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[bookmark: _Toc67894391]Abstract
Autosomal recessive congenital ichthyosis (ARCI) and trichothiodystrophy (TTD) are cornification disorders of the epidermis. Both share similarities in symptoms: scaling and thickened skin, which often results in red swelling, skin fissures, and increased water loss from the epidermis. Pathomechanisms and affected genes differ between ARCI and TTD but similarities in symptoms demonstrate the complexities of epidermal formation, prompting research that provides a better understanding of the intertwining relationships between genes and proteins responsible for epidermal barrier formation. 
Knockdown experiments targeting ARCI-causative genes, TGM1, ALOX12B, ALOXE3, and CERS3, were carried out utilising small interfering RNA (siRNA). Gene expression ≤5% activity was achieved for the majority of selected genes. Further analyses of genes involved in the acylceramide biosynthesis pathway were undertaken by quantified by real-time PCR (RT qPCR). Data showed a clear upregulation of all genes chosen falls in line with current research that suggests a barrier disruption elicits a compensatory effect.
Three IPSC lines, previously created from donated patient fibroblasts, were differentiated into keratinocyte progenitors, and further terminally differentiated. All three lines showed good markers for differentiation and loss of pluripotency over a 30 period, with the addition of growth factors. Markers for basal keratinocytes, keratin 14 and 5, were present, and terminal differentiation markers keratin 10, TGase-1, and filaggrin. These were imaged fluorescently and other markers quantified with RT qPCR. In particular, certain mutations these lines carry, such as the ERCC2 mutation in the TTD patient line, affected the presence of epidermal marker filaggrin, and the expected reduction in gene expression was seen in RT qPCR. The lack of filaggrin mRNA verifies the ability to use IPSC to model disease in cornification disorders of the skin.
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hiPSC-Derived Epidermal Keratinocytes from Ichthyosis Patients Show Altered Expression of Cornification Markers
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Inherited ichthyoses represent a large heterogeneous group of skin disorders characterised by impaired epidermal barrier function and disturbed cornification. Current knowledge about disease mechanisms has been uncovered mainly through the use of mouse models or human skin organotypic models. However, most mouse lines suffer from severe epidermal barrier defects causing neonatal death and human keratinocytes have very limited proliferation ability in vitro. Therefore, the development of disease models based on patient derived human induced pluripotent stem cells (hiPSCs) is highly relevant. For this purpose, we have generated hiPSCs from patients with congenital ichthyosis, either non-syndromic autosomal recessive congenital ichthyosis (ARCI) or the ichthyosis syndrome trichothiodystrophy (TTD). hiPSCs were successfully differentiated into basal keratinocyte-like cells (hiPSC-bKs), with high expression of epidermal keratins. In the presence of higher calcium concentrations, terminal differentiation of hiPSC-bKs was induced and markers KRT1 and IVL expressed. TTD1 hiPSC-bKs showed reduced expression of FLG, SPRR2B and lipoxygenase genes. ARCI hiPSC-bKs showed more severe defects, with downregulation of several cornification genes. The application of hiPSC technology to TTD1 and ARCI demonstrates the successful generation of in vitro models mimicking the disease phenotypes, proving a valuable system both for further molecular investigations and drug development for ichthyosis patients.
Contributions: formal analysis, investigation, visualization, review and editing.

1. [bookmark: _Toc67894395]INTRODUCTION
1.1 [bookmark: _Toc67894396]The skin
The function of human skin is an insoluble barrier of protection against the external environment of pathogens, toxic substances, mutagen injury, transepidermal water loss (TEWL) , and heat loss. Peptides with antimicrobial properties, defensins and cathelicidins, secreted from keratinocytes provide an innate endogenous defense against bacteria, fungi, and viruses (Baroni et al.,2012, Shin et al., 2019). These components combined with tight junctions of the stratum granulosum, corneocytes, and their lipids create the ‘outside-in’ barrier of the skin (Schmuth et al., 2013). [bookmark: _Hlk55736561]Figure 1.  Layers of the epidermis. Acting as the first line of defense against the external environment, the epidermis has an “outside-in” and “inside-out” barrier. Both barriers are in contact with a ‘wall’ of cells held together by tight junctions. Epidermal-specific Langerhans cells are a type of dendritic cell (Sugita et al., 2007) crucial for skin to be ‘sensitive’ to the external environment. Langerhans cells provide an immune response via extending their dendrites up through the layers of the epidermis, from where they reside in the stratum spinosum (Kubo et al., 2009, Jaitley & Saraswathi, 2012), for the detection of external antigens through their dendritic tips. Overall, desquamation (shedding of corneocytes) and the stratum corneum being of a weakly acidic pH (Matsui and Amagai, 2015) provide an innate immune response. Adapted from Matsui & Amagai, (2015) and created in BioRender.com

Conversely, tight-junctions serve as part of the ‘inside-out’ barrier together with Langerhans cells (fig.1); these cells can penetrate the stratum corneum barrier while tight-junctions are maintaining/forming new contacts with keratinocytes. (Kubo et al., 2009).
The order of epidermal layers, in human skin, beginning with the basal layer is known as the stratum basale. The suprabasal layers are the stratum spinosum, stratum granulosum, and stratum corneum (Baroni et al., 2012) forming the stratified squamous epidermis (fig.1). Keratinocytes are the dominant inhabitants of this subsection (Wikramanayake et al., 2014). Below the epidermis is the dermis where fibroblasts are the majority cell type (Baroni et al., 2012) and further below is subcutaneous fat (Akiyama, 2017). Each layer can be identified distinctly by the population of cells comprising the majority of said layer. The differential stages keratinocytes undergo when fully maturing to corneocytes can be observed via their progression through the suprabasal layers. This highlights a clear separation of layers in the epidermis.

1.1.1 [bookmark: _Toc67894397]Epidermal Maintenance and Structure
Overall, migration of keratinocytes to the surface of the skin takes approximately 28 days to complete (Baroni et al., 2012). The epidermis has a cyclical rotation of renewal and desquamation. The perfect equilibrium of renewal and shedding of cells is the normal homeostasis cycle of the epidermis (Marukian & Choate, 2016) helping to maintain healthy corneum thickness. Within the skin are appendages in the form of nails, hair follicles, sweat glands and sebaceous glands. Just as there are pools of stem cells present in the basal layer, there are also specific stem cell compartments for the appendages (Sotiropoulou and Blanpain, 2012) (fig.2). Throughout the epidermis and dermis stem cells are found in the stratum basale, hair follicles and sebaceous glands (Blanpain and Fuchs, 2009). These compartments of niche-specific stem cells are responsible for the regeneration and renewal of said appendage or skin, producing highly proliferative daughter cells. Keratinocytes entering terminal differentiation will detach from the basal layer initiating structural and protein expression changes as they migrate upwards through the epidermis to the surface (Candi et al., 2005). Keratinocytes will produce specific keratins and other proteins, essential for the epidermal barrier, making them useful markers in the identification of epidermal layer and cell stage. The keratins, the main structural component of keratinocytes, form heterodimers with each other (Törmä, 2011). As a rule, type I keratins form heterodimers with type II keratins (acidic and basic keratins, respectively). Keratin 14, type I, will form a complex with keratin 5, type II. The same can be said for keratin 10 and keratin 1 (Matsui and Amagai, 2015). Keratin heterodimers will polymerise into intermediate filaments, 10nm in length (Candi et al., 2005). They will form a cytosolic network around the nucleus and throughout the cells, attaching to desmosomes at the cell membrane (Candi et al., 2005; Ishida-Yamamoto & Igawa., 2018). Desmosomes, which mediate cell-cell contacts, are a highly ordered formation of desmocollins, plakoglobin, plakophilins, desmoplakin and desmogleins; proteins which order themselves at membranes to mediate cell-cell contacts (Kowalczyk & Green, 2013). Keratin intermediate filaments of one cell connect to neighbouring cells’ keratin network, through desmosomes (fig.5). This formation is responsible for shape and integrity of keratinocytes but also their tight-knit attachments do not allow for any intercellular spaces. 
Figure 2.  Maintenance and markers of the epidermis. Epidermal homeostasis is regulated by multiple factors: desquamation at the surface and stem cell pools within the basal layer, hair follicle bulge and sebaceous gland (the latter two found within the dermis). The stem cells found within the basal layer are in constant contact with the basement membrane. Daughter cells from stem cell pools reduce in proliferative capacity at they migrate up through epidermal layers, encountering an increase of calcium concentration.  As cells migrate upwards, the induction of certain genes occurs and protein indicative of said layer are expressed. Created in BioRender.com.
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Skin stem cells produce proliferative progeny which can exit the basal layer by cleavage of their hemidesmosomes at the basal lamina (the interface between the dermis and epidermis). This action is a commitment to terminal differentiation. A good indication of proliferative cells, known as basal keratinocytes, is the expression of keratins 14 and 5 (KRT 14 & KRT 5) (fig.2). Once cells leave the stratum basale and enter the stratum spinosum, keratinocytes begin to express keratins 1 and 10 (KRT 1 & KRT 10) in replacement of basal keratins (Marukian & Choate, 2016) – an indication of early cornification. Since the stratum basale and spinosum are layers directly in contact with each other, the switching to KRT 1 and 10 occurs very early in keratinocyte differentiation and very rapidly. TGase-1 and involucrin are also expressed here (Bikle et al., 2012).

An important factor to note is the increased concentration of intracellular calcium. Without it, keratinocytes would not be induced to differentiate. Throughout the epidermis exists a calcium gradient. Both stratum basale and corneum have extremely low calcium concentrations. The stratum spinosum has the lowest inducible calcium levels and the stratum granulosum has the highest levels (Baroni et al., 2012). Accordingly, the influx of intercellular calcium is what induces keratinocytes to enter terminal differentiation and activation of the epidermal differentiation complex (EDC). Resulting in the expression of involucrin, loricrin, profilaggrin, and SPRs – also other late envelope proteins. Located on chromosome 1q21 in humans, the EDC contains genes necessary for proteins required for regulation and structural properties (Henry et al., 2012; Oh & de Guzman Strong, 2017). 
[bookmark: _Hlk40446566][bookmark: _Hlk45116361]In the stratum granulosum, cells are characterised by their keratohyalin granules and lamellar bodies (Feingold & Elias, 2014,). The stratum granulosum can be split into three layers (Kubo et al., 2009). The bottom layer contains the early formation of keratohyalin granules – compact with keratins, profilaggrin, loricrin. Lamellar bodies, another significant component of the stratum granulosum, originate from the trans-Golgi network (Ishida-Yamamomo et al., 2018) to deliver vital components needed for epidermal barrier formation: rich with glucosylceramides, phospholipids, sphingomyelin, and cholesterol. They are further processed once released into the extracellular space of the stratum corneum by protases (Feingold & Elias, 2014; Ishida-Yamamoto et al., 2018). In the final layer of the stratum granulosum, begins the cornification process. Not to be confused with apoptosis, it is a modified version of cell death (Galluzzi et al., 2012). Caspase-14 signals cornification in upper granular cells and begins the degradation process (Chaturvedi et al., 2006; Gkegkes et al., 2013). Characteristically, the keratinocytes become enucleated with a loss of organelles and the collapse of the cytoskeleton to become flattened (Matsui and Amagai, 2015). These cells in becoming corneocytes are being prepared to become part of the barrier to the air-liquid interface of the skin. 
[image: ]In the stratum corneum, corneocytes detach and shed. The cell-cell junctions in the stratum corneum are called corneodesmosomes, a modified desmosome (Chapman and Walsh, 1990, Ishida-Yamamoto & Igawa, 2015). For regular homeostasis of the skin, corneodesmosomes are cleaved by proteolytic degradation by serine proteases kallikrein-7 (KLK-7) and kallikrein-5 (KLK-5) (Jonca et al., 2011, Törmä et al., 2008). Specifically, proteins that comprise corneodesmosomes: corneodesmosin, desmoglein I, and desmocollin I are the targets of serine proteases (Törmä  et al., 2008). The naturally, weakly acidic stratum corneum works to the advantage of proteases for the correct functioning of corneocyte cleavage by providing the optimum pH of KLKs to cleave corneodesmosomes (Hachem et al., 2005., Elias, 2015). A deviation of pH, towards neutrality or alkaline, increases serine protease activity, therefore removal of corneocytes occurs at an unnaturally fast pace (Elias, 2015). Corneocytes are released from the top layers of the epidermis in a controlled manner to maintain strict thickness of the stratum corneum in healthy skin (Vahlquist et al., 2018). Normal desquamation facilitates the removal of microorganisms and viruses from the surface of the skin. During cornification, filaggrin and keratin intermediate filaments play a key role in the changing shape of keratinocytes as they become a flattened 2D structure to create the final layer of the stratum corneum.

Figure 3.  Desquamation by kallikrein proteases. Corneodesmosomes – comprised of desmocollin 1 (DSC1), desmoglein 1 (DSG1), and corneodesmosin (CDSN) are cleaved by kallikrein-5 and -7 (KLK5/7) in a controlled manner, part of the homeostasis of the epidermis. A serine proteinase inhibitor lympho-epithelial Kazal type inhibitor (LEKTI) inhibits KLKs activity in the lower layers to prevent premature cleavage (Deraison et al., 2007). Adapted from McGovern et al., 2016.




1.1.2 [bookmark: _Toc67894398]Formation of the Epidermal Barrier
[bookmark: _Hlk47382864]It is in the stratum corneum where the impermeable epidermal barrier is found (Baroni et al., 2012). The stratum corneum does not only contain cells that have undergone cornification and resultingly, cell death. There are also keratin intermediate filaments, soluble lipids, natural moisturising factors (NMF), and various enzymes. Corneocytes acquire an envelope that replaces the plasma membrane, a heavily cross-linked cornified envelope (CE), and a further lipid envelope present on the extracellular side of corneocytes, the CLE (fig.4). The lamellar lipid matrix, filling the extracellular spaces between corneocytes, contains approximately 50% ceramides, 25% cholesterol, and 15% free fatty acids (FA) (Feingold & Elias, 2014, Breiden & Sandhoff, 2014). A heavily crosslinked structure is formed between all three components: CE, CLE, and lamellar lipid layers. Considerable morphology changes occur for corneocyte transitioning. Keratohyalin granules synthesised in the stratum granulosum, contain filaggrin in its highly phosphorylated state - profilaggrin which is inactive (Sandilands et al., 2009). Its expression must be tightly regulated to prevent early activation in the lower layers of the epidermis via cleavage into filaggrin. This mammalian-specific, insoluble protein is phosphorylated and present in 10-12 monomers bound together (400kDa in length) (Sandilands et al., 2009). Once dephosphorylated, in the lower stratum corneum, it is cleaved to 37KDa lengths by proteases and in its active form. Filaggrin can bind keratins and aggregate them into bundles causing the collapse of the cytoskeleton structure creating a flattened cell morphology (Candi et al., 2005). A final step, involving filaggrin monomers with bound keratins, is citrullination (Sandilands et al., 2009) prompting the release of keratins. Filaggrin is further degraded into amino acids and their derivatives. These go on to moisturise the skin as natural moisturising factors (NMF) (Zaniboni et al., 2016) in the CLE and are responsible for the hydration of the skin which is particularly highlighted in diseases such as atopic dermatitis (Sandilands et al., 2009, Sugawara et al., 2012).
Figure 4. The structure of cornified cell membranes. Classically, the stratum corneum has been described as ‘bricks and mortar’ (Nemes & Steinert, 1999). ‘Bricks’ referring to the corneocytes and ‘mortar’ referring to the lamellar lipids. These two components together create an extremely insoluble barrier against trans epidermal water loss and an impenetrable barrier from external foreign objects. CLE; cornified lipid envelope. CE; cornified envelope. FA; fatty acids. AA; amino acids. Adapted from Zheng et al., 2011 and created in BioRender.com.

Keratinocytes that have reached the interface of the stratum corneum, go on to secrete their lamellar body contents into the extracellular space via fusion of the lamellar bodies’ membranes with the cells’ membrane. The contents, lipid precursors, provide the necessary components for the CLE. Glucosylated ω‐O‐acylceramides and FA are further processed i.e., glycosylation removal. Subsequently from the emptying of lamellar bodies, corneocytes are surrounded by lamellar layers of lipids – ceramides, cholesterol, amino acids, and non-esterified fatty acids (Ishida-Yamamomo et al., 2018). Transglutaminases (TGases), activated by calcium, have an active role in creating the CE in the upper stratum granulosum. The CE present at the corneocytes periphery, replacing the plasma membrane, is composed of crucial cross-linked proteins such as involucrin, loricrin, small proline-rich proteins (SPRPs) as a 10nm-thick layer (Lismaa et al., 2009). Surrounding the CE is a monolayer of ω-OH-acylceramides, also cross-linked to the external side of corneocytes in a 5nm monolayer sheet) by TGase-1 (Lismaa et al., 2009). Furthering this, lamellar lipids are bound to ω-OH-acylceramides forming a hydrophobic layer. This creates a highly insoluble cornified lipid envelope (CLE), preventing transepidermal water loss. The most prominent bond covalently binding the CLE to the CE are ε-(ɣ-glutamyl) lysine isopeptide bonds between involucrin and ω-OH-acylceramides (Henry et al., 2012).Figure 5. Corneocyte Membrane Formation. Components for the CLE and CE begin formation in the stratum spinosum. ABCA12 packages lamellar bodies which are transported to the cellular membrane. Fusion of lamellar bodies causes the release of its contents to the extracellular space. TGase-1 cross-links loricrin, involucrin and SPR proteins to form the CE. TGase-1 also crosslinks lipids to involucrin form the CLE. Adapted from Candi et al., 2005 and created in BioRender.com.
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1.1.3 [bookmark: _Toc67894399]Acylceramide Biosynthesis and Disease Implications
[bookmark: _Hlk37861194]Acylceramides and related species are specialised ceramides in skin barrier formation (Meckfessel & Brandt, 2014). They are unique because of the long-chain base, phytosphingosine, and 6-hydroxysphingosine, and their FAs being α- or ω-hydroxylated. Additionally, epidermal FA are 28-36 carbons (C28-C36) in length making them ultra-long chain fatty acids (ULCFA). Their unusually long structure is only found within the stratum corneum (Sassa & Kihara, 2014). Disruption to their synthesis has been shown to result in ichthyosis and ichthyosis-type disease (Borodzicz et al., 2016; Meckfessel & Brandt, 2014). Acylceramides, are made of a sphingosine backbone, ULCFA acylated at the ω position, and linoleic acid. Linoleic acid is further esterified to the ω-carbon of FA to produce an acylceramide (Sassa & Kihara et al., 2014; Breiden & Sandhoff, 2014). Storage of acylceramide is inside lamellar bodies as acylglucosylceramide from their initial production in the endoplasmic reticulum and Golgi apparatus (Ishida-Yamamomo et al., 2018). Once it is released into the extracellular space of the stratum corneum, its fate is to become protein-bound acylceramide in the CLE or part of the extracellular lipid lamellae. Their high hydrophobicity is essential for retaining water within the skin, preventing TEWL.

1.1.3.1 CYP4F22
CYP4F22 (cytochrome P450, family 4, subfamily F, polypeptide 22), is a hydroxylase of the ω-carbon of ULCFAs and situated in the endoplasmic reticulum (Ohno et al., 2015). Mutant CYP4F22 proteins, with known missense ARCI mutations, proved a link between this gene and ARCI causation (Ohno et al., 2015). CYP4F22’s activity decreased compared to wild type protein activity. Concordantly, ω‐O‐acylceramides species in the epidermis all decreased in ARCI patients but non-hydroxylated FA and sphingosine increased – precursors for ω‐O‐acylceramides. ARCI caused by CYP4F22 mutations lead to LI (Sugiura et al., 2013; Lefèvre et al., 2006). However, two cases reported with SHCB are associated with clinical manifestations of this phenotype while their mutations were already associated with LI (Noguera-Morel et al., 2015; Lefèvre et al., 2006). KO mice have been generated to study the full effects of complete loss of activity of CYP4FF2 (Miyamoto et al., 2020). The skin barrier of mice was severely impaired with substantial TEWL resulting in neonatal death and compaction of the stratum corneum with very little lipid lamellae. Retention of corneodesmosomes could be seen with a slightly thicker stratum corneum. Small lamellar body contents showed a reduction in ω‐O‐acylceramides and glucosylated ω‐O‐acylceramides. Genes related to ω‐O‐acylceramides biosynthesis had been increased slightly (ELOVL1 & 4, CERS3, PNPLA1) but not significantly.

1.1.3.2 CERS3
Ceramide synthase 3 (CERS3), localising to the interface of the stratum granulosum and stratum corneum (Radner et al., 2013) catalyses an acylation of amine nitrogen on very long-chain fatty acids (VLCFA) forming an amide bond between a sphingosine base in the endoplasmic reticulum (Jennemann et al., 2012). Mutations within this gene are known to disrupt epidermal-specific VLCFA. An example of a patient with a splice site mutation of CERS3 presented with significantly decreased glucosylacylceramides and glucosylceramides. Other ceramides and sphingosine species were also moderately decreased (Radner et al., 2013). Evidence of delayed keratinocyte differentiation can be observed and enhanced proliferation from KRT 14 present in higher levels of the epidermis, agreeing with this, thickening of the stratum corneum with an increase of involucrin, loricrin, and filaggrin was seen. These proteins were also upregulated in another patient’s skin alongside the lipoxygenase (LOX) genes (Eckl et al., 2013). Mutant CERS3 and its effect on ω‐O‐acylceramides showed CERS3 has a preference to C26 ceramides. Ceramide species in the epidermis of ≥C26, esterified hydroxylated and non-hydroxylated, ω-hydroxylated ceramides esterified bound with linoleate and protein-bound acylceramide, were all decreased. CERS3 mutations result in an impairment of ceramide synthesis, where it is the only specialised ceramide synthase in the epidermis and leads to a disruption of epidermal barrier formation (Jennemann et al., 2012, Eckl et al., 2013).

1.1.3.3 PNPLA1
[bookmark: _Hlk37785747]PNPLA1 belongs to the patatin-like phospholipase domain-containing protein family. PNPLA1 has a role in ω‐O‐acylceramides production as a transacylase, transferring linoleic acid to ω-OH-ceramide, creating an ester bond between the FA and linoleic acid. PNPLA1 sources linoleic acid from triglycerides (Ohno et al., 2017). Localisation of PNPLA1 can be found along the boundary of the stratum granulosum and corneum and colocalises with filaggrin (Hirabayashi et al., 2017). PNPLA1 knockout mouse studies showed neonatal death likely due to dehydration from TEWL (Hirabayashi et al., 2017; Grond et al., 2017; Pichery et al., 2017), mice showed a tightly structured stratum corneum and reduction in keratohyalin granules within the stratum granulosum (Hirabayashi et al., 2017, Pichery et al., 2017), hyperkeratosis (Grond et al., 2017), and an increase in corneodesmosomes (Pichery et al., 2017). Filaggrin processing was also abnormal in mice and filaggrin and loricrin genes were both downregulated (Grond et al., 2017, Hirabayashi et al., 2017). Importantly, a defect in lipid secretion due to a reduction in intercellular lipid lamellae and irregular lamellar body formation was found. This mirrors Ohno et al, (2017) who showed keratinocytes with PNPLA1 ARCI mutations were inactivated due to their point mutations. This resulted in ω‐O‐acylceramides and glucosylated ω‐O‐acylceramides being non-existent in mutant mice, but precursors ω-hydroxy FA and ω-OH-ceramide were found in much greater quantities than in control mice (Hirabayashi et al., 2017)

1.1.3.4 ABCA12
ABCA12 is an ATP-dependent transporter that is unique to keratinocytes, where it actively transports glucosylated acylceramides and other lipids into lamellar bodies (Borst & Elferink, 2002). ABCA12 is found localised to the membrane of lamellar bodies in the stratum granulosum (Akiyama et al., 2005). The fusion of lamellar bodies with the cell membrane marks the early stages of CLE formation. The extreme phenotype of HI, resulting from ABCA12 mutations, is reflected in skin morphology. An extremely thickened stratum corneum with abnormal lipid distribution and failed secretion of lamellar bodies. Glucosylceramides is distributed throughout the epidermis instead of localising to the stratum corneum (Akiyama et al., 2005). The highly affected CLE leads to extreme compensatory hyperkeratosis. Evidence towards mechanisms of clinical manifestations has been sought. Mice model studies provided an opportunity to study pathomechanisms. ABAC12 mutations in mice lead to neonatal death due to TEWL (Zuo et al., 2008). Ultrastructural analysis showed thickened stratum corneum and abnormal lamellar bodies – only precursor formations of lamellar bodies. Following reduced lamellar bodies, total ceramide levels were reduced by a significant level. Especially for ceramides with esterified linoleic acids but glucosylated forms increased. ABCA12 null mice showed similarities to HI in humans (Kelsell et al., 2005). Hyperkeratosis in HI mutant mice is not the result of hyperproliferation but rather a lack of desquamation (Zuo et al., 2008, Zhang et al., 2016). KLK-5 and -7 both showed a reduction in the stratum granulosum and corneum leading to impaired shedding of corneocytes (Zhang et al., 2016).

1.1.3.4 ALOX12B and ALOXE3
Genes ALOX12B and ALOXE3 co-localise to the same gene cluster (Krieg et al., 2001) and they are expressed in epithelial tissues, in a differentiation-dependent manner, to play a vital role in forming the epidermal barrier (Krieg & Fürstenberger., 2014; Epp et al., 2007). Their corresponding proteins 12R-LOX (arachidonate 12-lipoxygenase, 12R type) and eLOX3 (epidermis-type lipoxygenase 3), respectively, act in tandem with each other. To support this, Zheng et al., (2011) and Eckl et al., (2005) demonstrated how similar mutations present clinically. Mutations within ALOX12B and ALOXE3 present with mild symptoms (Eckl et al., 2005) while patients with ALOX12B mutations show moderate to mild scaling of the skin and will have minimal erythroderma. Those with ALOXE3 mutations will show finer brownish scaling in comparison. Both mutations will cause hypohidrosis (Krieg & Fürstenberger., 2014). Overall, ALOX12B mutations are less severe than ALOXE3 mutations (Krieg et al., 2013). It is proposed that 12R-LOX oxygenates the linoleic moiety on its substrate, glucosylated acylceramide. eLOX3 preferentially uses 12R-LOX’s substrate to function as a hydroperoxide isomerase (Yu et al., 2003). The oxidization allows linoleate to be removed via hydrolysis in turn allowing covalent bonding of ω‐O‐acylceramides to the CE proteins, forming the CLE, by TGases (Zheng et al., 2011). Providing evidence that oxidisation is a prerequisite for being incorporated into the CLE.

1.1.3.5 SDR9C7
SDR9C7, short-chain dehydrogenase/reductase family 9C member 7, has been implicated in facilitating the binding of oxidised ω‐O‐acylceramides (products of the LOX proteins) to CE proteins (Takeichi et al., 2020). SDR9C7 is located in the upper stratum granulosum (Shigehara et al., 2016). Compelling evidence shows a build-up of LOX products when a mutation is present (Takeichi et al., 2020). Hyperkeratosis of the stratum corneum was observed but the stratum granulosum was unaffected morphologically in biopsy samples of patients (Takeichi et al., 2020). In general patients with mutated SDR9C7 experience a mild phenotype with white scaling, either mild or localised erythroderma, and keratoderma on feet or hands (Hotz et al., 2018, Shigehara et al., 2016). A close to complete loss of protein-bound ceramide was found and an increase in esterified ω‐O‐acylceramides (Takeichi et al., 2020). Knockout (KO) mice mirrored patient samples in their ultrastructure, missing lipid lamellae, a tightly packed stratum corneum and reduced keratohyalin granules. As a result, no CLE was present. Unlike some ARCI-causing genes, normal epidermal genes were not significantly affected by SDR9C7 mutations suggesting this gene is relevant for the post-production of ω‐O‐acylceramides (Shigehara et al., 2016, Takeichi et al., 2020). Involucrin and filaggrin were reported to be more abundant owing to hyperkeratosis (Shigehara et al., 2016).

1.1.3.6 TGM1
TGase-1, encoded by TGM-1, is one of three TGases located in the epidermis (Kim et al., 1992). Early studies of LI found a link between mutations in TGM-1 and the correct formation of the CE (Huber et al., 1995, Russell et al., 1995). Its activation is dependent on the intracellular calcium gradient whereby an influx of calcium will prompt transcription from the EDC alongside many other genes within this cluster. Dysfunction of this gene is responsible for the majority of ARCI forms, from LI and CIE to the subtypes: bathing-suit ichthyosis, self-healing collodion baby, and acral self-healing collodion baby (Oji et al., 2010). TGase-1 deficient mice exhibited high TEWL and upon closer analysis, it was observed that a disruption to the barrier had occurred due to irregular lipid lamellae organisation between corneocytes resulting in no CLE or CE being present (Kuramoto et al., 2002). For ω‐O‐acylceramides to become protein-bound its linoleic acid moiety is hydrolysed before being cross-linked to CE proteins by TGase-1. As expected, TGase-1 is vital for the final steps in the formation of the epidermal barrier. It is localised to the cell membrane carrying out cross-linking of involucrin, loricrin, and SPRs to the plasma membrane (Nakagawa et al., 2012). Phenotypically, patients present with dark, large plate-like scaling with a likely chance of palmoplantar keratoderma (Simpson et al., 2020). Also, those with TGM-1 mutations were more likely to also present with alopecia, ectropion and to be born with a collodion membrane (Farasat et al., 2009)
1.1.3.7 NIPAL4
NIPAL4 is thought of as a putative Mg2+ transporter expressed in the stratum granulosum (Honda et al., 2018; Wajid et al., 2010) and subcellularly localised to cell membranes, specifically at desmosomes (Dahlqvist et al., 2012). During keratinocyte differentiation, Mg2+ increases as a result of functional NIPAL4 (Goytain et al., 2008, Honda et al., 2018). NIPAL4 is an ARCI-causing gene (Lefèvre et al., 2004) but the mechanistic function within acylceramide biosynthesis and importance to barrier function are not well understood. Observations on phenotype show scaling coving much of the body being white in colouration (Simpson et al., 2020). KO mice have been created to understand NIPAL4’s function (Honda et al., 2018). KO mice presented with hyperkeratosis, small numerous keratohyalin granules, and underdeveloped lamellar bodies (Honda et al., 2018; Dahlqvist et al., 2007).
1.1.3.8 SULT2B1
SULT2B1, known as sulfotransferase family 2B member 1, has two isoforms: SULT2B1a and SULT2B1b (He et al., 2005). The second isoform is present in the skin, transferring a sulphur group to cholesterol and hydroxylated metabolites (Falany & Rohn-Glowacki, 2013; Ji et al., 2007). Specific localisation of SULT2B1b is at the stratum granulosum/corneum interface and within keratinocyte’s cytosol (Heinz et al., 2017). Here cholesterol sulphate is at its highest (Higashi et al., 2004). In affected ARCI patients’ skin, cholesterol sulphate is completely absent with increased cholesterol levels but an affected X-linked ichthyosis organotypic model revealed an increase (Heinz et al., 2017). SULT2B1, and subsequent cholesterol sulphate levels, has implications in keratinocyte differentiation by inducing an increase in loricrin and TGM1 expression while also having a role in the retention of corneodesmosomes (Elias et al., 2014). Thickening of the epidermis in all layers and increased expression of involucrin, loricrin, and filaggrin were found, the latter two unusually expressed in layers below the stratum corneum (Heinz et al., 2017). Cholesterol sulphate is known to inhibit serine proteases and as such inhibits KLK-5 and -7 therefore, prohibiting desquamation (Sato et al., 1998). However, accumulation of cholesterol sulphate occurs in X-linked ichthyosis and this mechanism can help to explain the hyperkeratosis seen (Elias et al., 2014) but it cannot explain the phenotype for ARCI.



1.2 [bookmark: _Toc67894400] Autosomal Recessive Congenital Ichthyosis and Related Ichthyoses
Ichthyosis encompasses a large and varied spectrum of cornification disorders of the skin. For ease of classification, ichthyosis is separated into syndromic and non-syndromic, as designated by the Ichthyosis Consensus Conference on the terminology and classification of inherited ichthyoses (Oji et al., 2010). Within syndromic ichthyosis lies the x-linked syndromes, those with hair abnormalities, neurological signs, and others: ichthyosis prematurity syndrome, keratitis-ichthyosis-deafness, and neutral lipid storage disease with ichthyosis (Schmuth et al., 2013, Oji et al., 2010). Within non-syndromic ichthyosis are also x-linked diseases, ARCI and its subtypes, keratinopathic ichthyosis, and other forms: loricrin keratoderma, erythrokeratodermia variabilis, peeling-skin disease, congenital reticular ichthyosiform erythroderma, and keratosis linearise-ichthyosis congenital-keratoderma (Schmuth et al., 2013, Oji et al., 2010).
In this research, two patient lines were studied with either autosomal recessive congenital ichthyosis (ARCI) or trichothiodystrophy (TTD) with ARCI. ARCI, a mendelian disorder of cornification (Schmuth et al., 2013), falls under the category of a non-syndromic form whereby only the skin is affected unlike syndromic forms (Oji et al., 2010). The major manifestations of typical ichthyosis are erythroderma, hyperkeratinisation, palmoplantar keratoderma, and scaling (Marukian & Choate, 2016). These defects arise due to an impaired epidermal barrier resulting in increased transepidermal water loss (TEWL). For most patients, hyperkeratinisation arises in response to compensatory hyperproliferation in the stratum basale (Marukian & Choate, 2016), reduction of corneocyte shedding, and/or abnormal detachment of the cell-to-cell connections joining corneocytes (Vahlquist et al., 2018). Another compensatory effect, due to increased infection susceptibility to skin fissures, is a heightened immune response. Erythroderma, presenting as redness and swelling of the skin, is possibly an immune response seen by an increase of the cytokine interleukin-17 in ARCI patients (Paller et al., 2017). However, as seen in many cases, the presentation of symptoms can be varied in severity. Symptoms are not wholly restricted to certain gene mutations and ichthyosis can be observed as a very heterogeneous disease not only phenotypically but genetically too (Williams and Elias, 1986., Oji et al., 2010).
Currently, three major forms of ARCI have been identified, lamellar ichthyosis (LI), congenital ichthyosiform erythroderma (CIE), and harlequin ichthyosis (HI). While less commonly seen, ARCI can also present as the subtypes: bathing-suit ichthyosis, self-healing collodion baby, and acral self-healing collodion baby (Rodriguez-Pazos et al., 2011). Regardless of ARCI type, new-borns will typically be encased in a collodion membrane at birth however, this is not the case for every patient (Simpson et al., 2020). Genetically speaking, there are 12 known and recognised genes responsible for ARCI: TGM1 (Huber at al., 1995), ALOX12B (Lefèvre et al., 2007), ALOXE3 (Jobard et al., 2002), CERS3 (Radner et al., 2013; Eckl et al., 2013), NIPAL4 (Lefèvre et al., 2004), ABCA12 (Lefèvre et al., 2003), PNPAL1 (Ohno et al., 2017), CYP4F22 (Lefèvre et al., 2006), SULT2B1 (Heinz et al., 2017), LIPN (Israeli et al., 2011), SDR9C7 (Shigehara et al., 2016). Most genes responsible for ARCI are associated with barrier function, be it formation or organisation. As a result, most causative genes for ARCI have a localised effect in the stratum corneum and granulosum. The cornified lipid envelope (CLE) is therefore affected (Vahlquist et al., 2018). The pathophysiology of ARCI is predominantly due to an impaired barrier function due to lipid deficiencies. Much work has been done surrounding the formation of the components of the CLE – predominately ω-O-acylceramide (acylceramide). Their metabolism and transport have become clearer along with their synthesis and relationship with ARCI causative genes.
1.2.1 [bookmark: _Toc67894401]Lamellar Ichthyosis and Congenital Ichthyosiform Erythroderma
New-borns affected with ARCI often present as a collodion baby, encased in a translucent membrane that eventually desquamates and the ARCI phenotype will become apparent (Takeichi & Akiyama, 2016). LI, the more severe manifestation compared to CIE, will present with larger darker scaling, and will usually cover much of the body (Akiyama et al., 2003). Minimal or no erythroderma is normally present (Farasat et al., 2009). Ectropion, the tightening of the skin around the face, scarring alopecia, and thickening of the palms of hands and soles of feet characterised as palmoplantar keratoderma are all manifestations of LI (Akiyama et al., 2003). Genes responsible for the causation of LI have been reported for ABCA12, ALOXE3, ALOX12B, CERS3, CYP4F22, NIPAL4, PNPLA1, and TGM1. These genes are also causative for CIE and additionally LIPN (Takeichi & Akiyama, 2016). The heterogenicity of ARCI can be seen through these two types. Patients have presented with similar clinical manifestations and the same gene can be affected by different mutation variants. Families with the same mutation can also present with different phenotypes (Akiyama et al., 2003).
1.2.2 [bookmark: _Toc67894402]Harlequin Ichthyosis
HI is the most severe ARCI type, often resulting in neonatal death due to bacterial infection, respiratory infections, or problems with feeding (Kelsell et al., 2005). Patients will present with large thick scaling, severe erythroderma with large fissures, severe ectropion (Takichi & Akiyama, 2016), eclabium, and distortion of nose and ears (Kelsell et al., 2005) all contributing to low survival rates in neonates. Diagnosing HI is not typically difficult because of the very recognisable phenotype. ABCA12, part of the ATP-binding cassette (ABC) transporter superfamily, is the gene linked to HI. Truncation, deletion, and splice-site mutations within this gene are responsible for HI (Akiyama et al., 2005), forming a genotype-phenotype correlation. Missense mutations in ABCA12 have been reported to cause LI and CIE (Lefèvre et al., 2003; Akiyama, 2010) suggesting this type of mutation to be a milder variant. Patients with HI phenotype will only have mutations detected within ABCA12 (Kelsell et al, 2005). However, mutations in ABAC12 causing LI and CIE highlight phenotype heterogenicity.
1.2.3 [bookmark: _Toc67894403]Trichothiodystrophy
TTD is inherited in an autosomal recessive pattern (Itin et al., 2001) and the majority of patients have been found to carry mutations within the ERCC2 gene encoding the XPD protein (Tamura et al., 2012). Approximately half of photosensitive TTD patients will have mutations in XPB (ERCC3), and GTF2H5 (Hashimoto et al, 2020; Takayama et al., 1996). Just as ARCI does, TTD displays genetic heterogenicity (Takayama et al., 1996). Mutations in ERCC2 can also result in xeroderma Pigmentosum and cockayne syndrome (Kraemer et al., 2007; Kralund et al., 2013). Generally, nucleotide excision repair is affected and rendered inefficient in repairing UV-damaged DNA, in photosensitive TTD (Itin et al., 2001). New-borns can be born as a collodion baby (Morice-Picard et al., 2009) but the main characteristic of this disease, which separates itself from ichthyosis patients, is sulphur and cysteine deficient hair (Sass et al., 2004). This results in dry and brittle hair (Liang et al., 2006) and characteristically shows a “tiger tail banding” under polarising light (Liang et al., 2005). Dry scaly skin will be present (ichthyosis) and TTD photosensitivity to ultraviolet (UV) radiation causes blistering of the skin. Intellectual impairment and chronic itching (pruritis) are a possibility (Itin et al, 2001; Liang et al., 2006; Faghri et al., 2008). The growth of a TTD patient can be affected and is first seen as premature birth with growth and skeletal abnormalities (Faghri et al., 2008). 
ERCC2/XPD is a DNA helicase responsible for nucleotide excision repair and is a subunit of the transcription factor IIH (TFIIH) complex (Liu et al., 2008). It is unclear how TTD is linked to congenital ichthyosis, but studies show abnormal lipid homeostasis, particularly seen in differentiating keratinocytes (Hashimoto et al., 2020). To further this observation, liver X receptor beta (LXR-β) was specifically linked to ABCA12 – accumulation of this protein at ABCA12’s promoter recruited transcription factors, including TFIIH, however, a substantial lack of LXR-β protein present at the promoter was found in TTD cells alongside a reduction in loricrin and SULT2B1 expression (Hashimoto et al., 2020). Pathogenic mutation variants can also prevent the XPD protein from its normal interaction with p44 (another subunit of TFIIH). Under normal circumstances, these two subunits interact to allow 5’-3’ helicase activity (Coin et al., 1998).
1.3 [bookmark: _Toc67894404] Induced Pluripotent Stem Cells
Stem cells are characteristically known for their capability of infinite self-renewal and production of proliferating progeny capable of differentiation towards any cell lineage. Stem cells, therefore, are a group of cells rightly sought after for these useful properties in research. Human embryonic stem cells (hESC) are known to be found within the inner cell mass of blastocysts (Thomson et al., 1998). Their characteristics show distinctive maintenance of pluripotency. hESCs can divide indefinitely in vitro while still retaining their key pluripotency properties and can differentiate into the three germ layers: the ectoderm, mesoderm, and endoderm (Martin, 1981). In this regard, hESC are indistinguishable from hiPSC, as well as being able to mimic hESCs in morphology, growth patterns, and gene expression. It was the study of hESCs that brought researchers closer to understanding what confers a stem cells’ pluripotency and brought the notable study of Takahashi and Yamanaka (Takahashi & Yamanaka, 2006). They identified a narrowed down list of factors needed for conferring pluripotency to mouse embryonic fibroblast (MEF) cells, adult fibroblast cells, and human adult fibroblast cells (Takahashi et al., 2007; Takahashi & Yamanaka, 2006). What sets apart pluripotent stem cells from somatic cells is their open chromatin structure – markers of euchromatin such as H3-triMeK9 and acetylation of H3 and H4 are indicators of a more open and active chromatin structure (Meshorer et al., 2006). hESCs have characteristic histone and methylation patterns (Liang & Zhang; 2013; Tee & Reinberg, 2014). This allows hESCs to be plastic and to mold their genome accordingly.
Research into a deeper understanding of hiPSCs has widened the realm of regenerative medicine negating the concerns of hESC and immune rejection. Importantly, to bypass the ethical issues associated with hESC, hiPSC are more appropriate for use in research and medicine. Somatic cells acquired from a patient can be reprogrammed, with transcription factors, into hiPSCs. The subsequent hiPSCs will carry a patient’s specific mutation and will confer the mutation to the cell type derived from directed induced terminal differentiation. This then provides an opportunity to study disease mechanisms in vivo and in vitro as these cells can be used for a wide range of cell studies and disease modelling. One leap forward is the ability to use patient derived IPSC to create a functioning model of affected organs. The model can be further used for the screening of personalised drugs and assessing their efficiency. Regarding ARCI, the application of topical treatments to skin models is an example of a functional application. If the disease in monogenic then gene replacement therapies can be tested on these models before being categorised as safe for the patient. Genetically corrected hiPSC can be differentiated into an appropriate linage and transferred back to the original patient. 
The more ambitious objectives of hiPSC use have to overcome certain hurdles. For IPSC-derived cells to be clinically viable they need to have complete silencing of transgenes from their reprogramming. Unfortunately, transgenes used for reprogramming may reactivate. For instance, it was shown that reactivation of c-myc induced tumour formation (Okita et al., 2007). Incomplete reprogramming also leads to teratoma formation (Cieślar-Pobuda et al., 2017). hiPSC transplanted into immune-deficient mice cause teratoma formation, mimicking hESCs when they are transplanted into mice. The tumours will form all three germ layers, clearly demonstrating their pluripotency abilities. If undifferentiated hiPSC are also incorporated into the original host then teratoma formation can occur, as mentioned previously a key characteristic of hiPSCs is their hallmark similarity to hESCs and subsequently, the ability to create teratomas when implanted into a host.
1.3.1 [bookmark: _Toc67894405]Induced Pluripotent Stem Cell Reprogramming factors
The creation of the first hiPSC by Yamanaka et al. (2006) first took 24 factors related to pluripotency in hESCs (Takahashi and Yamanaka., 2006). Those factors were narrowed down to 4 crucial transcription factors: octamer binding transcription factor (OCT4), SRY related high mobility group box protein 2 (SOX2), Krüppel like factor 4 (KLF4), and myelocytomatosis viral oncogene (c-Myc) now referred to as Yamanaka factors (OSKM). The introduction of pluripotency-inducing factors is essential for the induction of reprogramming. Once fully transformed into hiPSC, these factors and many other genes, required for maintaining pluripotency, are endogenously expressed. During reprogramming, cells are subjected to genome-wide epigenetic changes driven by these four factors.
C-Myc is known to be a proto-oncogene because of its relevance in cell proliferation (Rhal et al., 2010). The family of Myc transcription factors is known to activate the expression of other genes via binding to their enhancer box sequences (Hurlin, 2013). Myc is involved in the processes of proliferation because of its role as a signal for pause-release transcription (Rhal et al., 2010). c-Myc was also found to be ~80% upregulated during the initiation of reprogramming (Polo et al., 2012). Myc in general is implemented in the transcription of early ESC genes that are active or paused but causes an amplifying effect since proximally paused RNA polymerase II is prompted to continue transcription (Guccione et al.,2006). OCT4 and SOX2 are important for the late stage of reprogramming to induce activation of other pluripotency genes to establish an endogenous stable expression of stem-cell qualities (van den Berg et al., 2010). OCT4 is a crucial factor in hiPSC generation and without it hiPSC colonies do not form. That was particularly seen when Nakagawa et al. (2008) attempted to reprogram MEFs with homologues of the four core transcription factors, OSKM. OCT4 was the only factor that homologues could not successfully reprogram.
Reprogramming is not a simple one-step process. Regaining pluripotency is achieved in steps, or waves, of transcription, and the four reprogramming factors are not needed at once. While somatic cells are not immediately pluripotent, the remodelling of the genome begins instantly, and pluripotency is solidified at the end. A study analysing genome-wide changes in gene activity found the first distinct wave of reprogramming (days 0-3) had an increase of activation of proliferation, metabolism, and cytoskeletal organisation coinciding with the expression of c-Myc (Polo et al., 2012). Gene expression, chromatin reorganisation, and RNA processing are also upregulated (Hansson et al., 2012). Similar results were found by Hansson et al. (2012) where significant proteome changes were observed during the early and late stages of reprogramming of MEFs. Genes and proteins which are upregulated/downregulated in the early stage flip their expression in the late stages and functionally related proteins showed stage-specific expression. As expected of cells returning to a stem cell-like fate, genes linked to cell development are downregulated. Polo et al. (2012) had seen within the second wave during reprogramming (days 6-12), genes linked to embryonic development and maintenance of pluripotency, such as Nanog, OCT4, and SOX2, were activated (Polo et al., 2012). Fibroblasts returning to hESC-like fate show, following dramatic changes of gene expression, a mesenchymal to epithelial transition (Li e al., 2010).

2. [bookmark: _Toc67894406]Aims and Objectives
This project aimed to provide further elucidation of ARCI-causing genes and their subsequent interaction with each other. Alongside knockdown experiments, hiPSC were cultured to follow through with directed terminal differentiation and characterisation of gene expression compared to normal human epidermal keratinocytes (NHEKs).
The first objective is to achieve a knockdown, rendering the target gene with minimal activity by utilising small interfering RNA (siRNA). Target genes will be analysed by RT qPCR for loss of activity. TGM1, ALOX12B, ALOXE3 and CERS3 will be assessed for changes in their expression in knockdown cells. The second objective is to analyse essential markers for hiPSC differentiation into keratinocytes and further imaging for maturing keratinocytes. hiPSC will be grown and maintained in an undifferentiated state until ready for differentiation, induced by growth factors. To understand relative gene expression and to visualise protein localisation, RT qPCR and fluorescence imaging will be carried out.

3. [bookmark: _Toc67894407][bookmark: _Hlk32159281]Ethics Approval
3.1 [bookmark: _Toc67894408]Donors and cells lines
All cells originating from human origin were handled under the Human Tissue Act. Control cell, keratinocytes and fibroblasts, were obtained from excised human skin tissue from surgeries performed on patients and approved for use by the School Research Ethics and Integrity Committee (SREIC) of the School of Applied Sciences, University of Huddersfield (SAS-SREIC 4.1.19-11, 4 Jan 2019).. Signed consent from patients was received before surgery and donated samples are obtained from the company GenoSkin (Toulouse, France). Information about the donor is in the form of age, gender, known skin diseases and medication such as corticoids, steroids, topical antibiotics, immunosuppressing or immunomodulating agents. GenoSkin has authorization from the French Ethics Committee (Comité de Protection de Personnes or CPP) and follows the Declaration of Helsinki.
Patient cells were extracted from skin biopsies taken after approval from institutional review boards at the Medical University of Innsbruck, Austria (UN4501, 12 Dec 2011) and the University of Cologne, Germany (11-274, 1 Dec 2011). The generation and differentiation of hiPSCs by cell reprogramming technology and their differentiation was approved by the SREIC at the University of Huddersfield, UK (SAS-SREIC 23.4.20-3A, 24 June 2020).
hiPSC line 0029 was received from a patient diagnosed with photosensitive TTD and congenital ichthyosis. The mutation is a homozygous missense mutation c. 335G>A (p.Arg112His), present on exon 5 in ERCC2. hiPSC line NP32 contains a homozygous c.765delT frameshift mutation on exon 5 of TGM1 resulting in autosomal recessive congenital ichthyosis.






4. [bookmark: _Toc67894409]Materials and Methods
4.1 [bookmark: _Toc67894410]Knockdown of Five Ichthyosis Genes in Epidermal Keratinocytes
Human epidermal keratinocytes were maintained and grown in 6-well plates (10 cm2 for each well) with biological duplicates for each day and one control for each day. Keratinocyte differentiation was induced with 1.3 mM calcium a few hours before knockdown. Each well was seeded at approximately 0.4 x106 cells. This allowed enough time, after splitting and transferring of cells into a new plate, for the cells to grow to 70-90% confluency in the next few days. Before the knockdown was performed, cells were fed with keratinocyte growth medium (KGM) BulletKit (Lonza). On the day before the desired confluency, media was changed to an antibiotic free version of KGM so a knockdown could be achieved. 
Two mixtures were used for siRNA knockdown. Lipofectamine 2000 transfection reagent (Invitrogen, Life Technologies) was mixed with Opti-MEM (Gibco, Life Technologies) and was incubated for 5 minutes at room temperature. The second mixture was lipofectamine 2000 which has three short interfering RNAs (siRNAs) spanning three different regions of the gene to be silenced. These 2 mixtures were incubated, at room temperature, together for 20 minutes. The genes were TGM-1, ALOX12B, ALOXE3, and CERS3. Each siRNA for the corresponding gene was used in independent experiments. 
After the two mixtures were combined, it was applied to the cells and incubated overnight. The following day media was changed to KGM with antibiotics. Day 0 cells were collected the day after differentiation induction but before knockdown. The rest of the days to be measured, days 1-8, were collected after the 24-hour incubation with the knockdown mixture.

	table 1. KGMTM Media for 500ml (Lonza, #CC-3111) 

	Components
	Volume
	Concentration

	KBMTM Basal Medium
	500 mL
	NA

	Bovine Pituitary Extract
	2 mL
	NA

	Human Epidermal Growth Factor
	0.5 mL
	NA

	Insulin
	0.5 mL
	NA

	Hydrocortisone
	0.5 mL
	NA

	GA-1000
	0.5 mL
	NA



4.2 [bookmark: _Toc67894411]RNA Extraction from Knockdown Cells
Cell pellets were collected, and total RNA was extracted using the PureLink™ RNA Mini Kit (Invitrogen). The purpose of the kit is to utilises spin-column technology for the binding of RNA to the silica-based membrane within the column and the elution of the RNA with RNase free-water into a recovery tube, free from the presence of contamination. The first step was to lyse the cells and create a homogenate. Then 70% ethanol was added to the samples and vortexed. Each sample was transferred to the spin columns and processed via microcentrifuge. A series of washing with two different wash buffers were carried out. Collection cartridges were changed each time a new wash buffer was used.

	table 2. stealth siRNA

	Target Gene
	Assay ID
	Species
	Product Type

	TGM-1
	HSS110710
HSS110711 
 HSS110712
	Homo Sapiens
	Stealth siRNA

	ALOX12B
	HSS100420 
HSS100421  
HSS100422
	Homo Sapiens
	Stealth siRNA

	ALOXE3
	HSS126982  
HSS126983
 HSS126984
	Homo Sapiens
	Stealth siRNA

	CERS3
	HSS137122 
HSS137123
HSS137124
	Homo Sapiens
	Stealth siRNA

	NIPAL4
	HSS179823 
HSS179824 
HSS179825
	Homo Sapiens
	Stealth siRNA




4.3 [bookmark: _Toc67894412] Complementary DNA Synthesis
RNA concentrations of each sample were measured. This was carried out with the Nanodrop 2000/200c spectrophotometer (Thermo Scientific™). 1 µl of RNase-free water was used as a blank measurement and pipetted onto the pedestal. The sample was cleaned, with lint-free tissue, from the Nanodrop spectrophotometer pedestal and another 1 µl sample, which was without RNA, was loaded and measured as a control. Each of the experimental samples was sequentially pipetted and measured after cleaning the top and bottom pedestals to estimate the concentration of RNA extracted. Each measurement was carried out in triplicate and an average was calculated.
The High-Capacity RNA-TO-cDNATM Kit (Applied Biosystems) was used to synthesise the cDNA from 300 ng or 500 ng of RNA. The reagents used were the 20x Reverse Transcriptase enzyme mix, the 1x Reverse Transcriptase buffer mix, and RNase-free water. Overall, the total reaction volume was 20 µl per well (MicroAmp™ Fast Optical 96-Well Reaction Plate, Applied Biosystems™) or polymerase chain reaction (PCR) tubes (Sarstedt). 10 µl of Reverse Transcriptase buffer mix, 1 µl of Reverse Transcriptase enzyme mix, 500 or 300 ng of RNA with the final volume being made up with RNase-free water. The final volume reaction was put into the thermocycler for 37ºC for 1 hour and then 95ºC for 5 minutes. The samples were then diluted to a 1 in 10 dilution for further use.

4.4 [bookmark: _Toc67894413] Quantitive Analysis of Ichthyosis Genes
For the analysis of four ichthyosis genes (TGM1, ALOX12B, ALOXE3, and CERS3). Real-time quantitive polymerase chain reaction (RT qPCR) was carried out with TaqMan® Fast Universal PCR master mix with predesigned TaqMan® assays (Life Technologies). Each experiment contained biological replicates and each run included technical triplicates. Each gene knockdown was run via the StepOneplus machine (Thermo Fisher Scientific) and carried out in triplicate wells. As mentioned previously, days 0-8 (excluding days 5 and 7) were the key time points to be analysed. For RT qPCR analysis sample groups were run individually with their corresponding control samples. 
[bookmark: _Hlk67746399]For analysis of data, the comparative CT method was chosen. Each sample day was normalised to its corresponding negative control day and compared against the relative expression of the housekeeper genes ribosomal Protein L13a (RPL13A). Gene expression analysis was carried out with cDNA from knockdown cells. Samples were run twice with RT qPCR and comparative CT method  (2-ΔΔCT) (Livak & Schmittgen, 2001) used for analysis. The first step in this method is to calculate ΔCT (average experimental sample day CT – average housekeeper CT), next is to calculate ΔΔCT (average experimental sample day ΔCT – average housekeeper ΔCT). Finally, 2- ΔΔCT is calculated. Sample days were normalised to day 1 controls to assess the development of gene expression compared to day 1. Marker gene analysis for IPSC-derived keratinocytes was conducted with Custom Taqman® Array Fast plates (Life Technologies, USA) or single assays and data analysis carried out the same as mentioned for gene expression analysis for knockdown cells.

	TABLE 3. TAQMAN® ASSAYS

	TaqMan® Assay
	Marker
	Description
	Assay ID

	KRt 5
	NHEK basal marker
	Probe spans exons
	Hs00361185_m1

	KRT 14
	NHEK basal marker
	Probe spans exons
	Hs00265033_m1

	TP63
	Ectodermal marker
	Probe spans exons
	Hs00186613_m1

	TGM1
	Cornified envelope
 enzyme
	Probe spans exons
	Hs01070310_m1

	ALOXE3
	Epidermal lipoxygenase
	Probe spans exons
	Hs00222134_m1

	ALOX12B
	Epidermal lipoxygenase
	Probe spans exons
	Hs00153961_m1

	CERS3
	ULC-ceramide synthase enzyme
	Probe spans exons
	Hs00698859_m1

	ERCC2
	TFIIH core complex helicase subunit
	Probe spans exons
	Hs00361161_m1

	NIPAl4
	Mg2+ transporter
	Probe spans exons
	Hs00398027_m1

	CYP4f22
	Hydroxylase of ULCFA
	Probe spans exons
	Hs00403446_m1

	SPRR2B
	Small proline rich protein
	Both primers and probe map within a single exon
	Hs01595682_s1

	FLG
	NHEK late differentiation marker
	Probe spans exons
	Hs00856927_g1

	GAPDH
	Housekeeper
	Amplicon spans exons and probe does not span exons
	Hs04420632_g1

	RPL13A
	Housekeeper
	Both primers and probe map within a single exon
	Hs04194366_g1




4.5 [bookmark: _Toc67894414] Human Epidermal Keratinocyte and Human Dermal Fibroblast Cell Culture

4.5.1 [bookmark: _Toc67894415]Freezing and Thawing of Normal Human Epidermal Keratinocytes and Human Dermal Fibroblasts
Cells were extracted from donated skin excess from plastic surgeries. The extracted cells are stored in liquid nitrogen in densities of 5-10x106 and thawed in a water bath at 37ºC until a small ice crystal is left to prevent cells and freezing medium, dimethyl sulfoxide (DMSO) (Sigma-Aldrich) and Profreeze (Lonza), to warm above 4ºC. Cells were diluted into appropriate media and seeded onto culture plates. Media changes are carried out after 24 hours to remove freezing media, if cells had not been centrifuged and re-suspended before seeding on to culture plates, and thereafter every 48 hours until confluence is reached. This was typically within 2 weeks for both NHEK and normal human dermal fibroblasts (NHDF).
Figure 6. Timeline of cellular experiments. A. Induced pluripotent stem cells (IPSC) were induced to differentiate with growth factors, KGF, BMP-4, ATRA, at day 0. By day 7 only KGF was kept in culture. Days 7, 14 and 30 were sample collection days. By day 30 IPSC had differentiated into IPS-derived human keratinocytes (IPS-hK). B. Basal IPS-hK were induced to differentiate with CnT-Prime 2D Diff media with 1.3mM of calcium over 8 days, with days 1,4, and 8 being sample collection days. C. siRNA knockdown experiments in normal human epidermal keratinocytes (NHEK) continued over the course of 8 days. KGM without antibiotics was used 24 hours before siRNA usage. After knockdown, day 1, antibiotics with 1.3mM of calcium was added into the media. Days 1, 4 and 8 were sample collection days. Created in BioRender.com.



4.5.2 [bookmark: _Toc67894416]Normal Human Epidermal Keratinocyte Culture
NHEK were either grown on a 3T3 J2 fibroblast feeder cell layer with KCM media or when needed, feeder-free in KGMTM (Lonza, Switzerland), a serum-free media. If grown on feeders, 3T3 J2 fibroblasts were seeded on p100 (58cm2) plates at a density of 1.8x106 and allowed to attach for 24 hours. NHEK were co-cultured with fibroblasts at a minimum density of 0.4x106 /cm2. NHEK have an improved and more ideal morphology when grown with feeders. They were normally grown this way for amplification in a 37ºC, 95% humidity, 5% CO2 incubator. When NHEK was used for experiments, any remaining feeders were removed from the plates with versene (Gibco) and frozen at -80ºC for 24 hours and then moved to a liquid nitrogen dewar for at least another 24 hours before thawing and re-plating for a feeder-free culture with KGMTM media.
For knockdown purposes, NHEK were thawed and seeded in 6-well plates at a density of 0.4 x106 per well. This allowed 2-3 days growth before 90% confluency and allow the cells to recover from being thawed. KGMTM media was used as the cells were grown feeder-free.

	Table 4. 3T3 Media for 500ml

	[bookmark: _Hlk29743492]Components
	COMPANY
	VOLUME
	CONCENTRATION

	DMEM
	Gibco Life Technologies #11960044
	440 mL
	-

	FBS
	Gibco Life Technologies #10270106
	50 mL
	10%

	L-Glutamine
	Gibco Life Technologies #25030081
	5 mL
	2 mM

	Pen/Step
	Gibco Life Technologies #15140122
	5 mL
	100 U/mL





4.6 [bookmark: _Toc67894417] Generation of feeder-cells for NHEK and hiPSC
For the normal culturing of NHEK and hiPSC, a feeder-layer was used. For NHEK, 3T3 J2 MEFs were cultured in T225 flasks with 3T3 media and seeded at a density of 1.125 x106 cells per flask (5,000 cells/cm2). Once 90% confluent, the mitomycin-c powder was dissolved in HBES at a concentration of 200 µg/L. The final concentration of mitomycin-c was 4µg/mL when added to T225 flasks with 3T3 medium and incubated for 3 hours at 37ºC in a 95% humidity, 5% CO2 incubator. Lastly, each T225 flask was washed with 25 mL PBS 3 times each to remove mitomycin-c. Cells were detached with 0.05% trypsin and collected in a 50 mL falcon. Inactivated 3T3 J2 MEFs were pelleted in a centrifuge at 1200 rpm for 5 minutes. The supernatant was aspirated and fresh 3T3 media was added and cells counted with a particle and size analyser (Beckman Coulter). Once again cells were pelleted, the supernatant removed and 10% DMSO with 90% Profreeze mixture was added to the 50 mL falcon, and cells evenly distributed and frozen as previously described.
For normal hiPSC culturing, CF-1 mouse embryonic fibroblast (MEF) cells were used as the feeder-layer and cultured following the ScienCell protocol. ScienCell or EmbryoMax® CF-1 MEF cells were seeded in a T225 flask at 1 x106 per flask. 0.1% gelatin was used to coat the culture flask and left at 37ºC for 1 hour. Gelatin was aspirated and CF-1 medium was added to the culture flask (table.7). A cryovial, containing CF-1 cells, was thawed in a 37ºC water bath and was split into appropriate culture flasks at the same density as 3T3 J2 cells. Media was not changed until 16 hours had passed by, as the ScienCell protocol suggested. After this initial period, a media change was carried out every other day.
To subculture, cells were washed once with Dulbecco’s phosphate-buffered saline (DPBS).  2 mL of trypsin was diluted with 10 mL of DPBS and added to the flasks and incubated at 37ºC until cells began to detach. During this time 5 mL of FBS was prepared and detached cells were added to 5 mL of FBS after incubation. Cells were centrifuged at 1000 rpm for 5 minutes and resuspended in CF-1 media. If cells needed freezing, media was removed from pelleted cells and 10% DMSO with 90% Profreeze mixture added.

	table 5. Components of KCM Media for 500ml

	Components
	Company
	Volume
	Concentration

	DMEM
	Gibco Life Technologies #11960044
	215 mL
	-

	DMEM/F12 Ham’s Mixture
	Gibco Life Technologies #21331020
	215 mL
	-

	fbs
	Gibco Life Technologies #10270106
	50 mL
	10%

	L-Glutamine
	Gibco Life Technologies #25030081
	10 mL
	4 mM

	Epidermal growth factor (hEGF)
	Sigma-Aldrich #E9644
	5 mL
	10 ng/mL

	Hydrocortisone
	Sigma-Aldrich #A8626
	5 mL
	400 ng/mL

	Cholera Toxin
	Sigma-Aldrich #C8052
	50 µL
	10 ng/mL

	Adenine
	
	500 µL
	0.018 mM

	Insulin
	Sigma-Aldrich #I1882
	500 µL
	5 µg/mL

	Pen/Strep
	Gibco Life Technologies #15140122
	5 mL
	100 U/mL

	
	
	
	

	Supplements for KCM MOD

	KGF/FGF-7
	Peprotech #100-19
	100 µL/100 mL media
	10 ng/mL

	ATRA
	Sigma-Aldrich #R2625
	10 µL/100 mL media
	1 uM

	BMP-4
	Peprotech #120-05
	100 µL/100 mL media
	25 ng/mL



4.7 [bookmark: _Toc67894418] Induced Pluripotent Stem Cell culture
4.7.1 [bookmark: _Toc67894419]Initiating hiPSC culture
When initiating a culture, cells are thawed in a 37ºC water bath and seeded at approximately 30 colonies per p30 culture plates. Before this step, plates are coated in 0.1% gelatin solution (Sigma-Aldrich) and left for 30 minutes at room temperature. Gelatin is aspirated and mitomycin-c treated CF-1 MEFs (ScienCell Research Laboratories) are plated onto the gelatin-coated plates at 0.3 x106 per p30 and CF-1 media used. After 24 hours the hiPSC can be plated.
hiPSC had ROCK inhibitor/ Y27632 (Sigma-Aldrich) added to complete human embryonic stem cell (HES) media for 3 days to reduce cell death and improve survivability after thawing. Once in culture hiPSC had a daily media change and maintenance to ensure any differentiated colonies or parts of colonies are removed from culture. This can be either done mechanically with a scalpel or enzymatically with a dissociation reagent, ReLeSR™ (StemCell Technologies).

	table 6. HES Media for 500ml

	Components
	COMPANY
	VOLUME
	CONCENTRATION

	DMEM/F12+ Glutamax
	Gibco Life Technologies #10565018
	400 mL
	-

	Knockout Replacement Serum (KRS)
	Gibco Life Technologies #10828028
	100 mL
	20%

	Non-Essential Amino Acids (NEAA)
	Gibco Life Technologies #11140050
	5 mL
	10 mM

	Pen/Strep
	Gibco Life Technologies #15140122
	5 mL
	100 U/mL

	Beta-Mercaptoehtanol
	Gibco Life Technologies #31350010
	1 mL
	0.1 mM

	BFGF/Fgf-2
	Peprotech #100-18B
	1 mL/500 mL
	





4.7.2 [bookmark: _Toc67894420]hiPSC Passaging
When the culture reaches 80-90% confluency, approximately 7 days, suitable colonies are chosen to be passaged onto new plates. 12-15 colonies per dish. An hour before passaging hiPSC onto newly gelatin coated CF-1 plates, a media change is carried out with ROCK inhibitor/ Y27632 added to HES complete medium. If passaging enzymatically, the culture plates are washed in PBS once. 1-2mL of ReLeSR was added per dish and incubated at 37ºC for 2-4 minutes or until the edges of the colonies begin to detach. Further detachment is achieved by firmly tapping the plates. The detached cells are then transferred to a 15mL falcon tube and seeded at the optimal densities onto the new culture plates.

	table 7. CF-1 Media For 500ml

	Components
	COMPANY
	VOLUME
	CONCENTRATION

	DMEM
	Gibco Life Technologies #11960044
	425 mL
	-

	FBS
	Gibco Life Technologies #10270106
	50 mL
	10%

	L-Glutamine
	Gibco Life Technologies #25030081
	5 mL
	2 mM

	Pyruvate
	Gibco Life Technologies #11360070
	5 mL
	1 mM

	Non-Essential Amino Acids (NEAA)
	Gibco Life Technologies #11140050
	5 mL
	10 mM

	Beta-Mercaptoehtanol
	Gibco Life Technologies #31350010
	1 mL
	0.1 mM




4.8 [bookmark: _Toc67894421] hiPSC Differentiation
The differentiation of hiPSC into IPSC-derived human keratinocytes (IPSC-hK) extended over 30 days. All colonies in culture needed to have good morphology  (even round shape, similar-sized colonies, and “flattened shape” – not too dense) and, if visible, spontaneously differentiated colonies removed. Differentiation into keratinocytes began when hiPSC were ready for passage. All plates were coated in 0.1% gelatin and 3T3 J2 MEFs are plated in 3T3 cell media onto 6-well plates and p60 plates at densities of 0.3 x106 and 0.6 x106 per plate, respectively. After 24 hours media was switched to complete HES media with bFGF. hiPSC colonies were split onto each of the plates in the correct densities for the planned experiments. These were 5 colonies per well in 6-well plates and 10 colonies per p60 plate. After 24 hours attachment was checked. If hiPSC colonies were small but visible, then differentiation was induced.
To initiate differentiation a modified version of KCM media, without bFGF, that had been supplemented with KGF/FGF7, bone morphogenic protein 4 (BMP-4), and all-trans retinoic acid (ATRA) was used. The two supplements BMP-4 and retinoic acid were only kept in the media from days 0-7 of differentiation. From day 7, KCM modified media was only supplemented with KGF/FGF7. Samples for each time point (days 7, 14, and 30) were collected for the respective assays: RNA extraction and immunocytochemistry (ICC).  Extra plates were used for the further differentiation of IPSC-hK.
On day 30, IPSC-hK were present, the cells were split onto PureCol ® Type I bovine collagen (Advanced BioMatrix) (collagen I) coated plates feeder free. Collagen I was left to sit for 2 hours at 37ºC on plates. The plates were washed once with PBS to remove excess collagen I and CnT-07 media (CELLnTEC Advanced Cell Systems) was used. ROCK inhibitor was added whenever cells underwent splitting in the same manner as previously mentioned. To split IPS-hK, 1-2mL of Accumax was used to create a single-cell suspension after 5-10 minutes incubation time with the cells. A rapid attachment step was performed once IPSC-hK was split. Cells were left for 20-30 minutes to allow only IPSC-hK to attach and not remaining MEFs. Cells can either be used for 2D differentiation into corneocytes or 3D models. For 2D differentiation, 1.3 mM of calcium is added to CnT-Prime 2D Diff media (CELLnTEC Advanced Cell Systems). IPSC-hK differentiation progressed for 8 days as previously described for NHEKs. During this time samples were collected at key time points, days 0, 4, and 8. time points, days 0, 4, and 8. These time points were chosen to gain an overview of the whole process of differentiation: the start, middle, and end. On these key days, samples are used for immunocytochemistry and RNA purification to perform quantitive analysis. Morphology was also closely documented during this time.

4.9 [bookmark: _Toc67894422] Immunocytochemistry
4.9.1 [bookmark: _Toc67894423]Coverslip preparation
Staining for essential hiPSC differentiation markers was key for days 7, 14, and 30 to understand the beginning of differentiation, what is expressed during differentiation, and when the cells have completed differentiation and become basal keratinocytes. Before a feeder-layer of 3T3 J2 cells was seeded onto the plates, the coverslips were prepared beforehand. This was achieved by sterilisation of #1.5 thickness coverslips (22x22mm) (Menzel Gläser) in a mixture of nitric acid and 37% hydrochloride acid for 60 minutes at a low speed in a centrifuge. Coverslips were washed in distilled water and stored in 70% ethanol until use. 
Plates selected for immunocytochemistry analysis had a newly sterilised coverslip placed within them. Ethanol was left to evaporate entirely from the coverslip before a 500 ug/mL poly-L-lysine solution was pipetted onto the plates and incubated at room temperature for 10 minutes. To remove poly-L-lysine, plates were washed x3 with sterile water and left inside a cell culture hood for up to 60 minutes for the water to evaporate from the inside of the plate. Lastly, all plates containing a coverslip were irradiated with UV for 45 minutes. Cells for hiPSC differentiation were then seeded onto plates.

	table 8. Immunocytochemistry Buffers


	
	PBS (Gibco)
	FBS (South America, Gibco)
	BSA (Albumin faction V, Carl Roth)
	Triton X-100

	Blocking Buffers
	225ml
	25 mL
	2.5 g
	-

	Washing Buffers
	500ml
	-
	50 g
	-

	Permeabilisation Buffer
	50ml
	-
	0.5 g
	50 µL




4.9.2 [bookmark: _Toc67894424]Antibody staining of marker proteins
On key days for analysis, coverslips, with cells adhered, are washed once with PBS, and removed from its plate and transferred to a smaller plate, such as a p30 and submerged in 100% methanol for 24 hours at -20ºC. A series of 5-minute washes followed. Methanol was removed and coverslips washed with washing buffer, 1x phosphate-buffered saline (PBS), 1% Bovine serum albumin (BSA) once. The cells adhered to the coverslip were permeabilised with 1x PBS, 0.1% Triton-x, 1% BSA for 10 minutes at room temperature. Next, the coverslips were washed again and submerged in blocking solution, 1x PBS, 10% fetal bovine serum (FBS), 1% BSA, for 2 hours. Following the 2-hour incubation, a blocking solution was removed, and diluted primary antibodies pipetted onto the cells and incubated at 4ºC for 24 hours, ensuring the plate was kept humid to prevent drying out.
To remove the primary antibody required 3-4 washes with washing buffer. A diluted secondary antibody (Alexa Fluor, Invitrogen) was pipetted onto the coverslip and Incubated at room temperate for 2 hours, in the dark. Before the addition of a nuclear stain, DAPI (Sigma-Aldrich), the secondary antibody was removed by washing once. The DAPI nuclear stain was incubated for 3-4 minutes and washed x3 with washing buffer, x2 with PBS, and lastly with sterile water. Each coverslip was then transferred to a slide, for ease of use, and allowed to dry before one drop of Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich) was added to each coverslip and a secondary coverslip gently pressed on top. Photographs were taken with a Leica LMD6000 fluorescence microscope with LAS-X software (Leica, Germany) the next day.

	TABLE 9.  LIST OF ANTIBODIES

	Antibody
	DESCRIPTION
	DILUTION
	CATALOG NUMBER
	ISOTOPE

	K14
	NHEK Intermediate Filament Basal Marker
	1:400
	Millipore #MAB3232
	Mouse RCK107

	K5
	NHEK Intermediate Filament Basal Marker
	1:400
	Abcam #ab24647
	Rabbit polyclonal IgG

	P63
	Nuclear Ectodermal Marker
	1:200
	BioLegend #619002
	Rabbit polyclonal IgG

	K10
	NHEK Early Terminal Differentiation
	1:150
	Abcam #ab53124
	Rabbit Polyclonal IgG 

	Filaggrin
	NHEK Late Terminal Differentiation Marker
	1:100
	Santa Cruz
#SC-66192
	Mouse Monoclonal IgG1

	TGase-1
	NHEK Late Terminal Differentiation Marker
	1:100
	Santa Cruz #SC-166467
	Mouse Monoclonal IgG2a

	Alexa Fluor 488
	Chicken anti rabbit
	1:400
	Molecular Probes
#A21441
	Polyclonal IgG

	Alexa Fluor 546
	Goat anti Mouse
	1:400
	Molecular Probes #A11003
	Polyclonal IgG






4.10 [bookmark: _Toc67894425]Statistical Analysis
[bookmark: _Hlk44510674]RT qPCR data were calculated with the comparative CT method (Livak et al, 2001). Data was collected for siRNA knockdown confirmation and IPS-hK differentiation graphs from at least two independent RT qPCR runs from experiments carried out twice. Data for siRNA knockdown marker analysis was from one experiment ran at least twice with RT qPCR. IPSC differentiation data was analysed by the comparative CT method. Experiments were completed once with one run for each cell line with RT qPCR. Analysis of data was completed with GraphPad Prism 9 software (GraphPad Software, San Diego, California USA, www.graphpad.com).

5. [bookmark: _Toc67894426]	Results
5.1 [bookmark: _Toc67894427] Knockdown of ARCI-related Genes
To study the effects of ARCI-causative genes and their loss of function in NHEK, four genes were chosen, and a knockdown was created utilising siRNA. Each knockdown experiment was individually run with duplicates for each sample day. The duration of reduced gene expression was expected to be maintained for 8-10 days, as per the manufacture’s description. In this aspect, a knockdown did retain for a minimum of 8 days for TGM1 and CERS3 (fig.7 A and d). Both LOX genes do show a return of expression by day 6 (fig.7 B and C). The exact day of expression return is possibly day 7 which was not a chosen day for sample collection. It is therefore reasonable to assume the concentration of siRNA was not sufficient to maintain gene expression at reduced levels for an extended period. However, once a stable knockdown could be established the cells are representative of an ARCI phenotype. Using knockdown cells, the expression profiles of known related genes in barrier formation can be assessed. It is possible to understand lesser-known genes and their expression in comparison to the temporarily silenced gene. The goal was to achieve ≥95% reduction in gene expression.

	[bookmark: _Hlk45105808]TAble 10. Percentage Expression and Knockdown in NHEK

	[bookmark: _Hlk67220339]gene
	
	TGM1
	ALOXE3
	ALOX12B
	CERS3

	[bookmark: _Hlk44421830]% Expression
	Day 1
	92.47178
	61.39834
	127.3054
	43.02743

	
	Day 2
	24.04876
	-
	65.84075
	29.89697

	
	Day 3
	21.88893
	25.82172
	99.27282
	33.61315

	
	Day 4
	5.411058
	24.50314
	13.0714
	26.41064

	
	Day 6
	2.171751
	8.060385
	2.033433
	11.59185

	
	Day 8
	2.100555
	42.74016
	18.48819
	7.386227

	% Knockdown
	Day 1
	7.528221
	38.60166
	-27.3054
	56.97257

	
	Day 2
	75.95124
	-
	34.15925
	70.10303

	
	Day 3
	78.11107
	74.17828
	0.727182
	66.38685

	
	Day 4
	94.58894
	75.49686
	86.9286
	73.58936

	
	Day 6
	97.82825
	91.93961
	97.96657
	88.40815

	
	Day 8
	97.89944
	57.25984
	81.51181
	92.61377
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[image: ]Figure 7. Fold-change of gene expression of four ARCI genes in siRNA-treated keratinocytes. Reverse-transcription qPCR (RT qPCR) was carried out with Taqman® single assays for the selected gene. The experiments were carried out over 8 days to understand knockdown efficiency and gene expression when treated with siRNA. RPL13A was used as the housekeeping gene. Control refers to keratinocytes treated with scrambled negative control siRNA therefore, normal gene expression is represented this way. Ct values for the selected gene were averaged from triplicate wells and normalised to RPL13A. These values were again normalised to the respective control day. Control gene expression was normalised to RPL13A and values further normalised to control day 1. Resulting in day 1 control as the value “1”. Knockdown experiments were carried out once with duplicate wells. Duplicate groups were run separately through qPCR and values for each respective day and control averaged together to collate data.


Patients with CERS3 mutations often experience a reduction in epidermal-specific ceramides. The effect of the mutation can be prevalent at the protein level as seen in skin biopsy staining (Radner et al., 2013) where protein cannot be found in differentiated keratinocytes. Here, the knockdown efficiency of CERS3 is at 92.6% on day 8 (fig.7). The calculated percentage expression is then at 7.3% therefore, the activity of this protein is probably minimal. This can be said because the measured mRNA is effectively a measure of protein production. It can be speculated that within these keratinocytes, levels of VLC ceramides with sphingosines, glucosylacylceramides, acylceramides are also reduced. As can be seen in (fig.7D) day 8 control levels of CERS3 are 14-times higher than the gene silenced keratinocytes. The days of highest expression coincide with the highest percentage reduction in mRNA expression, signifying that keratinocytes, while undergoing differentiation, express CERS3 in the late stages of this process. Figure 8. Expression of 5 ARCI-causing genes in NHEK. Measurements of target gene expression using 2^-ΔΔCt represented as a percentage. The percentage of expression was calculated by taking averages of control and treated NHEK 2^-ΔΔCt values of biological duplicates. Expression value was obtained from first taking the treated value from 100, then dividing the result by the control value.


TGM1 begins to show a sufficient reduction in expression at day 4 (fig.7) at 94.5% knockdown, leaving 5% activity and on day 4 the activity reduces to 2%. Reduction of expression as compared to control NHEK expression, day 4 sees an 18.5-fold change, day 6 and day 8 shows a 47-fold change (fig.7A). TGM1 plays a role in the last steps of epidermal barrier formation by its cross-linking actions to form the CLE, supporting a requirement for this protein to be translated late in differentiation.
Both ALOXE3 and ALOX12B do not seem to maintain the knockdown effectively. A sufficient reduction of 91% and 97% respectively is seen by day 6 (fig.7). However, expression levels begin to rise from day 6 onwards and it can be assumed they would continue to rise after day 8. Regarding the effectiveness of the siRNAs, it is possible that the concentration of them was not high enough for this knockdown experiment or delivery of siRNA into the cell was not as effective.
[image: ]Figure 9. Knockdown efficiency of 5 ARCI-causing genes in NHEK. Measurements of gene expression using 2^-ΔΔCt. Knockdown efficiency was calculated by taking averages of control and treated NHEK 2^-ΔΔCt values of biological duplicates. Knockdown value was obtained from first calculating the percentage of expression of treated NHEK compared against control expression of NHEK.  This value was then taken from 100.


The next step, after creating knockdown NHEK, was to use RT qPCR to assess expression profiles of genes responsible for barrier formation. Specifically, genes that are also causative for ARCI when they possess a disease-causing mutation. These were chosen based on previous research findings from experimental evidence in mice models or patient cells. There is little research with similar experiments in siRNA knockdown cells which can be used to model disease mutations.
[image: ]
[bookmark: _Hlk56274260][bookmark: _Hlk66539741][bookmark: _Hlk56274517]Figure 10. Analysis of epidermal barrier markers in TGM1 and CERS3 siRNA treated cells. Disruption to normal expression of epidermal genes can occur when ARCI-causative genes are mutated/silenced. To Understand their relationship with each other, TGM1 and CERS3 siRNA treated cells underwent analysis to investigate any changes in expression, regarding genes involved in barrier formation. Gene expression calculated by ΔΔCt method. Gene Ct values were normalised to RPL13A. ΔCt values normalised to day 1 of control values. Final value is obtained from 2^-ΔΔCt. RT-qPCR data was collected from two runs. Labels marked with “N” denote normal expression of the gene.

[image: ]
Figure 11. Analysis of epidermal barrier markers in ALOX12B and ALOXE3 siRNA treated cells. Disruption to normal expression of epidermal genes can occur when ARCI-causative genes are mutated/silenced. To Understand their relationship with each other, ALOX12B and ALOXE3 siRNA treated cells underwent analysis to investigate any changes in expression, regarding genes involved in barrier formation. Gene expression calculated by ΔΔCt method. Gene Ct values were normalised to RPL13A. ΔCt values normalised to day 1 of control values. Final value is obtained from 2^-ΔΔCt. RT-qPCR data was collected from two runs. Labels marked with “N” denote normal expression of the gene.






All four knockdowns saw an apparent increase in most marker genes analysed. TGM1 knockdown cells (fig.10, A) saw an unusually high level of expression of NIPAL4, CYP4F22, CERS3, ALOX12B, and FLG (filaggrin) at days 1-2 when compared to their normal expression. For example, filaggrin is a late-stage protein, so its high expression during the early days of differentiation is unexpected, under normal circumstances. Looking at days 6-8, expression is seemingly higher here than normal. 
Based on a study by Zhang et al (2019), patients with gene silencing mutations for TGM1 saw a significant increase in mRNA for ABCA12, SLC27A4, CYP4F22, CERS3, SDR9C7, ALOX12B, and LIPN for ARCI and ELOVL4 which is causative of syndromic ichthyosis. Interestingly, ALOXE3 was not affected considering its close association with ALOX12B. The apparent increase in gene expression in TGM1 knockdown cells here seems to align with claims of a compensatory effect in ARCI, whereby barrier-related proteins have an increased production causing hyperproliferation and thickened epidermal layers (Zhang et al., 2019). ALOX12B and FLG have a consistent ~2-3-fold increase in expression over all 8 days. CERS3 and NIPAL4 only see this happen on day 8 while CYP4F22 does not seem to have any expression changes. 
CERS3 control cells had normal expression and a steady increase in FLG, ALOX12B, and ALOXE3 expression over 8 days (fig 9, B). Expression in the knockdown cells also shows a steady increase but at a higher rate when compared to control. Both ALOX12B and ALOXE3 show an ~2-fold increase from days 4-6 and by day 8 normal expression matches the treated cells, with the exception being ALOXE3. 
Gene expression in ALOX12B knockdown cells does not seem to have any changes except for CYP4F22 (fig.11, A). Its expression on days 1 and 2 are extremely high, 5- and 8-fold changes, respectively, but on later days the expression falls in line with or below normal expression. In contrast, ALOXE3 knockdown seems to influence FLG expression while ALOX12B shows none. 
Overall, siRNAs effect on the target genes TGM1, ALOX12B, ALOXE3, and CERS3 shows gene silencing occurring as early as day 1 for CERS3, day 2 for TGM1, day 3 ALOXE3, and day 4 for ALOX12B with percentage knockdown reaching above 50% on these days. Results seem to point towards an earlier expression of selected markers, most of which are usually expressed later in keratinocyte differentiation. 



5.2  hiPSC 30-day differentiation
Regarding the three hiPSC lines, NP32, 0029, and WT2, it was essential to follow their induced differentiation into keratinocytes, with KGF, BMP-4, and ATRA, over 30 days. Previous characterisation of earlier days had been carried out by a researcher in the group, Dulce Lime Cunha, (Lima Cunha et al., 2021)Here the focus was to study day 30 and further terminal differentiation with calcium. The first step was to analyse the markers in undifferentiated basal keratinocytes created from the hiPSC lines. On day 30, IPS-hK was prepared for ICC. Markers KRT 14, KRT 5, and P63 were imaged for 0029, NP32, and WT2 because these are key proteins expressed at this stage in NHEK differentiation.
All hiPSC lines grew, at the beginning of induced differentiation, within colonies surrounded by feeder cells. This colony formation is in conjunction with their normal growth pattern when they are undifferentiated hiPSC. As differentiation progressed, the morphology of hiPSC at the edges of colonies transformed first and gradually moved towards the centre of colonies. The shape of IPSC colonies became less uniform and cells migrated outwards as they expanded. However, as seen from ICC analysis clear colony formation was still present albeit in larger less tightly compact colonies. DAPI stain showed all cells had nuclei but only those within the ‘rough-shaped’ colony, which had successfully differentiated, presented the correct markers KRT 14, KRT 5, and p63. This can be clearly seen in figure.13 where basal markers KRT 14 and KRT 5 could be seen only within the colonies. Other cells, marked by DAPI staining, possibly were remaining feeder cells. However, feeder cells were expected to have ceased mitosis via mitomycin C treatment and mostly detached by day 30.
Figure 12. 0029 30-day differentiation. Brightfield pictures taken with EVOS XL Core Imaging System (ThermoFisher). Undifferentiated IPSC can be seen in (A), this is day 0. Day 7 IPS (B) show extensive colony expansion. Day 14 IPSC (C) have distinctive morphology changes and at day 30 (D) IPSC are expected to be fully formed basal IPS-hK cells.

[bookmark: _Hlk32164577]Figure 13. Immunocytochemistry analysis of IPSC line 0029 on day 30 of differentiation. Marker proteins for basal keratinocytes were imaged. Keratin 14 (KRT 14) stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Keratin 5 (KRT 5) and P63 were stained with rabbit primary antibodies and secondary Alexa Fluor® 488 (green). Nuclei stained with DAPI. Scale bar shows 250 µm (x10), 100 µm (x20), 50 µm (x40), and 25 µm (x63).


All 3 hiPSC lines produced strong KRT 14 signals with clear filament formation. Control basal keratinocytes normally grew within tightly packed colonies (fig.21). This seemed to occur for the hiPSC lines albeit the colonies were less compact. Looking at KRT 5, IPS-hK line 0029 (fig.13) showed a much weaker signal compared to IPS-hK NP32 (fig.14) and the wild-type line, WT2 (fig.15), both mutant lines had slightly weaker expression. KRT 5 expression was seemingly, weaker within the centre of 0029 colonies (fig.13, middle row) with expression becoming stronger towards the edges. On the other hand, KRT 14 signal for 0029 was very strong throughout the colony (fig.13, top row) but its signal was absent for cells surrounding the colony, this is also true for KRT 5. The merge images of DAPI show cell nuclei staining throughout the observed image section and a clear separation with secondary antibody specificity. This also occurs with NP32 (fig.14) but not with WT2 (fig.15). P63 staining showed correct localisation to the nucleus and had consistent expression throughout 0029’s colonies (fig.13).
Figure 14. Immunocytochemistry analysis of IPSC line NP32 on day 30 of differentiation. Slides were fixed with 100% methanol for 24 hours and ICC protocol followed. Marker proteins for basal keratinocytes were imaged. Keratin 14 (KRT 14) stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Keratin 5 (KRT 5) and P63 stained with rabbit primary antibodies and secondary Alexa Fluor® 488 (green). Nuclei stained with DAPI. Scale bar shows 250 µm (x10), 75 µm (x20), 50 µm (x40), and 25 µm (x63).


IPS-hK line NP32 showed promising expression of basal keratinocyte markers (fig.14). KRT 14 and KRT 5 both demonstrated an even distribution of observed levels of expression and clear structure of keratin intermediate filaments. NP32 cells grew in a compact form, resembling control and WT2 keratinocyte formation. Keratin filament formation is clear and defined for KRT 14. KRT 5 does show filament formation but staining was slightly more difficult with the antibody. P63 was clear throughout all cells which are present in the colonies.
Figure 15. Immunocytochemistry analysis of IPSC line WT2 on day 30 of differentiation. Slides were fixed with 100% methanol for 24 hours and ICC protocol followed. Marker proteins for basal keratinocytes were imaged. Keratin 14 (KRT 14) stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Keratin 5 (KRT 5) and P63 stained with rabbit primary antibodies and secondary Alexa Fluor® 488 (green). Nuclei stained with DAPI. Scale bar shows 250 µm (x10), 75 µm (x20), 50 µm (x40), and 25 µm (x63).

WT2 staining showed very close similarity to control keratinocytes (fig.15 & 22). Within colonies, WT2 expressed basal markers throughout and presented with “cobble-stone” morphology just as NHEKs would. Most cells had differentiated into keratinocytes but in some areas, undifferentiated IPSC remained. KRT 5 staining was very prominent in this line and demonstrated IPS-hK were arranged as a monolayer with close cell-cell contacts. The numbers of cells were very numerous as seen by p63 staining and the majority of these cells expressed KRT 14 and KRT 5. 
5.2.1 [bookmark: _Toc67894428]IPS-hK Calcium Differentiation
At day 30, IPS-hK were passaged onto new collagen I plates via rapid attachment to purify IPS-hK cells. A successful rapid attachment was only achieved with line 0029. NP32 and WT2, despite showing good ICC staining, could not be passaged onto new culture plates without transferring an unknown subset of cells. On these plates, long narrow cells began to appear around IPS colonies throughout a 30-day period at approximately days 15 onwards. These unknown cells took on a fibroblast/neural morphology and were far more responsive to the rapid attachment step than IPS-hK cells. Therefore, it was very difficult to perform IPS-hK purification correctly. New differentiation rounds were carried out with lines NP32 and WT2. IPSC morphology was focused on to produce colonies as similar as possible. Morphology is an important factor to ensure colonies grow at the same pace, spontaneous differentiation did not occur for colonies sharing the same culture dish and the densities of cells within colonies were as similar as possible between lines and culture dishes.Figure 16. Relative fold gene expression of 0029 IPS-hK over 8 days using quantitative PCR TaqMan® single assays. GAPDH was the housekeeping gene. Control keratinocytes were NHEK. IPS-hKs were cultured as NHEK would be. CT values were averaged from triplicate wells and qPCR experiments ran twice. All data was averaged. CT values were first normalised to GAPDH and ΔCt values of IPS-hK normalised to corresponding control days. Control expression was calculated separately with CT values normalised to GPADH and then further CT values normalised to day 0. This results in control day 0 being the value “1”.



Samples were taken at specified days after calcium treatment at 1.3mM. The mRNA was extracted and used for reverse transcription qPCR (RT qPCR) with TaqMan® single assays for selected genes. RT qPCR was run with triplicate wells or duplicate wells (custom ARCI plates). Ct values for wells and experiments were averaged together. The ΔΔCt method was used to calculate the relative log-fold change in gene expression. An RT qPCR run was carried out with IPS-hK 0029 to assess if the mutation it carries can be detected here and if there are differences in terminal differentiation markers (fig.16). It has been speculated that Filaggrin and SPRR2B contribute to the ichthyotic skin in TTD patients (Morice-Picard et al., 2009; de Boer et al., 1998) so these genes were particularly interesting to analyse.
[bookmark: _Hlk42685693][bookmark: _Hlk42686361][bookmark: _Hlk42696660]Fig.16 shows that filaggrin had a 150-fold decrease in mRNA expression compared against IPS-hK on day 0. Already at day 0 and 4, filaggrin had a 1x10-2-fold reduction in mRNA production and as differentiation progressed to day 8, the reduction dramatically decreases. Compared to control keratinocytes, filaggrin expression was prominent at day 8 with a 300-fold increase compared to control cells at day 4. High expression is expected of this late-stage differentiation marker by day 8. Looking at SPRR2B, it is involved in CE formation since its product is incorporated into the CE by TGase-1. A 170-fold reduction in its expression was observed at IPS-hK day 8 compared to day 0 expression. For control day 8 vs IPS-hK day 8 of SPRR2B resulted in a 1000-fold difference in expression. Both reductions in mRNAs of filaggrin and SPRR2B are markedly different from their normal expression in NHEKs alluding to a disturbance in their transcription in epidermal differentiation. In addition, other differentiation markers TGM1, KRT10, and P63 were, to some extent, affected in 0029 cells as seen by decreases in their expression up to day 8. TGM1 expression, in control cells, showed a 33-fold increase from day 4 to day 8. Conversely, IPS-hK expression resulted in a 6-fold decreased from day 0 through to day 8. TGM1 expression is not as significant as filaggrin but the difference between IPS-hK and control day 8 resulted in an approximate 500-fold change, half of which SPRR2B showed. KRT 10 mRNA expression had a large switch from control day 4 to day 8. Looking at IPS-hK day 4 and 8 there is an 11-fold decrease in expression but the comparison of IPS-hK day 8 with the same control day shows an extremely large difference in expression.










A comparison was made for IPS-hK NP32 and 0029 against WT2 to understand the differences in gene expression for each line (fig.17). WT2, day 0, data was used as the reference for comparison against all other data points to mimic the same method of analysis used for fig.18 (data used IPS-hk day 0 as the reference day). CERS3, TGM1, ALOXE3, and NIPAL4 were the genes that could be compared in all three lines due to these TaqMan® assays only being available in single assay format when WT2 RT qPCR was being carried out. Figure 17 shows how variable each line is in its ability to differentiate into IPS-hK. NP32 looks to show heavy downregulation of late-stage proteins. 0029 shows an expression of TGM1 and CERS3 while NIPAL4 and ALOXE3 had a reduction in expression. Overall, expression when comparing the three lines in this way, patient IPS-hK are drastically different in their ability to differentiate and it is difficult to assume if NP32 successfully induced terminal differentiation in this regard. Figure 17. IPS-hK 0029 and NP32 versus WT2 IPS-hK for comparison in gene expression over 8 days. CT values for NP32 and 0029 were normalised to GAPDH. ΔCT values of IPS-hK were normalised to WT2 data to calculate ΔΔCT. The final calculation carried out was 2-ΔΔCT. WT2 day 0 was used as the reference day resulting in the value being “1”.

[image: ]Figure 18. Relative fold gene expression of NP32, 0029 & WT2 IPS-hK over 8 days with quantitative TaqMan® custom plate assay. GAPDH was the housekeeping gene. Control keratinocytes were NHEK. IPS-hKs were cultured as NHEK would be. CT values were averaged from triplicate wells and qPCR experiments ran once. Ct values were first normalised to GAPDH and ΔCT values of IPS-hK normalised to IPS-hK day 0. Control expression was calculated with CT values normalised to GPADH and then further CT values normalised to IPS-hK day 0. This results in control day 0 being the value “1”. 

To summarise, all three lines, 0029, WT2, and NP32, had marker expression for calcium-induced differentiation tested with custom designed ARCI RT qPCR plates (fig.18). It is apparent that patient IPS-hK, have a drastic reduction in their ability to express epidermal markers. When using control day 0 as the reference for comparative CT analysis, the strong expression results in a biasing of IPS-hK values; control expression eclipsed IPS-hK so much that it was difficult to gain any insight. Instead, IPS-hK day 0 was used as the reference in the analysis to focus on IPS-hK marker development. IPS-hK 0029 still presents with a drastic reduction in filaggrin production, as an expected outcome. Control NHEK showed the expected increases in marker expression with time. On day 4 for 0029, markers seemed to be expressed but by day 8 a reduction is seen. However, for NP32 expression seemed to be stable but low. NP32 has a TGM1 mutation therefore, any expressional changes to epidermal genes analysed, in figure 18, could be due to this particular mutation. Comparing both patient lines to the WT2 line, results point towards an overall greater reduction in expression in patient lines.
Figure 19.  IPS-hK 0029 calcium differentiation. Brightfield pictures taken with EVOS XL Core Imaging System (ThermoFisher). 1.3M calcium was added to basal cultures, at passage 1, on day 0 (A). Morphology changes with addition of calcium could be seen 24 hours later and prominent changes on day 4 (B). by days 6 and 8 (C and D, respectively) terminal differentiation is occurring as the cells are seen to be forming a “sheet-like” appearance.


[bookmark: _Hlk42786097]Control keratinocytes showed strong marker expression of KRT 14, and KRT 10 (fig.20). Staining could not be completed for day 8 markers in control keratinocytes due to wash-stage issues. Other differentiation markers not analysed by ICC can be seen on day 4 and a clear increase of mRNAs on day 8 for control keratinocytes (fig.16 &18) providing a good example to compare an IPS-hK expression to. During calcium-induced differentiation, days 1, 4, and 8 were monitored by ICC for marker expression. 
Figure 20. Immunocytochemistry analysis of control line C17 on day 0 and 4 of calcium differentiation. Slides were fixed with 100% methanol  for 24 hours and ICC protocol followed. Marker proteins for basal keratinocytes were imaged. Keratin 14 (KRT 14) stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Keratin 5 (KRT 5) stained with rabbit primary antibodies and secondary Alexa Fluor® 488 (green). Nuclei stained with DAPI. Scale bar shows 100 µm (x20), 50 µm (x40), and 25 µm (x63).


IPS-hK line 0029 did not form usual colonies once passaged (fig.19). Distribution of cells was evenly spread and numerous; the plate was at approximately 80-90% confluency. Induction of terminal differentiation prompted cells to form a “sheet-like” appearance over 8 days, resembling usual NHEK differentiation. Day 1 markers KRT 14 & 5 (fig.21) were present for 0029 IPS-hK. Comparing these to pre-passage day 30 IPS-hK (fig.13), cells were not as numerous however, staining for KRT 5 was improved and keratin intermediate filament structure could be observed in more detail. KRT 14 staining was seen in fewer IPS-hK cells after passaging onto collagen and cells not expressing KRT 14 were present within the culture (fig.21). 

Figure 21. Immunocytochemistry analysis of 0029 IPS-hK calcium differentiation day 0. Slides were fixed with 100% methanol  for 24 hours and ICC protocol followed. Marker proteins for basal keratinocytes were imaged. Keratin 14 (KRT 14) stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Keratin 5 (KRT 5) stained with rabbit primary antibodies and secondary Alexa Fluor® 488 (green). Nuclei stained with DAPI. Scale bar shows 100 µm (x20), 50 µm (x40), and 25 µm (x63).


To assess if 0029 IPS-hK could differentiate, KRT 10, an early-stage differentiation marker was stained for. KRT 10 was expressed by all cells and had a somewhat similar appearance in shape to control NHEK (fig.22). KRT 14 was expressed by day 4, its filament formation is clear and its expression did not seem to increase but remained like that of day 0. Staining of TGM1 at day 8 (fig.23) established that 0029 IPS-hK can successfully terminally differentiate towards a corneocyte. TGM1 coverage was good across the slide and all cells appeared to stain positive. Comparing KRT 10 ICC staining with the RT qPCR analysis shows a discrepancy. KRT 10 is visible in ICC staining and in large quantities, meaning a high number of IPS-hK are expressing this marker. This is expected by days 4 and 8 as keratinocytes will express KRT 14 & 5 switch to KRT 10 and & 1 rapidly.

Figure 22. Immunocytochemistry analysis of 0029 IPS-hK calcium differentiation day 4. Slides were fixed with 100% methanol  for 24 hours and ICC protocol followed. Keratin 14 (KRT 14) stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Keratin 10 (KRT 10) stained with rabbit primary antibodies and secondary Alexa Fluor® 488 (green). Nuclei stained with DAPI. Scale bar shows 100 µm (x20), 50 µm (x40), and 25 µm (x63).


A possibility for the discrepancy in results between ICC and RT qPCR data is the number of cells for IPS-hK vs NHEK were different. The act of passaging once affected the IPS-hKs as seen in (fig.21) where the number of KRT 14 expressing cells changed compared to pre-passaging (fig.13). The delicacy of these cells posed an issue when handling. Another comparison to be made is the TGM1 expression in ICC staining and RT qPCR results. Here most IPS-hK are visibly expressing TGase-1 on the protein level (fig.23). 
From the data presented, it is seen IPS-hK line 0029 resembles NHEK in marker expression and filament formation. Their morphology is similar but improvement is required. It is clear NHEK has superior marker expression as seen in figure 20; NHEK expression is strong for KRT 14 and KRT 5 with compact borders. IPS-hK survival after passaging is an area for improvement (were lines NP32 and WT2 had difficulties in overcoming).
[bookmark: _Hlk43112669][bookmark: _Hlk43112713]Figure 23.  Immunocytochemistry Analysis of 0029 IPS-hK calcium Differentiation Day 8. Slides were fixed with 100% methanol for 24 hours and ICC protocol followed. Marker protein for late terminal differentiated keratinocytes were imaged. TGM1 stained with primary anti-mouse KRT 14 with secondary antibody Alexa Fluor 546® (red). Nuclei stained with DAPI. Scale bar 100 µm (x20), 50 µm (x40), and 25 µm (x63).

 NHEK number is high compared to IPS-hK and an improvement on survivability could lead to better RT qPCR data; ideally, similar numbers between IPS-hK and control NHEK would be optimal for analysing results. Pre-passaging ICC for NP32, WT2, and 0029 (fig.13, 14 & 15) presented with good expression of markers KRT14, KRT 5, and p63. IPS-hK 0029’s expression after passaging and calcium treatment is reduced for KRT 14 but KRT 5, KRT 10, and TGM1 looks to be comparable to the number of cells expressing markers pre-passage. RT qPCR data for all three lines is very clearly showing a dramatic reduction in expression for genes relating to epidermal differentiation. It is not clear if the mutations these lines carry affect the expression of other genes, but siRNA knockdown analysis is helpful to determine if disturbed expression of one gene can affect the expression of another. Observable differences can be seen in expression, morphology, and growth for these three lines. These differences can be attributed, in part, to their genetic individuality and their abilities to revert to a pluripotent form before being directed into a somatic cell.
6. [bookmark: _Toc67894429][bookmark: _Hlk46139922]	Discussion
6.1 [bookmark: _Toc67894430]The Effect of Mutated or Silenced Genes Within the Epidermis
Assessing the expression profile of various ARCI-causing genes in normal human epidermal keratinocytes creates a standard for hiPSC comparison. An established hiPSC differentiation protocol can produce IPSC-derived epithelial cells able to produce mature keratinocytes: corneocytes. Gene expression profiles studied using siRNA can be assessed and compared to previously analysed expression in NHEK before IPSC-derived cells are used for further applications. Results of TGM1 knockdown showed this gene is expressed late in NHEK differentiation. Normal expression is highest at day 6 (fig.7, A) and a knockdown, aiming to be close to 100% reduction in expression, is seen by day 4 (table.10), reaching the 95% threshold. Yang et al (2001) showed patient keratinocytes with homozygous mutation (identical mutation present on both parental alleles, at the same position) or compound heterozygous mutations (mutations are present on alleles for the same gene but the alleles may differ from each other or the mutations are present at different positions on the alleles) resulted in enzyme activity in the ranges of 5% and below when compared to their controls. Another study by Candi et al (1998) found 0-20% enzyme activity analysed from recombinant mutant TGase-1 when looking at membrane-bound and cytosol enzyme. Reduction of activity is greatest when TGase-1 is membrane bound, as seen in a study by Yang et al. (2001). Their patient with a compound heterozygous mutation presented with reduced activity in the membrane to 5% and in the cytosol 15%. It can be inferred from this that an induced knockdown of TGM1 would lead to 5-15% enzyme activity. The former would be more desirable and the higher threshold of activity being the latter, regarding an individual presenting with LI. Membrane-bound TGase-1 is more affected, activity-wise when mutations are present. This indicates the importance of TGase-1 being membrane-bound for the correct functioning of the enzyme, in its cross-linking activity. A considerable reduction in activity needs to be achieved because even partially active TGM1 can result in a normal skin phenotype. This is highlighted in bathing-suit ichthyosis. The skin of patients is only affected on the trunk area with TGM1 mutations that render the protein non-functional. TGase-1 activity is limited to unaffected areas of the skin but this is only due to the occurrence of residual activity because of slightly lower surface temperatures (Oji et al., 2006). TGM1 siRNA treatment resulted in an apparent upregulation of other genes (fig.10, A). Notably, ALOX12B, NIPAL4, CYP4F22, and FLG showed very early expression similar to or higher than control levels. If the activity of this cross-linking enzyme is lost then genes for acylceramide biosynthesis are upregulated (Zhang et al., 2019). Comparing models of TGase-1 deficient mice and mice with a known mutation knocked into them, highlights that knockdowns can be useful to study ARCI mutations. Nakagawa et al (2012) conducted a study with these two mouse models, both showed similar levels of reduced TGase-1 activity. Heterozygous carriers hold enough enzyme activity for sufficient functioning (Yang et al., 2001; Nakagawa et al., 2012) therefore, it would be beneficial to extend the knockdown on the days where expression is beginning to return. This could be done by the extra addition of siRNAs, at the same concentration. For TGM1 this is likely to be on days beyond day 8. For ALOX12B and ALOXE3, this will be day 8 and for CERS3 it is likely more sample days beyond day 8 are required (table.10). Using these knockdowns, it would be possible to gain an understanding of the relationship genes shares which each other in ARCI. The limited availability of patient cells requires an alternative solution for investigating the effect mutations have on proliferation, terminal differentiation, and lipid processing. A better understanding can be achieved, utilising siRNA knockdown experiments, of the various mechanisms that disrupt keratinocyte terminal differentiation; gaining a clearer picture of the acylceramide biosynthesis pathway and how one malfunctioning protein and affect the pathway.
CERS3 production has a steady increase over keratinocyte differentiation (fig.7, D). A 92% knockdown was seen by day 8 but expression never reached above 43% starting from day 1 (table.10). These changes produce an obvious physical change in the skin’s phenotype as seen by looking at sections of biopsies of mutant skin, an upregulation of proliferative markers has been observed (Radner et al., 2013). For instance, KRT 14 was found to extend its expression into the layers above the basal layer, where normal visualisation of this keratin is routinely found only in the stratum basale in un-affected skin. A high level of KRT 14 expression was also observed in basal control keratinocytes from immunocytochemistry (fig.22). KRT 14 in CERS3 knockdown cells seems to decrease alongside control levels (fig.10, B) as expected and filaggrin seemingly is only increased on day 6. Others have found these to have significant changes in expression; quantities of filaggrin, involucrin, and loricrin are increased in the stratum granulosum (Radner et al., 2013; Eckl et al., 2013) but results here are contrary to previous research. Both LOX genes were increased by ~2-fold with other research indicating these genes do increase in patient cells with CERS3 mutations and expression was extended into the stratum spinosum (Eckl et al., 2013). It can be speculated that, as with patient cells, very long-chain ceramide synthesis may be disrupted here too and because epidermal specific ceramides (C26-C36) cannot be synthesised both free and protein-bound ceramides are possibly not present in these knockdown cells (Eckl et al., 2013).
A large study on patients presenting with ARCI revealed those with ALOX12B or ALOXE3 mutations, regardless of whether they were deletions, insertions, or splice site, had no enzymatic activity (Eckl et al., 2009). Regarding ALOX12B knockdown cells, NIPAL4 (fig.11, A) expression is low for days 1-4 while control expression is higher, particularly on day 4. This result seems to follow the observation of abolishment of profilaggrin processing into filaggrin monomers in knockout ALOX12B mice (Epp et al., 2007). The result was a lack of NMF and reducing skin hydration. Protein-bound ceramides were decreased but non-protein bound ceramides did not show this when compared to controls. Here, CERS3 expression was not disrupted and was comparable to NHEK levels in later differentiation days (fig.11, A & B) but interestingly, earlier than usual expression was seen in knockdown cells. Even though irregular functioning ALOX12B alters protein-bound ceramides, it does not affect the expression of CERS3, suggesting 12R-LOX performs a function to allow incorporation of ω‐O‐acylceramides into the CLE (Epp et al., 2007). Disruption of the permeability barrier is most likely to be due to a lack of protein-bound ceramides. Therefore, suggesting the CLE cannot be present to provide the essential scaffold between CE proteins and lamellar structures (Zheng et al., 2011).  ALOXE3 KO-mice did not show any differential expression in KRT 14, KRT 10, filaggrin, loricrin, and involucrin proteins (Krieg et al., 2013) compared to other ALOX12B studies where filaggrin processing was disrupted (Epp et al., 2007; Krieg et al., 2013). Ceramide lengths occur in similar amounts in ALOXE3 mutated mice whereas those with ALOX12B mutations seem to have a significant reduction in longer chain ceramides (Krieg et al., 2013). Overall, it seems that ALOXE3 mutations cause a less pronounced phenotype versus mutations in ALOX12B.
A connection between NIPAL4 and the two LOX genes is apparent but their interactions with each other are not understood. Patients with NIPAL4 mutations were found to have the products of ALOX12B and ALOXE3 (12R-LOX and eLOX-3) increased in expression in the stratum corneum (Li et al., 2012). Normally, this is considered a non-living section of the epidermis with little cellular activity. Furthermore, the same study by Li et al (2012) reported the colocalisation signal by in situ proximity ligation assay between the two LOX proteins increase in mutant NIPAL4 patients. The pathogenicity of NIPAL4 mutations is poorly understood but a recent study on its 3D structure enlightens researchers on its function. NIPAL4 is suspected to be an Mg2+ transporter (Honda et al., 2018). 3D modelling found a homozygous mutation at exon 4 produced a protein with a narrowed transport channel and a negative charge introduced (Laadhar et al., 2020). It is possible, based on homology to related proteins, this change could affect its transport function. It is known that ion gradients, caused by Mg2+ and Ca2+, are important for barrier function and disruption to the gradient prevents proper lamellar body processing and disruption of keratinocyte differentiation (Denda & Kumazawa, 2002). It is also thought that NIPAL4 could be a membrane receptor. While its position as membrane-bound is certain, it has several transmembrane domains (Laadhar et al., 2019), and colocalises with different types of keratin at desmosomes (Dahlqvist et al., 2012), its function is not well understood. It has homology to transporters and G-protein coupled receptors. One study proposed NIPAL4 to be a receptor for the hepoxilin pathway where the LOX proteins are active (Lefèvre et al., 2004). Additionally, mutations within NIPAL4 are linked to abnormal lamellar bodies in keratinocytes causing aggregation in the stratum granulosum and elongated membranes (Dahlqvist et al., 2007 and 2012). Interestingly, NIPAL4 was linked to a reduction in expression of KRT 1, Lor, Flg, and Elovl1 genes in Nipal4 KO-mice and also genes relating to proliferation, KRT 5 & KRT 14 increased as did Cers3 (Honda et al., 2018). Some genes here are EDC locus genes (filaggrin, loricrin and involucrin). Coinciding with its function as an Mg2+  transporter, KO-mice had only a slight increase of Mg2+ compared to the usual influx of Mg2+ upon terminal differentiation. It is possible to suggest that Mg2+ is required for the proper expression of these genes. However, it is not responsible for acylceramide production, since levels of ceramide types remained at half amounts compared to wild-type mice. As mentioned, an ion gradient is required for correct barrier formation and here the authors suggest Mg2+ is responsible for chromatin remodelling for expression of EDC genes for CE formation – more heterochromatin was observed in KO-mice leading to this conclusion. Mutations in SLC27A4 (encoding FATP4) are responsible for ichthyosis prematurity syndrome. By studying this gene, a relationship to NIPAL4 was found (Li et al., 2013). FATP4 was decreased in patients’ cells with SLC27A4 mutations and patients with ALOX12B mutations. However, the opposite was found in patients with NIPAL4 mutations – FATP4 increased. The same was found in patients with TGM1 and ALOXE3 mutations. The same study by Li et al (2013) used siRNA-treated models to assess expression changes which mirrored the results found in patient skin.

6.2 [bookmark: _Toc67894431]Induced Pluripotent Stem Cell Derived Keratinocyte Differentiation
6.2.1 [bookmark: _Toc67894432]Growth Factors and Their Effect on Induced Pluripotent Stem Cell Differentiation into Keratinocytes
Overcoming the challenges of reprogramming is one hurdle that has been focused on in recent years. Another challenge is lineage-directed differentiation of hiPSCs, which is unsolved for several lineages. An issue that arose in the work carried out was IPS-hK survivability after passaging. Passaging is vital for downstream experiments and applications therefore, improvements to the protocol need to be made to address this. ICC results provided good visualisation of markers pre- and post-passaging. In a clinical setting, undifferentiated hiPSC poses an issue for their use because differentiation can be incomplete for several hiPSC, this is true here, where the number of KRT 14 expressing cells was lower after passaging. The culture needs to consist of only pure somatic cells of choice. The embryonic ectoderm differentiates into the neural or stratified epidermis and this depends on the signaling throughout embryonic development. Both BMP-4 and all-trans retinoic acid (ATRA) is required for ectodermal commitment (Pattison et al., 2018). ATRA is used to direct cells down an ectodermal fate and bone morphogenic protein 4 (BMP-4) is implemented to stop cells from committing to a neural fate (Kogut et al., 2014). ATRA and BMP-4 work together, synergistically, to direct hESCs and hiPSCs towards transcriptional changes for ectoderm commitment (Metallo et al., 2009; Pattison et al., 2018). BMP-4 and ATRA direct IPSC and ESC to simple epithelia and paves the way for p63 to direct cells towards an epidermal state as p63 expression alone cannot begin differentiation (Pattison et al., 2018). The entire microenvironment of hiPSCs and hESCs is critical to producing a homogeneous population of keratinocytes. Protocols, of varying complexities, are available for comparison but the majority of them result in a population of keratinocytes with very limited proliferative capabilities. Even so, NHEK cannot proliferate for very long and IPS-hK proliferates even less. It is vital to optimise IPSC differentiation for their future applications in tissue engineering, modelling, cell transplantation, and drug testing. ARCI-specific IPSC-hK is a key tool to study disease mechanisms that underlie the defect of the epidermal barrier.
Two methods, RT qPCR and ICC assess the expression of certain markers of IPSC directed differentiation into basal keratinocytes and further into corneocytes. Unexpectedly, the results from both did not coincide with each other and seemed to point in opposite directions. It is the ICC results that most conclusions were drawn from because the images taken were able to provide visualisation of KRT 14, 5, 10, p63, and TGM1 proteins. The chances of incorrect antigen targeting were slim because samples were not co-stained, to avoid this issue, and heavy washing was used to thoroughly wash non-specific bound antigens. Regarding qPCR, it is possible the amount of RNA extracted was small, the number of cells correctly differentiated or siRNA silenced was low, RNA degradation before cDNA synthesis, an improper homogenisation step, or primer efficiencies could have led to the differences seen in data. However, the positive expression in the control NHEK somewhat contradicts this, as control samples have seemingly had RNA extracted efficiently and cDNA synthesised correctly. This leads back to the number of cells expressing said marker was low in comparison with the corresponding control day. It is possible this produced a biased result where control NHEK expression was so high compared to the IPS-hK that the results, in effect, appear to have a reduction in expression. Data were normalised to each respective control day but the control expression itself was only normalised to its own control day 1. Drawing upon the gene knockdown data it was shown that a mutation in specific genes can have an effect on other genes in the same pathway and this assumption can be applied to patient IPS-hk; their mutation affects the cells’ ability to differentiate. Due to a disturbance in the expression of TGM1 or ERCC2, for example, other genes or proteins cannot function correctly, therefore, hindering epidermal differentiation and a cell’s ability to survive in vitro. Variation between hiPSC lines can be attributed to epigenetic memory retained from donor cells and passed onto IPS-hK (Kim et al., 2011). Overall, it is essential to improve IPS-hK marker expression through optimising protocols and the addition of factors to improve culturing conditions.
To make improvements on IPS-hK differentiation, comparisons on available protocols should be made and the effects ATRA and BMP-4 have on IPSCs should be compared. The introduction of ATRA to hESCs initiates changes in morphology and expression. Here, the concentration of ATRA used was 1 μM for 7 days. Upon reaching day 7, the induced IPS-hK looked remarkably similar to NHEK. Their morphology was similar to a “cobble-stone” appearance (fig.12, B). Moving on from day 7 and removal of ATRA and BMP-4 from culture, IPS-hK once again began to change morphology towards a “sheet-like appearance”. Cells began to lose their borders and close contact appearance. ATRA binds to nuclear retinoic acid receptors (RARs) which are involved in a wide range of pathways and transcription modulation of these pathways (Maden., 2007). ATRA has been observed for its role in the commitment to ectodermal fate, cell adhesion, and differentiation. ATRA can also induce neuronal differentiation in hESCs (Bain et al., 1995). Metallo et al (2009) used hESCs to form EBs and treatment with ATRA resulted in the induction of p63 isoforms and a reduction in pluripotency gene OCT-4. Concordantly, mesoderm and ectoderm markers were not found. An important marker for simple epithelia, KRT 18, was upregulated. To compare, all IPS-hK lines had good p63 fluorescence staining (fig.13, 14 & 15) and basal markers, KRT 14 & 5. It is apparent that ATRA's effect on hiPSCs and hESCs is not only time-dependent but concentration-dependent (De Angelis et al., 2018). Low concentrations for short periods have been shown to improve and maintain hiPSC pluripotency. On the other hand, higher levels of ATRA will induce differentiation. Comparing ATRA concentration of that used by De Angelis et al (2018) to the concentration used here, 0.5 μM versus 1μM, respectively. 0.5 μM was found to achieve hiPSC with flat, round morphology with well-defined edges, this is similar to the hiPSC produced in this study. The main difference here is, ATRA was utilised in a short-term fashion (24 h) to maintain pluripotency. Furthermore, hiPSC treated with short-term exposure of ATRA had an enhanced capability to differentiate when prompted. To induce differentiation, required a concentration of 1.5 μM and above have the desired effect. 1 μM ATRA can induce differentiation as seen here and in many other protocols (Ali et al., 2020; Itoh et al., 2011; Petrova et al., 2014; Metallo et al., 2009).Addition of BMP-4 to hESCs promotes growth towards epidermal commitment and inhibits neuronal development to counter the effect of ATRA (Gambaro et al., 2005). Results here showed very good staining of p63 for all 3 hiPSC lines at day 30 of differentiation and research suggests treatment BMP-4 is linked to activation of p63 expression (Medawar et al., 2008). Within colonies, transformed cells expressed markers KRT 14, 5, and p64, leading to BMP-4 concentration being optimal. A possible improvement is to keep this morphogen in the culture for longer. Even though BMP-4 is routinely used to differentiate hiPSC and hESC into an ectodermal fate, and ultimately an epidermal state, it is also used to direct cells down a mesodermal fate. All 3 hiPSC lines treated with BMP-4 had NHEK-like morphology, falling in line with the findings of Gambaro et al (2005). It seems BMP-4 acts differently depending on the size of the colonies and concentration. However, in higher cell densities BMP-4 needs secondary signalling to direct cells towards an ectodermal fate (Nemashkalo et al., 2017). Some colonies showed different morphology depending on the size and their position within the culture dish. hiPSC colonies that were “thicker” and “taller” in appearance later showed difficulty in differentiation. Their morphological changes seemed to lag behind cells located at the edges of the colony which were less densely populated.
BMP-4 in conjunction with ATRA produces a synergistic effect on markers of differentiation into basal keratinocytes (Metallo et al., 2009). Other studies using three growth factors (BMP-4 (25 ng/ml), ATRA (1 μM), and ascorbic acid (0.3 mM)) found these worked better than BMP-4 and ascorbic acid alone to produce a high percentage of KRT 14 and p63 expressing hESC-derived keratinocytes (Li et al., 2016; Coraux et al., 2003). Since the same concentrations of BMP-4 and ATRA were used for the same length of time here, the study by Li et al (2016) is a good comparison. Extremely low relative gene expression of KRT 14 and p63 was seen in BMP-4 and ascorbic acid-treated cells, comparable to untreated hESC, highlighting the critical importance of ATRA. The addition of all three factors produced 77.9% of cells expressing KRT 14 and significant levels of relative expression of KRT 14 and p63 (Li et al., 2016). It is clear that they achieved a better population of KRT 14 expressing cells where areas of the culture of 0029 and NP32 had KRT 14-negative cells. Reconstruction of epithelial tissue can be achieved with hESC-derived keratinocytes which utilise ascorbic acid (Zhao et al., 2019) highlighting the use of ascorbic acid does not hinder organotypic model production. The concentrations of ATRA, BMP-4, and ascorbic acid, used by Zhao et al (2019) were the same and used in a similar time frame as Li et al (2016). Conversely, Petrova et al (2014) produced a 3D model of the epidermis created with hiPSC and hESC-derived keratinocytes with only BMP-4 and ATRA (25 ng/ml and 1 μM, respectively). Their model had all epidermal layers, a functional permeability layer, and could produce a calcium gradient.
This study took advantage of an extra growth factor used to enhance hiPSC differentiation in to IPSC-hK: keratinocyte growth factor (KGF). It is a member of the fibroblast growth factor family (Finch et al., 1989), also known as FGF-7. The receptor for KGF is FGF2b/KGFR (keratinocyte growth factor receptor) with high-affinity binding properties, it is a splice variant of FGF-2 (Miki et al., 1992). Dermal mesenchymal cells are the main producers of KGF (Kovacs et al., 2005) and its role is centred around homeostasis of the epidermis via paracrine mediation – an epithelial growth factor regulating keratinocyte proliferation and differentiation (Finch et al., 1989; Marchese et al., 1990). KGFR is only found in epithelial cells (Miki et al., 1992) in the stratum basale, spinosum, and granulosum (Marchese et al., 1997; Yamamoto-Fukuda et al., 2003). Increased KGF expression, in the dermis, promotes up-modulation of cell growth of keratinocytes due to the increased levels of ligand binding to KGFR on the membrane of keratinocytes. While it is not essential for the induction of hiPSCs into a keratinocyte lineage, KGF can be added into the culture to improve keratinocyte differentiation and cell proliferation (Duval et al., 2012). For example, the use of KGF in culture can be used to improve the expression of keratinocyte differentiation markers such as KRT 1 and filaggrin (Marchese et al., 1990). Even though results showed a reduction in filaggrin expression, this is likely due to the nature of line 0029 and the mutation it carries. The expression of KRT 1 & 10, is still not comparable to control expression (fig.16 & 18), the switch to KRT 10 expression is seen when looking at days 4 and 8 for c17 NHEK. KRT 10 looks to be abundant within the culture, which can be attributed to the use of KGF. Overexpression of KGFR has helped to increase KRT 1 expression transcriptionally and at the translation level (Belleudi et al., 2011). hiPSC-hKs have difficulty in expressing differentiation markers to the same extent of NHEK and this is obvious from the sections of cells outside of the colony that did not fully express basal and terminal differentiation markers. Therefore, the addition of extra growth factors can be utilised to promote expression  during early differentiation of IPSC-hKs, as seen in early keratinocyte differentiation (Marchese et al. 1990). Optimal conditions for NHEK growth would be on a feeder-layer representing the dermis to encourage the production of KGF and its use in keratinocytes. This can be applied to IPSC-hKs, where a human dermal-representing feeder-layer can be utilised for the same reason. However, it is required that IPSC-derived cells be cultured feeder-free to fulfil a condition of being clinically viable. It is then reasonable to add this growth factor to the culture to retain the influence KGF has on keratinocytes while maintaining cells feeder-free. KGF is not responsible for the induction of differentiation but is a part of the process after differentiation begins, particularly seen as it colocalises with KRT 1 which is only expressed once differentiation begins (Capone et al., 2000). KGF's role in regulating NHEK differentiation has been suggested from the observation of up-regulation of KGFR expression with the addition of calcium. (Marchese et al., 1997). The efficiency of KGF on keratinocytes can be improved once cells reach confluency. High confluency followed an up-regulation of KGFR and its expression is a requisite for retaining some proliferative capabilities (Capone et al., 2000; Visco et al., 2004). It is possible depending on the number of cells transformed during hiPSC directed differentiation and their confluency, KGF can have differential effects. It is probable when using KGF, hiPSC colony numbers should be carefully monitored when preparing culture dishes for differentiation. Here the number of colonies per dish was 5-10 depending on size. More colonies with better distribution could improve their proliferation after passaging.
[bookmark: _Hlk46149365][bookmark: _Hlk45879822]An issue that arose throughout hiPSC lines 0029, NP32 and WT2 differentiation was the accumulation of cells that did not transform into KRT 14 positive keratinocytes. These cells could either be untransformed cells that possibly reverted towards an undifferentiated state of cells that did not follow the usual route to keratinocyte formation and became another cell type. In this case, an alteration in growth factors can be made or a selection process used to enrich the culture of KRT 14 positive cells. For this study, a rapid attachment step at day 30 of hiPSC differentiation was used however, this method seemingly worked efficiently for line 0029. Lines NP32 and WT2 had very good KRT 14 expression on collagen-coated, feeder-free plates at day 30 pre-passaging but rapid attachment did not prove to be effective for these lines. To select for keratinocytes expressing basal markers such as KRT 14, additional factors can be added to the culture to enhance the basal marker-expressing population of keratinocytes. In effect, this will purify or enrich the population and improve quantities of successfully transformed cells. Integrins α6 and β4 can be added to day 30 IPS-hK to improve the number of KRT 14 positive cells (Itoh et al., 2011). Itoh et al (2011) used patient fibroblasts and healthy fibroblasts to reprogramme and differentiate into IPS-hKs. Finding by Itoh et al (2011) saw KRT 14 positive cells increased from 35.7% to 97.8% on day 30 after treatment with the two integrins highlighting culture conditions are essential for IPS-hK purity. The same study saw high levels of KRT 14 positive cells in IPS-hK from healthy donors and observable differences, with ICC staining, in cell-cell contacts and morphology in patient-derived IPS-hK. Notably, KRT 1 expressing cells after calcium induction was similar to the number of cells expressing terminal differentiation markers here; the numbers of expressing cells seemed lacking compared to pre-passage cells. Regarding attachment to the basement membrane, keratinocytes rely on integrins for attachment (Tennenbaum et al., 1996). A key feature of basal keratinocytes is an attachment to the basement membrane and for keratinocytes, integrins are the main proteins to link them to the basement membrane for adhesion and signalling (Chermnykh et al., 2018). The particular heterodimer integrin α6β4 is solely expressed within the stratum basale alongside α2β1 and α3β1 (Kligys et al., 2012; Sugawara et al., 2008). The three integrins associate with laminin-332 and -551 in varying degrees of preference. Laminin-332 is responsible for adherence to hemidesmosomes with α6β4, and α3β1 (Kiritsi et al., 2013). Integrin α6β4 and laminin-332 are the major integrin-laminin interaction but outside of hemidesmosome interactions, α6β4 and laminin-332 play a role in proliferation and migration (Kaur & Li, 2000; Domogatskaya et al., 2012). This is achieved by keratin intermediate filaments, within the cell, attach to hemidesmosomes and in turn integrin α6β4, located extracellularly on cells, attach the hemidesmosome to the basal lamina. Here collagen and laminin from the dermis anchor to integrins (Terpe et al.,1994). With integrin α6β4’s normal role, it is logical that the addition of these integrins support adhesion of correctly formed basal IPS-hK cells to the cell culture plate.
Extracellular matrix (ECM) is invaluable for maintaining the microenvironment of cell niches. Basal keratinocytes and epidermal stem cells are in direct contact with the basement membrane and extracellular matrix via laminins and integrins. Contact with the basement membrane is a key factor in maintaining their undifferentiated state by mediating cell-cell and cell-matrix signalling . While collagen I was the choice of matrix used for this study, other protocols have used a mixture of collagen IV and I to mimic the basal layer (Kogut et al., 2014) or collagen I with fibronectin (Itoh et al., 2011). Rapid attachment to the cell culture dish can be used here to exploit the tendencies of KRT14 positive cells to adhere quicker than KRT14 negative cells (Bickenbach et al., 1998). Petrova et al. (2014), utilised the preferential adherence of epidermal progenitors to collagen IV in a “four-step” protocol. Specifically, this was to create a homogenous culture of KRT14 expressing cells before final expansion until the end of the differentiation process. After every 7 days, hiPSC were detached and a different media/basement matrix was used (NHDF ECM at day 7 and collagen IV at day 14). Both ATRA and BMP-4 were kept in culture regardless of media type for 14 days. Though at the same concentration, the growth factors were kept in culture for double the length of time compared to the protocol used here. Whether this had an improved effect on hiPSC differentiation cannot be said exactly but reports, previously mentioned above, have kept growth factors in culture for longer with positive results. Li et al., 2016 used Matrigel for the first 7 days and switched to collagen I for the remainder of differentiation under the context that Matrigel inhibits hESC differentiation. Normally, type-I collagen is used for rapid attachment to sort basal keratinocytes with high adherence. As a consequence, these cells will express higher levels of integrin α6 (Fortunel et al., 2011; Metral et al., 2017). The issue of the presence of “fibroblast-like” cells could have been enhanced by using type I collagen. Without further characterisation of these cells, it is difficult to say what cell type they were but their morphology was very similar to fibroblasts. Their rapid growth was the main problem as they out-competed IPSC-hK for space. It is likely the matrix used helped their growth if they were similar to fibroblasts. However, the tailoring of the matrix seemed to produce changes that can be used to improve the protocol and therefore data collection. Proliferative capabilities of three lines differed when being observed in culture. All 3 lines saw a good induction of differentiation into IPS-hKs but passaging onto collagen and inducing terminal differentiation with calcium highlighted each lines’ own ability of proliferation.
Comparing both siRNA model and hiPSC model as a means to understand the effect a mutation has on relevant epidermal genes; each has its own merits and limitations. When solely looking at ease of use and producing results in a timely fashion, siRNA experiments are quicker and more simplified. Utilising high-throughput screening with siRNA gene silencing, data can be analysed rapidly and quantified to understand fold-changes in gene expression, the molecular basis of disease, and screening for drug targets (Perwitasari et al., 2013). An advantage here was the use of NHEKs. Monolayer culturing of NHEK represents an easily reproducible environment where growth and differentiation can be controlled. Culture conditions were simpler and the proliferation rate was quicker compared to IPS-derived cells which have undergone differentiation. Results can be gathered within a week of gene knockdown. The fragility of IPS-hk means it is difficult to gain large quantities of IPS-derived cells for analysis – a problem that did not occur when culturing NHEK.
Conversely, hiPSC modelling is a step towards an accurate representation of monogenic diseases. Undifferentiated hiPSC far surpasses somatic cells because of their ability of self-renewal, meaning they can be used as a constant source of cells for many downstream applications. Patient IPSCs can retain their mutation as they are reprogrammed and further differentiated making them valuable for modelling. However, the difficulty was retaining the characteristics of NHEK in IPS-hK. This difficulty leads to improvement in culturing conditions as this will directly affect the quality of IPS-hK and therefore data. If IPS-hK is only partially differentiated then the data will not be representative of fully formed keratinocytes; markers may differ and the level of expression of said markers may be different. A limitation to using hiPSC is their difficulty in maintaining optimal culture conditions and mimicking the microenvironment of keratinocytes

6.2.2 [bookmark: _Toc67894433]Conclusions and Future Uses
ARCI and TTD are examples of nonsyndromic and syndromic congenital diseases that can be modelled with IPSC. Ichthyosis is highly heterogeneous phenotypically and genetically, resulting in difficulties in proving a genotypic-phenotypic relationship. The uncertainty in the mechanisms of disease for skin disorders has led to only symptomatic developments in treatments and as of yet, no cure has been sought. High-throughput screening and case studies have shed light on many causative mutations in ARCI but their relationship with the many genes, responsible for the formation of the epidermal barrier is less understood. The work undertaken here has provided a framework for understanding altered gene expression of proteins, related to the formation of the epidermal barrier via simulating loss-of-function mutations in known ARCI-causative genes. The acylceramide biosynthesis pathway is not very well understood however, in studying the relationship between genes involved in this pathway, it is hoped their function can be elucidated. By utilising and optimising siRNA knockdown methods, certain mutations can be studied without the need for often poorly amplifying patient keratinocytes and with reduced need for animal models. Importantly, targeted gene knockdowns can be done with ease with high-throughput methods. While in this project a small selection of genes was chosen, a gene can be silenced, and subsequently screening methods can be employed to analyse the expression changes of a high number of candidate genes. To further this work, organotypic models can be created to obtain a visual representation of affected skin concerning cell proliferation and differentiation throughout epidermal layers, cell-cell contacts, and lipid barrier formation. Disruption to the skin barrier is not limited to ichthyosis but is seen in other skin diseases such as eczema, dermatitis, and psoriasis. While the mechanisms of each disease may share similarities, the exact mechanisms of barrier dysfunction and interaction of proteins are still unclear.
The complexity of the skin means it is challenging to successfully determine disease mechanisms. Molecular diagnosis and classification of ARCI and related diseases, such as TTD, are improving but the disease mechanisms are still poorly understood, and as such, treatments can only be symptomatic. Mice models have been created to mimic the ARCI phenotype but none survive for an extended time, a downside when studying a disease for its pathomechanisms considering patients can survive into adulthood. Also, an issue to consider is skin comparability; mice epidermis is not wholly representative of human epidermis. 
ARCI is a disease characterised by lipid processing and localisation deficiencies and disease modelling have been able to represent this. Models created from donor patient cells are the closest representation possible in vitro but skin biopsies are a limited resource and even rarer due to the nature of the disease and therefore, insufficient for routine analyses. Considering these limitations, it is necessary to look for alternative strategies for disease modelling. Patient cells are preferable if looking at specific mutation effects (Eckl., et al., 2011; Zhang., 2019), but siRNA treatments on NHEK can be used to create an in vitro model of ARCI by having the ability to silence any causative gene possible. Disease phenotypes and mechanisms can be studied this way (O’Shaughnessy et al., 2010; Eckl et al., 2014). A way to circumvent the issues posed by limited amounts of patient cells and gain an improved representation of the complexity of disease skin that siRNA and murine models cannot capture is to use IPSC. These cells present an opportunity to secure a large number of highly proliferative cells, induced from a small pool of somatic cells, and the ability to carry the patient-specific mutation. Advancements in IPSC differentiation are crucial for the improvement of IPSC quality for study and treatments. The process of a stem cell differentiating into a corneocyte can be followed in its entirety within the culture. As a result, a wider picture of disease pathomechanisms is available. Their self-renewal and pluripotency capabilities mean a high number of cells can be cultured and stored. This particular quality is preferred over somatic keratinocytes, whose proliferative abilities are dwarfed in comparison. Combining siRNA methods and screening methods, small molecule interactions, drug targets, and gene interactions can be studied in IPS-hKs in high capacity; IPSC’s high proliferation rate shines in this situation. Few studies have used IPSC to emulate ARCI and TTD, even fewer have attempted as yet to unravel the connections between genes responsible for epidermal barrier formation.
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	Table 11. 2-ΔΔCT OF 0029 IPS-HK CALCIUM DIFFERENTIATION

	Gene
	Sample Day

	
	Day 0
	Day 4
	Day 8
	hK C17 day 4
	hK c17 day 8

	TGM1
	0.074
	0.073
	0.013
	0.197
	6.607

	FLG
	0.003
	0.003
	0.00002
	0.168
	50.331

	krt10
	2.348
	0.022
	0.002
	0.011
	321.349

	tp63
	0.051
	0.187
	0.156
	0.420
	1.892

	ercc2
	4.317
	4.934
	0.362
	1.118
	0.864

	sprR2b
	1.186
	1.301
	0.007
	1.392
	7.158




	Table 12.  2-ΔΔCT OF 0029 IPS-HK CALCIUM DIFFERENTIATION CUSTOM PLATE


	Gene
	0029 IPS-hK D0
	0029 IPS-hK D4
	0029 IPS-hK D8
	C17 D0
	C17 D4
	C17 D8

	TGM1
	1
	7.651766891
	1.60917716
	26.89375
	110.4152
	208.9746

	ALOXE3
	1
	3.559796423
	3.217724656
	8.624794
	53.56184
	205.7085

	ALOX12B
	1
	3.222215829
	0.030073873
	23.66827
	211.4243
	1308.032

	NIPAL4
	1
	1.309932103
	0.622646165
	1.216553
	2.712596
	8.230986

	CYP4F22
	-
	-
	-
	0.001117821
	0.003016
	0.023813

	PNPLA1
	1
	0.662141933
	0.138913791
	11.79183
	98.3654
	311.0906

	CERS3
	1
	1.616065653
	1.033201074
	5.615892
	20.96296
	46.31493

	SDR9C7
	1
	2.465580858
	0.359703814
	1.838178
	11.77268
	56.28439

	ABCA12
	1
	2.034275608
	0.987546265
	5.388522
	16.91282
	49.07482

	SLC27A4
	1
	1.146495977
	0.079986577
	1.853222
	2.934805
	4.867163

	IVL
	1
	2.26825289
	0.479118884
	13.30269
	25.06539
	115.3268

	KRT1
	1
	15.00172825
	11.16848342
	713.2207
	61371.66
	247684.9

	RXRA
	1
	1.518641455
	0.439236055
	1.290429
	4.740336
	4.596078

	FLG
	1
	5.154652758
	0.934563586
	0.036327
	8617.008
	54892.52









	Table 13. 2-ΔΔCT OF NP32 IPS-HK CALCIUM DIFFERENTIATION CUSTOM PLATE

	Gene
	NP32 IPS-hK D0
	NP32 IPS-hK D4
	NP32 IPS-hK D8
	c18 D0
	c18 D4
	c18 D8

	TGM1
	1
	0.245918
	0.457251
	308.7904
	150.9327
	394.131129

	ALOXE3
	1
	0.753562
	1.302312
	13.49538
	13.17242
	27.4564961

	ALOX12B
	1
	0.484017
	
	1602.721
	1548.77
	380.730944

	NIPAL4
	1
	0.329354
	0.172014
	2.839594
	2.398483
	4.25510653

	CYP4F22
	-
	-
	-
	-
	-
	-

	PNPLA1
	-
	-
	-
	-
	-
	-

	CERS3
	1
	0.334806
	0.258327
	39.40157
	34.43176
	54.4072155

	SDR9C7
	1
	2.427621
	0.902398
	240.6169
	146.7229
	491.199256

	ABCA12
	1
	0.694084
	0.499813
	14.55334
	26.42071
	29.6073639

	SLC27A4
	1
	0.420311
	0.353492
	0.551928
	0.626021
	0.45059378

	IVL
	1
	0.356991
	0.343172
	142.3778
	207.6089
	89.0342082

	KRT1
	1
	0.748022
	0.427476
	727.5544
	4537.006
	4467.18031

	RXRA
	1
	0.506651
	0.608647
	1.465788
	5.283284
	1.8998634

	FLG
	1
	
	
	1157.409
	2159.535
	3083.66689




	TABLE 14. 2-ΔΔCt OF wt2 IPS-HK CALCIUM DIFFERENTIATION CUSTOM PLATE

	Gene
	WT2 IPS-hK D0
	WT2 IPS-hK D4
	WT2 IPS-hK D8
	c18 D0
	c18 D4
	c18 D8

	TGM1
	1
	1.188106
	0.643861
	261.9549
	84.01985
	691.7381

	ALOXE3
	1
	0.701795
	0.633268
	42.50524
	26.30763
	176.9591

	NIPAL4
	1
	0.733003
	0.358997
	5.634284
	3.104431
	16.1229

	CERS3
	1
	1.315734
	0.843842
	94.04049
	54.59261
	270.1426

	ERCC2
	1
	0.663539
	0.538814
	0.4752
	0.648128
	0.882327

	KRT10
	1
	0.693168
	0.446497
	5.896591
	16.79589
	138.4951

	SPRR2B
	1
	0.667863
	0.539405
	95.5466
	45.49984
	99.73949
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