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Abstract
The mammalian skin and its appendages depend on tightly coordinated differentiation of epithelial cells. Epidermal growth 
factor receptor (EGFR) pathway substrate 8 (EPS8) like 1 (EPS8L1) is enriched in the epidermis among human tissues and 
has also been detected in the epidermis of lizards. Here, we show by the analysis of single-cell RNA-sequencing data that 
EPS8L1 mRNA is co-expressed with filaggrin and loricrin in terminally differentiated human epidermal keratinocytes. 
Comparative genomics indicated that EPS8L1 is conserved in all main clades of mammals, whereas the orthologous gene has 
been lost in birds. Using a polyclonal antibody against EPS8L1, we performed an immunohistochemical screening of skin 
from diverse mammalian species and immuno-electron microscopy of human skin. EPS8L1 was detected predominantly in 
the granular layer of the epidermis in monotremes, marsupial, and placental mammals. The labeling was partly associated 
with cell membranes, and it was evident along the perimeter of keratinocytes at the transition with the cornified layer of the 
epidermis, similar to involucrin distribution. Basal, spinous, and the fully mature cornified layers lacked immunolabeling of 
EPS8L1. In addition to the epidermis, the hair follicle inner root sheath (IRS) was immunolabeled. Both epidermal granular 
layer and IRS contribute to the barrier function of the skin, suggesting that EPS8L1 is involved in the regulation of these 
barriers.
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Introduction

The mammalian epidermis forms an efficient barrier against 
water loss from the inside and against the entry of chemicals 
and microbes from the outside of the skin (Sokolov 1982; 
Elias and Choi 2005; Eckhart and Zeeuwen 2018; Sachslehner 
et al. 2023). This barrier resides in the two outermost layers 
of the epidermis, the cornified layer (stratum corneum), and 
the granular layer. The latter is characterized by the expression 
of filaggrin and loricrin, the formation of keratohyalin gran-
ules that are seen in histological sections, and by the presence 

of tight junctions which limit intercellular diffusion (Steven 
et al. 1990; Kalinin et al. 2002; Matsui and Amagai 2015; 
Ishida-Yamamoto et al. 2018). The secretion of lipids into the 
intercellular space of the stratum corneum, the cross-linking 
of proteins encoded by genes of the epidermal differentiation 
complex (EDC) and others, and the dynamic remodeling of 
cell junctions during terminal differentiation of keratinocytes 
are critical for the maintenance and continuous regeneration 
of the epidermal barrier (Menon et al. 1992; Rawlings et al. 
1994; Kalinin et al. 2002; Gorzelanny et al. 2020). Many pro-
teins have been implicated in the regulation of the skin bar-
rier, including epidermal growth factor (EGF) and its receptor 
(EGFR) (Rübsam et al. 2017), but the functions of several 
proteins present in the granular and cornified layers of the 
epidermis are unknown.

EGFR pathway substrate 8 (EPS8) like 1 (EPS8L1) 
mRNA was identified as a skin-enriched gene transcripts 
and EPS8L1 protein was detected in the granular layer of 
human epidermis (Edqvist et al., 2015). The EPS8L1 pro-
tein shares the domain organization with EPS8, which is 
involved in Ras signaling and actin remodeling (Tocchetti 
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et al. 2003; Offenhauser et al. 2004), and two further 
EPS8-like proteins (EPS8L2, EPS8L3). At the amino 
acid sequence level EPS8L1 is 38.5% identical to EPS8, 
suggesting that their functions are similar. As EPS8 was 
originally characterized as a component of EGFR sign-
aling (Lanzetti et al. 2000), the specific expression of 
EPS8L1 in the epidermis suggests that EPS8L1 might be 
involved in cutaneous EGFR signaling, which is critical 
for growth and differentiation of epidermal keratinocytes 
(Lichtenberger et al. 2013; Rübsam et al. 2017; Amberg 
et al. 2019; Barresi et al. 2022; Green et al. 2022). How-
ever, like EPS8 (Frittoli et al. 2011; Giampietro et al. 
2015), EPS8L1 may also play EGFR-independent roles.

Based on its identification as skin-enriched gene, we 
hypothesized that EPS8L1 is associated with skin-specific 
structures or functions and determined the expression pat-
tern and protein localization of EPS8L1 in the skin of phy-
logenetically diverse species representing the entire class of 
mammals, including monotremes, marsupials, and placen-
tals. Our data extend the knowledge about EPS8L1 expres-
sion beyond human epidermis and suggest an evolutionarily 
conserved role of EPS8L1 in the regulation of the mamma-
lian epidermal barriers.

Materials and methods

Comparative gene analysis

Genes orthologous to human EPS8L1 were identified in the 
genome sequences of vertebrates according to a previously 
described approach (Eckhart et al. 2006). The sequences 
were obtained from GenBank at the National Center for 
Biotechnology Information (NCBI), https:// www. ncbi. nlm. 
nih. gov/ genba nk/, last accessed on 7 June 2023). Orthology 
was confirmed by reciprocal BLAST searches and detection 
of shared synteny.

Analysis of single‑cell RNA‑sequencing (scRNA‑seq) 
data

scRNA-seq data from human hip skin were downloaded 
from GenBank (accession number GSM5410886) and ana-
lyzed, as described previously (Kalinina et al. 2021). Uni-
form manifold approximation and projection (UMAP) plots 
were generated to achieve dimension reduction and facilitate 
the identification of cell clusters. mRNA expression levels 
were diplayed as color intensity for each cell.

Skin samples

The skin samples and the related permits were collected 
in previous studies (see below), and the embedded tissues 

have been re-sectioned to be utilized in the present study. 
Skin from different regions of the monotremes platypus 
(Ornithorynchus anatinus, foot-web skin) and echidna 
(Tachyglossus aculeatus, ventral skin), the marsupials 
red kangaroo (Osphrantus rufus, dorsal skin), wombat 
(Vombatus ursinus, dorsal skin), brush-tail possum (Tri-
churus vulpecula, ventral and ear skin), striped-face 
dunnart (Sminthopsis macroura, belly skin) and the pla-
centals mole (Talpa europaea, ventral skin), bat (Pipist-
rellus kuhnii, alar skin), mouse (Mus musculus, newborn 
and adult dorsal skin), newborn rat (Rattus norvegicus, 
tail and dorsal skin), rabbit (Oryctolagus cuniculus, ear 
skin), hamster (Mesocricetus auratus, newborn dor-
sal skin), cat (Felis domestica, belly skin), and human 
(Homo sapiens, scalp and finger skin) were here uti-
lized (Alibardi 2004a,b, 2006, 2010, 2012; Alibardi and 
Maderson, 2004; Alibardi et al. 2005). Human skin from 
the scalp and digit was provided by the consent infor-
mation of two adult individuals, as previously reported 
(Alibardi et al. 2004).

Preparation of samples

Briefly, after fixation in Carnoy or 4% paraformalde-
hyde in neutral phosphate buffer 0.1 M for about 8 h 
at 4  °C, the small skin tissues (2–4 mm) were dehy-
drated and embedded at 0–4 °C under UV in Lowcryl 
or Bioacryl resins for 2–3 days (Scala et al. 1992). The 
samples were sectioned at 2–4 µm in thickness using an 
ultramicrotome, and they were collected on glass slides 
for staining (1% toluidine blue) or immunofluorescence 
analysis.

Immunofluorescence analysis

Immunofluorescence was carried out using a rabbit poly-
clonal antibody raised against the amino acid residues 
384–469 of human EPS8L1 (HPA041851, Sigma, USA). 
After 1 h pre-incubation in buffer with 2% normal goat 
serum at room temperature, the sections were exposed 
to the primary antibody (dilution 1:200) overnight at 
0–4 °C. In control sections, the primary antibody was 
omitted. Following repeating rinses in the buffer, the sec-
tions were incubated with an anti-rabbit immunoglobulin 
FITC-conjugated secondary antibody, diluted 1:200 v/v, 
for 70 min at room temperature. As nuclear counter-
staining for the green signal of FITC, propidium iodide 
(PI, red) was utilized at a dilution of 1:1000 in buffer. 
The sections were stained with PI for 10  min in the 
dark at room temperature. After mounting the sections 
with Fluoromount (Sigma), they were observed under a 
fluorescence microscope (Euromex Microscopen B.V., 
Novex B Fluo, Holland) equipped with a f luorescein 
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filter (FITC, Green filter, G) and images were recorded 
by a digital camera (Toupcam, Labwaretools, version 3.7, 
Treviso, Italy).

Immunogold electron microscopy

From the two human skin samples, thin sections were 
collected using an ultramicrotome on nickel grids, 

and they were immunostained using gold particles of 
10  nm in diameter (Sigma). The sections were pre-
incubated for 10 min at room temperature in 0.05 M 
tris(hydroxymethyl)aminomethane (Tris)-HCl buffer at 
pH 7.6, containing 1% cold water fish gelatin, and then 
incubated overnight at 0–4 °C in the primary antibody 
against EPS8L1 and diluted 1:200 v/v in the same buffer. 
In controls, the primary antibody was omitted. In order to 

Fig. 1  Identification of EPS8L1 expression in single-cell RNA-
sequencing (scRNA-seq) data. Expression levels of EPS8L1 (A), 
EGFR (B), FLG (C), CDSN (D), KRT10 (E) and KRT14 (F) are indi-
cated in uniform manifold approximation and projection (UMAP) 
plots of scRNA-seq data from human hip skin. The color intensity of 

the dots, each corresponding to a cell isolated from the skin, is pro-
portional to the abundance of the respective mRNA. Arrows point to 
an EPS8L1-expressing subcluster of cells. Clusters 1 and 2 are pre-
dicted to represent keratinocytes of the basal and suprabasal epider-
mal layers, respectively. de, dermis
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compare the labeling with that of involucrin and loricrin, 
also antibodies against the latter proteins were utilized 
as reported in previous studies (details in Alibardi et al. 
2004; Alibardi 2010, 2012). An anti-human involucrin 
mouse antibody (I-9018, Sigma, USA) was utilized.

The sections on grids were rinsed in Tris buffer and 
incubated for 1 h at room temperature with anti-rabbit (for 
EPS8L1) or anti-mouse (involucrin) immunoglobulin 10-nm 
diameter gold-conjugated secondary antibodies at 1:100 
dilution v/v. After the immunoreaction, the grids were rinsed 
in Tris buffer, distilled water, and dried, stained for 4 min 
with 2% uranyl acetate, and then observed and photographed 
under an electron microscope Zeiss 10C/CR operating at 
60 kV.

Results

mRNA expression analysis of EPS8L1 in the skin

To determine the expression of human EPS8L1 mRNA 
in human skin, we analyzed a set of scRNA-seq data 
available in the National Center for Biotechnology Infor-
mation (NCBI) Gene Expression Omnibus (GEO) reposi-
tory. EPS8L1 was expressed specifically in a group of 
cells (Fig. 1A) that also expressed the potential signaling 
partner EGFR (Fig. 1B), markers of terminal differentia-
tion of keratinocytes such as filaggrin (FLG, Fig. 1C) 
and corneodesmosin (CDSN, Fig. 1D), and the supra-
basal epidermal layer keratin KRT10 (Fig. 1E). EPS8L1 
was not expressed in FLG-negative KRT10-positive 
keratinocytes (Fig. 1C, E, cluster 2) and in KRT14-posi-
tive basal keratinocytes (Fig. 1F, cluster 1). This expres-
sion pattern was congruent with the immunostaining pat-
tern of EPS8L1 observed in human epidermis (Edqvist 

et al. 2015), supporting the specificity of the published 
antibody.

We also investigated transcriptome data from studies 
in which the granular layer was separated from the less 
differentiated layers of the epidermis (Gulati et al. 2013; 
Matsui et al. 2021). EPS8L1 mRNA was enriched in the 
granular layer of human and mouse epidermis (Table 1). 
This enrichment was paralleled by enrichment of known 
markers of terminal keratinocyte differentiation, such as 
FLG2 (Wu et al. 2009) and HAL (Eckhart et al. 2008), 
whereas the marker of the basal epidermis, KRT14 was 
downregulated (Table 1). These data showed that EPS8L1 
mRNA expression is associated with terminal differentia-
tion of keratinocytes in human and mouse skin.

Comparative gene and amino acid sequence 
analysis of EPS8L1

The conservation of the EPS8L1 gene in a wide range of 
species was investigated by comparative genomics using 
genome sequences deposited in NCBI GenBank. EPS8L1 
orthologs were detected in species from all major clades 
of vertebrates with the exception of birds (Fig.  2A). 
This distribution of the gene suggests that EPS8L1 has 
originated, presumably by duplication of the EPS8 gene 
(Tocchetti et al. 2003), in a piscine ancestor of modern 
vertebrates. EPS8L1 was lost in birds, whereas ortholo-
gous genes have been conserved in non-avian sauropsids 
such as lizards (Alibardi 2023) and in mammals.

To investigate the localization of EPS8L1 protein in 
the skin of mammals, we used a polyclonal antibody 
that was raised against an epitope of human EPS8L1 
(Fig. 2B). The amino acid sequence of this epitope was 
largely conserved in mammalian species with more 
than 55% sequence identity in echidna and platypus, 

Table 1  Conserved upregulation 
of EPS8L1 in the granular layer 
of human and mouse

mRNA levels were obtained from data published by Gulati et al. (2013) and Matsui et al. (2021). P values 
indicate the significance of differences between expression levels in granular versus basal layer and in the 
granular layer versus total epidermis
FC fold change

Gene symbol Gene name Human Mouse

FC (granu-
lar/basal 
layer)

P value FC (granular 
layer/total epider-
mis)

P value

EPS8L1 EPS8 like 1 477.4 8.27E − 05 9.6 1.14E − 04
FLG2 Filaggrin family member 2 1341.8 8.89E − 05 16.2 4.75E − 03
HAL Histidine ammonia-lyase 95.8 2.38E − 04 2.9 4.09E − 02
KLK7 Kallikrein related peptidase 7 112.1 6.25E − 04 4.5 1.41E − 02
LCE1B Late cornified envelope 1B 342.7 2.86E − 04 18.0 8.71E − 03
KRT14 Keratin 14 0.21 5.66E − 04 0.01 4.24E − 03
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representing the basal mammalian clade Monotremata 
(Fig. 2B), suggesting that cross-reactivity of the poly-
clonal antibody allowed the detection of EPS8L1 in 
mammalian tissues.

Histology

We used tissue samples that were collected in previ-
ous comparative studies of mammalian skin, derived 
from plastic-embedded skin. To explore the variation 

in epidermal structures across mammals (Sokolov 
1982; Alibardi and Maderson, 2004), we subjected the 
skin samples to histological analysis by toluidine blue 
staining.

In the webbed epidermis of the platypus, the epider-
mis showed extensive and deep papillae but a distinct 
granular layer (better visible in other skin areas) was 
not visible or was even absent (parakeratosis; Fig. 3A). 
The hairy skin of the echidna showed a variable num-
ber of spinous layers, 2–3 layers of granular cells and a 

Fig. 2  Evolutionary history of the EPS8L1 gene and conservation 
of the EPS8L1 epitope in mammals. A Phylogenetic tree of verte-
brates indicating presence ( +) or absence ( −) of an EPS8L1 gene in 
representative species. The discontinuous line indicates loss of the 
EPS8L1 gene in the evolutionary lineage leading to birds. Besides 
mammalian species (see below for details), lizard (Anolis carolin-
ensis), frog (Xenopus tropicalis) and zebrafish (Danio rerio) were 
investigated. B Alignment of amino acid sequences homologous 
to the epitope of the EPS8L1 antibody used in this study. Amino 

acid residues identical to those of human EPS8L1 are shaded gray. 
GenBank accession numbers of EPS8L1 proteins: NP_573441.2 
(human, Homo sapiens), NP_001277345.1 (mouse, Mus muscu-
lus), NP_001101937.1 (rat, Rattus norvegicus), XP_044903226.1 
(cat, Felis catus), XP_054553361.1 (mole, Talpa occidentalis), 
XP_003406660.3 (elephant, Loxodonta africana), XP_036602992.1 
(possum, Trichosurus vulpecula), XP_027715910.1 (wombat, Vom-
batus ursinus), XP_038608268.1 (echidna, Tachyglossus aculeatus), 
XP_039769217.1 (platypus, Ornithorhynchus anatinus)
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fragile and variably thick corneous layer that was often 
fragmented at sectioning (Fig. 3B). The red kangaroo 
epidermis was generally very thin and fragile, featuring 
2–3 cell layers, while one single granular layer (absent 
or not visible in some areas) was present in contact with 
the lower part of the corneous layer that often appeared 
fragmented (Fig. 2C). The epidermis of the wombat here 
analyzed (dorsal areas) was multilayered with 1–2 lay-
ers of granular cells (Fig. 2D), but the granular layer 
was not discernible in some samples. The corneous layer 
often appeared thicker than the viable epidermis. The 
epidermis of the ear in the possum appeared stratified 
in some areas, but in other areas, it was much thinner, 
and a granular layer made of 1–2 cell layers was visible 
underneath the denser inner part of the corneous layer 
(Fig. 2E). The outer paler part of the stratum corneum 
was often desquamating.

Also, placental epidermis varied in thickness and 
development of the granular layer. In the juvenile rat 
(2 days post-parturition), the epidermis was thick and 
2–3 layers of granular cells were well visible over most 
of the dorsal skin (Fig. 2F). Likewise, the corneous layer 
appeared thicker at this stage than in adult epidermis. 
The ventral epidermis of the cat appeared multilayered 
and showed a flat granular layer, generally bilayered, and 
uniformly distributed along the epidermis (Fig. 2G). The 
flat corneocytes of the corneous layer often appeared 
distinct. The epidermis of rabbit (like in the mouse, dun-
nart, bat, and kangaroo) was very thin, comprising a flat 
to cubic basal layer, an irregularly distributed spinous 
layer and only in some areas a single granular layer was 
observed (Fig. 2H). The corneous layer was very thin and 
fragile in the ventral area (thicker in the ear) and often 
appeared artifactually separated from the viable epider-
mis. Finally, the human scalp epidermis here examined 

showed the typical stratification with one, sometimes two 
flat granular layer cells and a thin corneous layer with 
desquamating cells (Fig. 2I).

Immunofluorescence analysis of EPS8L1 
in the epidermis of mammals

EPS8L1 was detected by immunofluorescence analysis in the 
epidermis of monotremes (Fig. 4A–F), marsupials (Figs.4G-
I, 5A-F) and placental mammals (Fig. 5H-J, Fig. 6). The 
epidermis of the platypus, a monotreme, showed a weak but 
specific immunolabeling for EPS8L1 in the corneous layers, 
but the immunofluorescence faded in the more external lay-
ers (green fluorescence in Fig. 4A, B). In control sections, 
the corneous layer was not labeled or displayed a weak and 
yellowish autofluorescence in some regions (Fig. 4C). The 
lower part of the corneous layer of echidna was unevenly 
immunolabeled, but this was probably due to the difficulty 
to obtain a uniformly sectioned corneous layer (Fig. 4E, D). 
Control sections appeared unlabeled (Fig. 4F).

The epidermis of the possum, a marsupial, showed 
a specific EPS8L1 labeling in the granular and transi-
tional (low corneous) layers (Fig. 4G). The examination 
at higher magnification showed a more intense labeling 
along the perimeter of coneocytes (Fig. 4H) which was 
very weak or absent in control sections (Fig. 4I). The 
thin epidermis (dorsal) of the kangaroo evidenced an 
immunofluorescent corneous layer, especially in its low-
ermost region (Fig. 5A). Despite the fragmentation in 
numerous areas of the epidermis, where the distinction 
of a granular layer was difficult, the linear fluorescence 
indicated that the more intensely labeled part of the epi-
dermis corresponds to the granular layer and the lower 
part of the corneous layer (Fig. 5B). A low and yellowish 
fluorescence sometime appeared in controls (Fig. 5C). 
The multilayered epidermis of the wombat appeared 
poorly reactive and unevenly labeled in some spots of 
the thick corneous layer, with not much difference to the 
negative control sections (Fig. 5D, E). Finally, the very 
thin epidermis of the dunnart showed labeling in the thin 
and often fragmented corneous layer. However, although 
some labeled granular material was sometimes seen, it 
was difficult to detect a granular layer with the employed 
method (Fig. 5F). As seen in histology the thin external 
corneous layers were often lost with sectioning (like in 
mouse, rabbit. and bat).

The epidermis of the newborn mouse (1  day post-
delivery) was stratified and showed immunolabeling in 
the upper, granular layers while the labeling faded in 

Fig. 3  Histology of the epidermis in various mammals. Toluidine 
blue stain. Scale bar, 20 µm in A, G, H, and I; scale bar, 10 µm in B, 
C, D, E, and F. A Platypus web epidermis (arrows point to the cor-
neous layer) with extended papillae (arrowheads). The inset details 
the granular content of pre-corneous keratinocytes. B Ventral epi-
dermis of echidna with granular layer (arrows) and relatively thick 
corneous layer. C Dorsal epidermis of red kangaroo with granular 
layer (arrow). D Dorsal skin epidermis of wombat with the granular 
layer (arrow) and a thick corneous layer. E Digit epidermis of brush-
tail possum with granular cells (arrow). F Tail epidermis of rat with 
atratified granular layer (arrows). G Ventral epidermis of cat with 
granular cells (arrows). H Ear epidermis of rabbit with thin granu-
lar layer (arrow). I Scalp human epidermis showing a thin granular 
layer (arrow). Abbreviations: cr, corneous layer; e, epidermis; tr, tran-
sitional layer

◂
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the desquamating external layers of newborn epidermis 
(Fig. 5G). The adult mouse epidermis only showed a very 
thin immunolabeled corneous layer, and no distinction 
of the granular layer was evident in this thin epidermis 
(Fig. 5H). The external layers of the mouse epidermis 
were flaking and unlabeled. The wing or pectoral skin 
of the bat appears folded and a very thin corneous layer 
appeared immunolabeled, but no distinction of the granu-
lar and corneous layers was possible in immunofluores-
cence (Fig. 5I). Also, for the bat epidermis, fragments 
of likely external corneocytes appeared unlabeled. The 
epidermis of the newborn rat showed a thickened granular 
layer that appeared immunofluorescent, like the lower-
most part of the corneous layer while flaking external 

Fig. 4  Immunofluorescence in the epidermis of monotremes and mar-
supials (green fluorescence for EPS8L1; red fluorescence for propid-
ium iodide). Scale bar, 20 µm in A, C, and I; scale bar, 10 µm in B, 
D, E, F, G, and H. A Platypus skin with immunolabeled maturing 
corneous layer. B Hairy tail epidermis of platypus with immunola-
beled granular-transitional layer (arrow). C Control platypus epider-
mis. D Echidna dorsal epidermis. The arrow indicates the transitional 
layer. E Ventral epidermis of echidna with transitional layer (arrow). 
F Immunonegative control epidermis of echidna. G Ear epidermis of 
brush tail possum. Arrows indicate the immunofluorescent granular/
transitional layer. H Close view of transitional layer cells with the 
intense immunofluorescence along their perimeter (arrow). I Immu-
nonegative control section of possum epidermis. Abbreviations: cr, 
corneous layer; de, dermis; e, epidermis. Dashes underline the epi-
dermis

◂

Fig. 5  Immunofluorescence in 
the epidermis in marsupial and 
placentals (green fluorescence 
for EPS8L1, red fluorescence 
for propidium iodide). Scale 
bar, 20 µm in A and G; scale 
bar, 10 µm in B, C, D, E, F, H, 
I, and J. A Kangaroo epider-
mis with immunofluorescent 
transitional-corneous layer. 
B Other epidermal region of 
kangaroo skin with labeling in 
the thin granular layer (arrow). 
C Immunonegative section of 
kangaroo epidermis. D Wombat 
epidermis with flebile labeling 
in upper pre-corneous and cor-
neous layer. E Immunonegative 
section of wonbat epidermis. F 
Thin epidermis of dunnart with 
immunofluorescent corneous 
layer. G Mouse newborn epider-
mis with immunofluoreswcent 
pre-corneous layers (arrows). 
H Adult mouse epidermis 
with thin pre-corneous layer 
(most corneous layer has been 
lost in sectioning). I Thin bat 
epidermis with immunofluo-
rescence in the corneous layer 
(most is lost with sectioning). 
J Newborn rat epidermis with 
multilayered stratified granular 
cells (arrow). Abbreviations: 
cr, corneous layer; de, dermis; 
tr, transitional layer. Dashes 
underline the epidermis
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corneocytes were unlabeled (Figs. 5J, 6A). Control sec-
tions were unlabeled and a variable yellowish fluores-
cence was observed (Fig. 6B). Also, the epidermis from 
cat showed a more intense labeling in the granular but 
especially in the lower part of the corneous layer (tran-
sitional/non-completely mature) while the immunofluo-
rescence faded and disappeared in the flaking external 
corneocytes (Fig. 6C). The transitional layer of cat sec-
tions appeared unlabeled or weakly autofluorescent in 
control sections (Fig. 6D). The human epidermis showed 
immunolabeling mainly located along the granular layer 
and in the lowermost part of the corneous layer, while 
the immunofluorescence was lost in external and desqua-
mating corneocytes (Fig. 6E). In corneocytes of human 
epidermis, the labeling appeared more concentrated along 
the plasma membrane, as it was well seen in regions with 
a thick corneous layer (finger; Fig. 6F and inset). Control 
sections were negative or showed a weak fluorescence in 
the outer stratum corneum (Fig. 6G).

Immunohistochemical detection of EPS8L1 in hair 
follicles

Immunofluorescence observations were conducted only 
in few species with clearly visible and differentiating 
cells of the inner root sheath (IRS) in the platypus, wom-
bat, mole, and hamster. Hairs in platypus were intensely 
immunolabeled in the IRS, while the fluorescence was 
less intense in the cuticle and the cortex of the hair fiber 
but showed a patchy labeling, the latter likely present in 
sparse cells of the medulla (Fig. 7A). Control sections 
showed that the cuticle was partially autofluorescent, 
so its fluorescence is partially or mainly non-specific 
(Fig.  7B). A less intense but immune-specific f luo-
rescence is present also in the cornifying layers of the 

outer root sheath (ORS). The large wombat hairs, cut 
at low levels of the follicle, contained numerous nuclei 
of differentiating cortical cells and one layer of cuboi-
dal cuticle cells that were surrounded by a corona of 
green immunolabeled cells of the IRS (Fig. 7C). The 
differentiating cells of the Henle layer contained large 
trichohyalin-labeled granules, also present but gener-
ally smaller in the Huxley layer (Fig. 7D). Also, in mole 
and hamster hairs, the IRS appeared the more intense 
immunolabeled for EPS8L1 (not shown). Control sec-
tions appeared immune-negative (Fig. 7E).

Immunogold labeling of human epidermis 
for EPS8L1 and involucrin

The observations under the electron microscope in both 
samples of human epidermis showed a weak but spe-
cific immunolabeling pattern, reflecting the localization 
observed in immunofluorescence. Sparse gold particles 
were detected only in the granular and transitional layers, 
and they were localized in the cytoplasm among keratin 
filaments or/and also associated with dense aggregations 
of corneous material, the dense component of kerato-
hyalin and associated keratin bundles (Fig. 8A). A dif-
fuse but localized labeling was also detected along the 
desmosomes of keratinocytes in the pre-corneous region 
(Fig. 8B–D). Scattered immuno-gold particles were seen 
in the cytoplasm of corneocytes localized in the low-
ermost part of the stratum corneum and transitional, 
often associated to keratin bundles. Interestingly, the 
F-granules component of keratohyalin with a reticulated 
pattern, were unlabeled (Fig. 8C). Basal keratinocytes, 
those of the spinous layers, and fully mature corneocytes 
of external corneous layer were unlabeled for EPS8L1, 
aside from rare sparse gold particles at random. In con-
trol sections, rare or no gold particles were detected 
(Fig. 8E).

The observation of the immunogold labeling for invo-
lucrin showed a more intense labeling than using the 
EPS8L1 antibody, especially associated with keratin bun-
dles of keratinocytes of the upper spinous and granu-
lar layer, but no labeling was detected on keratohyalin 
granules (Fig. 9A). The gold immunolabeling remained 
evenly distributed over the pre-corneous and corneous 
keratinocytes, although it tended to decorate especially 
along the cell corneous envelope of mature corneocytes 
(Fig. 9B). No labeling was instead observed in control 
sections (Fig. 9C).

Fig. 6  Immunofluorescence in the epidermis in placentals, includ-
ing man (green fluorescence for EPS8L1; red fluorescence for pro-
pidium iodide). Scale bar, 20 µm in A, B, C, and D; scale bar, 10 µm 
in E, F, and G. A Newborn adult rat epidermis with immunolabeled 
granular-transitional layers (arrows). B Negative control section of rat 
epidermis. C Ventral cat epidermis with intensely labeled granular 
and transitional layers (arrow). D Cat control epidermis with weakly 
stained (autofluorescent) transitional layer. E Immunolabeled human 
scalp epidermis. Arrows indicate the immunolabeled granular layer. 
F Detail of thick corneous layer in human finger epidermis. The tran-
sition layer is composed of elongated corneocytes with immunofluo-
rescence perimeter. The inset at higher magnification evidences the 
perimetral immunolabeling of transitional corneocytes. G Immunon-
egative epidermal section. Abbreviations: cr, corneous layer; de, der-
mis; e, epidermis; tr, transitional layer. Dashes underline the epider-
mis
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Discussion

Members of the EPS8 protein family differ in their expres-
sion pattern and have been implicated in different biologi-
cal processes. EPS8L1 is unique with regard to its predom-
inant expression in the skin (Edqvist et al., 2015), whereas 
EPS8 and EPS8L2 have a broad tissue expression pattern, 
and EPS8L3 is enriched in the gut. Mutations of EPS8 
and EPS8L2 lead to hearing loss (Zampini et al. 2011; 
Furness et al. 2013), which was attributed to an essen-
tial role of EPS8 for the elongation of stereocilia and a 
requirement of of EPS8L2 for maintenance of stereocilia 
(Zampini et al. 2011; Furness et al. 2013). Mutations of 
EPS8L3 were linked with hypotrichosis-5, also known as 
Marie Unna hereditary hypotrichosis (Zhang et al. 2012). 
To the best of our knowledge, no defects associated with 
mutations of EPS8L1 have been reported yet. To get a 
better understanding of EPS8L1, we here determined the 
precise expression pattern of EPS8L1 within the skin and 
its evolutionary conservation among mammals.

The present study shows that the distribution of the 
EPS8L1 protein occurs in the granular and transitional 
layer, while the protein is no longer detectable in the 
external part of the corneous layers of the epidermis, 
in the basal and suprabasal layers in most mammalian 
epidermises here analyzed. The distribution of labeling 
indicates that the EPS8L1 protein is temporarily present 
in the cytoplasm of terminal differentiating keratinocytes 
but is not associated to pro-filaggrin/filaggrin containing 
F-granules (Steven et al. 1990; Ishida-Yamamoto et al. 
2000, 2018). EPS8L1 immunolabeling appears of lower 
intensity in comparison to that for involucrin. In general, 
however, EPS8L1 immunolabeling resembles that of two 
of the main proteins involved in barrier formation, involu-
crin and loricrin, as described for mouse, rat, and humans 
(Warhol et al. 1985; Steven et al 1990; Ishida-Yamamoto 
et al. 2000, 2018; Alibardi 2009), and also observed to 
localized in similar areas of monotreme and marsupial 
epidermis (Alibardi and Maderson 2003; Alibardi 2010, 

2012). This information suggests that the EPS8L1 protein 
has a general role in the formation of the epidermal bar-
rier, in association with the above two major corneous 
proteins. Interestingly, knockout of loricrin causes an 
increase of EPS8L1 in cornified envelopes of mouse epi-
dermis, as determined by mass spectrometry-based prot-
eomic analysis (Rice et al. 2016). Detailed observations 
under TEM indicated that the cytoplasmic labeling in the 
human epidermis tends to intensify along cell junctions 
and perimeter of keratinocytes in the stratum transitional 
and lower corneous, when keratinocytes become fully 
mature as corneocytes. The immunolocalization is lost 
in mature corneocytes and in those that are desquamating 
where rare gold particles are seen with random distri-
bution. EPS8L1 is expressed in cells that also contains 
transglutaminases (Sachslehner et al. 2023) and contains 
several amino acid sites for isopeptide bonding but only 
further studies will be able to show a direct incorpora-
tion of this protein into the corneous layer. However, as 
EPS8L1 is detected by proteomic analysis in the stra-
tum corneum of both mice (Rice et al. 2016) and humans 
(Karim et al. 2019; Sølberg et al. 2023), it is likely that 
EPS8L1 is incorporated into cornified envelopes and its 
epitope is masked after full cornification.

The immunolocalization of the EPS8L1 protein in the 
IRS of mammalian hairs, which represents a shedding layer 
for the emergence of the hair shaft on the epidermal sur-
face, further supports a role for this protein in the formation 
of the follicular hair barrier, impeding the penetration of 
chemicals and microbes inside the follicle and the hair bulb. 
It is known that in both placental granular and transitional 
keratinocytes of the epidermis and in the Henle-Huxley cells 
of the IRS of the hair follicle also the polarization of tight 
junctions contribute to the formation of these epidermal and 
hair follicle barriers (Mathes et al. 2016; Gorzelanny et al. 
2020).

Aside from mammalian epidermis, the epidermis of liz-
ard scales has been reported to contain EPS8L1 in maturing 
keratinocytes of specific layers and indicated as clear and alpha-
layers (Alibardi 2023). The keratinocytes formed in these two 
layers for some aspects resemble those of the granular and 
transitional layers of mammalian epidermis. Also, in lizard 
epidermis the EPS8L1 protein localization appears related to 
the formation of an epidermal barrier that is formed beneath 
the mature corneous layer before it is shed as a molt (Alibardi 
2023). Our comparative genomics results showed that EPS8L1 
is absent in birds, suggesting that it is not essential for the forma-
tion of the epidermal barrier in amniotes in general. However, 
it is currently unknown whether another protein substitutes for 
EPS8L1 in avian epidermis.

Fig. 7  Immunofluorescence of hairs in platypus (A and B) and wom-
bat (B, C, D, and E), evidencing the IRS (green fluorescence for 
EPS8L1; red fluorescence for propidium iodide). Scale bar, 20 µm in 
A, B, and C; scale bar, 10  µm in D and E. A Skin section includ-
ing a cross-sectioned hair with intensely labeled IRS (arrow). The 
arrowhead points to the cornifying ORS, while the double arrowhead 
indicates the cornifying epidermal layer. B Control section showing 
autofluorescence in the hair cuticle (arrow). C Cross-sectioned hair 
with labeled IRS (arrows). D Detail of the IRS (arrowheads) showing 
the immunolabeled trichohyalin granules of variable size. E Immuno-
negative control section (co). Abbreviations: ct, cortex; e, epidermis; 
md, medulla. Dashes underline the epidermis/ORS
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Fig. 8  TEM immunogold view of human epidermis for EPS8L1. A 
Detail of the sparsely labeled cytoplasm with keratin (ke) of granu-
lar cell. Desmosomal remnants associated with weakly labeled dense 
corneous material (arrows) are seen. Bar, 200  nm. B Desmosomal 
remnants (arrows) in granular cells with associated labeling. Bar, 

200 nm. C Unlabeled F-keratohyaline granule (arrow). Bar, 100 nm. 
D Detail of the labeling associated to a denser corneous material 
(arrow) in a transitional cell. Bar, 100 nm. E Immunonegative cyto-
plasmic detail of a transitional cell in a control section (co). Bar, 
200 nm
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Fig. 9  Transmission electron microscopic immunogold labeling for 
involucrin. A Detail on the cytoplsma of a cell of the granular layer 
showing the prevalent association of gold particles with keratin bun-
dles (ke) but not on keratohyaline granules (arrows). Bar, 100 nm. B 
Evenly distributed immunolabeling in transitional and lower corneous 

layer cells (co). Bar, 100 nm. The inset (bar, 100 nm) details on some 
labeling along the periphery of corneocytes with the (forming) cell 
corneous envelope (arrowhead). C Immunonegative cytoplasm and 
keratin bundles (ke) of granular cell. Bar, 100 nm
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In conclusion, the present comparative immunolabeling 
study suggests that EPS8L1 is associated with barrier for-
mation in mammalian epidermis and hair follicles, but its 
specific biochemical role remains to be clarified.
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