PROGRESS REPORT: Since 09/2024, progress has been made on both aims without research plan changes.

Aim 1: To conduct ST on tissue from individuals with EDD and matched biological and healthy controls.
In our original research plan, we proposed recruiting and obtaining biopsies for spatial transcriptomics from 60
individuals with epidermal differentiation disorders (EDD, a.k.a. the “ichthyoses”), as well as 16 healthy controls
and 8 individuals with inflammatory skin diseases (psoriasis, atopic dermatitis) for biological comparison. In
preparation for this application, at the June, 2024 FIRST meeting we had obtained 20 samples from individuals
with EDD to be used for spatial transcriptomics. We proposed to focus on more frequent genotypes and cardinal
biological pathways driving EDD pathogenesis. These are TGM1 (cornified envelope), KRT1/10 (structural pro-
teins), NIPAL4/ALOX12B/ALOXES3 (lipid biosynthesis), ABCA12 (lipid transport), GJBZ2 (intercellular communi-
cation), SPINK5 (protease/desquamation), FLG (barrier, severity modifier), and STS (lipid metabolism).

During the first 10 months of our funded period (09/2024 — 06/2025), we succeeded in recruiting and obtaining
biopsies from an additional 50 individuals with EDD (total 70 biopsies), 13 healthy controls, and 8 inflammatory
skin disease samples. This exceeded our recruitment goal of 20 individuals with EDD in Year 1, largely due to
an overwhelming interest in contributing to research at the FIRST 2024 family conference.

The overall status of our study, broken down by genotype, is shown below:

Number of Individuals
Genotype-Phenotype Recruited Sequenced and Sequencing in Queued for Se-
with Biopsy Analyzed Progress quencing
TGM1-lamellar phenotype 9 4 5
TGM1-erythrodermic phenotype 5 5
KRT10-epidermolytic ichthyosis 7 4 3
KRT1-epidermolytic ichthyosis 2 2
KRT10-ichthyosis with confetti 2 2
ABCA12-recessive ichthyosis 3 3
ALOX12B-recessive ichthyosis 1 1
ALOXE3-recessive ichthyosis 1 1
NIPAL4-recessive ichthyosis 1 1
PNPLA1-recessive ichthyosis 3 1 2
SPINK5-Netherton syndrome 3 3
GJB2-keratitis ichthyosis deafness syndrome 2 1 1
FLG-ichthyosis vulgaris 1 1
STS-X linked ichthyosis 1 1
Other (SLURP1, EMP2, DSP, CARD14, KLK11, KDSR, 29 15 14
ASPRV1, GJA1, LOR, NSDHL, CYP4F22, SNAP29, CTSC)
Total Ichthyosis 70 32 24 14
Healthy Controls 13 5 3 5
Inflammatory skin diseases (psoriasis, atopic dermatitis) 8 8
Total Cohort 91 37 35 19

We made two key technical advances during Year 1, which will enable us to perform ST profiling with the through-
put and specificity necessary to obtain statistically rigorous results (Fig. 1). First, we improved our tissue micro-
array (TMA) design to accommodate 9 samples per spatial transcriptomic (ST) capture area rather than 5 sam-
ples, as we originally proposed. This affords cost savings, will permit us to sequence more samples, and will
help us to obtain more robust results, given phenotypic variability within genotypes.
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Second, we optimized the use of the deep-learning based cell detection algorithm bin2cell' for cell detection in
skin sections profiled with Visium High-Definition (HD). Utilizing this approach allows us to bin the expression
from 2 x 2 ym capture spots into individual cells based on nuclei detected in the hematoxylin and eosin-stained
image. Performing downstream analysis on a matrix of cells x genes allows us to uncover spatially-resolved cell
type-specific molecular programs, significantly improving the specificity of our analysis over approaches which
do not perform cell segmentation.’

Aim 2: To identify shared and distinct molecular mechanisms of EDD across different genotypes. In ad-
dition to advances in the technical approach for ST experiments, we have made significant progress in our de-
velopment of analytical approaches to extract meaningful biological insight from ST data. We utilized ST to study
two novel genetic causes of progressive symmetric erythrokeratoderma 1

(PSEK), a phenotype within the EDD spectrum, described below.

SLURP1 A22 mutations cause autosomal dominant PPK and PSEK.
In our EDD cohort, three unrelated kindreds (P342, P377, P446) pre-
sented with distinct phenotypes of palmoplantar keratoderma (PPK), with
or without well-demarcated pink-red scaly plaques (PSEK). All were found
to have SLURP1 heterozygous variants at the same amino acid position
within the signal peptide sequence (p.A22D and A22V). However, we ob-
served a distinct phenotype for each genotype, with the p.A22V variant
associated with isolated, severe PPK, and the p.A22D variant with thick
PPK and PSEK (Fig. 2a). Histopathology showed hyperkeratosis, acan-
thosis, and mild lymphocytic infiltration in the superficial dermis (Fig. 2b).
Differentiation markers, including KRT14 and involucrin, had expanded
expression compared to healthy control, and the absolute percentage of T ;
basal Ki67+ cells, indicative of proliferation, was higher in affected skin F|gure2 Dominant SLURP1 mutations cause
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SLURP1 encodes a secreted protein with a 22-amino acid N-terminal Sig- the trunk and extremities. PPK342-1 (A22V)

nal peptide (SP) required for ER translocation and cleavage by mem- showed diffuse transgrediens PPK with tapering
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SP, so we examined whether the A22D and A22V variants affect SLURP1  acanthosis and mild lymphocytic infiltration in the
processing or secretion. Under basal conditions, SLURP1 expression superficial dermis. Scale bar = 100 um.
and secretion in patient-derived keratinocytes were comparable to those in healthy controls. However, upon
calcium-induced differentiation, keratinocytes carrying the A22D or A22V variants exhibited increased intracel-
lular and secreted SLURP1 protein levels, with no alteration in molecular weight, suggesting enhanced
SLURP1 expression and secretion rather than impaired cleavage. Immunofluorescence staining confirmed in-

creased SLURP1 expression in patient skin (Fig. 3a, b).

A 9
b- A A
a o q"’ I b .
dmedium KO
10 — - SLURP1 |

medium
- —-— e me— e actin

SignalP6.0 analysis predicted a two-amino acid upstream shift
in the SP cleavage site for both A22D and A22V variants. LC-
MS/MS analysis of secreted mutant SLURP1-FLAG protein
from pLVX-transduced SCC25 cells confirmed the presence
of two additional N-terminal amino acids, validating the altered
cleavage site (Fig. 3b).

37—

S
cell

10 _’ é WS SLURPY

cell
37— --T.. actin

I
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acetylcholine receptor (a7-nAChR) engagement.®'° There are multiple NF-kB inhibitors that have been investi-
gated in cancer and inflammation that could be candidates for treating SLURP1-PSEK, including sulfasalazine,
triptolide, and small molecule inhibitors. We are testing these compounds in vitro to assess capacity to normal-

ize gene expression.

EMP2 L4P mutation causes PPK and PSEK. We identified
two unrelated individuals (PSEK-623 and PSEK-1574) carry-
ing an identical heterozygous, de novo missense pathogenic
variant in exon 1 of EMP2 (p.L4P). Both probands exhibited
thick, red, scaly periorificial and intertriginous plaques, along
with painful palmoplantar keratoderma exacerbated by am-
bulation. Histopathology revealed acanthosis, hyperkerato-
sis, and parakeratosis. (Fig. 4)

To investigate disease pathobiology, we performed high-res-
olution spatial transcriptomics on affected skin from PSEK-
1574 compared to healthy donor skin. Affected epidermis
demonstrated increased expression of transcripts involved in
terminal differentiation and desquamation, including KLK®6,
KLK7, KLK8, KLK10, S1T00A8, S100A9, and damage-associ-
ated keratins KRT6 and KRT16. Multiple growth factor—re-
lated transcripts were overexpressed, notably those in the
MAPK pathway and the transcription factor JUNB. Gene set

Figure 4: EMP2 mutation causes PSEK. (a) PSEK-623 (13
years) and PSEK-1574 (21 months) show well-demarcated
red, scaly plaques in periorificial and flexural areas. PSEK-623
displays thick moccasin-like scaling of the soles, while PSEK-
1574 has milder involvement and developed new lesions after
gastrostomy-related trauma. (b) Histology shows epidermal
and stratum corneum thickening with retained nuclei (black ar-
row), consistent with hyperproliferation, and sparse lympho-
cytic and eosinophilic infiltrates. Scale bars, 50 pm.

enrichment analysis revealed the top overlapping pathways involved epidermal growth factor receptor (EGFR)
family kinases. In control skin, EGFR activation decreased in suprabasal layers as differentiation progressed,
consistent with prior reports.” In contrast, the EGFR activation score was significantly elevated across all epi-
dermal layers in PSEK-1574, with a further increase in suprabasal spinous layers. (Fig. 5)
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Immunoblotting of differentiated keratinocytes from PSEK-
1574 confirmed ST findings and revealed increased total
EGFR and marked elevation of phosphorylated Src (Y416),
FAK (Y397, Y576/577), ERK, and RPS6 (S240/244) com-
pared to healthy controls. Immunostaining confirmed in-
creased pSrc and pRPS6 levels in affected skin. EGFR tran-
script levels were also elevated in PSEK epidermis, as
demonstrated by RNA in situ hybridization.

To identify potential mediators of EMP2 function, we con-
ducted miniTurbo proximity labeling'
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Figure 5: Ectopic EGFR activation in EMP2-PSEK (a) Via ST,
EGFR activation scores were significantly higher in PSEK-1574
epidermis compared to healthy control (p < 0.0001, a lower pan-
els), and expression increases ectopically during differentiation
(a, upper). (b) Immunoblotting confirmed this finding and showed
increased total EGFR and phosphorylated Src, FAK, ERK, and
RPS6 in differentiated PSEK-1574 keratinocytes, with no change

in EMP2 levels. C, healthy control; P, PSEK-1574. (c) Immunoflu-

orescence showed cytoplasmic EMP2 in basal layers and mem-
brane localization in suprabasal cells in both PSEK and control

skin. Phospho-RPS6 and pSRC were elevated in affected but ab-

sent in control epidermis. Affected skin (PSEK-1574) showed in-
creased EGFR expression in the epidermis compared to healthy

control skin by RNA in situ hybridization. Red dots indicate EGFR

transcripts, counterstained with hematoxylin. Scale bars, 20 pm.

ceptors, with the top 10 enriched drug targets being tyrosine kinase inhibi-
tors. Prior data suggested that treatment with erlotinib, an EGFR inhibitor, is
effective and well-tolerated in pachyonychia congenita. Therefore, proband
PSEK-623 was treated with the EGFR inhibitor erlotinib (75 mg/day). After
one month, hyperkeratotic plaques on the armpits and trunk resolved, leav-

ing residual hypopigmentation (Fig. 6).

pressing either wild-type or L4P EMP2-miniTurbo fusion pro-
teins. After stringent fil-
tering, 361 high-confi-
dence EMP2 interactors
were identified. Pathway
analysis revealed enrich-
ment in cell-cell adhesion
and transmembrane re-
ceptor tyrosine kinase
signaling. Analysis using
the DGIdb Drug Targets
2024 database showed
strong enrichment for
tyrosine kinase-related
proteins and ephrin re-

after erlotinib

Figure 6: Erlotinib treatment improves
EMP2-PESK. One year of treatment with
75 mg of erlotinib daily in PSEK-623 led to
a significant response, with complete elim-
ination of hyperkeratotic plaques in the
armpit and trunk, although hypopigmenta-
tion remained.



Advances in ST analysis. We have made significant progress in developing the computational framework for
integrative analysis of ST data across the spectrum of EDD genotypes. We developed a data integration ap-
proach which makes use of the Harmony'? algorithm to generate a shared gene expression embedding across
all samples (Fig. 7). Using an integrated dataset of our first 37 samples, we identified 10 conserved cell types
present in all samples and a rich diversity of gene expression programs within keratinocytes of the interfollicular
epidermis. This cell type identification allows us to assign altered gene expression programs to specific cell types
in the skin, such as suprabasal keratinocytes or T cells, which represents a significant advance on prior tran-

From our integrated da-
taset, we have optimized
the use of non-negative
matrix factorization
(NMF)™ to compute unbi-
ased modules of genes
which are co-expressed
across the dataset. We
performed NMF on the
entire dataset and de-
fined 20 gene modules.
We then computed the
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igure 7: Identification of conserved cell types in skin from ata. (a) Data from all 37 samples was inte- ;

grated using Harmony and 2,000 cells from each sample are shown in the UMAP plot on the left. Different colors m.OdUIe in each Sampl.e’
indicate the result of unsupervised clustering based on gene expression data. (b) Cell clusters are overlaid on the with genOtypeS for which
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keratinocyte marker, FLG, suprabasal keratinocyte marker. COL3A1, fibroblast marker. UMAP, uniform manifold samplleaThlihanalyswh_ h
approximation and projection. HFE, hair follicle epidermis, VEC, vascular endothelial cell. VSMC, vascular smooth revealed patnways whic
are broadly shared

across EDD genotypes: the NMF module 14 was increased above healthy control levels in 14 out of 15 af-
fected individuals. (Fig. 8) Top-contributing genes to module 14 include S7100A2, which has been shown to be
associated with keratinocyte damage,'® GJB2 which is associated with wound healing and epidermal hyperpro-
liferation,'® and multiple histone transcripts which may indicate increased cell division and epidermal hyperpro-
liferation. Notably, this gene module is largely localized to basal layer keratinocytes, which suggests that this
gene signature may partially explain epidermal
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ment across the samples. HC, healthy control. In order to better understand the immunopatho-
genesis of different types of EDD, we also collected noninvasive skin swabs from individuals enrolled in our ST
study, using a detergent-based immune profiling system'® to collect proteins from skin. We performed multiplex
proteomic analysis of the skin protein samples using other funding and found that certain individuals with EDD



share a broad immune activation with up-regulation of chemokines and cytokines related to the Th17 and Th1

pathways (Fig. 9). We will continue to collect this non-invasive protein samples on individuals enrolled in our

study, in order to correlate gene signatures discovered in ST data with changes in immune-related proteins.
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Fig. 9: Cytokine profiling from non-invasive skin swabs. Non-invasive detergent-based epidermal sampling was performed
on 32 individuals with EDD and 3 healthy controls, and multiplex cytokine measurements (Olink Target 48 Cytokine) were com-
pared to samples from psoriasis and atopic dermatitis from Murphy et al. Color bar indicates expression of each immune marker,
normalized by row. CIE, congenital ichthyosiform erythroderma. IWC, ichthyosis with confetti, NS, Netherton syndrome. 1V, ich-
thyosis vulgaris. ARCI, autosomal recessive congenital ichthyosis. LI, lamellar ichthyosis. El, epidermolytic ichthyosis. VOH,
Vohwinkel Syndrome. KID, keratitis ichthyosis deafness syndrome.

Summary: The single-cell spatial transcriptomic atlas of EDD supported by FIRST is already advancing our
understanding of the molecular underpinnings of scale and erythema in EDD patients and will serve as a valuable
resource for basic and translational research, including identification of targets for therapeutic intervention. In
Year 1, we have made key technical advances in the experimental methodology for performing single-cell reso-
lution spatial transcriptomics across a wide number of samples from individuals with EDD. We have also ad-
vanced our analytical approaches for deriving biological insight from ST datasets, with two strong examples
where we have used ST to inform therapeutic approaches in monogenic ichthyoses. We have supplemented our
ST dataset by performing complementary proteomic analysis of noninvasive skin swabs, which will strengthen
our findings on immune signatures in EDD. Our efforts in the first 10 months of the funded period lay the ground-
work for continued development of this multi-omic effort to understand dysregulated pathways in EDD and de-
velop new therapeutic approaches.
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