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A. Scientific background
Tissue development and homeostasis is driven by resident stem cell populations, whose self-renewal activity and their differentiation dynamics is orchestrated by highly specific transcriptional regulatory programs [1-3]. This regulation is achieved by the coordinated activity of transcription factors (TFs), epigenetic and chromatin modifiers, and spatial chromosomal organization [4,5]. One example of such a process is the development and maintenance of the skin epidermis, which entails the transition from a single layer of embryonic cells at the surface ectoderm to a stratified and highly specialized tissue that self-renews and provides essential protective barrier functions [6,7]. 
[bookmark: _Hlk45200168][image: ]In mice, the program of epidermal development begins around embryonic day 9 (E9) and terminates with the formation of a functional epidermal barrier shortly before birth around E18.5 [6,8,9]. Initially, a monolayer of surface ectoderm cells that starts expressing TF p63, as well as keratin 8 (K8) and K18 from E9, will acquire an epidermal fate by E12 and switch into the K5+/K14+ embryonic epidermal progenitors that form the basal layer of the epidermis. Next, as epidermal differentiation and stratification begin around E14, basal-layer epidermal progenitors move outward in a columnar fashion, forming the first suprabasal layers, and begin to express the early differentiation markers K1 and K10. Additional suprabasal layers that express late differentiation markers, such as loricrin (LOR) and filaggrin (FLG), are subsequently formed around E16–E17. In the final step of stratification, epidermal cells are terminally differentiated into enucleated cornified cells and form a mature epidermis with protective barrier functions [6,10] (Figure 1). Throughout life, cornified cells are constantly shed off the epidermis surface and renewed by progenies of the mitotically active epidermal progenitors of the basal layer. The balance between self-renewal and differentiation is essential for maintaining epidermal homeostasis [3,11,12], and impaired epidermal differentiation characterizes common skin diseases such as atopic dermatitis, psoriasis, and squamous cell carcinoma [13-16]. Thus, elucidating the regulatory mechanisms controlling epidermal differentiation during tissue development and homeostasis is essential for our understanding of the development of common skin diseases.Figure 1. Epidermal morphogenesis. In mice, epidermal morphogenesis and stratification are established in ~10 days, from embryonic day 9 (E9) to postnatal day 0 (P0). At the first stage of epidermal commitment, a single-layered surface ectoderm cells, which express keratins (K) 8 and 18, acquire an epidermal fate and turn into embryonic epidermal progenitors, which express K5 and K14. At the second stage of epidermal development, the epidermal progenitors are withdrawn from the cell cycle and undergo a step-wise epidermal differentiation program, resulting in the formation of a stratified and mature epidermis with protective barrier functions.   

The initiation and progression of the epidermal differentiation program is regulated in a stepwise manner by a specific transcriptional regulatory network. Thus far, several key TFs involved in this process have been identified, including IRF6 [17,18], GRHL3 [12,19,20], KLF4 [21,22], KLF5 [23], ZNF750 [24-27], and the epidermal master regulator p63 [28-34]. Developmentally, p63 seems to play a role in both epidermal commitment and epidermal stratification stages (Figure 1), as its activity is required for the transition of surface ectoderm into K5/14-expressing epidermal progenitors [33-35]. Once epidermal commitment has established, p63 regulates key chromatin regulators, such as SATB1 and BRG1, and epidermal TFs, such as KLF4 and ZNF750, which drive together with additional key TFs  the epidermal differentiation programs and epidermal stratification [25,29,35-38]. However, the transcriptional regulatory network governing epidermal differentiation is yet to be fully uncovered. 
In search for regulators of epidermal differentiation, we recently identified Castor zinc finger 1 (CASZ1) as a new regulator of the epidermal differentiation program in vitro (Oss-Ronen et al., 2024; [39]). CASZ1, also known as ZNF693, is a C2H2-type zinc finger TF previously characterized in several non-epithelial cells and is known to be involved in vast developmental processes, including neural and cardiovascular tissue development and disease [40-46]. Our analysis uncovered that in human epidermal keratinocytes (KCs), CASZ1 expression is induced during epidermal differentiation alongside with other TFs known to regulate epidermal differentiation (Figure 2A-B). In line, immunofluorescence staining of normal human skin further demonstrated a predominant CASZ1 expression in the upper suprabasal layers of the epidermis (Figure 2C). To elucidate the role of CASZ1 in KC differentiation, we used short hairpin RNA (shRNA) sequences to silence the expression of CASZ1 (CASZ1i) in primary normal human epidermal KCs and determined the effect of CASZ1 silencing on epidermal differentiation gene expression. We observed a total of 1,715 differentially expressed genes (DEGs) in CASZ1i versus CTLi differentiated KCs, from which 997 genes showed decreased expression, and 718 genes showed increased expression (Figure 1D). Of the 997 DEGs that demonstrated decreased expression in CASZ1i, 72% overlapped with DEGs upregulated during KC differentiation (Figure 2E).  To further understand the regulatory role played by CASZ1 in epidermal differentiation, we next mapped the genome-wide binding of CASZ1 in differentiated KCs using cleavage under targets & release using nuclease (CUT&RUN) analysis [47,48], followed by high-throughput sequencing. CASZ1 binding was mostly enriched at gene bodies and promoter regions of active epidermal differentiation genes (Oss-Ronen et al., 2024 [39]; Figure 5A, Figure 6B and data not shown). Importantly, motif analysis for CASZ1-bound peaks uncovered motif enrichment of key epidermal TFs known to be involved in epidermal differentiation and barrier function, including KLF3 [49], KLF4 [21,22], KLF5 [23], EHF [50,51], C/EBPα and C/EBPβ [52,53], AP2α, and AP2γ [30,54-57] (Figure 5B). Next, using RT-qPCR analysis we confirmed the significant reduction of several CASZ1-targets in CASZ1i differentiated KCs (Figure 2F). Interestingly, among CASZ1-dependent targets we identified epidermal keratinization genes such as late cornified envelope (LCE) family members LCE3D and LCE3E, small proline rich (SPRR) family members SPRR2D and SPRR4 [58], as well as several well-known differentiation TFs including KLF3, KLF5, OVOL1, and PRDM1 [23,49,59,60]. Notably, a parallel study in differentiating KCs by the group of Xiaomin Bao have identified CASZ1 as a p63/p300-dependent factor that regulates epidermal differentiation genes [61]. Together, these data suggest a central role played by CASZ1 in regulating epidermal differentiation and barrier functions. Supporting this notion, sequence variant frequencies in the CASZ1 gene were recently reported to differ significantly between subgroups of psoriasis patients with different medical history [62], and the expression of CASZ1 was shown to be significantly reduced in several diseased skin conditions with impaired barrier function, including atopic dermatitis, psoriasis and cutaneous squamous cell carcinoma [61]. However, the role of CASZ1 in regulating epidermal development and the maintenance of skin tissue homeostasis [image: ]is yet to be determined. Figure 2. CASZ1 regulates epidermal differentiation. (A) Heatmap showing TPM normalized RNA-seq data for CASZ1 and previously identified epidermal differentiation TFs during in vitro human KC differentiation. (B) RT-qPCR analysis of CASZ1 expression during KC differentiation. Data are mean ± SEM, n=4, ** p < 0.01 (unpaired two-tailed t-test). (C) Immunofluorescence (IF) staining for CASZ1 (red) in normal human skin. K14 (left panel, green) marks the basal layer, and E-CADHERIN (right panel, green) marks spinous and lower granular layers. Bar=25 µm. (D) Heatmap showing differentially expressed genes (DEGs) in CASZ1i versus CTLi differentiated human KCs. (E) Venn diagram showing the number of DEGs downregulated in CASZ1i that overlapped with DEGs upregulated in KC differentiation. (F) RT-qPCR analysis of a panel of epidermal differentiation genes in CASZ1i and CTLi differentiated KCs. Data are mean ± SEM, n=3, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s, not significant (unpaired two-tailed t-test).

To determine the role of CASZ1 in epidermal development and tissue homeostasis, we next established a genetic mouse model for the deletion of murine Casz1. Since germline deletion of Casz1 is embryonic lethal [63], we conditionally deleted Casz1 in embryonic epidermal progenitors by crossing Casz1 floxed mice [42] with K14-Cre mice [64], in which Cre-recombinase is expressed under keratin 14 promoter in embryonic epidermal progenitors starting at E12 (K14-Cre; Casz1flox/flox = Casz1 cKO). The specific deletion of Casz1 was confirmed by immunofluorescence (Figure 3A), however no gross abnormalities in epidermal barrier functions were observed at postnatal day 0 (P0), as analyzed by trans-epidermal water loss (TEWL) and toluidine blue dye exclusion assays (Figure 3B-C). In line, we observed apparently normal induction of the early differentiation marker, keratin 10, the late epidermal differentiation marker, loricrin, as well as epidermal stratification (Figure 3D-F).  Taken together, these data suggest that the loss of epidermal CASZ1 during skin development is potentially compensated for by other epidermal TF(s). However, later throughout life, adult Casz1 cKO mice lose their hair and display dry and scaly skin (Figure 3G). Histological analysis further confirmed a diseased skin characteristics in the adult Casz1 cKO mice, and showed a hyperproliferative and hyperkeratotic epidermis, with signs of parakeratosis in the epidermal cornified layers, as well as deformed hair follicles (Figure 3H-I). These data strongly suggest that CASZ1 activity in the adult skin is required to preserve epidermal tissue homeostasis. Figure 3. Loss of CASZ1 is dispensable for epidermal development, but required for tissue homeostasis. (A) IF staining for CASZ1 (red) in P0 control and Casz1 cKO mice. K14 (green) marks the epidermal basal layer. (B) Toluidine blue dye exclusion assay of Casz1 cKO and control mice at P0. (C) TEWL measurements from dorsal skin of Casz1 cKO and control mice at P0. Data are mean ±SD. n=3. n.s, not significant (unpaired two-tailed t-test). (D) Hematoxylin and Eosin (H&E) staining of P0 control and Casz1 cKO skins. (E) IF staining of P0 skins for K14 (green) and early differentiation 
suprabasal marker K10 (red). (F) IF staining of P0 skins for the late differentiation marker LOR (red). The basement membrane is labeled by ITGA6 (green). (G) Appearance of Casz1 cKO and control mice at P70. (H) H&E staining of P70 control and Casz1 cKO skins. (I) IF analysis of the proliferation marker Ki-67 (red) in P0 control and Casz1 cKO epidermis. Bar in A, D-F, H, I = 50µm.


B. Working hypothesis, Research objectives & expected significance
We propose to test our specific hypothesis that CASZ1 orchestrates transcriptional regulatory pathways to control epidermal development and skin tissue homeostasis. To this end, we will pursue three specific aims:
Aim 1: Determine the role of CASZ1 in skin tissue homeostasis
Our preliminary studies strongly suggest that CASZ1 activity in the epidermis is required for the maintenance of skin tissue homeostasis. The conditional deletion of Casz1 in the epidermis results in a hyperproliferative and hyperkeratotic epidermis (Figure 3G-I) – a hallmark of common skin diseases such as atopic dermatitis and psoriasis. In Aim 1, we will perform histological analyses together with RNA-seq and CUT&RUN to elucidate the CASZ1 molecular pathways controlling tissue homeostasis. Specifically, we will use epidermal-inducible Casz1 deletion to fully characterize the histopathological alterations upon CASZ1 loss and pinpoint the time course for their development. Next, we will perform an RNA-seq analysis both prior to and when phenotypic alterations first emerge and determine the initial transcriptional changes associated with diseased skin conditions. Finally, we will combine these data with CUT&RUN data of CASZ1 genomic targets to elucidate the downstream genes and molecular pathways that play a role in skin homeostasis.
Aim 2: Characterize the CASZ1 transcriptional regulatory circuitry controlling epidermal differentiation
Our preliminary data show that CASZ1 binding loci are enriched for DNA binding motifs of several key epidermal differentiation TFs, strongly suggesting that CASZ1 interacts with other TFs in order to regulate the epidermal differentiation program. In Aim 2, we will use biochemical and cellular approaches to define the cooperation between CASZ1 and the transcriptional machinery that drives epidermal differentiation. Specifically, we will use CASZ1 immunoprecipitation experiments coupled with mass spectrometry to determine the CASZ1 isoform-specific interactomes. In addition, we will perform isoform-specific loss-of-function studies, coupled with CUT&RUN genomic mapping, to determine the impact of each CASZ1 isoform on epidermal tissue homeostasis and on the transcriptional machinery activity. 
Aim 3: Elucidate compensatory TFs regulatory pathways preserving epidermal differentiation
Our studies strongly indicate that while CASZ1 activity is essential for the epidermal differentiation program in vitro, its loss in vivo does not lead to apparent impairment of epidermal differentiation in the developing mouse skin.   Thus, we hypothesize that, in vivo, CASZ1 loss is being compensated for by other epidermal TF(s).  Our preliminary studies have identified several candidate epidermal TFs, including ZNF750 [27], that significantly overlap in binding to CASZ1-dependent genes (Figure 8A-B). In Aim 3, we will utilize genetic mouse models to co-ablate Casz1 and Znf750 in the developing epidermis to elucidate the extent of their compensatory functions in preserving epidermal differentiation programs. Specifically, this will be determined by combining in-depth histological analyses with RNA-seq experiments of both singles and the double conditional KO mice. 
Expected Significance and Innovation 
The proposed study will elucidate the roles of CASZ1 and its cooperation with the epidermal transcriptional machinery in epidermal cell differentiation and the maintenance of adult tissue homeostasis. There are a number of major innovative aspects and approaches in this proposal: (1) Transcription factors and chromatin modifiers play a central role in the regulation of gene expression. Here, we will identify a novel regulatory interplay between CASZ1 and the epidermal transcriptional machinery in driving epidermal differentiation and the maintenance of proper tissue homeostasis. (2) CASZ1 activity is provided by two isoforms, whose specific contribution in regulating transcriptional programs and tissue homeostasis are poorly characterized. Here, we will demonstrate, for the first time in vivo, the isoform-specific roles in somatic tissue development and homeostasis. (3) Functional genomics is widely used in many experimental systems, but the use of such methodologies in tissue developmental and homeostasis is less common. In the proposed study, we will combine in vivo cutting-edge chromatin and transcriptional profiling with genetic mouse models to elucidate the CASZ1 transcriptional network in epidermal development and homeostasis. As such, our findings will significantly impact our understanding of different aspects of gene regulation, tissue development, and skin disorders, as detailed below.
Gene regulation: During tissue development and throughout the lifetime of an organism, cells differentiate into multiple or specialized cell types using the same genetic blueprint. This process is orchestrated by changes in chromatin architecture, enhancer activity, transcription factors, and chromatin modifiers. The identification of CASZ1 cooperation with lineage transcription factors and how their interactions orchestrate transcriptional networks can therefore deepen our understanding of how generic and tissue-specific transcription factors, together with chromatin modifiers, are integrated to drive a precise transcriptional program. Moreover, the characterization of the isoform-specific functions of CASZ1 may provide insights into how gene expression programs are fine-tuned throughout different stages such as tissue development and homeostasis. 
Skin disorders: The epidermis provides protective barrier functions against insults and dehydration. Disruptions in epidermal differentiation and barrier function are characteristic of various common skin diseases, including ichthyosis, atopic dermatitis, psoriasis, and skin cancer, which affect up to one in five people worldwide [13]. Our preliminary data strongly indicate that CASZ1 plays a central role in this process. Therefore, the findings of the proposed study will provide insights into the regulation of the epidermal differentiation and the maintenance of proper tissue homeostasis, ultimately improving our understanding of common skin diseases with impaired epidermal differentiation and barrier functions.
Epidermal tissue development: mammalian gene expression programs can be regulated in a cell type dependent context, developmental stage specific manner, or in response to various stimuli.  In the developing epidermis, basal-layer epidermal progenitors must undergo a precise transcriptional program to differentiate and form a stratified tissue with protective barrier functions. The findings of the proposed study are expected to shed light on distinct transcriptional layers that are acting redundantly to provide a protective safety net, thereby preserving the proper development of the skin epidermis – a tissue essential for our survival.  

C. Detailed description of the proposed research & preliminary results
Aim 1: Determine the role of CASZ1 in skin tissue homeostasis
1a. Characterize the phenotypic changes in Casz1 iKO epidermis
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Description automatically generated]Our preliminary analysis of mice with epidermal-specific deletion of Casz1 in the developing epidermis, using the K14-Cre driver (Casz1 cKO), revealed strong alterations in epidermal tissue homeostasis, as reflected by the impaired epidermal differentiation alterations that reminiscent of atopic dermatitis and psoriasis (Figure 3G-I). We hypothesize that CASZ1 activity in the adult epidermis is required to maintain proper tissue homeostasis. In Aim 1a, we will topically induce Casz1 deletion in the adult epidermis, and characterize the onset and the exact phenotypic and transcriptional alterations that occur upon the loss of CASZ1 activity. To this end, we will cross Casz1 floxed mice with K14-CreERT2 mice, in which the expression of Cre recombinase is controlled by the keratin 14 promoter and its nuclear localization and activation depend on tamoxifen [65], a system that we routinely use in the lab (K14-CreERT2; Casz1flox/flox = Casz1 iKO). As a preliminary proof of concept, we provide preliminary supporting evidence showing that shortly after the induction of Casz1 deletion in the adult skin (Figure 4A-B), Casz1 iKO mice demonstrate a thick and hyperproliferative epidermis, along with the induction of K6 that is known to be induced upon barrier breach [66] (Figure 4C-E). Figure 4. Loss of CASZ1 impairs epidermal tissue homeostasis. (A) Illustration of treatment strategy for inducing topical Casz1 deletion in the skin epithelium. (B) IF staining for CASZ1 (red) in P66 control and Casz1 iKO mice. K14 (green) marks the epidermal basal layer. (C) H&E staining of P66 control and Casz1 iKO skins. (D) IF analysis of the proliferation marker Ki-67 (red) in P0 control and Casz1 cKO epidermis (E) IF staining for K6 (green). Basement membrane is labeled by ITGB4 (red). Bar in B-E = 50µm.


Using histological analysis of Hematoxylin and Eosin (H&E) and immunofluorescence staining for several markers, including epidermal proliferation and differentiation markers, we will next pinpoint the time point when the initial phenotypic alterations first emerge following the deletion of epidermal Casz1.  The effect of CASZ1 loss on skin barrier function will be assessed by TEWL measurements, and by transmission electron microscopy analysis with the support of our long-time collaborator Dr. Gopinathan Menon from the California Academy of Sciences (see letter of support). In addition, since our data suggests that Casz1 cKO epidermis presents signs of diseased skin (Figure 3G-I), we will stain for markers of monocyte and lymphocyte immune cells to determine the effect of CASZ1 loss on skin inflammation, and identify the specific subpopulations of immune cells that may be involved.  
1b. Elucidate the CASZ1-dependent molecular pathways in epidermal tissue homeostasis
We will complete our characterization of the Casz1 iKO epidermis by using RNA-seq and a differential gene expression analysis of FACS-isolated epidermal cells as previously described [67,68]. Briefly, adult mice skin will be shaved, placed in trypsin for 1 hour in 37°C, and epidermis will be peeled from the underlying dermis using scalpel, and passed through a cell strainer to generate a single cell suspension. Live interfollicular epidermal cells will be sorted as DAPI(-), EPCAM(+), SCA1(+), and ITGA6(+).  We will specifically focus in our analysis on the critical time points identified in Aim 1a. Next, to elucidate the CASZ1-dependent molecular pathways misregulated, we will combine the differential gene expression analysis from RNA-seq data with CUT&RUN data of CASZ1 genomic binding in the adult epidermis. The computational and statistical analyses of these genomic data will be performed by my longtime collaborator Dr. Liron Levin from the Bioinformatics Core Facility at Ben-Gurion University of the Negev (a letter of support is attached). Following the bioinformatics, we will subject the CASZ1 targets that are differentially expressed in Casz1 iKO epidermis to pathway enrichment analysis using DAVID [69,70], and further validate candidate genes by quantitative RT-qPCR analysis. These experimental approaches will help us to establish a foundation for understanding the role of CASZ1 regulation in epidermal tissue homeostasis.
Expected outcomes, potential pitfalls, and alternative strategies for Aim 1
We have already demonstrated severe phenotypic alterations upon the deletion of Casz1 in the adult murine epidermis, with features reminiscent of common skin disorders, such as atopic dermatitis and psoriasis. In Aim 1, we expect to elucidate the prominent transcriptional programs and molecular pathways by which CASZ1 regulates epidermal homeostasis. We expect that the ablation of CASZ1 function will impair the epidermal differentiation program, resulting in impaired barrier function and potentially skin inflammation. Since all the methodologies employed in this aim are relatively straightforward and are well-established in my laboratory (as indicated by the preliminary data and our recent publications), I do not predict any difficulties in completing this aim. However, it is possible that pinpointing the exact initial stages in which Casz1 iKO epidermis displays abnormalities in epidermal differentiation and/or tissue homeostasis will not be obvious. In such a case, we will examine by RNA-seq additional timepoint between the end of tamoxifen-mediated deletion and the emergence of a clear phenotype. Another possibility is that the histopathological features of the Casz1 iKO epidermis will not be as severe as we envision based on our preliminary analysis. If that would be the case, we will combine in our studies imiquimod (IMQ)-induced psoriasis-like inflammation [71] and calcipotriol (MC903)-induced atopic dermatitis-like inflammation [72], and determine the effect of CASZ1 loss on their pathogenesis. 
Aim 2: Characterize the CASZ1 transcriptional regulatory circuitry controlling epidermal differentiation
2a. Characterize CASZ1-TF protein–protein interactions in epidermal cells
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Description automatically generated]Our preliminary CASZ1 CUT&RUN analysis demonstrated that the genomic binding of CASZ1 in differentiated keratinocytes is enriched at gene bodies and promoter regions of genes that were co-marked by the active histone marks H3K4me4 and H3K27ac (Figure 5A), suggesting that CASZ1 drives the expression of epidermal differentiation genes. In line, HOMER motif discovery scan of the CASZ1 binding sites identified an enrichment for several key epidermal differentiation TFs (Figure 5B), suggesting that CASZ1 may interact and coordinate the activity of these TFs during epidermal differentiation. This notion is also supported by the fact that the CASZ1 isoforms, which we conformed both are expressed in the mouse epidermis (Figure 5C-D), are rather large, with multiple zinc-finger DNA bindings motifs, and several motifs that have been shown to interact with chromatin remodelers in other cell types [42,44,73-75].  Figure 5. CASZ1 genomic binding loci are enriched for epidermal differentiation TF motifs. (A) Heatmaps showing CUT&RUN read densities for CASZ1, H3K4me3, H3K27ac, and IgG across CASZ1 genomic peaks in differentiated epidermal keratinocytes. (B) Homer de novo motif scan of CASZ1 binding sites shows the enrichment of epidermal differentiation TFs. (C) Schematic illustration of CASZ1 protein isoforms. NLS, nuclear localization signal; CID, CHD5-interacting domain. (D) Western blotting analysis for CASZ1 in control and Casz1 cKO epidermis. (E) The nuclear fraction of epidermal keratinocytes was immunoprecipitated by using an anti-FLAG antibody, followed by western blot analysis.

In Aim 2a, we will perform immunoprecipitation experiments following mass-spectrometry analysis to characterize the CASZ1 isoform-specific interactome. To this end, we already established a FLAG-tagged CASZ1a and CASZ1b recombinants and confirmed their proper expression in primary epidermal keratinocytes, as well as our ability to immunoprecipitate them (Figure 5E). We will also use an anti-CASZ1 antibody for the immunoprecipitation of the endogenous proteins (both isoforms together) with their interacting partners. The chromatin fraction of Flag-tagged and endogenous proteins will each be separated by SDS-PAGE stain with Coomassie blue, and then gel will be sliced into 1 mm squares and subjected to mass spectrometry, as previously described [76]. We will validate these interactions using co-immunoprecipitation experiments in nuclear extracts from epidermal cells, and in vivo by using proximity ligation assays (PLA) – a method that detect protein-protein interactions at a single molecule resolution [77]. This set of biochemical and molecular experiments will be accomplished with the support of Prof. Dan Levy (Ben-Gurion University of the Negev), who is an expert in such biochemical approaches (see letter of support). 
[image: ]To prioritize between the various CASZ1-interacting factors, special attention will be given to chromatin regulators or TFs enriched in our motif analysis, which will appear in both the recombinant and endogenous datasets. In case of available genomic mapping data in epidermal keratinocytes for a candidate interacting factor, we will also use this data to check for the extent of overlap with CASZ1 binding. For example, we have obtained and analyzed publicly available ChIP-seq data of KLF3 [49] and KLF4 [78] in differentiated epidermal keratinocytes. Our analysis uncovered co-binding of KLF3 to more than 50% of the binding regions of CASZ1, and a similar trend for KLF4 in about 25% of the binding regions of CASZ1 in differentiated epidermal keratinocyte (Figure 6A-B). Following our proteomics analysis, we will perform such an analysis for each promising candidate interacting factor with publicly available ChIP-seq/CUT&RUN data. Finally, for a selected group of CASZ1-interacting factors that lack publicly available genomic mapping in differentiated epidermal keratinocytes, we will perform CUT&RUN to elucidate their genome-wide functional cooperation with CASZ1 in driving epidermal differentiation pathways. 







Figure 6. CASZ1-bound loci are enriched for KLF3 and KLF4 binding. (A) Bar graphs showing the percentage of TF co-binding with CASZ1 peaks in differentiated epidermal keratinocytes. (B) IGV browser views showing CUT&RUN tracks of CASZ1, and ChIP-seq tracks of KLF3 and KLF4, for indicated epidermal differentiation genes.

2b. Analyze the CASZ1 isoform-specific effect on interacting TFs genomic recruitment
Based on our genomic mapping analysis and functional studies of CASZ1 in epidermal differentiation (Figure 5A-B; Oss-Ronen et al., 2024 [39]), further supported by its roles in orchestrating transcriptional programs in other cell types [42-45,74], we hypothesize that CASZ1 coordinates transcriptional programs in epidermal differentiation. In Aim 2b, we will perform isoform-specific loss-of-function studies to determine the roles of CASZ1 in orchestrating transcriptional programs in the epidermis. To distinguish between the specific functions of each CASZ1a/b isoforms, we will perform in vivo studies using in utero injections of viral supernatants expressing short hairpin RNA (shRNA) sequences against murine Casz1a, Casz1b, or a control shRNA sequence. In this method, high-titer lentiviral supernatants are injected into the amniotic space of E9 embryos (Figure 7A). The lentiviruses then transduce the first cell layer encountered, which at E9 is the single layer of the surface ectoderm [79]. Importantly, the virus does not travel past the surface ectoderm layer; thus, this method can be considered as an alternative to the conventional conditional epidermal transgenic/knockout system. This part of the analysis will be done with the support of Dr. Elena Ezhkova for the Icahn School of Medicine at Mount Sinai, NY, USA (see support letter attached). As a proof of concept, we provide data done by the Ezhkova lab, showing the successful silencing of Ezh2 using in utero injections of viral supernatants expressing shRNA against Ezh2 [image: ](Figure 7B). Figure 7. Rapid in vivo dissection system using in-utero lentiviral delivery. (A) Schematic illustration of in-utero lentiviral delivery technique. (B, C) In-utero injection of Ezh2-shRNA-GFP and Ctrl-shRNA-GFP lentiviruses, showing high infection efficiency as judged by GFP expression (B), and high Ezh2 knockdown efficiency as judged by EZH2 protein staining (C).

Efficient infection, stable integration, and sustained expression of the viral construct permits the analysis of each Casz1 isoform’s effect on the epidermal differentiation program. Following efficient infection and the silencing of Casz1 isoforms, we will perform CUT&RUN analysis in epidermal cells for the CASZ1-interacting partners identified in Aim 2a and determine changes in their genomic occupancy due to the silencing of Casz1a/b. In addition, we will also perform CUT&RUN analysis in the isoform-silenced epidermis using antibodies against the endogenous CASZ1 protein, to determine whether the CASZ1 isoforms can act redundantly to each other despite some structural differences between the isoforms. 
2c. Determine the CASZ1 isoform-specific role in maintaining tissue homeostasis
While our preliminary data indicates that the loss of CASZ1 in the adult skin epidermis impaires tissue homeostasis, it is unknown whether this function is regulated by a specific isoform of CASZ1. In Aim 2c, we will further take advantage of the in-utero system and determine whether skin tissue homeostasis is maintained by a specific CASZ1 isoform, or by both isoforms joint activity.  Following successful in-utero injection and viral integration, we will allow transgenic mice to mature until the time point when adult Casz1 cKO mice display impaired epidermal homeostasis. Full histological analysis will then be conducted as outlined in Aim 1a. 
Expected outcomes, potential pitfalls, and alternative strategies for Aim 2
Determining the interplay and physical interactions between CASZ1 and the epidermal differentiation TF network is critical to deepening our understanding of the molecular mechanisms by which these essential regulators cooperate in epidermal differentiation. Our preliminary analysis already indicates several promising TFs, the experimental approaches are relatively straightforward, and our preliminary data already established critical milestones for the completion of Aim 2a studies. In case our CASZ1 proteomics will uncover a relatively large number of candidates interacting TFs, we will perform in silico analysis of publicly available TF binding data to prioritize a specific TFs that significantly overlap in their genomic binding to CASZ1 peaks, as shown in Figure 6 data, although a much-higher priority will be given to TFs with significant interaction enrichment whose role in epidermal differentiation is not known. 
For Aim 2b and 2c studies, while we are well set for the in-utero injections, this technique can be quite challenging as its successful application requires the production of high titer viruses and technical expertise in the injection procedure. As an alternative strategy, in case of complications or delays with the in-utero experiments, we will perform cellular loss-of-function studies using primary keratinocyte cultures – a model commonly used for the study of epidermal differentiation process. We will specifically use shRNA constructs that contain a selection marker such as puromycin instead of the GFP reporter used for the in-utero experiments. Following infection and selection, epidermal keratinocytes will then be induced for differentiation using high-calcium media, and the effect of each CASZ1 isoform will be evaluated using RNA-seq and CUT&RUN experiments. 
Aim 3: Elucidate compensatory TF regulatory pathways preserving epidermal differentiation
Our recent studies have demonstrated that CASZ1 activity is essential for the epidermal differentiation program in vitro (Figure 2D-F; Oss-Ronen et al., 2024 [39]). However, analysis of Casz1 cKO newborn epidermis demonstrated apparently intact epidermal differentiation with a functional skin barrier activity (Figure 3A-F). It is possible that this discrepancy is due to inherent differences in the regulatory axis between murine and human epidermis, or it could have resulted from the different environment and molecular feedback mechanisms that exist in vivo and can compensate for the absence of CASZ1 in the developing skin. 
To examine the possibility that the loss of CASZ1 could be compensated for by other epidermal TF(s), we used the gene list of CASZ1-dependent genes from our in vitro studies and performed ChIP-X TF enrichment analysis using the ChEA3 tool, which identifies putative binding of TFs to a given set of target genes based on publicly available data from chromatin immunoprecipitation sequencing experiments [80]. Our analysis revealed a significant enrichment of several TFs, including ZNF750 and grainy head-like family members GRHL1 and GRHL3 that were ranked at the top, as well as additional TFs such as OVOL1, p63, and IRF6 (Figure 8A), all of which are known to play important roles in epidermal development and differentiation.  Analysis of  publicly available ChIP-seq data of the top enriched TFs, ZNF750 [78] and GRHL3 [81], demonstrated a significant overlap in the target genes also bound by CASZ1 (same target genes, but binding site and interacting partners may by different) in differentiated epidermal keratinocytes (Figure 8A-C). Notably, previous studies have shown that the conditional deletion of Znf750 or Grhl3 in the developing epidermis perturbs the epidermal differentiation process, but results in a relatively mild epidermal phenotype [27,82], suggesting that their loss may be compensated for by other TFs. Indeed, our recent published studies have shown that the loss of ZNF750 activity in the developing epidermis initially leads to a delay in epidermal differentiation, as evident by the lack of late differentiation markers and barrier function at E17.5, but later through development Znf750 cKO epidermis induces the expression of late differentiation markers and acquires barrier function [27], suggesting its function may be compensated for by other TF(s). Here, focusing on ZNF750 and more specifically on its shared target genes with CASZ1, a Gene Ontology analysis further demonstrated an enrichment for terms related to epidermis development, keratinocyte differentiation, and programmed cell death (Figure 8D), indicating that ZNF750 is a strong candidate TF which may compensate for the loss of CASZ1 during epidermal development. In Aim 3, we will test our specific hypothesis that CASZ1 and ZNF750 act redundantly to [image: ]safeguard epidermal differentiation programs and skin development.Figure 8. Epidermal loss of CASZ1 may be compensated for by ZNF750 during skin development. (A) ChIP-X enrichment analysis of CASZ1-dependent genes in human epidermal keratinocytes, showing the top enriched TFs at CASZ1-dependent genes. (B) Venn diagram showing the overlap in shared target genes in differentiated epidermal keratinocytes between CASZ1 and ZNF750. (C)  Venn diagram showing the overlap in shared target genes in differentiated epidermal keratinocytes between CASZ1 and GRHL3. (D) Gene Ontology enrichment analysis shared target genes between CASZ1 and ZNF750. (E)  Gross appearance Znf750;Casz1 dKO and control mice at P0. (F) Toluidine blue dye exclusion assay of Znf750;Casz1 dKO and control mice at P0. (C) TEWL measurements from dorsal skin of Znf750;Casz1 dKO and control mice at P0. Data are mean ±SD. n=2.


Aim 3a. Elucidate potential redundancy between CASZ1 and ZNF750 in epidermal development 
Our preliminary data strongly suggests that the loss of CASZ1 during epidermal development is compensated for by other epidermal TF(s), with strong indications for the involvement of ZNF750 in this process (Figure 2D-F, Figure 3B-F, Figure 8A-C). In Aim 3a, we will utilize genetic mouse models to co-ablate Casz1 and Znf750 in the developing epidermis to elucidate the extent of their compensatory functions in preserving epidermal development and the establishment of skin barrier functions. To conditionally double knockout (dKO) both TFs in the developing epidermis, we will cross Casz1 floxed mice [42] with Znf750 floxed mice [27] and K14-Cre mice [64] (K14-Cre;Znf750flox/flox; Casz1flox/flox = Znf750;Casz1 dKO). The resulting Znf750;Casz1 dKO mice will be compared to Znf750 cKO, Casz1 cKO, and control mice. Notably, our preliminary analysis already uncovered that the Znf750;Casz1 dKO mice are lacking inward and outward barrier functions (Figure 8E-F), strongly supporting our hypothesis.  We will repeat these functional barrier permeability assays few additional times to confirm our initial observations, and perform in-depth histological studies to determine and fully characterize the phenotype which emerges due to the concomitant deletion of both Casz1 and Znf750 in the developing epidermis. We will specifically focus on E17.5 when late differentiated layers are formed, and the P0 timepoint when the impaired barrier function of Znf750;Casz1 dKO mice is evident (Figure 8E-F). Using known markers of the early (K1 and K10) and late differentiating layers (Loricrin and Filaggrin), we will determine whether differentiation markers are not induced in the first place or being compensated for as seen in the Znf750 cKO epidermis. We will also determine the effect on the terminal differentiation of granular layer keratinocytes using a TUNEL assay, which labels fragmented DNA and cell death typically occurring in the epidermis when transitional granular cells become anucleate [83]. Finaly, we will characterize the ultrastructural alterations of the epidermal barrier structure using transmission electron microscopy, following the experimental procedures and methodologies described in our recent analysis of the Znf750 cKO epidermis [27]. We will compare in our analyzes the Znf750;Casz1 dKO epidermis to Znf750 cKO, Casz1 cKO and controls epidermis. Together, these studies will uncover the significance of the redundant functional layers provided by CASZ1 and ZNF750.
Aim 3b. Define the molecular pathways redundantly regulated be the CASZ1/ZNF750 axis 
We hypothesize that the phenotype observed in the Znf750;Casz1 dKO epidermis, but not in the single KO’s, is due to a loss of the transcriptional regulatory layers provided by CASZ1 and ZNF750 activities, otherwise being compensated for (at least to some extent) by the remaining counterpart in the single KO’s epidermis. In the course of Aim 3b, we will conduct functional genomics studies (RNA-seq, CUT&RUN) to define the specific genes and molecular pathways that are redundantly regulated by CASZ1 and ZNF750. Specifically, we will perform RNA-seq on FACS-purified epidermal cells obtained from newborn Casz1 cKO, Znf750 cKO, Znf750;Casz1 dKO, and control skins. Special attention will be given to direct ZNF750/CASZ1-target genes that are differentially expressed (fold change ≥2; adjusted p-value < 0.05) only in the Znf750;Casz1 dKO epidermis, but not in the single KO’s. Next, although the binding region at target genes, as well as the molecular mechanisms and interacting partners may vary between ZNF750 and CASZ1, we will 
expand our analysis to determine whether any changes occur in ZNF750’s genomic occupancy upon the deletion of Casz1, and vice versus. Together, these genetic and genomic approaches will enable us to determine whether CASZ1 and ZNF750 – two major drivers of the in vitro epidermal differentiation program, act redundantly to preserve epidermal development and skin barrier functions.
Expected outcomes, potential pitfalls, and alternative strategies for Aim 3
Our preliminary data strongly suggests that CASZ1 and ZNF750 act redundantly during epidermal development, since the combatant loss of both factors markedly aggravates the impairment in skin barrier functions.  The approaches proposed in Aims 3a and 3b are well established in my laboratory and we do not expect any technical difficulties to complete them. However, while we routinely use RNA-seq, we may experience difficulties in identifying the redundantly regulated genes sets due to our genetic mating scheme. To obtain high ratios of Znf750;Casz1 dKO, we will cross K14-Cre; Znf750wt/flox; Casz1wt/flox males with Znf750flox/flox; Casz1flox/flox females, and the resulting single KO’s will each contain only single functional copy of the counterpart factor (K14-Cre; Znf750flox/flox; Casz1wt/flox = Znf750 cKO, and K14-Cre; Znf750wt/flox; Casz1flox/flox = Casz1 cKO). In case that our initial RNA-seq analysis will indicate that a single copy does not suffice to fully rescue gene expression programs, and the transcriptional changes are therefore too subtle in the transition between single KO’s to the Znf750;Casz1 dKO, we will use true single KO’s with their matching control littermates and use the ComBat empirical Bayes models [84,85] to remove batch effects between samples as we previously described [86].  
D. Available resources
The proposed research will be conducted in the Department of Microbiology, Immunology and Genetics at Ben-Gurion University of the Negev (BGU). My laboratory includes a PhD-level laboratory manager, one PhD student, and four MSc students currently employed at the laboratory. My group works in a renovated 65 m2 main laboratory space with additional designated tissue culture and fluorescent microscopy rooms. The laboratory is equipped for all the histological, genomic, and molecular studies described in this proposal; cryostat, microtome, gel electrophoresis, immunoblotting, PCR cyclers, several centrifuges, deep freezers, two biological hoods, two CO2 incubators, and an upright fluorescent microscope. Additional shared resources are available on our floor, including real-time PCR cyclers, cryostats, ultracentrifuges, autoclaves, and cold rooms. BGU has a state-of-the-art SPF mouse facility, which provides superb conditions for the mice that will be used in this study. BGU also houses several service units—Genomics, Proteomics, Microscopy, and Bioinformatics—each headed by a skilled scientist. These units possess state-of-the-art equipment, such as MALDI-TOF, LC/MS, transmission electron microscopy, and a FACS cytometer. Additional resources include DNA and peptide synthesis facilities and DNA sequencing and microarray units.
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A. Scientific background


 


Tissue development and homeostasis 


is driven by


 


resident stem cell populations, 


whose self


-


renewal activity 


and


 


their differentiation


 


dynamics 


is 


orchestrated


 


by 


highly specific transcriptional 


regulatory program
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.


 


This regulation is achieved by the


 


coordinated


 


activity of transcription 


factors


 


(TFs)


, epigenetic and chromatin modifiers, and spatial chromosomal organization


 


[4,5]


. 


One 


example


 


of 


such 


a 


process


 


is 


the development 


and maintenance 


of the 


skin epidermis, which entails 


the transition from a single layer of 


embryonic


 


cells at the surface ectoderm


 


to a stratified and highly 


specialized tissue that 


self


-


renew


s


 


and 


provides essential protective barrier functions


 


[6,7]
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In mice, t


he program of epidermal 


development


 


begins around embryonic day 9 (E9) and 


terminates 


with


 


the formation of 


a 


functional 


epidermal barrier 


shortly before birth 


around E1


8


.5


 


[6,8,9]
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Initially, 


a monolayer of surface ectoderm cells 


that 


starts expressing


 


TF


 


p63, as well as 


keratin 8 (K8) and K18 from E9, will acquire an epidermal fate 


by


 


E12 and switch into the K5+/K14+ 


embryonic epidermal progenitors that form the basal layer of the epidermis.


 


Next, as epidermal 


differentiation and stratification begin around E14, 


b


asal


-


layer epidermal progenitors move outward 


in a columnar fashion


,


 


form


ing


 


the 


first 


suprabasal layer


s


,


 


and begin to express


 


the 


early 


differentiation markers 


K1


 


and 


K


10


. A


dditional suprabasal layer


s


 


that express 


late differentiation 


markers


,


 


such as loricrin (LOR) 


and 


filaggrin (FLG)


,


 


are


 


subsequently 


formed around E16


–


E17
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In
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he final step of stratification


, epidermal cells are 


terminally differentiate


d


 


into enucleated cornified 


cells 


and form


 


a mature epidermis with protective barrier functions


 


[6,10]


 


(Figure 1). 


Throughout life, 


cornified cells are constantly shed off the epidermis surface and renewed by 


progenies of


 


the 


mitotically active epidermal progenitors of the basal layer. 


The balance between self


-


renewal and 


differentiation is essential for maintaining epidermal homeostasis


 


[3,11,12]


, and impaired epidermal 


differentiation characterizes common skin diseases such as


 


atopic dermatitis, psoriasis, and 


squamous cell carcinoma 


[13


-


16]


.


 


Thus, elucidating the regulatory mechanisms controlling 


epidermal differentiation during tissue development and homeostasis is essential for our 


understanding of the development of common skin diseases.


 


Figure 1. 


Epidermal morphogenesis


.


 


In mice, epidermal morphogenesis and stratification are 


established in ~10 days, from embryonic day 9 (E


9


) to postnatal day 0 (P0). At the first stage of epidermal 


commitment, a single


-


layered surface ectoderm cells, which express keratins 


(K) 


8 and 18, acquire an 


epidermal fate and turn into embryonic epidermal progenitors


,


 


which 


express 


K


5 and 


K


14. At the second 


stage of epidermal development, the epidermal progenitors are withdrawn from the cell cycle and undergo 


a step


-


wise epidermal differentiation pr


ogram, resulting in the formation of a stratified and mature epidermis 


with protective barrier functions.   
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