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Specialized secretory cells, including keratinocytes in the last viable layers of
mammalian epidermis, utilize lysosome-related organelles (LROs) to exocy-
tose distinct cargoes vital for tissue function. Here, we demonstrate that the
Flower isoform, hFWE4, a putative Ca** channel that permits endocytic
retrieval of presynaptic vesicles and lytic granules, also resides on epidermal
lamellar bodies (LBs), an LRO that extrudes a proteinaceous lipid-rich matrix to
finalize the epidermal barrier. In differentiated keratinocyte cultures, we show
that hFWE4-positive LB-like vesicles associate with a distinct ensemble of LRO
trafficking mediators and demonstrate that hFWE4 liberates Ca** from intra-
cellular stores to enable the surface presentation of cargo contained within
these vesicles. Finally, supporting a critical role for hFWE4-dependent traf-
ficking in establishing the epidermal barrier, we demonstrate that this process
is dysregulated in genetic diseases of cornification that are driven by impair-
ments in keratinocyte Ca®* handling. Our results provide new insight into the
biogenesis and trafficking of epidermal LBs and more broadly suggest that
hFWE4 may serve as a core component of LRO trafficking machinery that
endows Ca** dependency to distinct stages of the transport process depending
on the cell of origin.

The epidermal barrier is continuously regenerated by keratinocytes
that execute a Ca®-dependent terminal differentiation program as
they move apically towards the body surface. This process culmi-
nates in the production of ‘corneocytes’, anucleate cellular corpses in
the stratum corneum (SC) with a covalently crosslinked ‘cornified
envelope’ underlying the plasma membrane. Corneocytes are
embedded within a lipid-rich extracellular matrix that is secreted
apically from lamellar bodies (LBs) in the underlying, Ca*-rich ker-
atinocyte layers of the stratum granulosum (SG). LBs are hetero-
geneous lysosome-related organelles (LROs) (reviewed in ref. 3) that

contain unique lipid contents and carry lipid-modifying enzymes®,
antimicrobial peptides®®, proteases”®, and adhesion molecules®
required for proper SC function. In addition to directing apical
secretion of LBs, keratinocytes in the second layer of the SG (SG2)
establish a functional tight-junction (TJ) barrier at apico-lateral
plasma membranes, restricting water and solute permeability
across the tissue’ ™ It is well appreciated that both LB secretion and
T) formation are sensitive to perturbations in extracellular and
cytosolic Ca* levels™'*, however, the molecular events that establish
elevated Ca® levels in the SG, and the mechanisms by which this is
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translated into the apically polarized LRO transport required for
building the epidermal barrier are unknown.

Evidence has emerged in a number of tissues to suggest that cell-
type-specific LROs serve as acidic intracellular Ca*" stores and that
release of these stores can facilitate their polarized secretion®. How-
ever, this phenomenon has not been investigated in the apical secre-
tion of epidermal LBs. While typically attributed to Ca*" flux through
lysosome associated Ca®* permeable channels such as TRPML'®, TPCs",
P2X4'%" or RyRs*°, work in mouse and Drosophila models has recently
suggested that proteins encoded by the understudied Flower (Fwe or
Cacfdl) gene regulate Ca**-dependent polarized transport of LROs in
neurons” > and facilitate endocytic retrieval of LRO-derived cargo in
cytotoxic T-lymphocytes (CTLs)**. We previously demonstrated that
the canonical protein isoform encoded by the human AFWE gene,
hFWE4, is a small four-transmembrane pass protein that resides in the
membrane of cytosolic vesicles and is trafficked for transient integra-
tion into the plasma membrane of HEK293 cells*. While the compo-
sition of hFWE4-positive vesicles in human epithelial cells is unknown,
hFWE4 exhibits robust structural conservation to its orthologues in
mouse and Drosophila, which are known to regulate endocytic retrie-
val of lytic granules and presynaptic vesicles, respectively. While one
previous study has suggested that FWE-deficient mice are modestly
resistant to DMBA/TPA-induced skin carcinogenesis®, the molecular
function of FWE in skin is unknown. We reasoned that, given the
function of its orthologues in neurons and CTLs, hFWE4 may similarly
regulate epidermal LBs, which are LROs that are dysfunctional in dis-
orders of cornification exhibiting impairments in the skin barrier.

Here, we present the first investigation into the expression and
function of FWE in human epidermis, revealing localization of hFWE4
to epidermal LBs in the SG layers where it elevates cytosolic Ca®* to
facilitate surface trafficking of LB cargo toward the apical keratinocyte
membrane. We demonstrate the importance of this process to the
proper formation of the epidermal barrier and provide evidence that
FWE-positive LBs fail to be properly secreted in epidermal pathologies
where premature cornification is driven by impaired Ca*" handling.

Results

Flower (FWE) is up-regulated in terminally differentiating epi-
dermal keratinocytes and localizes to apically polarized vesicles
In human epidermis, confocal microscopy revealed that FWE was lar-
gely restricted to keratinocytes in the upper stratum spinosum (SS)
and throughout the three layers of the stratum granulosum (SG),
termed SG3, SG2, and SGI from inner to outer, respectively. Cells in the
uppermost SGI layer frequently displayed the most intense, apically
polarized signal for FWE (Fig. 1a). Double immunostaining for the
desmosomal cadherin desmoglein-1 (DSG-1) and FWE demonstrated
that in upper SS and lower SG3 layers, FWE puncta accumulated just
underneath the apical plasma membrane and appeared to fuse with
this membrane in SG2 and SGI1 cells (Fig. 1a). Airyscan2 super-
resolution microscopy further revealed FWE-positive puncta of 140-
250 nm in diameter aligning between DSG-1 positive puncta (marking
desmosomes between each cell layer) along the apical membrane of
SG1, and to a lesser extent SG2 cells (Fig. 1b). To validate the specificity
of the FWE antibody used in these immunofluorescence and sub-
sequent immunoblotting assays, FWE knockout (KO) N/TERT-2G ker-
atinocytes were generated using Cas9:sgRNA RNP delivery to target
exon 1 which is shared amongst all FWE transcript variants, and
monoclonal knockout cell lines were subsequently derived (Supple-
mentary Fig. 1A, B). Immunoblotting of differentiated monolayers and
immunofluorescence in epidermal organoid culture revealed specifi-
city for a single <25kDa product and apically polarized signal in the
SG, respectively (Supplementary Fig. 1c, d). These observations sug-
gested that FWE labels a subset of apically secreted vesicles in SG
keratinocytes of the upper epidermis, where the extracellular lipid-rich
matrix that fortifies the cutaneous barrier is actively assembled.

To determine whether this differentiation-associated expression
pattern could be recapitulated in vitro, normal human epidermal
keratinocytes (NHEKs) and TERT-immortalized NHEKs (N/TERT-2G)
were differentiated for either one, three, or five days in high calcium
(1.4 mM) medium. Immunoblotting revealed a progressive increase in
total FWE protein during differentiation along with the differentiation
markers keratin 10 (K10) and loricrin (LOR) (Fig. 1c). As additional
validation of the results obtained with the FWE antibody, a CRISPR-
Cas9 strategy was used to knock-in a 3xFLAG tag immediately
upstream of the stop codon in the shared exon 6b of hFWE3 and
hFWE4 in N/TERT-2G cells and a heterozygous knock-in (KI) clone was
isolated (Supplementary Fig. 2A-C). N/TERT-2G were subjected to a
Ca”" induced differentiation time course and immunoblotting revealed
a progressive increase in 3 x FLAG-tagged FWE levels during differ-
entiation that mirrored endogenous expression (Fig. 1d). Differentia-
tion kinetics in Kl cells were unaffected as evidenced by similar rates of
K10 and filaggrin (FLG) increase relative to WT controls (Supplemen-
tary Fig. 2C) Importantly, immunoblotting for epitope-tagged protein
yielded only a single specific band that runs at the expected molecular
weight for hFWE4-3 x FLAG (Fig. 1d). The second most abundant iso-
form, hFWE3, is ~ 5 kDa smaller than the canonical hFWE4, but was not
observed. Detection of only the canonical FWE isoform (hFWE4) is
consistent with our recent analysis of the GTEX database, which sug-
gests hFWE4 accounts for ~ 80% of all hAFWE transcripts®, and is in line
with protein-level data in mice, where only the hFWE4 orthologue
(mFwe2) is detected®. Lastly, to assess whether FWE expression
changes are evident at the transcript level during keratinocyte differ-
entiation, we reanalyzed two publicly available bulk RNA-sequencing
(RNA-seq) datasets from NHEK differentiation time courses conducted
in refs. 27,28, which also revealed a progressive increase in hFWE
expression during differentiation (Fig. le). Collectively, these data
identify FWE as a novel marker of late-stage terminal differentiation
localized to the upper epidermal layers and suggest that FWE is traf-
ficked to the apical surface of SG keratinocytes as they begin to cornify.

FWE-deficient epidermal organoids exhibit impaired barrier
function

Given the distribution of FWE in the differentiated layers of human
epidermis and its elevated expression at both transcript and protein
levels during keratinocyte differentiation in vitro, we hypothesized
that FWE plays an active role in the epidermal differentiation program.
As late terminal differentiation and cornification are not well replicated
in two-dimensional monolayer cultures, we assessed the effect of FWE
depletion on the maturation of epidermal organoid cultures grown at
the air-liquid interface. This organotypic model of human epidermis
undergoes cornification over the course of 10-14 days to produce
histologically normal in vitro epidermis and is amenable to subsequent
barrier function testing. During organoid maturation, FWE accumula-
tion in SG keratinocytes peaked between 4-6 days of air-liquid inter-
face culture and declined abruptly after 10 days (Fig. 2a), consistent
with FWE accumulation preceding complete acquisition of epidermal
barrier function, which occurs at day 10 as previously measured using
electrical impedance spectroscopy (EIS) in our recent work?.

Further suggesting that FWE functionally contributes to epi-
dermal barrier development, FWE KO organoids showed a significant
reduction in electrical impedance within the range of frequencies that
correlates with differentiation of viable keratinocytes (EIS®")* (Fig. 2b,
¢). This phenotype did not appear to result from a proliferation defect
upon FWE KO, as in monolayer culture, there was a modest increase in
the S-phase fraction of some KO clones, while in organoid cultures,
there was no apparent change in the fraction of proliferating Ki67 +
cells between conditions (Supplementary Fig 3A-D). These findings
are consistent with the previous report of a small but significant
increase in the S-phase fraction of breast cancer cells upon KO of
hFWE™. On routine histology, we observed minimal differences in the
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morphology of KO organoids compared to WT, but did observe a
modest reduction in the number of FLG and LOR positive granular
layer cells detected by IHC (Fig. 2d). Collectively, these data indicated
that FWE expression functionally contributes to the development of
the epidermal barrier.

To identify other factors contributing to the significant barrier
deficit, transcriptomic profiling using bulk RNA-seq was performed on

WT and KO organoids, showing significant alterations in the expres-
sion of 733 genes (438 UP, 295 DOWN; p-adj < 0.05) (Fig. 2e and Sup-
plementary Fig 4A-C). Consistent with the morphological analysis
showing minor changes in the uppermost epidermal layers of KO
cultures, no major differences in markers of various stages of kerati-
nocyte differentiation were observed. Across the 57 genes comprising
the epidermal differentiation complex™; only 7 (IVL, LCE3C-E, LCESA,
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Fig. 1| Flower is up-regulated in terminally differentiating epidermal kerati-
nocytes and localizes to apically polarized vesicles. a Representative confocal
microscopy of double immunofluorescence for desmoglein-1 (DSG-1) and Flower
(FWE) in normal human epidermis (n = 3) with Hoechst-labeled nuclei (blue).

b Airyscan2 super resolution confocal image of the inset stratum granulosum area
in (A) showing stratum spinosum (SS) and SG layers 1-3. The line scan indicated by
the yellow line in the image shows fluorescence intensity values for DSG-1 and FWE
along the apical SG1 membrane. Scale bars (a) 10 um, (b) 500 nm. ¢ Representative
(n=3) immunoblots for FWE and differentiation markers in whole cell lysates

collected from monolayer NHEK or N/TERT-2G keratinocytes in a subconfluent (SC)
undifferentiated state or after differentiation in 1.4 mM CaCl, containing media for
1, 3, or 5 days post confluence. d Representative FLAG immunoblot (n =2) of
monolayer N/TERT-2G keratinocytes harboring a 3XFLAG knock-in (3XFLAG-KI)
preceding the stop codon in exon 6B of hFWE (see Supplementary Fig. 2A). Whole
cell lysates from unedited cells (Mock) and KI cells were collected from cells as
described in (c). e hFWE expression values retrieved from bulk RNA seq experi-
ments (GSE127223 and GSE228631) performed on subconfluent or differentiated
NHEK monolayers (n =3 replicates per timepoint, * = DESeq2, p- or g-value < 0.05).

S100A11, S100A16, TCHH, and CRNN) showed significant reduction in
expression in FWE KO organoids (Supplementary Fig. 4C, D). However,
we were intrigued by gene set enrichment analysis (GSEA) showing
that downregulated genes were enriched for biological functions
related to vesicle function, including organelle acidification, lysosome
maturation, autophagy, and cation homeostasis, along with those
related to lipid metabolism, all of which are known drivers of the latest
stages of epidermal differentiation®* (Fig. 2f and Supplementary
Fig. 4B). As FWE orthologues in mouse and fly have previously been
described to function as putative calcium-permeable channels* and
regulate the trafficking of lysosome-related organelles or their deri-
vative cargo in other cell types (e.g., synaptic vesicles and lytic gran-
ules), we reasoned that FWE may be exerting calcium-dependent
control over biogenesis and trafficking of epidermal lamellar bodies
(LBs), LROs potentially derived from the trans Golgi network® that are
generated and secreted in the SG to drive cutaneous barrier formation.

FWE localizes to epidermal lamellar bodies (LBs) and facilitates
their apically-directed secretion

Based on the apically polarized subcellular distribution of FWE in SG
cells, we hypothesized that FWE may physically associate with epi-
dermal LBs, which are secreted apically by cells in SG2 and SG1. Sup-
porting this hypothesis, quantitative Airyscan2 super-resolution
microscopy revealed partial colocalization of FWE with three distinct
LB cargo molecules; corneodesmosin (CDSN) (Mander’s coefficient
0.532+0.033), skin-derived antileukoprotease (SKALP)
(0.410 £ 0.051), and kallikrein-5 (KLK5) (0.572+0.037) in the SG of
normal human skin (V= 3) (Fig. 3a, b). FWE + /CDSN+ structures were
found in the cytosol and at the apical membrane of both SG2 and SG1
cells, while FWE + /KLKS5 + and FWE + /SKALP + structures were found
almost exclusively at the apical membrane of SG1 or the cytosol of SG2,
respectively (Fig. 3a and Supplementary Fig. 5A). In contrast to their
colocalization with LB cargo, FWE positive vesicles exhibited minimal
colocalization with the early endosome marker EEAL, or the desmo-
somal cadherin DSG-1 (Fig. 3a and Supplementary Fig. 5A).

Based on these imaging data, we hypothesized that FWE may
directly contribute to LB biogenesis and/or apical trafficking for
secretion during cornification. Supporting this hypothesis, we found
that CDSN-positive puncta begin accumulating in the SG of epidermal
organoids on day 4 of stratification and reach maximum accumulation
in the SC before subsequently declining after day 10, the timepoint
after which FWE expression in viable keratinocyte layers declines
substantially (Supplementary Fig 5B and Fig. 2a). We next directly
tested this hypothesis by performing IHC for LB markers on WT and
KO epidermal organoids. CDSN IHC on WT organoids revealed strong
expression and apical polarization in SG keratinocytes along with SC
signal, reflecting its localization to corneodesmosomes (Fig. 3¢), while
in contrast, FWE deficient organoids displayed diminished signal that
had lost polarized distribution in SG and was absent from SC layers
(Fig. 3c). Similarly, SKALP IHC revealed minimal SC signal and near
absent apically polarized SG1 signal in in addition to fewer total SKALP-
positive cell layers in KO organoids relative to WT controls (Fig. 3c).
Collectively, these data provided evidence that proper delivery of
epidermal LBs to the stratum corneum is impaired in the
absence of FWE.

Proteomic profiling defines the composition of hFWE4-positive
vesicles and their association with LB-specific trafficking
machinery

Several well-studied trafficking regulators, including Rabl1A***,
Myo5b*, and Cavl” have been identified as mediators of LB transport.
However, the broader network of machinery required for apical LB
secretion in the SG is undefined®®. It is also unclear whether LBs pri-
marily traffic secretory cargo or whether they also carry membrane-
associated proteins involved in distinct aspects of epidermal barrier
formation that occur at the apical plasma membrane, such as tight
junction (TJ) formation. Intriguingly, a previous study identified T)
components in proteomic analysis of the LB fraction isolated from
human epidermis®, suggesting that these proteins could be cargoes of
LBs, or alternatively, of a precursor vesicle that cofractionates with
mature LBs. Such precursor vesicles have been hypothesized to arise
from the trans-Golgi network (TGN)>*. However, direct evidence for
this remains limited, and purified LB fractions from human epidermis
may be slightly contaminated by other membranous compartments,
complicating interpretations. Having demonstrated that in human
epidermis, FWE labels both LBs carrying canonical cargo and apically
polarized vesicles without such cargo, we sought to comprehensively
profile the proteome of intact FWE-positive vesicles in differentiated
keratinocyte cultures to gain insight into their composition, cellular
origin, and transport mechanisms.

To achieve this, N/TERT-2G cell lines stably expressing either a
TetON 3 x NLS EGFP (TetON-GFP) or 3 x NLS EGFP P2A hFWE4-3 x FLAG
(TetON-hFWE4) transgene were generated through lentiviral trans-
duction (Supplementary Fig. 6A). In TetON-hFWE4 cells, hFWE4
expression was robustly induced in response to doxycycline, assumed
asubcellular localization in line with our previous work®, and ran at the
same molecular weight as the 3 x FLAG tagged endogenous hFWE4
(Supplementary Fig. 6B-D). To profile their composition, following 4 d
of differentiation, hFWE4-positive vesicles were immuno-isolated by
anti-FLAG IP under non-denaturing conditions and subject to label-free
quantitative mass spectrometry (LFQ-MS) (Fig. 4a). Similar immuno-
isolation strategies have recently been employed to profile the com-
position of endosomes®’, lysosomes*, Golgi*’, and other membrane-
bound organelles®. A total of 180 proteins were differentially enriched
(L2FC > 1, FDR < 0.05) in IPs from TetON-hFWE4 (Flower-IP) compared
to TetON-GFP (Control-IP), including many membrane and vesicular
proteins, suggesting an association with hFWE4-positive vesicles or
membrane fragments (Fig. 4b). Application of consensus graph-based
subcellular annotation from ref. 43 to all proteins identified in our LFQ-
MS data revealed that proteins enriched in Flower-IPs predominantly
localized to plasma membrane, trans-Golgi, and early and recycling
endosomes (Fig. 4c). In addition, proteins associated with hFWE4-
positive vesicles overlapped significantly with those found in the LB
proteome of human epidermis® (32.2% overlap, Fisher’s exact test of
the hypergeometric distribution = 2.52e-32) (Fig. 4d).

Amongst the proteins associated with hRFWE4-positive vesicles, we
identified a diverse set of plasma membrane cargos including the
serine peptidase inhibitor SPINT1 and T) components TROP2 and
JAM-A (Fig. 4e, f). While many prototypical secretory LB cargos were
not found to be enriched in hFWE4-positive vesicles, we hypothesized
that in vitro, LB-like vesicles may exist in only a subset of highly
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differentiated cells and represent a small fraction of vesicles used as
input for immunoprecipitation. To test this hypothesis and determine
whether these LB-defining cargo associate with hFWE4-positive vesi-
cles in vitro, we performed parallel experiments in which hFWE4-EGFP
expressing N/TERT-2G were differentiated for four days in 1.4 mM Ca*"
containing media and subject to immunocytofluorescence against
TGN46, KLKS, SKALP, and CDSN (Supplementary Fig. 7). Airyscan2
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microscopy revealed that in basal keratinocytes hFWE4 occupies a
perinuclear TGN46-positive trans-Golgi compartment, and that as cells
reach the suprabasal layer, this vesicle population undergoes sig-
nificant dispersion. We found that while expression of LB markers was
restricted to a few select suprabasal cells, double-positive cells
exhibited significant colocalization with hFWE4 (Supplementary
Fig. 7). Inline with our findings in human epidermis, colocalization with

Nature Communications | (2025)16:6892


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62105-1

Fig. 2 | Flower deficient epidermal organoids exhibit impaired barrier function.
a Representative FWE immunofluorescence on N/TERT-2G derived epidermal
organoids grown at air-liquid interface for the indicated number of days (n=2
organoids per timepoint, scale bars, 20 um). Heatmap beneath images reports
average percentage of maximal EIS AUC for each timepoint from ref. 29. b Full
impedance spectra from control and hFWE KO N/TERT-2G after 10 d at air-liquid
interface, as well as AUC calculations (c) for impedance values in EIS range are
shown normalized to control (*=p < 0.05, **=p < 0.001, *** = p < 0.0001, one-way
ANOVA with Bonferroni’s multiple comparison test). CLDNI KO N/TERT-2G pre-
viously developed in ref. 29 were included as a positive control for barrier deficit.
(n= 6 organoids for Control, hFFWE KO pool and hFWE KO clone8 over two

independent experiments; n =3 organoids for hFFWE KO clone5 and clonell).

d Representative (n =3) H&E and differentiation marker (LOR, FLG) immunohis-
tochemistry on epidermal organoids. Dashed lines on H&E indicate the border of
keratohyalin granule-containing cells in the SG (scale bars, 50 um). e Volcano plot of
DESeq2 results from bulk RNA-seq comparing all AFWE KO organoids (n=11,
including pool and clonal organoids) to control (n =3) organoids. f Dotplot (left)
and emap (right) of enriched GO:BP terms from gene-set enrichment analysis on
significantly (p-adj < 0.05) downregulated genes in KO organoids. Enriched nodes
related to vesicle function and lipid metabolism are denoted with red and blue
outlines on emap, respectively.

KLK5 was most robust (Mander’s coefficient, 0.796 + 0.088), while
SKALP (0.623+0.053) and CDSN (0.615+0.066) showed a mix of
colocalized vesicles and more complex structures with partial colo-
calization potentially representing fusion events. To investigate the
lipid composition of these vesicles, we next performed pulse chase
assays with NBD-Cé6-ceramide, a fluorescently labeled lipid which
labels Golgi-derived vesicles and serves as a precursor to gluco-
sylceramides and sphingomyelin that populate LBs*. In suprabasal
cells of differentiated cultures hFWE4-EGFP positive vesicles were
loaded with NBD-Cé6-ceramide (Supplementary Fig. 8). Collectively,
these data suggested that in vitro differentiation drives the generation
of sparse, hFWE4-positive, LB-like vesicles that derive from the TGN.

In addition to cargo molecules, MS identified many proteins
associated with hFWE4-positive vesicles that could be further orga-
nized according to functional relationships or integration into multi-
subunit complexes. These included V-ATPase subunits that regulate
organelle acidification, proteins with varied roles in lipid metabolism,
signaling, and lipoprotein trafficking, and an extensive Rab and Rho
GTPase network (Fig. 4e). hFWE4-positive vesicles also associated with
many SNARE complex subunits, including v- and t-snares, regulatory
Secl/Muncl8-like (SM) proteins, and SNAPs, which regulate both
fusion and complex disassembly (Fig. 4e, f). Given that interaction
between cognate v-snares, t-snares, and regulatory SM proteins pro-
vides specificity for targeting secretory vesicles to defined plasma
membrane domains, we investigated whether these identified subunits
are associated with CDSN-positive LBs in the SG of human epidermis.
In Airyscan2 imaging of double immunofluorescence for STXBP3 or
VAMP3 with CDSN, colocalization with CDSN-positive LBs were
observed, suggesting that these SNARE complex components may
serve as previously unappreciated contributors to polarized LB traf-
ficking in human epidermis (Fig. 4g).

Ectopic FWE expression facilitates plasma membrane delivery of
LB-associated cargo including the tight junction
component, TROP2
To determine whether elevated expression of hFWE4 was sufficient to
promote cell surface presentation of LB-related cargo contained in
hFWE4-positive vesicles, cell surface proteins were biotinylated and
affinity purified from TetON-GFP and hFWE4 cells (N =5) after differ-
entiating monolayer cultures for four days in 1.4 mM Ca®. LFQ-MS
profiling of cell surface proteomes from these two cell populations
revealed significantly increased surface presentation (FDR < 0.1) of 471
proteins in TetON-hFWE4 cells, while only 25 showed a significant
reduction in surface presentation (Fig. 5a). Surface enriched proteins
shared significant overlap with those associated with hFWE4-positive
vesicles (37/471, Fisher’s exact test of the hypergeometric distribution
p=1.30e-24) (Fig. 5b) and those found in the LB proteome (209/471,
Fisher's exact test of the hypergeometric distribution p=4.43e-
151) (Fig. 5¢).

Of the 25 candidates that met both of these criteria, the putative
LB cargo TROP2 stood out as a multifunctional EPCAM homolog
involved in both TJ stabilization and calcium signal transduction. While
TROP2 is highly expressed in the upper epidermis and its contribution

to epidermal barrier function has been evidenced in both animal* and
tissue culture*® models, little is known about molecular mechanisms
regulating its surface presentation. To validate hFWE4-dependent
surface trafficking of TROP2, biotinylated cell surface protein from
TetON-GFP and TetON-hFWE4 cells treated with doxycycline or vehicle
for seven days of differentiation was affinity-purified and used to
compare surface abundance to total TROP2 levels by immunoblotting.
In response to doxycycline, the ratio of cell surface to total TROP2
increased significantly (9.3x, p<0.05) in TetON-hFWE4 but not in
control TetON-GFP cells (Fig. 5d), while vehicle-treated controls
exhibited no difference in this ratio. In a complementary approach, we
generated N/TERT-2G cells expressing both SNAP-tagged TROP2 and
an inducible hFWE4-EGFP transgene. Live confocal imaging revealed
significant colocalization of JFX650-labeled TROP2 with hFWE4-EGFP
positive vesicles, further suggesting that hFWE4-containing vesicles
physically traffic TROP2 to the surface (Fig. 5e).

hFWE4 potentiates Ca** release from intracellular stores to
facilitate trafficking of LB cargo in differentiated keratinocytes
Seminal work suggested that the Drosophila ortholog of hFWE4 mul-
timerizes to form a Ca®*-permeable ion channel that mediates trans-
port of neurotransmitter at the presynaptic terminal bouton®. While
this direct Ca*" channeling function has been debated*’, work done in
murine T-lymphocytes also demonstrated that endocytic defects
caused by FWE KO can be rescued by extracellular Ca** supplementa-
tion, suggesting that FWE may regulate vesicular trafficking by influ-
encing local Ca* handling*. Given the critical importance of Ca®* in the
final stages of keratinocyte differentiation®**, we hypothesized that
hFWE4-mediated trafficking during late-stage keratinocyte differ-
entiation may be similarly reliant on alterations in cytosolic Ca*. To
determine whether hFWE4 expression altered cytosolic calcium levels
in epidermal keratinocytes, bi- and tri-cistronic expression vectors
allowing either inducible expression of a nuclear localized mCherry
with cytosolic GCaMPé6s alone or co-expressed with hFWE4 were stably
introduced into N/TERT-2G via lentivirus (Fig. 6a). Following doxycy-
cline induction, live imaging revealed that cells co-expressing
GCaMP6s and hFWE4 exhibited greater elevation of GCaMPés signal
in response to thapsigargin treatment and subsequent extracellular
calcium addition than cells expressing GCaMPé6s alone (Fig. 6b-d). To
further interrogate the source of Ca* release potentiated by hFWE4
expression, we pulsed cells with either thapsigargin or the lysosomo-
tropic agent Glycyl-L-phenylalanine 2-naphthylamide (GPN) in nominal
Ca”* free media. In both of these experimental paradigms, hFWE4
expressing cells exhibited more robust Ca®* responses, with GPN
provoking a more robust response than thapsigargin (Supplementary
Fig. 9-D). Non-selective release of intracellular stores by treatment
with ionomycin and EGTA in nominal Ca* free media also produced a
more significant Ca** response in hFWE4 expressing cells than in
controls, and produced the largest response amongst treatments
within the hFWE4 expressing population (Supplementary Fig. 9A-D).
To determine whether this effect on cytosolic Ca®* was respon-
sible for hFWE4-mediated transport of LB cargo such as TROP2 to the
cell surface, TetON-GFP and TetON-hFWE4 cells were pretreated with
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Fig. 3 | Flower localizes to epidermal lamellar bodies (LBs) and facilitates their
apically-directed secretion. a Representative Airyscan2 imaging of double
immunofluorescence for FWE and either desmoglein-1 (DSG-1), early endosome
antigen 1 (EEA1), corneodesmosin (CDSN), kallikrein-5 (KLKS5), or skin-derived
antileukoprotease (SKALP) in the SG of normal human epidermis. Inset regions
indicated by yellow dashed boxes. The white dashed line demarcates the border
between SG1 and SC. b Mander’s coefficient (n =12-15 micrographs across three
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sample. ¢ CDSN and SKALP IHC in epidermal organoids (n = 3) derived from control
or hFWE KO N/TERT-2G cells. Inset regions indicated by dashed boxes. Scale bars,
(@) 1um (full image), 1 um (inset), (c) 20 uM, 10 um (inset).
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the cell-permeant Ca** chelator, BAPTA-AM, or vehicle alone prior to
differentiation. Immunoblotting for TROP2 in affinity-purified cell
surface fractions after one, two, or four days of differentiation in
doxycycline-containing media demonstrated that BAPTA treatment
significantly reduced hFWE4-mediated TROP-2 surface presentation at
all timepoints, while there was no equivalent effect of BAPTA in TetON-
GFP cells. Intriguingly, total levels of TROP2 were significantly reduced

in TetON-hFWE4 cells treated with BAPTA-AM (Fig. 6e), suggesting that
impaired calcium- and hFWE4-dependent plasma membrane delivery
of TROP2 may result in its routing into a degradative compartment.
In the course of performing experiments using TetON-GFP and
TetON-hFWE4 expressing cells, a proliferation deficit was observed in
TetON-hFWE4 when induced in undifferentiated conditions. To
determine whether this phenotype was similarly dependent on
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Fig. 4 | Proteomic profiling defines composition of hFWE4-positive vesicles and
association with LB-specific trafficking machinery. a Schematic of non-
denaturing immunoprecipitation strategy for isolation of intact vesicles harboring
3XFLAG-tagged hFWE4 from differentiated (D4) keratinocytes. Created in BioR-
ender. Rudd, J. (2025) https://BioRender.com/zvwuxfO. b LFQ-MS volcano plot
showing proteins enriched (pink) in Flower-IP relative to Control-IP (n=5) using
cutoffs of FDR < 0.05 and log2FC > 1. ¢ Graph-based annotation (from ref. 43) of
subcellular localization for all proteins identified in the LFQ-MS dataset. Proteins
identified as significantly enriched in (b) are shown in pink. Box plots show median
and 25"-75% percentile values with whiskers extending to minimum and maximum
values. d Overlap of Flower-IP enriched proteins with those identified as part of the

984-component human LB proteome (from ref. 39). Fisher’s exact test of the
hypergeometric distribution was calculated to determine the significance of the
overlap. e Representation of Flower-IP enriched proteins (FDR < 0.05) organized by
functional network or multi-subunit complex. fImmunoblot validation of Flower-IP
enrichment for select interactions, including SNARE complex and plasma mem-
brane cargo. Unrelated intervening lanes were removed from the TROP2 blot.

g Representative Airyscan2 imaging of double immunofluorescence for CDSN and
VAMP3 or STXBP3 showing partial colocalization CDSN positive LBs in the SG of
human epidermis. Mander’s coefficient (n =12-15 micrographs across three biolo-
gically independent samples) for colocalization of CDSN and the indicated marker
in double-positive cell layers of Airyscan2 micrographs. Scale bars, 1um.

elevation of cytosolic Ca*, which can trigger terminal keratinocyte
differentiation, in response to hFWE4 expression, cell cycle profiles
were first assayed in response to 24 h of vehicle or doxycycline treat-
ment in 0.4 mM Ca* conditions revealing a small, but significant G1-
arrested population in uninduced TetON-hFWE4 cells (likely a result of
leaky construct expression (Supplementary Fig. 6B, C)) that was sig-
nificantly increased in response to doxycycline treatment (Supple-
mentary Fig. 10A). To determine whether the Gl-arrest was Ca**
dependent, cells were preloaded with 40 uM BAPTA-AM or DMSO prior
to 24 h of vehicle or doxycycline treatment. Following BAPTA treat-
ment to chelate intracellular calcium, there was a complete attenua-
tion of Gl-arrest in uninduced TetON-hFWE4 cells and partial
attenuation in induced cells. Importantly, BAPTA treatment had no
effect on the cell cycle profile in TetON-GFP cells (Supplementary
Fig. 10B). These data suggest that in addition to facilitating surface
trafficking, the elevation of cytosolic Ca?* induced by hFWE4 expres-
sion is sufficient to elicit G1-arrest. To determine whether this cell cycle
effect was sufficient to elicit keratinocyte differentiation in a more
physiologically relevant model, we generated epidermal organoids
comprised of ten percent TetON-GFP or TetON-hFWE4 and induced
expression throughout stratification. Imaging of wholemount orga-
noids revealed that TetON-hFWE4 cells were predominantly found in
suprabasal layers while TetON-GFP cells maintained a larger popula-
tion in the basal progenitor layer (Supplementary Fig. 10C). Collec-
tively, these data indicated that ectopic expression of hFWE4
promotes differentiation of epidermal keratinocytes.

FWE-positive LBs are mislocalized in cornification disorders
driven by impaired cytosolic Ca** handling

Proper execution of end-stage terminal differentiation and cornifica-
tion in the epidermis is largely governed by calcium-dependent signal
transduction. The critical role of calcium homeostasis in the epidermis
is well illustrated by disorders of cornification, such as Darier disease
(DD), which is caused by a germline mutation in the ER calcium
reuptake pump, SERCA2 (encoded by ATP2A2)*. Impaired cytosolic
calcium handling in DD keratinocytes prevents normal desmosome
trafficking, leading to loss of keratinocyte cohesion (acantholysis) in
suprabasal layers and accelerates differentiation to produce prema-
turely cornified cells known as ‘corps ronds’ and ‘grains’ that are
typically found in the upper epidermal layers. Recent work has also
demonstrated that Grover disease (GD), which shares identical histo-
logical features with DD, can be driven by somatic mutations in ATP2A2
%9, Given the data presented here that describe FWE as a new regulator
of calcium-dependent polarized LB trafficking during cornification, we
hypothesized that expression or subcellular localization of FWE might
be dysregulated in these diseases.

Supporting this hypothesis, reanalysis of bulk RNA-seq data from
recent work characterizing transcriptomic alterations in skin biopsies
from patients with DD and GD*' revealed a significant increase in FWE
expression in both lesion types relative to normal skin (Fig. 7a). FWE
immunofluorescence performed on clinical samples from Grover’s and
Darier patients (NV=3) as well as normal human skin (N=5)

demonstrated that, relative to normal skin, the apically polarized FWE
signal was expanded downward into additional spinous layers in
acanthotic regions of the epidermis (Fig. 7b). Interestingly, the most
striking increase in FWE signal intensity was observed in dyskeratotic
foci characterized by numerous ‘corps ronds’ and grains on H&E-
stained tissue sections (Fig. 7b, arrows). Cells in these regions dis-
played a marked loss of the polarized distribution of FWE, which often
encased the entire plasma membrane (Fig. 7b, arrows) or exhibited
aberrant basal or lateral polarity (Fig. 7b, arrowheads). Double immu-
nofluorescence for CDSN and FWE in DD disease suggested that these
alterations in FWE signal likely reflect an accumulation and loss of
polarity of FWE-associated LBs as there was markedly increased
intensity of both proteins in lesional areas of epidermis (Fig. 7c). Air-
yscan2 super resolution imaging of dyskeratotic foci in DD samples
showed co-occurrence of FWE and CDSN in ‘corps ronds’ with both
proteins lacking apparent subcellular polarity, suggesting a failure of
polarized delivery of LBs to the cell surface (Fig. 7d). Collectively, these
findings suggest that dysregulation of FWE expression and aberrant
localization of FWE-positive LBs occur in dyskeratotic regions of DD
and GD lesions.

Discussion
Lysosome-related organelles (LROs) are responsible for the exocytosis
of diverse secretory cargo across many cell types. This includes kera-
tinocytes found in the stratum granulosum (SG) of mammalian epi-
dermis, where apical extrusion of lamellar bodies (LBs) is essential for
establishing barrier function. As this region of the epidermis is not
easily modeled in monolayer culture, the molecular events that facil-
itate the polarized secretion of these vesicles are poorly understood.
However, their exquisite sensitivity to perturbations in extracellular
and cytosolic Ca*" is well appreciated. Our results provide new insight
into this process by demonstrating that hFWE4, a small integral
membrane protein with no prior documented function in normal skin,
localizes to epidermal LBs and, in differentiated keratinocytes, facil-
itates release of intracellular Ca* stores to facilitate delivery of LB
cargo to the cell surface. Our proteomic and image-based analysis of
hFWE4-positive, LB-like vesicles in terminally differentiated keratino-
cytes identifies cargoes specific to this specialized keratinocyte LRO,
but also importantly highlights that there is significant redundancy
between the trafficking machinery associated with LBs and with LROs
found in a wide range of tissues. hFWE4 and its orthologues have been
demonstrated to regulate Ca®*-dependent transport of LROs in pre-
synaptic neurons?, endocytic retrieval of LRO-derived cargo in cyto-
toxic T-lymphocytes?, and, now, apically-directed secretion of an LRO
in terminally differentiated epidermal keratinocytes. Thus, we hypo-
thesize that hFWE4 is a core component of the LRO transport
machinery and likely plays a functional role in a number of specialized
secretory cell types. The data presented here provide a foundation for
interrogating the biology of hFWE4-mediated LRO trafficking across
tissues.

Supporting this point, we have identified VAMP3, STXBP3, STX4,
and NAPA as SNARE components associated with hFWE4-positive
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Fig. 5 | Ectopic hFWE4 expression facilitates plasma membrane presentation of
LB associated cargo including the tight junction component, TROP2. a LFQ-MS
volcano plot showing enriched (pink) and depleted (green) cell surface proteins in
TetON-hFWE4 N/TERT-2G cells relative to TetON-GFP control after four days of
differentiation (n=>5, FDR < 0.1). Overlap of cell surface enriched proteins with the
LB proteome (Raymond 2008) (b) and with Flower-IP enriched proteins (c). Fisher’s
exact test of the hypergeometric distribution was calculated to determine the
significance of the overlap. d Representative TROP2 immunoblot of 100 pg affinity-

purified cell surface protein relative to 10 pg total protein from D7 differentiated
TetON-GFP or TetON-hFWE4 N/TERT-2G in the presence (n = 6) or absence (n=3)
of doxycycline. Densitometric quantification of immunoblots across two inde-
pendent experiments is presented (*=p < 0.05, one-way ANOVA with Dunnet’s
multiple comparison test). e Representative (n =4 independent experiments)
spinning disc confocal imaging of live N/TERT-2G expressing a TetON-hFWE4-EGFP
and SNAP-tagged TROP2. Inset (right) shows colocalization on hFWE4-EGFP posi-
tive vesicles. Scale bars, 10 um (full image), 1 um (inset).

vesicles and demonstrate that in human epidermis, both VAMP3 and
STXBP3 are partially colocalized to CDSN containing LBs. From our
data, it remains unclear whether these molecules directly interact
during LB fusion events. Future work is required to determine whether
these molecules are necessary for hFWE4-dependent LB trafficking
and to dissect the mechanisms by which hFWE4 might regulate their
behavior during this process. As interaction of STXBP3 and STX4
regulates fusion events for many specialized vesicles, including GLUT4
storage vesicles (GSVs) in adipocytes and skeletal muscle’ and
zymogen granules in pancreatic acinar cells®, we hypothesize that this
process is also relevant to LB biology and that FWE may perform an

important regulatory function. These associations with SNARE com-
ponents are particularly noteworthy in skin as mutations in other
SNARE encoding genes, including SNAP29 >* and VPS33B>>°° cause rare
neuroichthyotic syndromes (CEDNIK syndrome and ARC syndrome)
that manifest with impaired LB secretion leading to improper cornifi-
cation. Thus, hFWE4 and the LB-associated SNARE components
reported here could be involved in ichthyosis pathogenesis, including
genetic ichthyoses of unknown origin.

While hFWE4 is involved in direct transport of LROs and endocytic
retrieval of LRO-derived cargo, our work adds to the body of literature
suggesting that its precise function in LRO biology differs across tissue
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types. Here we show that instead of the endocytic role described for its
orthologues in presynaptic neurons and cytotoxic T-lymphocytes
(CTLs), in the SG of epidermis, hFWE4 controls apically polarized
exocytosis of epidermal LBs, a process vital for epidermal barrier for-
mation. We hypothesize that this discrepancy in endo- versus exocytic
function across cell types is in part dependent on tissue-specific dif-
ferences in cargo contained within the lumen of hFWE4-positive

vesicles. LBs released by SG1 and SG2 keratinocytes contain a lipid-rich
proteinaceous matrix and fuse to the apical membrane, which even-
tually undergoes extensive cross-linking to form the rigid cornified
envelope. Collectively, these factors may slow exocytic release of LBs,
effectively preventing endocytic retrieval, leading to exclusion of
hFWE4 from the early endosomal compartment in these cells. This
kind of delayed exocytic release impeding subsequent endocytosis
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Fig. 6 | hNFWE4 potentiates Ca** release from intracellular stores to facilitate
surface trafficking of LB cargo. a Schematic of bi- and tri-cistronic lentiviral
vectors used to stably coexpress a nuclear-localized mCherry indicator with
GCaMPé6s alone or with GCaMP6s and hFWE4 in N/TERT-2G cells. Created in
BioRender. Rudd, J. (2025) https://BioRender.com/gtefyvp. Immunoblot validation
shows inducible expression of hFWE4-3XFLAG in N/TERT-2G cells. b Representative
spinning disc confocal imaging of GCaMPés in control (n =120 cells across 24
independent experiments) or hFWE4 overexpressing (n =193 cells across 18 inde-
pendent experiments) cells following 1 uM thapsigargin treatment and 1.4 mM
CaCl, supplementation. Snapshots from representative movies show intensity
profiles of GCaMPé6s at indicated timepoints before and after treatments. Scale

bars, 10 um. Max fold change in GCaMPé6s intensity in response to thapsigargin (c)
and extracellular Ca®* supplementation (d) are shown. Mean fold change is repre-
sented by dashed lines in (d) (***=p < 0.0001, unpaired two-tailed ¢ test).

e Immunoblotting for TROP2 using 300 ug cell surface protein and 10 g total
protein from doxycycline-treated TetON-GFP and TetON-hFWE4 (n = 2) cell cul-
tures that were loaded with either 40 uM BAPTA-AM or DMSO prior to switching to
1.4 mM CaCl, for 1, 2, or 4 d differentiation. D4 differentiated cells were reloaded
with BAPTA or DMSO after 48 h of differentiation. Densitometry quantification
under each panel reflects intensity values relative to the DMSO-treated control for
each genetic condition. For inputs, tubulin normalized intensities were used. Values
are the average of duplicate samples for each experimental group.

occurs during the secretion of LBs in alveolar type Il epithelial cells'®*.

However, it is not known whether such a mechanism is at play in
epidermal LBs.

We documented an elevation in cytosolic Ca*" upon mobilization
of intracellular stores in hFWE4-expressing cells and Ca*-dependent
hFWE-mediated trafficking of TROP2 in keratinocytes. However, the
precise molecular mechanisms by which hFWE4 confers Ca®* depen-
dency to vesicular transport in epidermal keratinocytes is unclear. One
hypothesis compatible with our data is that hFWE4 itself acts as a Ca**-
permeable channel that releases Ca** from the lumen of hFWE4-
positive vesicles into the surrounding cytosol. This would be con-
sistent with our data demonstrating hFWE4-dependent cytosolic Ca*
elevation in response to thapsigargin and GPN, as acidic organelles like
LROs are sensitive to these agents®°°. While we find that these
responses occur in nominal Ca* free media, suggesting that intracel-
lular stores are those predominantly affected, it remains possible that a
small pool of plasma-membrane associated hFWE4 facilitates entry of
extracellular Ca* into the cytosol. Our data show that hFWE4-
expressing cells exhibit larger cytosolic Ca* elevation in response to
extracellular Ca* addition after ER depletion, which could be
explained by plasma-membrane-associated hFWE4 facilitating store-
operated calcium entry (SOCE) via an unknown mechanism.

While direct Ca®* channel functionality was initially attributed to
the Drosophila ortholog of hFWE4?, this conclusion has been
contested”’ and direct evidence for channeling through hFWE4
orthologues remains limited, largely because the membranes of small
intracellular vesicles are not easily amenable to patch-clamp methods.
Importantly, our data are also compatible with a model in which
hFWE4 indirectly facilitates Ca*" release from vesicular stores by
modulating the activity of unknown channel proteins. In either cir-
cumstance, hFWE4-positive vesicles may serve as a Ca®* reservoir that
when released, could recruit Ca?-dependent adapter proteins to
facilitate polarized vesicular transport and/or facilitate SNARE com-
plex assembly at the target membrane by activating requisite Ca®*
sensors. Similar mechanisms have been demonstrated to regulate
exocytosis of lysosomes and lysosome related organelles (LROs) in
other tissues™®. Regardless of the mechanism, one outstanding
question posed by our work is whether hFWE4-positive LBs in human
epidermis contribute to the global elevation of cytosolic Ca®* levels in
the SG that triggers the final stage of cornification, or whether these
vesicles only transiently elevate local Ca* levels for purposes of vesi-
cular transport regulation. In addition, given our findings that ectopic
hFWE4 expression facilitates cell-cycle arrest and differentiation in
basal keratinocytes, future work may seek to investigate whether
hFWE4-dependent Ca*" elevation contributes to differentiation com-
mitment in this population. It is possible that such an effect might
exert additional FWE-mediated influence on cutaneous barrier
formation.

Proteomic and imaging analysis demonstrated that hFWE4-
positive vesicles in differentiated keratinocytes carry many putative
LB cargo, including lipid regulators linked to cornification and junc-
tional proteins essential for Ca?*-dependent TJ formation. This reflects

the heterogeneity of epidermal LBs, which are believed to originate
from the trans-Golgi network (TGN)* before subpopulations are loa-
ded with spatially segregated cargo through an unknown mechanism
prior to secretion”®®?, Qur data strongly support the notion that
LBs arise from the TGN, revealing that hFWE4-positive LB-like vesicles
are highly enriched for proteins that annotate to this compartment.
As a prototypical cargo for mechanistic studies, we focused on TROP2,
a cell surface glycoprotein and TJ component, that is trafficked to
the cell surface in hFWE4-positive vesicles and had previously been
identified in the LB fraction of human epidermis®’. While LB secretion
and TJ biogenesis/turnover are spatially and temporally linked in
SG29364 the relationship between these processes is not well under-
stood. As we also identified proteases such as SPINT1 and ADAM family
members that influence skin barrier function by regulating ectodo-
main shedding and intramembrane proteolysis of TJ components such
as claudins and TROP2*, it is possible that hFWE4-positive LBs
assemble the requisite machinery for TJ assembly and turnover at the
plasma membrane.

Finally, we present data suggesting disease relevance of hFWE4
function in skin, showing that mislocalized FWE-associated LBs accu-
mulate in prematurely cornified keratinocytes that typify two epi-
dermal barrier disorders previously linked to abnormal Ca®* handling,
Darier (DD) and Grover (GD) disease. While the Ca* handling
abnormalities that drive these epidermal diseases are thought to result
from dysregulation of ER stores downstream of SERCA2 mutation**®,
it is plausible that the abundance of FWE-positive LBs in these cells
could act as additional Ca®* stores whose release further accelerates
inappropriate cornification. Accumulation of LBs in ‘corps ronds’,
which were then called Odland bodies®®, was noted over sixty years ago
in EM studies of Darier disease performed by Caulfield and Wingram®’
and later by Peck et al.®®. However, there has been little follow-up on
these findings. In light of the data presented here, future studies may
investigate whether targeting FWE expression or function to normalize
LB secretion and restore proper cornification is a valuable therapeutic
strategy in DD, GD, or other skin barrier disorders in need of novel
treatments.

Methods

Cell culture

N/TERT-2G* a gift from James Rheinwald, Brigham and Women'’s
Hospital, Boston, MA, USA) and NHEK (Lonza 00192906) were main-
tained in EpiLife (Gibco MEPISO0CA) medium supplemented with 1x
HKGS (Gibco S0015), 1% pen-strep (Gibco 15070063), and brought to
0.4mM CaCl,. HEK293FT cells (Invitrogen R70007) for lentiviral
packaging were maintained in high-glucose DMEM supplemented with
L-glutamine and sodium pyruvate (Gibco 1195065), 10% FBS (Sigma
0926), and 1% pen-strep (Gibco 14130122). All cells were grown in an
air-jacketed humidified incubator at 37 °C, 5% CO,.

For differentiation in submerged culture, 100% confluent N/TERT-
2G or NHEK were switched to fully supplemented EpilLife medium
containing 1.4 mM CaCl,. Cells were refed daily with this medium post-
confluence until the desired endpoint was reached.
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Fig. 7 | Dysregulation of FWE-associated LBs characterizes epidermal pathol- grains of dyskeratotic foci, arrowheads show examples of cells with improper FWE
ogies driven by impaired cytosolic Ca** handling. a hFWE expression retrieved polarization. ¢ Representative double immunofluorescence for FWE and CDSN on
from bulk RNA-seq of normal skin (n =4) and Darier (n=11), Grover (n=10), or Darier skin biopsies (n =3 biologically independent samples) showing significant
Hailey-Hailey disease (n=7) from GSE233000 (* = DESeq2 p-adj < 0.05). colocalization in dyskeratotic foci. Arrows indicate representative corps ronds

b Representative FWE immunofluorescence performed on normal (n=>5), Grover imaged using Airyscan2 super resolution confocal in (d) showing accumulation of
(n=3)and Darier (n = 3) patient samples. Following fluorescent imaging, H&Es were  double positive vesicles around the entire cell periphery. Scale bars, (b, ¢) 100 um,
performed on the same section to allow co-registration of FWE signal with histo- (d) 10 pm (full image), 1 um (inset).

pathology. Arrows show significant elevation of FWE signal in corps ronds and

Nature Communications | (2025)16:6892 13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62105-1

CRISPR/Cas9 Editing and clonal cell line generation

CLDNI KO N/TERT-2G keratinocytes were a kind gift from Matthew
Brewer, Rochester University Medical Center, Rochester, NY, USA. For
cell lines generated in house, CRISPR/Cas9 editing of N/TERT-2G cells
was performed using transient electroporation of purified Cas9:sgRNA
RNPs as described in detail®. Briefly, for KO of hFWE, 600 ng of a
modified sgRNA (Synthego CRISPRevolution sgRNA EZ Kit) targeting
exon 1 of hFWE (5-GCAUGACGUGGUGGUACCGC-3’) was complexed
with 3ug Alt-R Cas9 V3 (IDT 1081058) in vitro. Where indicated, a
scrambled negative control sgRNA (Synthego, Negative Control,
Scrambled sgRNA#1, mod-sgRNA) was complexed to Alt-R Cas9 V3.
The assembled RNP complex was subsequently electroporated into
2 x 10°N/TERT-2G using the NEON transection system to deliver 1 pulse
of 1700V for 20 ms. Cells were then seeded in fully supplemented
EpiLife medium.

For KI of a 3XFLAG tag into the endogenous AFWE locus, a similar
strategy was used. Briefly, 300 ng of an Alt-R modified sgRNA (IDT)
targeting the 3’ end of the exon 6b coding sequence (5-AGGGGGA
GCUGUGAAGGGCU-3’) was complexed with 3 ug Alt-R Cas9 V3 (IDT
1081058) in vitro. Prior to electroporation, 0.45 pg of a ~ 150 bp ssODN
(IDT) encoding 5" and 3’ homology arms flanking a 3XFLAG-AUG was
added to the mixture. Cells were electroporated under conditions
described above and seeded into fully supplemented EpiLife medium
containing 1uM Alt-R HDR Enhancer V2 (IDT 10007910). Cells were
refed with enhancer-free EpiLife medium 16 h after electroporation.

Sanger sequencing (Genewiz) of target regions was performed on
gDNA isolated from polycloncal cell pools to estimate editing effi-
ciency prior to limiting dilution based clonal isolation. Briefly, the
edited polyclonal cell pools were seeded at 1 cell/well in 96-well tissue
culture plates and expanded for cryopreservation and gDNA isolation.
PCR amplicons of genomic regions targeted during editing were San-
ger sequenced (Genewiz), and editing relative to the wild-type locus
was analyzed using interference of CRISPR edits (ICE, Synthego).

sgRNA and ssODN sequences used for editing can be found in
Supplementary Table 1. Primer sequences used for genotyping of exon
1 and exon 6b can be found in Supplementary Table 2.

Lentiviral production and generation of stable cell lines
Lentiviral particles were packaged in HEK293FT by lipofection (Lipo-
fectamine LTX Plus) of psPAX2 (Addgene 12260), pMD2.G (Addgene
12259), and transfer vector. Lentiviral supernatants were concentrated
to 100x using Lenti-X concentrator (Takara cat), and N/TERT-2G were
infected in suspension in 0.5 pg/ml polybrene. Infected cells were
selected in 3 pg/ml blasticidin and maintained either as a stable poly-
clonal pool or subject to limiting dilution cloning as described for
CRISPR/Cas9 engineered cell lines.

Epidermal organoid culture
Epidermal organoid cultures were performed as previously
described’”® with minor adjustments. In short, cell culture inserts in a
24 wells carrier plate (Nunc, Thermo Fisher Scientific, 141002) were
coated using 100 pg/mL rat tail collagen (Sigma-Aldrich, C3867) for
1h at 4 °C. After phosphate-buffered saline (PBS) washing the filters,
150,000 cells were seeded and submerged in CnT-prime medium
(CELLnTEC, CnT-PR) at the lowest insert stand. After 72h, the
medium was switched to differentiation medium (40% Dulbecco’s
modified Eagle’s Medium (Sigma-Aldrich, D6546) and 60% 3D bar-
rier medium (CELLNTEC, CnT-PR-3D)) and the organoids were lifted
to the highest stand, air-exposed. Medium was refreshed every
other day until the end of the culture (10 days) organoids were
harvested by taking punch biopsies (4 mm for RNA, 4 mm for
immunohistochemistry (IHC).

In select experiments, organoids were seeded with starting
populations composed of 10% TetON-GFP or ~hFWE4 cells and 90%
WT N/TERT-2G. In these experiments, the differentiation medium used

at the air-liquid interface was supplemented with 200 ng/ml doxycy-
cline to induce expression at the onset and for the duration of strati-
fication. Punch biopsies retrieved from these cultures after 10 days of
stratification were fixed and then subject to nuclear counterstaining
with NucSpot 650 (Biotium 41035), before optical clearing in FUnGI"
clearing solution for wholemount imaging.

Electrical impedance spectroscopy

Locsense Artemis (Locsense, Enschede, the Netherlands), equipped
with a custom-made incubator-compatible smart lid, was used to
measure the electrical impedance spectrum as previously described”.
First, a PBS-only control was measured for each electrode, including
device self-calibration. Meanwhile, the organoids were acclimated to
room temperature and lowered to the middle position in the transwell
plate. 1600 pL of PBS was added below, and 500 pL PBS was added on
top of the insert. Thereafter, the smart lid was placed on the wells,
ensuring both electrodes being submerged. Impedance was measured
over a frequency range from 10 Hz to 100,000 Hz in 30 logarithmic
intervals. The PBS-only blank measurement was subtracted from the
impedance output for each electrode individually. For EIS®T
(127-2212 Hz), the area under the curve was calculated using the
frequency range.

RNA-seq and data analysis

Total RNA was isolated from epidermal organoids after 10 days of air-
liquid interface culture using the Favorprep total tissue RNA kit
(Favorgen Biotech, Tung, Taiwan) according to the manufacturer’s
instructions. Library preparation, sequencing, and data analysis were
performed in the Innovative Genomics and Bioinformatics Core at
Creighton University (RRID:SCR_024816).

To prepare sequencing libraries, a total RNA input of 500 ng was
used for library preparation with the NEBNext Ultra Il Directional RNA
Library Prep kit for Illumina, along with NEBNext Poly(A) mRNA Mag-
netic Isolation Module (both New England BioLabs Inc.) according to
the manufacturer’s protocol. The library quality and quantity of RNA
were assessed using RNA ScreenTape Assay (Agilent) and Agilent 4200
TapeStation System following the manufacturer’s protocol. Libraries
were pooled equimolar for sequencing to a final concentration of
3 nM. The pooled libraries were sequenced on the Illumina NextSeq
2000 system (Illumina) using NextSeq 1000/2000 P2 Reagent Car-
tridge 100 cycles and P2 Flow Cell (Illumina).

For analysis of bulk RNA-seq data, adapters were trimmed with
Trim Galore v.0.6.5, and reads were aligned to hg38 as the reference
genome (GRCh38 release 45 from Gencode). STAR v. 2.7.11b7> was used
for read mapping, and Salmon v.1.10.1 for transcript quantification.
Differential expression analysis was carried out using DESeq2 v.
1.41.13"*. Sample All (a technical replicate of KO clone 8) was excluded
because it was identified as an outlier based on PCA analysis and
Euclidean distances of all samples after variance stabilizing transfor-
mation. Genes that were not expressed in any sample were excluded
from the analysis. GO and KEGG enrichment was carried out in R
(v.4.3.2) using clusterProfiler (v.4.10)”. For GSEA, genes were ranked
by their values in the “stat” column of the DESeq2 results. This column
represents Wald test values, which are calculated by dividing the log
fold change by the standard error for each gene. The cutoff for sig-
nificance of the enrichment scores was p-adj < 0.05.

Plasmids and molecular cloning

pCW57-MCS1-P2A-MCS2-Blast (Addgene 80921) was used as a base
vector to construct all lentiviral TetON constructs. Inserts were syn-
thesized as double-stranded gBlocks (IDT) with In-Fusion-compatible
overhangs or generated via standard PCR-based amplification using Q5
High-Fidelity mastermix (NEB MO0492L). pLVX-puro-GCaMPés
(Addgene 164589) was used as a PCR template for the GCaMPé6s
coding sequence. Relevant primer sequences can be found in
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Supplementary Table 2. Inserts were cloned into EcoRl/BamHI or Bsrgl
digested vector using In-Fusion Snap Assembly mastermix (Takara Bio
638947). Final versions of all vectors were subject to whole-plasmid
sequencing by Plasmidsaurus for sequence validation. Lenti CMV
TROP2-V5-SNAP encoding a C-terminal V5-SNAP fusion to the TROP2
coding sequence was synthesized and whole-plasmid sequenced by
VectorBuilder.

Organelle immunoprecipitation

To isolate intact hFWE4-positive vesicles from differentiated kerati-
nocytes for proteomic profiling, TetON-GFP and TetON-hFWE4 N/
TERT-2G were grown to 100% confluence in 15 cm dishes (N=5) and
switched into 1.4 mM CaCl, EpiLife containing 200 ng/ml doxycycline.
After four days of differentiation with daily refeeding, cell sheets were
subject to non-denaturing lysis and rapid immuno-isolation using
techniques similar to those described elsewhere*®**, Briefly, cell sheets
were washed 1x with cold PBS, then scraped onice and transferred into
1.2 ml cold KPBS buffer (25 mM KCL, 100 mM potassium phosphate,
pH 7.2) with protease and phosphatase inhibitor (HALT, Pierce) on ice.
Cells were mechanically homogenized with 25 strokes of a Tenbrock
tissue grinder and subsequently homogenized with five passes
through a 22 G needle. Lysed cells were centrifuged at 1000 x g for 5 m
at 4 Cto pellet nuclei, and a 100 pL aliquot of post-nuclear supernatant
was frozen as input while 1.1 ml was added to 100 pL of prewashed anti-
DYKDDDK magnetic agarose (Pierce A36797) and rotated for 50 m at
4 C for immunoprecipitation. Beads were washed three times by
rotating in cold KPBS and subsequently eluted for 30 m with 1% NP-40
in cold KPBS with inhibitors. Eluates were aliquoted and frozen for
label-free quantitative mass spectrometry (LFQ-MS) and immuno-
blotting. For immunoblotting, protein estimation was performed on
input samples, and loading volumes of input and IPs were adjusted to
ensure equal starting material.

Cell surface biotinylation

To isolate surface protein from differentiated keratinocytes for pro-
teomic profiling, TetON-GFP and TetON-hFWE4 N/TERT-2G were
grown to 100% confluence and switched into 1.4 mM CaCl, EpiLife
containing 200 ng/ml doxycycline. After the differentiation time point
was reached, cell sheets were subject to surface biotinylation as
described in ref. 25 with slight modifications. Briefly, cells were washed
with cold PBS and then incubated on ice in 0.5 mg/ml EZ link sulfo NHS
ss biotin (Thermo Fisher #21331) for 30 m. Unreacted biotin was
quenched three times in cold 50 mM glycine, and cells were subse-
quently sonicated in cold lysis buffer (1% Triton-X 100, 150 mM NaCl,
1mM EDTA) with protease and phosphatase inhibitor cocktail. Clar-
ified lysates were kept at -80C until processing. For LFQ-MS experi-
ments, 5 mg whole cell lysate per sample (N =5) was incubated at 4 C
overnight with 250 pl High Capacity NeutrAvidin resin (Pierce 29202).
Resin was washed three times for 5 m each at 4 C in cold lysis buffer,
then eluted twice in 6 M urea, 100mM DTT at 65C for 15m. For
smaller-scale immunoblotting experiments, 100 pg lysates were incu-
bated at 4 C overnight with 30 pl NeutrAvidin resin (Pierce 29200).
Resin was washed as described above, then eluted in 2X LAEMMLI
buffer. For immunoblotting assays, protein quantities indicated in the
figure legends for input and pulldowns were loaded on an SDS-PAGE
gel to compare surface:total protein ratio. BAPTA loading was per-
formed where indicated in surface biotinylation experiments by
incubating cells in 0.08% Pluronic with 40 uM BAPTA-AM (AAT Bio-
quest 126150-97-8) or DMSO in PBS (Gibco 10010023) for 30 m at 37 C.
Cells were washed twice in PBS and refed with 1.4 mM CaCl, EpilLife.

LFQ-MS and proteomic data analysis

LFQ-MS proteomics experiments were performed at the UNMC pro-
teomics core facility using standard protocols. The protein concentra-
tion was estimated in each sample using the BCA Protein Assay Kit

(Pierce). 100 pg of proteins from each sample was diluted to 100 pL
volume with 100 mM ammonium bicarbonate (ambic). Proteins were
reduced with 5 pL of 200 mM tris(2-carboxyethyl) phosphine (TCEP) (1 h
incubation, 55°C) and alkylated with 5pL of 375mM iodoacetamide
(IAA) (30 min incubation in the dark, room temperature). The reduced
and alkylated proteins were purified with acetone precipitation at
-209C overnight. The next day, protein precipitates were collected by
centrifugation at 8000 x g for 10 min at 4 °C and pellets were briefly air-
dried and resuspended in 100 pL of 50 mM ambic. The protein digestion
was carried out using 2.5ug of trypsin per sample (16 h incubation,
37°C). The next day, samples were dried out using a speed vacuum and
then desalted with C18 spin columns (Pierce). Clean peptides were dried
out again with speed vacuum and resuspended in 0.1% formic acid, and
next analyzed using a high-resolution mass spectrometry nano-LC-MS/
MS Tribrid system, Orbitrap Fusion™ Lumos™ coupled with an UltiMate
3000 HPLC system (Thermo Scientific).

1.5 pg of each sample was loaded onto trap column Acclaim Pep-
Map 100 (75 pm x 2 cm C18 LC Columns, Thermo Fisher Scientific) at a
flow rate of 4 pl/min, and next separated with a Thermo RSLC Ultimate
3000 (Thermo Fisher Scientific) on a Thermo Easy-Spray PepMap RSLC
Cl18 column (75 um x50 cm C-18 2 um, Thermo Fisher Scientific) at a
flow rate 0.3 pl/min and 50 °C, with a step gradient of 9%-25% solvent B
(0.1% FA in 80% acetonitrile) from 10-15 min and 25%-40% solvent B
from 15-40 min, with a 70 min total run time. The MS scan was done
using detector: Orbitrap resolution 120000; scan range 350-1800 m/z;
RF lens 30%; AGC target 4.0 e5; maximum injection time 100 ms. The
most intense ions with charge states 2-6 isolated in 3s cycles were
selected in the MS scan for further fragmentation. MS2 scan parameters
set: activation HCD with 35% normalized collision energy, detected at a
mass resolution of 30000. The AGC target for MS/MS was set at 5.0 e4,
and ion filling time set to 60 ms.

Protein identification was performed by searching MS/MS data
against the Uniprot database (selected for Human) in Proteome Dis-
coverer (Thermo Fisher Sci, vs 3.0.), assuming the digestion enzyme
trypsin. The parameters for Sequest HT were set as follows: Enzyme:
trypsin, Max missed cleavage: 2, Precursor mass tolerance: 10 ppm,
Peptide tolerance: + 0.02 Da, Fixed modifications: carbamidomethyl
(C); Dynamic modifications: oxidation (M), acetyl (N-term). The para-
meters for the Precursor ions quantifier were set as follows: peptides to
use unique + razor, precursor abundance based on intensity; normal-
ization mode: total peptide amount; scaling mode: on all average. Raw
LFQ intensities were further processed and analyzed for differential
protein abundance in the Perseus Computational Platform’. Briefly,
LFQ intensities were log2 transformed and filtered to exclude proteins
with > 50% missing values. Missing values were replaced from a normal
distribution (width 0.3, down shift 1.8), and two-sided ¢ tests were used
to compare groups (permutation-based FDR < 0.05 for Organelle IP,
FDR < 0.1 for surface proteomics).

For subcellular annotation of the Flower-IP dataset, consensus
graph based annotation for subcellular compartments from ref. 43 was
downloaded (https://organelles.czbiohub.org/Subcellular UMAP) and
used to classify Uniprot IDs. For analysis of gene set overlap between
two independent datasets, one tailed Fisher’s exact test of the hyper-
geometric distribution was performed using the complete human
proteome as the population size.

Antibodies

Primary antibodies used for immunofluorescence, immunohis-
tochemistry, and immunoblotting assays can be found in Supple-
mentary Table 3.

Immunofluorescence, Imnmunohistochemistry and Fluorescent
Ceramide labeling

Human skin was collected from deidentified, discarded surgical
specimens and FFPE processed using standard techniques.
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Epidermal organoids were excised as 4 mm biopsies and processed
for FFPE using standard techniques. For immunofluorescence assays
on human skin or epidermal organoids, standard protocols were
used, including citrate-based antigen retrieval (VectorLabs) prior to
blocking and antibody incubation in 1% BSA/5% goat serum/0.3%
TritonX-100. Species-specific fluorophore-conjugated secondary
antibodies were used for detection, and nuclei were counterstained
with Hoechst 33342 before mounting coverslips with Vectashield
Antifade mounting medium (VectorLabs). For immunocyto-
fluorescence assays, cells were grown on collagen coated glass
bottom 96 well plates (Cellvis P96-1.5H-N) under indicated condi-
tions, fixed in 10%NBF, permeabilized with 0.3% TritonX-100,
and subject to immunostaining against indicated targets using
standard techniques. Nuclei were counterstained with Hoechst
33342 before imaging.

Standard LSM confocal and Airyscan2 superresolution confocal
imaging were performed on immunostained or otherwise fluores-
cently labeled human skin, organoid specimen, or cultured cells
using a Zeiss LSM980 with Airyscan2. For all experiments, 405, 488,
561, and 633 nm laser lines and a Plan-Apochromat 63x/1.4NA
objective were used. All Airyscan2 data was deconvolved using Air-
yscan joint deconvolution (jDCV) in Zen Blue. Standard LSM con-
focal images were subject to median or Gaussian filtering in Zen
Blue, applied identically to all images within a given experiment.
Orthogonal projections of maximum intensity for Airyscan2 and
LSM confocal micrographs are presented unless otherwise specified.
Mander’s colocaliziation coefficients in Airyscan2 micrographs were
quantified using the JaCOP Fijij PlugIn’’ Analysis was restricted to
cell layers expressing both markers of interest, and thresholds were
generated using single color controls.

For immunohistochemistry of epidermal organoids, sections
were blocked for 15 min with 5% serum in PBS and subsequently
incubated with primary antibody against the protein of interest for
1h at room temperature. Next, a 30 min incubation step with bioti-
nylated secondary antibody (Vector Laboratories, Burlingame, CA)
was performed, followed by a 30 min incubation with avidin-biotin
complex (Vector Laboratories). The peroxidase activity of 3-amino-
9-ethylcarbazole was used to visualize the protein expression,
and the sections were mounted using glycerol gelatin (Sigma-
Aldrich). For routine histology, deparaffinized sections were stained
with hematoxylin (Klinipath, 4085.9005) and eosin (Klinipath,
4082.9002).

RT-qPCR

Total RNA was isolated from cultured cells using Qiagen RNeasy mini
(Qiagen 74104), and cDNA was synthesized using SuperScript Ill First-
Strand Synthesis System (Invitrogen 18080051) according to the
manufacturers instructions. Actin and hFWE2/4 qPCR was subse-
quently performed on cDNAs using SsoAdvanced Universal SYBR
Green Supermix (BioRad 1725270) and a BioRad CFX384 Touch Real-
Time according to manufacturers instructions. Primer sequences used
for RT-qPCR are listed in Supplementary Table 2.

Cell cycle analysis

For cell cycle assays, subconfluent N/TERT-2G were induced to express
the indicated transgene with 200 ng/ml doxycycline for 24 hin 0.4 mM
CaCl, EpilLife media. Assays were performed using the Click-IT EdU
Alex Fluor 647 Flow Cytometry Assay Kit (Life Technologies C10419).
Briefly, cells were pulsed with 1uM EdU for 1.5hm, then trypsinized for
fixation, permeabilization, and detection following the manufacturer’s
protocol. Total DNA content was labeled with FxCycle Violet Ready
Flow Reagent (Invitrogen R37166) prior to analysis on a Yeti flow cyt-
ometer. More than 20,000 events were analyzed per condition in
FlowJo. Representative gating strategy for cell cycle experiments is
presented in Supplementary Fig. 3C.

Live cell imaging

Live cell imaging experiments were performed on a Nikon TiE equipped
with a Yokagawa CSU-X1 spinning disc, Hamamatsu Orca Flash camera,
and Nikon Perfect Focus System (PFS) using 488, 561, and 647 nm laser
lines, and either a Plan Apo A 100x/1.45NA or S Fluor 40x/1.3 oil objective
were used for imaging. Some live cell imaging experiments were per-
formed on a Zeiss LSM980 with Airyscan2 using 405, 488, 561, and
633nm laser lines and a Plan-Apochromat 40x/1.3NA or 63x/1.4NA
objective. Cells for live imaging were grown on either collagen-coated
glass bottom 96-well plates (Cellvis P96-1.5H-N) or collagen-coated ibidi
8-well 1.5 glass bottom chamber slides (ibidi 80807) and were main-
tained in a stagetop incubator at 37 C, 5% CO, during imaging.

For experiments involving live two-color imaging of TROP2-V5-
SNAP and hFWE4-EGFP, stable N/TERT-2G cells were induced to
express 3XNLS mCherry 2 A hFWE4-EGFP for 24 h, then treated with
5uM JFX650 in 1.4 mM CaCl, EpiLife medium for 30 m at 37 C, washed,
and imaged in 1.4 mM CaCl, EpiLife. Sequential acquisition of EGFP
(488 nm, 200 ms exposure) and JFX650 (647 nm, 200 ms exposure)
were performed as a timelapse with a frame rate of 1s.

For experiments involving live three-color imaging of 3xNLS
mCherry, hFWE4-EGFP, and C6-NBD-Ceramide, stable N/TERT-2G cells
were induced to express 3xNLS mCherry 2 A hFWE4-EGFP for 24 h after
72 h of differentiation. Cells were labeled on ice with 5 uM 1:1 NBD-C6-
Ceramide:BSA (Invitrogen N22651) in HBSS for 30 m, before washing
and incubating in warmed 1.4 mM Ca®" EpiLife medium for 30 m prior
to imaging.

For experiments involving live imaging of GCaMPé6s, stable N/
TERT-2G cells were induced to express the indicated construct for 24 h
in 0.06 mM CaCl, Epilife. Alternatively, for experiments in nominal
Ca®" free media, cells were induced to express the indicated construct
for 48 h in 0.06 mM CaCl, EpilLife, and were then switched to 0 mM
Ca” EpiLife 20 min prior to imaging. Positive cells were identified on
the basis of the nuclear mCherry indicator, then timelapse imaging of
the GCaMPé6s signal (488 nm) was performed at indicated time inter-
vals. Where indicated, cells were either fed with either 1uM thapsi-
gargin (Cell Signaling Technologies 12758) in 0.06 mM CaCl,
containing EpiLife medium and then switched to thapsigargin-free
EpiLife containing 1.4 mM CacCl,, or fed with 1 uM thapsigargin, 200 uM
GPN (SantaCruz Biotechnology, sc-252858), or 5uM ionomycin (Invi-
trogen 124222)+0.25mM EGTA and imaged as described above.
Single-cell intensity traces were analyzed in NIS Elements software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Bulk RNA seq data generated in this study have been deposited in the
Gene Expression Omnibus (GEO) database (GSE269871) [https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE269871]. Publicly avail-
able datasets reanalyzed in this study can be found in GEO under
accessions GSE127223, GSE228631, and GSE233000. LFQ-MS pro-
teomics data generated in this study have been deposited in the
MassIVE repository (MSV000095056) [https://doi.org/10.25345/
C57ZP3WB6C]. Source data are provided in this paper.
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