cell in control and K10-YAPCA. n=113 suprabasal 

cells from 3 control embryos, and 103 from 3 K10-YAPCA embryos. ns: not significant, two-

tailed unpaired t-test. 

(D) Average fluorescence intensity of suprabasal cells, area above basal cells in control and K10-

YAPCA embryos at E16.5 were measured. n= 3 embryos/genotype. ns: not significant, two-tailed 

unpaired t-test. 
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Figure 2.23: Increased contractility does not alter H3K27me3 levels 

Quantifications of nuclear H3K27me3 levels in control spinous and K10-Arhgef-expressing 

spinous cells. 

 

2.3 Discussion 

Embryonic epidermal cells coordinate their growth and differentiation to allow rapid 

stratification and barrier formation. Our data here characterize intermediate cells in epidermal 

development, revealing novel trajectories of cell differentiation. Further, our data directly 

demonstrate that actomyosin contractility in the developing epidermis can play an instructive role 

in differentiation – promoting granular-like gene expression and suppressing spinous markers. 

Bulk RNA-Seq analysis has allowed us to characterize embryonic epidermal cells in 

greater depth. This revealed that basal cells undergo significant changes between E14.5 and 

E16.5, consistent with the fact that they generate distinct cell progeny at these time points 

(intermediate vs spinous cells). In addition, like suprabasal cells, basal cells at these time points 

also show differences in mechanical properties. Whether this is in response to changes in their 

physical environment or is mediated by internal timers remains unknown. That said, 
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understanding specific markers and transcriptional regulators of these maturing basal cells may 

allow us to manipulate these transitions to maintain or bypass distinct stages of epidermal 

development.  

Analysis of the intermediate cell transcriptome revealed an unexpected expression of 

granular genes in these transient cells. This gene expression program was especially enriched for 

lipid-modifying enzymes that play a key role in barrier formation. In contrast, few EDC genes 

were upregulated in intermediate cells, suggesting that only parts of the granular program are 

expressed early in these cells, and many of the structural components of the eventual barrier are 

expressed only later. Further, our short-term lineage tracing suggests that most intermediate cells 

transition into granular cells without going through a MafB+ (a spinous cell marker) stage. This 

reveals two distinct differentiation pathways leading to the granular cell state, one through 

intermediate cells during development and one through spinous cells post-natally. This raises 

questions about whether each route will require distinct regulatory and transcriptional pathways 

(Figure 2.24).  
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Figure 2.24: Different paths to granular fate 

(A) Starting at E16.5, suprabasal cells start as spinous cells before differentiating into granular 

cells. 

(B) Between E14.5 and E15.5, intermediate cells directly mature into granular cells without first 

transitioning through a MafB+ spinous fate. 

 

 

Finally, our data revealed mechanical similarities between intermediate and granular 

cells, in addition to their similarities at the transcriptomic level. Actomyosin regulators were 

transcriptionally upregulated in both of these cell types as compared to spinous cells, and we were 

able to validate these findings in intact skin. Importantly, we found that contractility was 

sufficient to induce granular-like gene expression and to repress some spinous cell markers. This 

reveals a rather direct effect of contractility lying upstream, as well as presumably downstream, 

of differentiation pathways. It also explains the observation that increased contractility results in 

premature formation of the epidermal barrier (Muroyama & Lechler, 2017). It has been 

appreciated for some time that granular cells have increased actomyosin contractility, which is 

important for the function and placement of tight junctions specifically in this layer of the 

epidermis (Itoh et al., 2012; Prado-Mantilla & Lechler, 2023b; Rubsam et al., 2017; Sumigray et 
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al., 2012b). There are many intriguing possibilities for how contractility may affect cell fates, 

such as mechanosensitive transcriptional regulators that mediate this effect. We tested a possible 

role for YAP1, a transcriptional regulator whose activation is induced by contractility in the 

epidermis. We found that active YAP1 was insufficient to drive these gene expression changes. 

Future work is required to determine the mechanism of mechanosensitive differentiation in the 

epidermis.  The epidermis increases contractility in response to externally applied forces that 

result in stretch, and in response to perturbation of cell adhesions (Aragona et al., 2020; Sumigray 

et al., 2014). It will be important to test whether these stimuli alter differentiation pathways 

through their effects on contractility.  

Of note, we found that contractility had a strong effect on the EDC, whose positioning 

within the nucleus changes with differentiation (Gdula et al., 2013; Mardaryev et al., 2014; 

Williams et al., 2002). This suggests that aspects of epigenetics and chromatin organization may 

be downstream of contractility, as shown by external forces directly stretching chromatin (Tajik 

et al., 2016) and extrinsic topographical cues constricting the nucleus to induce chromatin 

reprogramming (Wang et al., 2023). Notably, we found that there is a decrease in mRNA levels 

of Sun1 and Nesprin1/3, parts of a complex that tether the actin cytoskeleton in the cytoplasm to 

chromatin in the nucleus when contractility is increased, in hypercontractile cells. Loss of Sun1/2 

also leads to precocious differentiation in the epidermis (Carley et al., 2021) through effects on 

integrin-mediated mechanical integration, though whether regulation of these connections 

mediates the contractility effect seen in suprabasal cells will require further investigation.  

The lipid lamellar, which binds together corneocytes in the cornified layer, is mainly 

composed of about 50% ceramides, 25% free fatty acids, and 10% cholesterol. These lipids are 

synthesized in the granular cells and stored in lamellar bodies, before secreting them to the 

intercellular spaces through lamellar bodies (Prado-Mantilla & Lechler, 2023a; Vietri Rudan & 

Watt, 2021). Increased contractility and lipid metabolic pathways are enriched in both 
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intermediate and granular cells. Comparing the commonly upregulated genes in these cell 

populations with the signature of heightened contractility in suprabasal cells revealed pathways 

related to ceramide metabolism and lipid catabolism. This is an interesting finding that suggests 

that contractility is a regulator of lipid metabolism. Therefore, increased contractility in granular 

cells may play a role in lipid synthesis for epidermal barrier function and may be the factor 

partially inducing IC similarities with granular cells. However, we cannot rule out a potential role 

of contractility in modifying lipids for intracellular lipid signaling in keratinocytes that induces 

differentiation (Vietri Rudan & Watt, 2021). 

2.4 Materials and Methods 

Mice 

All animal work was approved by Duke University’s Institutional Animal Care and Use 

Committee and performed in accordance with their committee guidelines. Mice were genotyped 

by PCR, and both male and female mice were analyzed in this study. All mice were maintained in 

a barrier facility with 12-hour light/dark cycles. Mouse strains used in this study include: K14-

RFP (L. Zhang et al., 2011), K10-rtTA and TRE-Spastin (Muroyama & Lechler, 2017), TRE- 

Arhgef11CA (Ning et al., 2021), CD1 (Charles River, strain code: 022). Other mice were from the 

Jackson Laboratories, and their stock numbers are as follows: TRE-H2B-GFP (005104), TRE-

Yap1S112A-GFP (031279, (Gao et al., 2013)). 

Generation of the TRE-MafB-HA mouse line  

MafB with an HA tag on the C-terminus followed by a stop codon was synthesized by 

GenScript and ligated into the pTRE2 vector. To verify the proper doxycycline-dependent 

expression of the TRE-MafB-HA cassette, the vector was co-transfected with a K14-rtTA 

plasmid into cultured keratinocytes and placed in doxycycline-containing media. TRE-MafB-HA 

plasmid was linearized, purified, and used by the Duke Transgenic Core to generate transgenic 

TRE-MafB-HA mice via pronuclear injection. 
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Skin explant preparation  

Back skin of embryonic mouse skin was dissected, rinsed, and gently unfolded in sterile 

PBS, then placed on a 2% agarose pad diluted in a 1:1 sterile water:media mixture (10% FBS in 

DMEM, doxycycline (2 μg/ml, to induce H2B-GFP expression) and 1:100 

Penicillin/Streptomycin). Note that the dermis of the skin explant faces the agarose pad. The skin 

explants on agarose were gently placed into a 6 cm dish containing 1 mL 10% FBS in DMEM 

(Gibco, 11965). The explants were cultured at 37°C and 7.5% CO2 for at least 2 hours for 

recovery before live imaging. 

Sample preparation for RNA-Seq  

K10-rtTA;TRE-H2B-GFP;K14-RFP pregnant dams were all fed with doxycycline chow 

at E12.5, and then sacrificed at either E14.5 or E16.5. Embryos were checked under a dissecting 

microscope for GFP and RFP expression before use, and their tails were taken to confirm 

genotypes. E16.5 back skins were cut off and treated with 1.4 U/ml dispase II (Roche, 

4942078001) in HBSS at room temperature for 1 hour, then peeled off the epidermis from the 

dermis. The epidermis of E14.5 back skin was not peeled off due to its low thickness. Both E16.5 

epidermis and E14.5 skin samples were digested in 1:1 trypsin (GIBCO, 25200-056) with versene 

(GIBCO, 15040-066) at 37°C and rotated for 20 minutes. Samples were then mixed 1:1 with 

FACS buffer (HBSS with 2.5% FBS and 10 μg/ml DNAaseI) and centrifuged at low speed. The 

cell pellet was diluted into FACS buffer with propidium iodide solution (Sigma, P4864, to 

exclude dead cells), and filtered using sterile Celltrics 30 μm filters (Sysmex, 04-004-2326). The 

lectin UEA1 (Ulex europaeus agglutinin I) binds to carbohydrates in cell surfaces present in 

uppermost keratinocytes. To exclude them, we used biotinylated UEA1 (Vector Laboratories, B-

1065) and detected them with APC-streptavidin (BioLegend, 405207).  The E14.5 intermediate 

cells (K10-GFP+;K14-RFP-;APC-UEA1-), E16.5 spinous cells (K10-GFP+;K14-RFP-;APC-

UEA1-), and basal cells at E14.5 and E16.5 (K10-GFP-;K14-RFP+) cells were FACS sorted 
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separately. RNA was extracted using a QIAGEN RNAeasy Mini kit (QIAGEN, 74104) following 

the manufacturer’s protocols, with DNA digested using RNase-Free DNase (QIAGEN, 79254). 

Biological replicates, three independent RNA samples from each cell population, were collected 

and sent for sequencing and analysis by Novogene. 

RNA-Seq analysis 

Differential expression analysis between two time points or cell types (three biological 

replicates per group) was performed using the DESeq2 R package. The gene signature of a cell 

population was obtained by the overlapping genes that were enriched compared to the suprabasal 

cells at a different time point and enriched compared to the basal cells at its corresponding time 

point. A significance threshold of adj p-value < 0.05, log2 fold change 1 and FPKM 1 was 

used for defining marker genes of each cell population. 

GO term analysis for differentially expressed genes and gene signatures was performed 

using the Gene Ontology enrichment analysis (Ashburner et al., 2000; Gene Ontology et al., 

2023; Thomas et al., 2022). 

FPKM of differentially expressed genes in the contractome list were log2-transformed 

and used for heatmaps. Heatmaps were generated using the online resource Heatmapper (Babicki 

et al., 2016), using the average linkage clustering method and Pearson’s distance measurement 

methods. 

PCA plot of all cell population data was generated using the web tool Clustvis: 

https://biit.cs.ut.ee/clustvis/ (Metsalu & Vilo, 2015). 

Granular cell signature was determined from genes significantly upregulated in ETA 

sheets vs epidermal sheets (p-value < 0.05, log2 fold change 1) obtained from the previously 

published dataset: GSE168011 (Matsui et al., 2021). 
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Immunofluorescence  

Fresh tissue was embedded in OCT (Sakura), frozen, and sectioned at 10 μm using a 

cryostat. Sections were fixed with 4% paraformaldehyde (PFA) in PBS for 8 minutes at room 

temperature or ice-cold acetone (for Tgm1 and St8sia6 staining) for 2 minutes, washed with PBS 

containing 0.2% Triton (PBST) for 5 minutes, then blocked with blocking buffer (3% bovine 

serum albumin with 5% normal goat serum (Gibco, 16210064), and 5% normal donkey serum 

(Sigma-Aldrich, D9663) in PBST) for 15 minutes. Sections were incubated with primary 

antibodies diluted in blocking buffer for 1h at room temperature (18 antibody was incubated for 

15 minutes), then three times washed with PBST, and incubated in secondary antibodies and 

stains, such as Hoechst 34580 or Phalloidin, for 15 minutes at room temperature. After three 

washes with PBST, sections were finally mounted in the anti-fade buffer (90% glycerol in PBS 

plus 2.5 mg/ml p-Phenylenediamine (Thermo Fisher, 417481000)) and sealed using clear nail 

polish in the borders. 

Primary antibodies used in this study: rat anti-HA (Sigma-Aldrich, 11867423001), 

chicken anti-keratin 5/14 (generated in the Lechler lab), rabbit anti-keratin 10 (Covance, 905401), 

guinea pig anti-keratin 10 (Progen, GP-K10), rat anti-4 integrin (BD Biosciences, 553745), 

rabbit anti-MyosinIIA (Biolegend, PRB-440P), rat anti-18 (gift from Akira Nagafuchi, 

Kumamoto University), rabbit anti-YAP/TAZ (Cell Signaling Technology, 8418S), rabbit anti-

Tgm1(Proteintech,12912-3-AP), rabbit anti-MafB (Novus, NBP1-81342), rabbit anti-St8sia6 

(Sigma, HPA011635), rabbit anti-Abca12 (gift from Dr. Wong, University of Michigan). F-actin 

was stained with phalloidin-488 (Invitrogen, A12379). 

EdU labeling 

Pregnant dams were intraperitoneally injected with 10 mg/kg of EdU and sacrificed after 

1 hour for tissue dissection. Back skins of embryos were collected, and tails were taken for 

genotyping. Tissue sections were fixed with 4% PFA and stained with primary and secondary 
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antibodies, and then EdU was detected following the Click-iT EdU (Thermo Fisher, C10337) 

protocol. 

Lineage tracing/pulse-chase 

K10-rtTA;TRE-H2B-GFP pregnant dams were intraperitoneally injected with a low dose 

of doxycycline (1mg/kg) at E14.5 to label only intermediate cells. Dams were sacrificed, and 

their embryos were collected after 1 day (E15.5), 2 days (E16.5), or 4 days (E18.5) for tissue 

dissection. Their tails were kept for genotyping and K10-rtTA;TRE-H2B-GFP embryos were 

sectioned and analyzed.   

RNA-Scope 

RNAScope was performed using the Multiplex Fluorescent v1 and v2 systems (ACD, 

323100) followed by antibody co-staining. Back skins from mouse embryos were freshly frozen 

in OCT and sectioned at 10 μm. Tissue sections were fixed for 1 hour with 4% PFA at 4°C. After 

fixation, standard RNAScope protocols were used according to manufacturer’s instructions. The 

following probes were used: St8sia6 (ACD, 887831-C1) and Scara5 (ACD, 522301-C1). TSA 

Vivid Fluorophore 570 (ACD, 323272) was used to develop probe signal. Then, antibody staining 

was performed to quantify the probe signal in suprabasal cells, using guinea pig anti-keratin 10 

antibody, and in basal cells, using chicken anti-keratin 5/14. HA+ cells were marked with rat anti-

HA or rabbit anti-MafB (for K10-MafB samples). Coverslips were mounted using Prolong Gold 

(Invitrogen, P10144). 

Imaging  

For live imaging of K10+ cell division, prepared skin explants were placed upside down 

in a Lumox dish 35 (Sarstedt, 94.6077.331) with the epidermal side facing toward the membrane.  

Samples were imaged at 15 minute-intervals overnight using the MetaMorph software on an 

Andor XD revolution spinning disc confocal microscope at 37°C and 5% CO2 using a 20x/0.5 

UplanFl N dry objective. 
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For immunofluorescence staining, tissue sections were imaged on a Zeiss AxioImager Z1 

microscope with Apotome.2 attachment, Plan-APOCHROMAT 20X/0.8 objective, Plan-

NEOFLUAR 40X/1.3 oil objective, or Plan-NEOFLUAR 63X/1.4 oil objective, Axiocam 506 

mono camera, and acquired using Zen software (Zeiss). When making intensity measurement 

comparisons, all images within one experiment were taken with identical exposure times. 

Image quantification and statistics 

All image quantifications were done using FIJI software. Quantifications of fluorescence 

intensity of cortical F-actin, Myosin IIA and 18 were measured by drawing 10-pixel wide lines 

across cell-cell boundaries. Maximum values from plot profiles were aligned to yield the final 

line scan plots. The mean of the maximum values of each line scan was calculated per mouse and 

compared between conditions or time points to determine statistical significance. 

EdU, Scara5, St8sia6, YAP and MafB measurements were determined by calculating the 

percentage of the number of positive cells in the total number of suprabasal cells in the first two 

suprabasal layers adjacent to basal cells. Quantifications are from at least three fields per mouse. 

Tgm1 average fluorescence intensity was calculated by measuring the mean value of 

suprabasal cells above basal cells. This area was defined by drawing 50-pixel width lines in the 

suprabasal area, along the labeled basal layer, using the Freehand line tool in FIJI. 

All statistical analyses were performed using GraphPad Prism 10 software. Data shown 

in bar plots was presented as mean ± standard deviation (SD), and significance was determined 

using two-tailed Student’s t-test, or, for multiple comparisons, one-way or two-way ANOVA, 

followed by Tukey's or Sidak tests. Further details in statistical analysis were specified in figure 

legends. Data were determined to be statistically significant when p value < 0.05. Asterisks 

denote statistical significance (ns = not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, 

****: p < 0.0001).  
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2.5 Author contributions 

This chapter is based on my first-author publication, “Molecular and Mechanical 

Signatures Contributing to Epidermal Differentiation and Barrier Formation” (Prado-Mantilla et 

al., 2024): Wenxiu Ning contributed to the data production of part of Figure 1, data production 

and analysis in Fig1-supplement1 and part of Figure 5. Terry Lechler contributed to data 

acquisition and analysis of Figure 2.23. The rest of all data was acquired, analyzed and plotted. 

Manuscript was written in collaboration with Terry Lechler.  
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3 Degradation system to conditionally knockdown GFP-

tagged proteins in mice 

3.1 Introduction 

Understanding the role of a gene is usually assisted by the disruption of its resulting 

protein’s function and the analysis of resulting phenotypes. To this end, genome editing tools 

such as recombinases, transcription activator-like effector nuclease (TALEN), Zn finger nuclease, 

and CRISPR-Cas9 are used to generate permanent changes to the genome resulting in protein loss 

or alterations (Cong et al., 2013; Gaj et al., 2016; Le & Sauer, 2000; Mali et al., 2013; Miller et 

al., 2011; Pickar-Oliver & Gersbach, 2019; Porteus, 2008). There are numerous genes whose 

encoded protein expression is essential for cell viability and the development of an organism. 

Genetic knockouts of these genes in vivo may result in embryonic lethality and deter the ability to 

examine their role in later stages of life. To study these genes, it is crucial to employ technologies 

that conditionally deplete the protein of interest (POI). Conditional protein perturbation in vivo is 

typically performed at the pre-translational level, targeting the mRNA, like using RNA 

interference methods, or the genome (Elbashir et al., 2001; Gilbert et al., 2013; Gossen & Bujard, 

1992; Housden et al., 2017; Le & Sauer, 2000; Sauer & Henderson, 1988). Most commonly, 

conditional genetic manipulations that delete or truncate a gene use site-specific recombinase 

(SSR) technologies such as the Cre/lox and FLP/FRT systems (Branda & Dymecki, 2004; 

Gronostajski & Sadowski, 1985; Kos, 2004; Zhu & Sadowski, 1995). 

Although SSR-based systems have tremendously advanced the understanding of gene 

function in mice, they have some deficiencies that have limited their utility. These genetic 

alterations are generally irreversible and preclude the ability to easily restore protein function 

later to better pinpoint where and when the protein is needed. In addition, targeting the stem 

cell/progenitor cells causes a permanent lack of protein expression in them and all their progeny. 

This is problematic when studying gene function in stem cells because differentiated daughter 
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cells also constitute part of their progenitor stem cell niche (Ning et al., 2021). Thus, conventional 

methods for protein disruption make it difficult to determine whether the POI has cell-

autonomous effects in stem cells and or whether there are non-cell-autonomous effects resulting 

from changes in their differentiated progeny cells. 

Another disadvantage of using conventional methods for studying gene function is that 

they are indirect, where protein depletion depends on the half-life of the preexisting POI and its 

mRNA. Thus, making these technologies problematic to use during rapidly-ocurring 

developmental processes. While technologies targeting the mRNA can be relatively quicker than 

genome-editing recombinase approaches, the limiting factor is still the protein turnover rate 

(Schwanhäusser et al., 2011). Protein half-lives vary widely, spanning from less than a day to 

hundreds of days in mouse tissues. Even though most proteins are degraded within a few days, 

the half-life of long-lived proteins ranges from months to years (Fornasiero & Savas, 2023; Rolfs 

et al., 2021). These long-lived proteins are relevant for aging and degenerative diseases 

(D'Angelo et al., 2009; Heo et al., 2018; Lambeth et al., 2019; Savas et al., 2012; Toyama et al., 

2013), and are present in all mouse tissues, especially in cartilage, where they are implicated in 

morphogenesis, cell adhesions and the extracellular matrix (Rolfs et al., 2021). Long protein half-

lives can be a problem in assessing protein function in the context of fast biological processes. 

For example, it’s hard to target the differentiated cell pool in highly dynamic tissues such as the 

skin and the intestine. These tissues have quick cell turnover rates that are likely faster than the 

time required for POI depletion when using conventional technologies. Thus, newly generated 

cells would still express the POI. Similarly, targeting transient cell populations that exist for short 

periods of time, such as intermediate cells during epidermal development, can be extremely 

challenging.  

These problems can be circumvented by directly targeting protein degradation. The major 

proteolytic system in cells is the ubiquitin-proteasome system (UPS) that rapidly degrades 
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proteins sent to the 26S proteasome (Hochstrasser, 1995; Navon & Ciechanover, 2009). The UPS 

targets proteins by polyubiquitination through a cascade reaction consisting of E1 ubiquitin-

activating enzyme, E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligase. Briefly, E1 

activates ubiquitin, which is then transferred to E2. Finally, E2 cooperates with one of the 

hundreds of E3 to transfer the activated ubiquitin to the substrate to be degraded (Ciechanover et 

al., 1980; Hershko et al., 1982; Hershko et al., 1983; Varshavsky, 2006). Substrate recognition 

elements within the E3 complex provide the specificity of the target protein to be ubiquitinated 

(Figure 3.1). The peptide sequences in substrate proteins that are recognized by E3 are 

denominated degron (Natsume et al., 2016; Varshavsky, 1991; Verma et al., 2020). 

 

 

Figure 3.1: Schematic of the Ubiquitin Proteasome System 

 

Numerous in vitro studies have demonstrated that by attaching these degron domains to 

POI, they function as tags that bring them into proximity with an E3 ubiquitin ligase, leading to 
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their rapid proteasomal degradation (Verma et al., 2020). Degron-fused proteins can be 

conditionally regulated by different factors like light, temperature, expression of another protein, 

or a small molecule ligand (Natsume et al., 2016). Examples of tools using chemically controlled 

degrons are the Auxin-Inducible Degradation (AID) and dTAG technologies. AID utilizes a plant 

degradation pathway that is induced by auxin, a family of plant hormones, in non-plant cells. In 

this system, the degron domain of IAA17 (AID domain) is fused to the POI, which binds to the 

exogenously expressed plant-derived protein TIR1 to recruit the E3 ubiquitin ligase upon auxin 

exposure (Nishimura et al., 2009; Tan et al., 2007). The dTAG technology uses a mutant version 

of the protein FKBP12 to tag a POI. To induce this system, heterobifunctional molecules (e.g., 

dTAG-v1 and v13) that bind to both the protein tag and an E3 ubiquitin ligase are administered 

(Clackson et al., 1998; Nabet et al., 2020; Nabet et al., 2018).  

These degron tools have proven useful in Drosophila and C. elegans, though their use in 

mouse models has been limited (Phanindhar & Mishra, 2023). In the last few years, a number of 

groups have reported genome-engineered mouse models that conditionally induce acute protein 

depletion using AID (L. Macdonald et al., 2022; Suski et al., 2022; Yesbolatova et al., 2020) and 

dTAG technologies (Bisia et al., 2023; Bondeson et al., 2022; Nabet et al., 2020; Olsen et al., 

2022). However, none of these allowed tissue-specific targeting of proteins. Furthermore, these 

approaches require the creation of new mouse lines with specific degron tags for each gene of 

interest, which can be time-consuming and costly. Thus, mouse tools that allow to more generally 

target any POI in specific tissues are needed.   

Another direct protein degradation technology is the affinity-directed protein missile 

(AdPROM) system, which uses a Cullin 2-based E3 ligase complex. One of the substrate 

receptors of this E3 complex is VHL (Cai & Yang, 2016). Under normal oxygen conditions, VHL 

binds to the hydroxy-proline modified HIF and brings it to close proximity to E2 to be 

polyubiquitinated and subsequently degraded (Kamura et al., 2004; Yu et al., 2001). Fulcher et al. 
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modified VHL by attaching a nanobody anti-GFP (Fulcher et al., 2016) in the C-terminus to 

degrade GFP-tagged proteins (Figure 3.2). AdPROM has been shown to work in vitro to degrade 

GFP-tagged PAWS1 and VPS34 in human cells (Fulcher et al., 2016).  

 

Figure 3.2: Schematic of the affinity-directed protein missile system for targeted proteolysis 

(A) Diagram illustrating the structure of the CUL2-E3 ligase complex, demonstrating VHL-

mediated degradation of HIF1α in normoxic conditions.  

(B) AdPROM system: VHL attached to a nanobody anti-GFP to target and degrade GFP-fused 

proteins. Figure adapted from (Fulcher et al., 2016).  

 

In this study, we generated mAdPROM, an inducible mouse tool that knocks down 

endogenous proteins in a temporally and spatially controlled manner. We took advantage of the 

AdPROM technology and combined it with the Tet-ON system to achieve tissue specificity and 

temporal control. Employing this tool, we were able to degrade endogenous GFP-tagged proteins 

in different tissues and cell compartments in adult mice. In addition, we tested mAdPROM’s 

functionality by knocking down the glucocorticoid receptor (GR) protein in the epidermis and 

observed similar phenotypes than already-known GR epidermal knockouts. Furthermore, due to 

The time and costs associated with generating knock-in/knock-out mouse lines, the ability to 

generate one GFP knock-in strain that allows both imaging and loss-of-function abilities will be 

advantageous. 
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3.2 Materials and Methods 

Mice 

All mouse work was approved by Duke University’s Institutional Animal Care and Use 

Committee and performed in accordance with committee guidelines. Mice were genotyped by 

PCR, and both male and female mice were analyzed in this study. All mice were maintained in a 

barrier facility with 12-hour light/dark cycles. Mouse strains used in this study include: K10-rtTA 

(Muroyama & Lechler, 2017), ZO1-GFP (Foote et al., 2013), K14- H2BGFP (Tumbar et al., 

2004), GR-GFP (from Dr. Diana Laird, (Brewer et al., 2002)). Other mice were from the Jackson 

Laboratories, and their stock numbers are as follows: K14-rtTA (008099), Villin-rtTA (031283/ 

031285), mGFP was generated by mating Rosa-mT/mG (007576) mice with a CMV-Cre-deleter 

strain (006054) (Ning et al., 2021).  

Generation of mAdPROM mouse line  

To generate the mAdPROM line, we used the pBABED Hygro Tet-on VHL aGFP 

plasmid (MRC PPU, DU 54221). To verify the proper doxycycline dependent expression of the 

previously generated the vector was co-transfected with a K14-rtTA plasmid (Ning et al., 2021) 

into cultured keratinocytes and placed in doxycycline-containing media. The plasmid was 

linearized, purified, and used by the Duke Transgenic Core to generate transgenic mice via 

pronuclear injection. Genotyping to identify founders and following mAdPROM genotyping was 

performed using forward primer: CTGCCCGTATGGCTCAACTTC, and reverse primer: 

CTAGAAACCGTCACCTGGG. Two mAdPROM lines were kept: Lines 17 and 41, which have 

robust transgene expression in the intestine and the epidermis, respectively. 

Immunofluorescence staining 

Fresh tissue was embedded in OCT (Sakura), frozen, and sectioned at 10 μm using a 

Cryostat. Sections were fixed with 4% paraformaldehyde (PFA) in PBS for 8 minutes at room 

temperature, washed with PBS containing 0.2% Triton (PBST) for 5 minutes, then blocked with 
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blocking buffer (3% bovine serum albumin with 5% normal goat serum (Gibco,16210064), and 

5% normal donkey serum (Sigma-Aldrich, D9663) in PBST for 15minutes. Sections were 

incubated with primary antibodies diluted in blocking buffer for overnight at 4C (or at room 

temperature for: 1hr Loricrin, 2hrs GR), then three times washed with PBST, and incubated in 

secondary antibodies and Hoechstv34580 for 15 minutes at room temperature. After three washes 

with PBST, sections were mounted in the anti-fade buffer (90% glycerol in PBS plus 2.5 mg/ml 

p-Phenylenediamine (Thermo Fisher, 417481000) and sealed using clear nail polish in the 

borders. 

Primary antibodies used in this study: mAb Rb anti VHH- iFluor555 (1:500, GenScript, 

A01863), Ch anti GFP (1:2000, Abcam, ab13970), Rb anti Loricrin (1:100, gift from Colin 

Jamera), mAb Rb anti GR (1:100, Cell Signaling, 12041T). 

EdU labeling 

Pregnant dams were intraperitoneally injected with 10 mg/kg of EdU and sacrificed after 

1 hour for tissue dissection. Back skins of embryos were collected and fresh frozen, and tails were 

taken for genotyping. Tissue sections were fixed with 4% PFA and stained with primary and 

secondary antibodies, then EdU was detected following Click-iT EdU (Thermo Fisher,C10337) 

protocol. 

3.3 Results 

To assess the use of the AdPROM system in vivo, we generated mAdPROM, a transgenic 

mouse containing a cassette encoding the E3 ligase VHL attached to a nanobody anti-GFP (VHL-

aGFP) under the tetracycline-responsive promoter element (TRE) (Fulcher et al., 2016). Using 

the Tet-ON system, tissue specificity can be achieved in mouse lines by directly controlling the 

expression of the reverse Tet-regulated transactivator (rtTA) under a tissue-specific promoter 

(Urlinger et al., 2000) or by crossing any tissue-specific Cre line with the ubiquitous Rosa-rtTA 

line (Hochedlinger et al., 2005). Only after doxycycline (dox) exposure, rtTA binds to the TRE 
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promoter allowing expression of its downstream transgene. In this way, pairing mAdPROM with 

a tissue-specific rtTA line, VHL-aGFP (hereafter called degron) expression can be controlled 

both spatially and temporally. 

To assess the ability of degron to knock down GFP-tagged proteins in different cell 

compartments in vivo, I used mouse lines expressing GFP in different locations of the cell. First, I 

tested whether degron can deplete proteins in the cortex of the cell. For this, we used a mouse line 

we previously generated, a knock-in ZO1-GFP (Foote et al., 2013). We measured the ZO1-GFP 

levels in the cell-cell junctions of the adult tail epidermis, where, conveniently, there was a 

mosaic expression of degron (Figure 3.3A). We were able to detect cells expressing degron by 

immunofluorescence staining utilizing an antibody that recognizes camelid nanobodies (VHH). 

This allowed us to observe that the GFP levels in junctions between two adjacent cells expressing 

degron (degronPos) was drastically reduced compared to two adjacent degron-negative (degronNeg) 

cells. Accordingly, GFP intensity was decreased to about half between degronPos/degronNeg 

junctions (Figure 3.3A-C). These results suggest that degron efficiently depletes cortical proteins 

like ZO1.  
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Figure 3.3: mAdPROM degrades GFP-tagged proteins located in different cell 

compartments 

(A) Immunofluorescence staining of degron (red) in epidermis of K10-Degron;H2B-GFP 

neonates and control H2B-GFP littermate. Insets show only GFP in control (1) or in K10-

Degron;H2B-GFP (2).  

(B) Quantification of average H2B-GFP fluorescence intensity per nucleus in controls vs degron+ 

cells in experimental mice. n=49 cells for control and 63 degron+ cells for experimental from 2 

animals per genotype. p < 0.0001, two-tailed unpaired t-test. 

(C) Immunofluorescence staining of GFP and degron in epidermis of K10-Degron;mGFP 

neonates and control mGFP littermate. Insets show only GFP in control (1) or in K10-

Degron;mGFP (2).  

(D) Quantification of average fluorescence intensity per mouse from all suprabasal areas in 

controls or degron+ suprabasal areas in experimentals (n=3 experimental mice per genotype). p = 

0.0298, two-tailed paired t-test.  

(E) Immunofluorescence staining of GFP and degron in the tail epidermis of a K14-Degron;ZO1-

GFP adult mouse. Insets show areas across cell-cell junctions between: (1) two cells not 

expressing degron (DegronNeg), (2) DegronNeg and a cell expressing degron (DegronPos), or (3) 

two DegronPos cells. 
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(F) Plot of line scans across ten cell-cell junctions for each category, as represented with white 

lines in E insets (1, 2 and 3).  

(G) Violin plots of the maximum fluorescence values across each line scan for categories 

described in E (n = 30 measurements across 10 cell-cell junctions in each category). p < 0.0001, 

ordinary one-way ANOVA, multiple comparisons. 

 

To test whether mAdPROM can be useful for targeted protein degradation in specific cell 

populations, we crossed it with cell-type specific rtTA lines. First, we assessed degron expression 

in the suprabasal cell compartment of the epidermis. In the epidermis, the suprabasal layers are 

composed of differentiated keratinocytes that express keratin 10 (K10). Therefore, we used the 

K10-rtTA line that directs the expression of rtTA under the promoter K10 (Muroyama & Lechler, 

2017). Crossing this line with mAdPROM, we generated K10rtTA;mAdPROM (hereafter, K10-

Degron) and used ZO1-GFP neonates to test it. Heterozygous ZO1-GFP (ZO1-GFPHet) neonates 

showed GFP across all epidermal layers, but it was stronger in the cortex of suprabasal cells.  

K10-Degron;ZO1-GFPHet mice exhibited strong degron expression across suprabasal layers of the 

epidermis, and as expected, GFP was efficiently depleted only in this compartment of the 

epidermis (Figure 3.4A, D, G).  

We also induced degron in the epidermal stem cells that constitute the basal layer of the 

epidermis. These cells express keratin 14 (K14), so we generated K14-rtTA;mAdPROM 

(hereafter called K14-Degron) to determine whether degron can target only stem cells but not 

their progeny. To test this line, we paired it with homozygous GR-GFP, a knock-in GFP fused to 

the C-terminus of the endogenous GR (Brewer et al., 2002). As expected, embryonic skin of K14-

Deg;GR-GFPHom animals had degron expression mainly restricted to the basal layer. Unlike 

control GR-GFPHom embryos that express GR-GFP in the entire epidermis, K14-Deg;GR-GFPHom 

showed GR-GFP only in suprabasal cells for the most part. This means that while basal cells had 

depleted GFP, its progeny (suprabasal cells on top) still expressed it (Figure 3.4B, E). 

Importantly, in this case, we also demonstrated that degron can produce a significant protein 

decrease even when both alleles of the gene are tagged with GFP. It’s worthwhile to notice that 
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even though using K14rTA we could specifically target the embryonic stem cells, this was not the 

case in the adult epidermis, as shown in Figure 1A. Here, there was mosaic K14rtTA expression 

in basal and suprabasal layers, potentially due to problems in the transgene line or the nature of 

epidermal differentiation in adults, when basal cells move up to differentiate, instead of 

producing new differentiated keratinocytes like during development. 

Besides the epidermis, we tested this tool in a different epithelial tissue with a high-

turnover rate, the intestine. Using the Villin-rtTA line, we were able to induce degron mainly in 

the absorptive epithelial cells that populate the villi of the intestine, although we observed it in 

crypts on some occasions. Interestingly, ZO1-GFP that is normally located in the tip of epithelial 

cell borders in controls, was drastically decreased in parts of the villi were degron was expressed 

in Villin-Degron;ZO1-GFPHet of adult intestines (Figure 3.4C, F, H). We observed the same in 

Villin-Degron;ZO1-GFPHom mice (data not shown). Thus, degron is useful to deplete GFP-tagged 

proteins in the different epithelial tissues. 
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Figure 3.4: mAdPROM degrades GFP-tagged proteins in different cell populations 
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(A) Immunofluorescence staining of GFP (green) and degron (red) in back skin epidermis of 

K10-Degron;ZO1-GFP neonates and control ZO1-GFP littermate. The lowest panel shows only 

GFP in K10-Degron;ZO1-GFP. Dotted lines represent the basement membrane. * indicates auto-

fluorescent cornified layer. All scales: 20m. 

(B) Immunofluorescence staining of GFP and degron in E18.5 back skin epidermis of K14-

Degron;GR-GFP and control GR-GFP littermate. The lowest panel shows only GFP in K14-

Degron;GR-GFP. White arrowhead indicates unspecific antibody staining. 

(C) Immunofluorescence staining of GFP and degron in adult intestinal epithelia of Villin-Deg; 

ZO1-GFP and control ZO1-GFP littermate. 

(D) Quantification of the maximum values of line scans across cell-cell junctions from epidermal 

suprabasal layers in ZO1-GFP (n=3 mice, at least 20 line scans per animal), and degronPos areas in 

ZO1-GFP (n=3 mice, at least 20 line scans per animal) neonates. Each dot represents the 

maximum value of a line scan, and lines show the meanSEM. p=0.0294, paired two-tailed t-test. 
(E) Quantification of the average fluorescence intensity of nuclei in the basal layers in GR-GFP 

(n=3 mice, 98 nuclei total), or degronPos basal cells in K14-Degron;GR-GFP (n=3 mice, 110 

nuclei total) embryos. Each dot represents each nucleus, and lines show the meanSEM. 

p=0.0268, paired two-tailed t-test. 
(F) Quantification of the maximum values of line scans across apical cell-cell junctions from villi 

epithelial cells in ZO1-GFP (n=3 mice, 15 line scans per animal), and degronPos areas in Villin-

Degron;ZO1-GFP (n=3 mice, 15 line scans per animal) adult mice. Each dot represents the 

maximum value of a line scan, and lines show the meanSEM. p=0.0398, paired two-tailed t-test.  
(G) Example of line scans across twelve cell-cell junctions in the epidermal suprabasal layers of 

ZO1-GFP or suprabasal degronPos areas of K10-Degron;ZO1-GFP mice. Plotted line scans are 

from 3 different mice per genotype. Line scans were measured using a 10m-width line across 

cell borders or between two neighboring nuclei if junctions were not visible. Data are represented 

as meanSD.  
(H) Example of line scans across twelve epithelial cell-cell junctions in the intestinal villi of ZO1-

GFP control or suprabasal degronPos areas of K10-Degron;ZO1-GFP mice. Plotted line scans are 

from 3 different mice per genotype. Line scans were measured using a 10m-width line across 

cell borders or between two neighboring nuclei if junctions were not visible. Data are represented 

as meanSD. 

 

By using the Tet-ON system, we aimed to produce an inducible tool that could rapidly 

degrade proteins. We tested how quickly we could deplete ZO1-GFP in the suprabasal epidermis 

by exposing K10-Degron;ZO1-GFPHet mice to dox for different durations. When E18.5 control 

and experimental embryos were exposed to dox for 1 day, we observed evident GFP reduction 

levels compared to GFP negative controls (Figure 3.5A,C), similar to what we observed in Figure 

2A, when embryos were dox-treated for 5 days. Therefore, we decided to challenge the system by 

injecting a high dose of dox to a pregnant dam and collected embryos 6 hours after injection. To 

our surprise, degron was already present in suprabasal cells, where it had depleted GFP intensity 

levels, similar to dox-exposure for 24 hours and negative control that never expressed GFP 
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(Figure 3.5B, D). This data demonstrates that our degron tool can efficiently deplete GFP-fussed 

proteins as soon as 6 hours after dox-mediated induction in vivo. 

 

 

Figure 3.5: Kinetics of GFP degradation using mAdPROM 
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(A and B) Immunofluorescence staining of GFP (green) and degron (red) in E18.5 back skin 

epidermis of K10-Degron;ZO1-GFP and control ZO1-GFP 24 hrs (A) or 6hrs (B) after dox 

exposure. The lowest panel shows only GFP in K10-Degron;ZO1-GFP. Dotted lines represent the 

basement membrane. All scales: 20m. 

(C and D) Plot of line scans across nine cell-cell junctions in the epidermal suprabasal layers of 

ZO1-GFP, control no-GFP or suprabasal degronPos areas of K10-Degron;ZO1-GFP or mice 24 hrs 

(C) or 6hrs (D) after dox exposure. Plotted line scans are from 3 different mice per genotype. 

Line scans were measured using a 10m-width line across cell borders or between two 

neighboring nuclei if junctions were not visible. Data are represented as meanSD. 

 

Next, we sought to assess whether this system could be useful for studying the role of a 

POI in vivo. Glucocorticoid receptor (GR) was a good candidate to test this tool since it is 

expressed throughout all layers of the epidermis and its knock-out has already been studied. GR is 

part of the nuclear receptor superfamily, and upon binding to its ligand (steroid hormones 

Glucocorticoids), GR acts as a transcription factor (Perez, 2011). Previous studies of null and 

epidermis-specific GR knockouts (GReKO) have reported differentiation defects during 

development, as well as aberrant epidermal proliferation and increased expression of 

inflammatory genes  (Bayo et al., 2008; Latorre et al., 2013; Sevilla et al., 2010; Sevilla et al., 

2013). These reports suggest multiple roles of GR in the epidermis. However, the role of GR in 

each cellular compartment of the epidermis and how they contribute to the aforementioned effects 

still remains unanswered. By knocking down GR-GFP using mAdPROM, we expect to 

potentially phenocopy the effects seen in knockouts. Even more, this tool could allow us to 

dissect the role of GR in different cell populations of the epidermis. 

To address mAdPROM’s functionality, we used homozygous GR-GFP to deplete all 

endogenous GR protein. We focused on the effects of GR during development. First, we used 

K14-Degron;GR-GFPHom to induce targeted GR degradation only in basal layers starting at E13.5 

(before the start of epidermal stratification) or later in development, at E16.5. Tissues were 

collected at E18.5, a day before birth. Embryos with depleted basal GR-GFP had an increased 

proliferation rate of stem cells compared to control GR-GFPHom embryos, regardless of the time 

of dox-induction (Figure 3.6C, E), like the hyperproliferation observed in GReKO embryos 
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(Sevilla et al., 2013). However, we did not observe an apparent difference in the late epidermal 

differentiation marker Loricrin between experimental and control embryos at either dox-induction 

time (Figure 3.6A). On the other hand, depleting GR-GFP in the differentiated compartments of 

K10-Degron;GR-GFPHom embryos that were dox-treated starting at E13.5 (a day before K10 

expression) did not have significant proliferation differences compared to littermate controls at 

E18.5 (Figure 3.6D, F). Yet, there was an obvious decrease in the thickness of Loricrin-positive 

and cornified layers in knockdown embryos compared to controls (Figure 3.6B), suggesting 

differentiation defects similar to phenotypes observed in GReKO  mice during development (Bayo 

et al., 2008; Sevilla et al., 2010; Sevilla et al., 2013). Overall, mAdPROM was able to replicate 

some phenotypes observed in knockout studies. In addition, this tool allowed us to understand the 

role of GR in different compartments of the epidermis, suggesting that GR participates in 

suppressing hyperproliferation regardless of its expression in differentiated layers, while GR 

directly participated in terminal differentiation of keratinocytes. Importantly, these data show that 

mAdPROM is a useful tool for loss-of-function studies. 
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Figure 3.6: mAdPROM efficiently depletes GR-GFP and reproduces knockout phenotypes 
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(A and B) Immunofluorescence staining of GFP (green) and Loricrin (red) in E18.5 back skin 

epidermis of K14-Degron;GR-GFP (A) or  K10-Degron;GR-GFP (B) and control GR-GFP 

littermates. White and yellow lines show granular and cornified layers thickness, respectively. 

Dotted lines represent the basement membrane. All scales: 20m. 

(C and D) Immunofluorescence staining of GFP (green) and EdU (magenta) in E18.5 back skin 

epidermis of K14-Degron;GR-GFP (C) or K10-Degron;GR-GFP (D) and littermate controls. 

(E) Quantification of EdU positive cells in the basal layers of K14-Degron;GR-GFP (n=5 mice) 

and littermate controls (n=5). Each circle represents a mouse: solid color dots represent mice dox-

exposed since E13.5, and circles with a dot represent mice dox-exposed since E16.5. Lines show 

the meanSEM. p=0.0172, paired two-tailed t-test. 

(F) Quantification of EdU positive cells in the basal layers of K10-Degron;GR-GFP (n=4 mice) 

and littermate controls (n=4). Each circle represents a mouse dox-exposed since E13.5. Lines 

show the meanSEM. p=0.0235, paired two-tailed t-test. 

 

 

3.4 Discussion 

For the first time, we developed a mouse tool that is temporally inducible and tissue-

specific for quick targeted protein degradation. This system utilizes the Cul2-E3 ligase complex 

by altering its substrate recognition protein, enabling it to target proteins fused with GFP for 

proteasomal degradation through proximity-driven ubiquitylation. This process is mediated by the 

substrate recognition protein VHL, which is attached to a nanobody anti-GFP that allows specific 

recognition of GFP-tagged proteins for proteasomal degradation.  

While earlier tools effectively degraded proteins after ligand administration, they lacked 

the ability to target proteins in specific tissues. dTAG technology uses an in-frame tag with a 

gene of interest; thereby, it is constitutively expressed throughout the whole system. Since the 

molecule that activates it is administered systemically, there is no way of restricting protein 

depletion to a specific tissue. On the other hand, the AID also tags the endogenous gene of 

interest, and it relies on the expression of the plant protein TIR1 to allow degradation. Hence, this 

technology could allow tissue-specific degron expression if TIR1 was conditionally expressed by 

crossing a lox-stop-lox TIR mouse line with a tissue-specific Cre line, instead of a constitutive 

line (Lewis Macdonald et al., 2022). However, tissue-specific protein knockdown has not yet 

been demonstrated to our knowledge.   
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We demonstrated that our tool is able to degrade proteins as fast as 6 hours after dox 

exposure. These results were comparable to those of other inducible in vivo protein degradation 

systems. Using the dTAG system in mouse adult tissue, they were able to completely deplete 

NELFB protein in 6 hours (Abuhashem et al., 2022). However, the only way of inducing this 

system is through intraperitoneal (IP) administration of heterobifunctional molecules. However, 

the drug duration in the animal’s system is low and would require multiple IP injections that seem 

toxic for mice (L. Macdonald et al., 2022; Suski et al., 2022; Yesbolatova et al., 2020). This is not 

ideal when studying the effects of degradation over prolonged periods of time. Conversely, 

mAdPROM could be induced by administering dox-food to mice, which has been demonstrated 

not to be toxic and can be employed for protein degradation for longer periods of time. 

Furthermore, dTAG has been shown not to work in the brain, potentially due to the large 

molecular weight of its inducible molecules, unlike doxycycline, which can pass the blood-brain 

barrier. Thus, mAdPROM could be useful for studies in the brain. 

The fact that mAdPROM employs a nanobody to target GFP-tagged proteins is a 

convenient feature of this tool. Nanobodies are single antigen binding domains that originate from 

camelid heavy-chain antibodies and have a molecular weight of around 15 kDa (Bever et al., 

2016). This allows the degron to access the nucleus and potentially other organelles; however, 

this remains to be tested. 

Lastly, mAdPROM was able to degrade GR fused to a GFP and partly produce effects 

similar to those in GR epidermal knockout models, such as hyperproliferation and aberrant 

expression of the late differentiation marker Loricrin. However, other differentiation markers and 

epidermal barrier integrity, as well as potential inflammatory responses in these mice need to be 

addressed in the future. Further exploring the effects of GR depletion in basal and suprabasal cells 

will enable us to distinguish the function of GR within the differentiated cell compartment from 

that in the progenitor compartment of the epidermis. 
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3.5 Author contributions 

I (Alexandra Prado Mantilla) am the sole author of this chapter 
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4 Conclusions 

4.1 Molecular and Mechanical Signatures Contributing to Epidermal 

Differentiation and Barrier Formation 

4.1.1 Updated model of intermediate cell differentiation  

The work presented in this dissertation expands our understanding of intermediate cells, a 

previously understudied cell population that exists only during epidermal development. Here, we 

debunk previous assumptions in the field about the differentiation path of the first K1/10 

differentiated keratinocytes ever produced during epidermal stratification. In the adult epidermis, 

the series of differentiation steps that a keratinocyte undergoes on its path to terminal 

differentiation involve spinous fate prior to becoming granular cells. Considering this, along with 

the fact that suprabasal cells cease proliferating by E16.5, it has been widely accepted in the field 

that intermediate cells first mature into spinous cells before committing to a granular cell fate 

(Figure 1.2). 

Using RNA sequencing of basal and first suprabasal cells at E14.5 and E16.5, we 

identified markers for intermediate and spinous cell populations during development. 

Surprisingly, lineage tracing experiments, combined with the expression of our previously 

identified markers, revealed that intermediate cells do not transition into spinous cells as 

previously thought. Instead, they directly differentiate into granular cells. This was supported by 

our transcriptional data and validation of granular markers expressed in intermediate cells, 

suggesting that these cells are granular cell precursors. These findings uncover a novel path of 

epidermal differentiation that is active in the early stages of epidermal stratification but not later, 

under normal conditions (Figure 2.24). Based on this evidence, I propose an updated model of 

epidermal development in which intermediate cells bypass the spinous stage and directly 

transition to a granular fate (Figure 4.1).  
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Figure 4.1: Updated model of intermediate cell differentiation during epidermal 

development 

Intermediate cells bypass the spinous fate and directly differentiate into granular cells, then into 

corneocyte cells. 

 

Supporting the idea that ICs are significantly different from spinous cells and follow a 

different path of differentiation, a study utilizing single-cell RNA sequencing revealed that at P0, 

a pseudo-temporal trajectory analysis demonstrated a linear differentiation trajectory from basal 

to terminally differentiated cells. In contrast, at E14.5, an outlying branch composed of 
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proliferative intermediate cells deviates from the linear trajectory (Lin et al., 2020). Whether this 

novel epidermal differentiation path occurs beyond development, such as during atypical skin 

conditions, remains to be elucidated. 

4.1.2 Potential role of contractility in intermediate cell differentiation 

Apart from transcriptional changes, I also observed tissue-level mechanical differences in 

the developing epidermis at E14.5 and E16.5, which included increased actomyosin contractility 

in both basal and suprabasal cells at the earlier time point. Increased contractility is a hallmark of 

granular cells, and it regulates tight junction formation and integrity (Itoh et al., 2012; Rubsam et 

al., 2017; Sumigray et al., 2012b). Thus, contractility is another similarity that intermediate cells 

share with granular cells. Surprisingly, ectopically increasing contractility in suprabasal cells is 

enough to induce the expression of granular markers in cells that, due to their proximity to the 

basal layer, would typically be expected to differentiate into spinous cells. These findings suggest 

that contractility regulates certain granular features, including lipid metabolic pathways, and may 

contribute to the granular-like characteristics of intermediate cells. This intriguing possibility 

needs to be directly tested.  However, we cannot rule out whether the lipid-modifying enzymes 

increased in intermediate cells are instead playing a role in intracellular lipid signaling that 

induces keratinocyte differentiation (Vietri Rudan & Watt, 2021).  

A previous study has shown that the LINC complex, which links the nucleoskeleton and 

the cytoskeleton, transmits integrin-dependent tension to the nuclear lamina in integrin-engaged 

basal cells. This process is necessary to repress premature epidermal differentiation by restricting 

chromatin accessibility of genes in the EDC locus (Carley et al., 2021). Given our hypothesis that 

intermediate cells are precursors to granular cells, we examined the expression of EDC genes in 

intermediate cells. Despite their departure from the basement membrane, intermediate cells 

expressed only a few EDC genes at the transcriptional level. Actomyosin contractility can also 

increase tension at the nuclear envelope through the LINC complex, which can influence 
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mechanosensitive responses (Lombardi & Lammerding, 2011). Increased actomyosin 

contractility in intermediate cells may help maintain chromatin accessibility and continue to 

repress the expression of EDC genes; however, whether this occurs remains to be explored.  

Another reason for intermediate cells expressing some, but not all, granular markers just 

yet might be due to the presence of a key transcriptional regulator that blocks the expression of 

genes involved in the terminal steps of epidermal differentiation, such as genes important for 

cornified envelop formation located at the EDC locus. I proposed that his potential factor is Hes1, 

a transcription factor downstream of Notch signaling. Notch signaling has been proposed to 

induce terminal differentiation via Ascl2 activation, while also maintaining spinous fate via Hes1 

by repressing premature granular differentiation. This was supported based on Hes1 knockout 

mouse models that exhibited extended Loricrin and Involucrin positive granular layers and few to 

no spinous layers (Moriyama et al., 2008). 

Hes1 is already present in suprabasal layers at E14.5. Similar to our data, Moriyama et al. 

showed that the epidermis at E14.5 does not express cornified envelop structural components at 

the protein level. However, the Hes1 knockout epidermis at E14.5 visibly expressed Loricrin and 

Involucrin protein (Moriyama et al., 2008). Thus, I propose that instead of maintaining spinous 

fate, Hes1 is necessary to avoid premature terminal differentiation of the first suprabasal layers 

throughout epidermal development, including intermediate cells. Consistent with this idea, our 

genetic model of increased contractility (K10-Spastin) in the suprabasal layers had significantly 

reduced Hes1 levels and expressed almost half of EDC genes. This may partly explain why the 

gene expression in K10-Spastin is more similar to granular cells than intermediate cells. In 

addition, patients with psoriasis have decreased levels of Hes1 in the epidermis (Wang et al., 

2022). Studies in mouse or human T-cell acute lymphoblastic leukemia cells suggested that 

decreasing MafB reduced Hes1 expression (Pajcini et al., 2017). Whether MafB expression 

influences Hes1 during epidermal development or the exact mechanism that turns off Hes1 to 
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allow granular fate would be an interesting direction to follow that could even have clinical 

implications for patients with psoriasis. 

Another transcription factor that was upregulated in intermediate cells compared to 

spinous is Grhl3. This gene is crucial for barrier formation, lipid metabolism and regulates Tgm1 

(Ting, Caddy, Hislop, et al., 2005; Yu et al., 2006). Grhl3 upregulation in intermediate cells may 

explain proteins found in intermediate but not spinous cells, like Tgm1 and Abca12. Interestingly, 

a recent study found that cytoplasmic localization of Grhl3 is important for the formation of 

actomyosin networks that increase cell stiffness (Kimura-Yoshida et al., 2018). Overall, Grhl3 

appears to be an important factor possibly influencing intermediate cell characteristics. It would 

be interesting to closely study Grhl3 localization during epidermal stratification, and whether it is 

sufficient to induce increased contractility in the epidermis and other granular-like markers.  

4.1.3 Temporal changes in basal cell populations 

In addition to differences in the suprabasal layers, the transcriptional landscape of basal 

cells at E14.5 and E16.5 was considerably different. These findings show that the whole tissue, 

including the stem cell pool, undergoes significant changes over time during the stratification 

process. This raises the possibility that the differences in intermediate and spinous cells come 

from their progenitors and potential pre-determined factors that might inherit their differentiated 

progeny, resulting in distinct cell fates. But what is making basal cells different over time? One 

idea is that mechanical differences at the tissue level may influence chromatin changes in basal 

cells that are reflected in their different transcriptomes and, thus, the different fates of their 

progeny. 

The increased contractility in the epidermis at E14.5 compared to E16.5 could be due to 

the tissue responding to mechanical changes in its environment. Potential external factors that 

might contribute to this include muscle development and changes in stiffness or composition of 

the underlying basement membrane or dermis. However, the extent to which the transcriptional 
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and mechanical differences in the developing epidermis over time are driven by external factors 

or by internal biological processes remains unclear. It would be important to investigate whether 

the differences observed in basal cells are enough to produce different types of cells, and whether 

these differences are caused by specific transcription factors or mechanical signals. 

Understanding these factors could have significant implications for skin grafting, especially when 

small amounts of basal cells are taken from patient biopsies. By manipulating epidermal stem 

cells to produce intermediate cells, we could potentially accelerate the growth of cultured 

keratinocytes and speed up the final stages of epidermal differentiation. 

4.1.4 Role of Intermediate Cells in Epidermal Barrier Formation 

During development, the rapid growth of the embryo requires all epidermal layers to 

expand swiftly to keep pace with the increasing size. A proposed role of intermediate cells is to 

expand the suprabasal cell numbers during a rapid growth period during development. In this 

study, we revealed that intermediate cells eventually become the epidermal barrier at birth. Also, 

we demonstrated that they have unique features beyond just being proliferative, suggesting that 

they must have another function during development. To address this, we intended to ablate this 

transient cell population by inducing Diphtheria toxin fragment A (DTA). However, DTA-

induced cell death took too long and was not observed until intermediate cells were differentiated 

into granular cells. Naturally, inhibiting granular cells would cause problems during development, 

while specifically the role of intermediate cells was still unaddressed. Another way of studying 

their function could be by reducing their numbers. We showed that inducing MafB in 

intermediate cells led to their decreased proliferation but did not result in a decreased number of 

suprabasal cells at this time point since there was a compensation of hyperproliferating non-

mutant surrounding cells, suggesting that epidermal homeostasis during development is difficult 

to perturb. Thus, depleting or reducing this cell population in our hands was challenging, 

highlighting the need for a tool that can target cell populations that exist only for a few days. 
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To this day, the role of intermediate cell during development remains an enigma. 

However, in this study, we advanced the understanding of these cells, such as the fact that they 

have a granular-like transcriptional profile, skip the spinous phase, and directly transition to a 

granular fate. Furthermore, a day before birth, they are already part of the cornified layer. Based 

on these observations, one can speculate that intermediate cells are necessary to quickly form a 

functional epidermal barrier that protects the newborn right before birth. Even though 

intermediate cells only exist during development, our hypothesis raised the possibility that 

intermediate cell-like states may be induced beyond development when the epidermal barrier is 

disrupted. Examples of this could be during wounding or other skin pathologies. 

4.1.5 Implications for wound healing and skin pathologies 

During wounding, there is a breach of the epidermal barrier, and cells at the leading edge 

migrate while trailing basal and suprabasal cells in the proliferative hub proliferate to help close 

the exposed area (Aragona et al., 2017). Besides its role in epidermal barrier formation during 

development, GRHL3 is expressed at the suprabasal cells at the wound front and is important for 

repairing the epidermal barrier in case of injury in adult mice (Gordon et al., 2014; Kashgari et 

al., 2021). However, it is dispensable for terminal differentiation in the adult epidermis during 

homeostasis (Gordon et al., 2014). This is consistent with the idea of activating an intermediate-

like state when a new barrier needs to be formed. In addition, all cells throughout the epidermis at 

the wound edge express Myosin 1b, a tension-sensitive myosin that suggests high levels of 

cytoskeleton reorganization for cell migration and contractility in this area (Aragona et al., 2017), 

similar to intermediate states. It would be interesting to compare the intermediate cell signature 

with the molecular signature at the leading edge and proliferative hub to see if any of these cells 

are intermediate-like or are undergoing differentiation through our discovered novel path for 

terminal differentiation.  Thus, understanding the factors that influence ICs could help patients 

with large or chronic wounds to more quickly re-establish the epidermal barrier. 
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Other situations where the epidermal barrier is compromised in adults are in skin 

disorders. In these conditions, immune responses that respond to barrier disruption provide 

feedback signaling to the epidermis, which further complicates this scenario (Zhang et al., 2022; 

Zhou et al., 2022). However, the possibility of activating intermediate-like cells in attempts to 

form an effective barrier is intriguing. Evidence for this includes GRHL3 upregulation in 

psoriasis lesions, which does not occur in non-leasional areas (Goldie et al., 2018; Zhou et al., 

2022). Also, high throughput transcriptome analysis revealed altered lipid metabolism in the skin 

of patients with psoriasis compared to those with healthy skin (Yu et al., 2020). Additionally, our 

spinous marker MafB is expressed in suprabasal cells of normal human epidermis, but it was 

significantly reduced in patients with atopic dermatitis and psoriatic lesions (Miyai et al., 2016a). 

Further analysis of human skin samples in these pathologies could help us understand if they 

present other characteristics of intermediate cells, like high expression of lipid metabolism-related 

genes or higher contractility in suprabasal layers. If true, understanding the biology of 

intermediate cells could further help the treatment of patients with skin pathologies involving a 

defective epidermal barrier. 

4.1.6 Concluding remarks and future directions:  

In conclusion, intermediate cells undergo a novel path of terminal differentiation, where 

they differentiate into granular cells without previously becoming spinous cells, as was 

previously believed in the field. The mechanisms behind the expression of just certain aspects of 

granular cells are still unknown. I propose that increased contractility, potentially induced by 

enriched Grhl3, induces genes involved in lipid metabolism. This was aligned with common 

pathways enriched in our genetically induced increased contractility. In addition, EDC genes 

involved with late differentiation and formation of the cornified layer are likely repressed by 

expression of the Notch target Hes1. These hypotheses need to be tested, and the factors that 

make intermediate cells proliferative need further study.  



 

94 

My dissertation work shed light on mechanisms of epidermal differentiation during 

development. This study helped us recognize the uniqueness of intermediate cells and only 

scratch the surface of their complexity. Continuing to study and understand intermediate cell 

biology is important in the skin field, and discovering the exact underlying mechanism of their 

characteristics could even have clinical applications. 

Future directions for this project include directly assessing whether contractility is 

upstream of granular-like fate. This could be done by conditionally reducing actomyosin 

contractility, specifically in differentiated compartments. Reducing contractility in intermediate 

or granular cells may allow us to determine whether contractility is necessary for keratinocyte 

differentiation other than regulating tight junction localization and integrity. Also, it could clarify 

what are the specific mechanisms induced by a high-contractile environment in the epidermis. 

Additionally, exploring the mechanosensitive mechanisms involved in late epidermal 

differentiation presents an interesting route for future investigation. 

In the future, it would be interesting to have a tool that allows rapid and reversible protein 

manipulation in suprabasal cells. This would enable us to temporarily decrease actomyosin 

contractility solely when intermediate cells are present, allowing us to assess the role of 

contractility specifically in these cells, without the potential confounding influences from 

granular cells. Similarly, such inducible tool could allow us to understand the function of 

intermediate cells during epidermal developing by assisting intermediate cells ablation, either by 

degrading cell-cycle required proteins to stop their proliferation, or by inducing cell death 

uniquely of these cells. 

Another intriguing question raised during this study is whether intermediate and spinous 

cell fates come from their progenitors. The interfollicular epidermis was previously assumed to be 

homogeneous during development. However, our RNA sequencing data shined a light on the 

significant transcriptomic differences in basal cells over a period of two days. Studying the cues 
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that induce these differences in basal cells could be crucial to determine whether manipulating 

them could alter the fate of their progeny. For example, inducing cues that expand the E14.5 

basal-like state in the epidermal progenitors until E16.5—when new keratinocyte progeny are 

supposed to have spinous fate—would continue to produce progeny that are intermediate cells.  

This may help answer a crucial question in stem cell biology: Are factors inherited 

asymmetrically from the progenitor responsible for the fate of progeny cells, or do transcription 

factors activated after cell division by environmental signals or internal cues determine 

differentiated cell fate? In the case that basal-cell manipulations are sufficient for changes in cell 

progeny, it may suggest that cellular fate decisions could be "pre-determined" by their progeny. 

Conversely, if alterations in cytoskeletal contraction can effectively alter the fate of progeny cells, 

this might support the latter hypothesis.  

This could help address an important question still unanswered in the field of stem cell 

biology: whether asymmetrically inherited factors from the progenitor are responsible for 

progeny cell fate or whether transcription factors activated after cell division in response to 

environmental signals or intrinsic cues are responsible for differentiated cell fate. On the other 

hand, if changes in cytoskeletal contraction are sufficient for altering progeny’s cell fate, could be 

an indication of the latter hypothesis. 

 

4.2 Degradation system to conditionally knockdown GFP-tagged proteins 

in mice 

In the second part of my dissertation work, I generated the mouse line mAdPROM, which 

works as tool for quick conditionally degrading GFP-fused proteins in a spatially and temporally 

controlled manner. Traditionally, in vivo, loss-of-function studies employ genome editing tools 

like recombinases, in which the effects of lack of POI can only be observed after the pre-existing 

mRNA and protein have been degraded. However, due to the long half-lives of proteins, the use 
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of these tools is limited for studying many quick biological events such as cell cycle, cell 

signaling, and rapid developmental processes. Furthermore, due to the irreversible nature of 

conventional recombinase-based tools, targeting uniquely stem cell compartments in a tissue or 

assessing the role of a protein in a determined period of time in an organism’s life is impossible to 

do with these technologies.  

Numerous methods have been developed to induce direct degradation of a POI by 

harnessing the endogenous ubiquitin-proteasome system of a cell to circumvent the previously 

mentioned problems. However, these technologies are still limited in mouse models. Recently, a 

number of groups have reported employing inducible systems such as dTAG and AID for acutely 

degrading proteins in mice. Nonetheless, these approaches did not provide tissue specificity since 

the degron tool was expressed in the whole system, and the drug that controls degron expression 

is administered systemically. For the first time, this study demonstrates inducible tissue-specific 

protein degradation in mice.  

4.2.1 Key Features and Advantages of mAdPROM 

I showed that mAdPROM is a valuable tool for rapidly targeting GFP-tagged proteins in 

as little as 6 hours. To test the kinetics of this tool, I used the cortically located protein ZO1-GFP. 

However, the degradation dynamics of different proteins may vary depending on the POI’s 

cellular location. Even though mAdPROM recognizes its target using a nanobody—one variable 

domain of a heavy-chain antibody—this small component adds about 15 kDa to the degron 

(Bever et al., 2016), potentially affecting degron accessibility to a cell compartment. For example, 

proteins located inside other organelles, like the nucleus, may take different time to be degraded. 

Therefore, it would be necessary to empirically test the minimum degradation time of a POI if 

this factor significantly influences the study at hand. 

Another advantage of using tools that degrade proteins is the reversibility of the targeted 

protein. After stopping degron induction, I tested the time it would take for GFP to come back. I 
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observed degron expression in the epidermis for up to 8 days after dox administration was 

stopped in the epidermis of neonate mice. This might be due to the long half-life of degron itself 

and the time it takes to be naturally degraded. However, degron stability may vary depending on 

the tissue in which it is expressed. Experiments to characterize degron kinetics, including the time 

required for POI-GFP degradation and GFP recovery, are needed for each POI.  

4.2.2 Applications and Implications of mAdPROM 

Lastly, mAdPROM was able to deplete GR-GFP in either the basal layer or the 

suprabasal cells, which recapitulated different phenotypes observed in epidermal GR knockout 

mice previously studied. This indicates that GR serves distinct functions based on the cellular 

compartment of the epidermis in which it is expressed. This opens the possibility that the same 

may occur in different compartments within other tissues, especially for transcription factors with 

a wide range of downstream effects. Our results emphasize the importance of analyzing a 

protein's role in each distinct cell type, for which mAdPROM could serve as a useful resource. 

4.2.3 Concluding remarks and future directions 

In the second part of my dissertation, I developed a tool for rapid conditional protein 

degradation, enabling tissue-specificity in mice for the first time. This tool works to degrade 

GFP-tagged proteins in different cell compartments and cell populations. Future directions for 

this project involve exploring the utility of mAdPROM in different tissues beyond epithelia, 

potentially making it a widely valuable resource for rapidly knocking down intracellular proteins, 

including in brain studies. Moreover, exploring ways to increase the instability of the degron, 

ensuring it is expressed solely during doxycycline exposure, represents a crucial avenue for future 

research. Rapid POI degradation and swift endogenous protein recovery may enhance 

mAdPROM’s application in research where quick reversibility is crucial. In this way, mAdPROM 

could be a useful tool for more tunable regulation of protein function.   
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Also, a powerful utility for this tool is to differentiate the role of a protein in different cell 

populations of a tissue. Here, I demonstrated that a protein expressed throughout the epidermis, 

GR, seems to have different roles in stem cells and differentiated cells. An exciting future 

direction for the use of this tool is to clarify which cellular compartment in the epidermis drives 

the inflammatory responses observed in GReKO mice. Determining whether these immune 

responses arise from defects in epidermal differentiation that compromise the epidermal barrier, 

from progenitor cells initiating downstream immune signaling, or from a combination of both 

could deepen our understanding of glucocorticoids' anti-inflammatory mechanisms. This insight 

could lead to more effective and targeted treatments for patients undergoing glucocorticoid 

therapy, potentially minimizing side effects and improving therapeutic outcomes. The only way 

to gain these insights is by directly degrading the protein of interest, as our system does.  

In conclusion, mAdPROM is a powerful tool that enables a deeper investigation into the 

precise mechanisms of a protein's action. It allows us to address questions that were previously 

beyond reach using traditional loss-of-function approaches. 

4.3 Author contributions 

I (Alexandra Prado Mantilla) am the sole author of this chapter. 
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