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ARTICLE INFO ABSTRACT

Keywords: The skin is primarily composed of keratinocytes and forms an effective barrier between the organism and
Skin external environment. Neonatal skin analysis is essential for understanding developmental processes and rare
Transcriptomics skin diseases. However, efficient single-cell dissociation methods for the neonatal mouse epidermis remain
?;gai?;lc:cli]:;ansmptome underexplored. Here, three enzymes (Trypsin, TrypLE, and Liberase) used for tissue dissociation were compared

to optimize single-cell RNA sequencing (scRNA-seq) of the mouse neonatal epidermis. scRNA-seq revealed

distinct differences in cell recovery between the enzymes, with Liberase enriching suprabasal keratinocytes and
Trypsin/TrypLE favoring basal keratinocytes. Although all enzymes produced comparable data quality, the
observed bias in cell population recovery highlights the significant impact of dissociation protocols on the
scRNA-seq results. These findings highlight the importance and optimal selection of enzymes for the analysis of

unbiased neonatal epidermis.

1. Introduction

The skin is a multilayer organ that serves as a barrier at the interface
between the organism and external environment [1]. The outer layer of
the skin is called the epidermis, is primarily composed of keratinocytes.
The basal layer is the innermost layer of the epidermis and acts as the
starting point for keratinocyte supplementation [2]. The intermediate
layers constitute the spinous layer, which contains actively dividing
keratinocytes; granular layer, which plays a pivotal role in skin barrier
function by forming tight junctions [3]; and the outermost stratum,
corneum, that is responsible for water retention and prevents entry of
foreign substances [4]. Although the skin is primarily composed of
keratinocytes, it exhibits highly specialized and unique characteristics.

Skin abnormalities can lead to various diseases. Genetic mutations in
type VII collagen, a component of the basement membrane, result in
recessive dystrophic epidermolysis bullosa [5,6], while mutations in
genes such as ATP-binding cassette transporter subfamily A member 12
(ABCA12) cause autosomal recessive congenital ichthyosis [7]. Symp-
toms of these conditions manifest on the skin immediately after birth,

highlighting the importance of an in-depth analysis of neonatal skin to
better understand these rare diseases and develop novel therapeutic
approaches.

Recently, single-cell RNA sequencing (scRNA-seq) has been widely
used to understand skin physiology and pathology. To obtain high-
quality data, a sophisticated method for converting skin into a single-
cell suspension is essential. The method must be able to digest tissues
without damage or bias. Although such methods for human skin tissue
[8] and adult mouse skin [9,10] have been established, methods for
neonatal mouse skin is limited. Therefore, this study aims to investigate
and compare multiple conversion methods to obtain single-cell sus-
pensions from neonatal skin of mice.

2. Materials and methods
2.1. Animal models

All animal handling procedures were conducted in accordance with
the protocols and guidelines approved by the Animal Committee of the
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Fig. 1. (A) Experiment overview. (B) UMAP plots showing two main clusters, suprabasal keratinocytes and basal keratinocytes. (C) UMAP plots showing the

expression distribution of epithelial genes.

Osaka University Graduate School of Medicine. The following mouse
strains were generated and obtained from Jackson Laboratory (West
Grove, PA, USA): Pdgfra®Ct" (B6.12984-Pdgfratm11(EGFP)Sor/J) [11],
PdgfraCre (C57BL/6-Tg(Pdgfra-cre)1Clc/J) [12], Ai9 (B6.Cg-Gt(ROSA)
26Sortm9(CAG-tdTomato)Hze/J) [13] and Pdgfra®™™; Pdgfra®;
ROS Athomato.

2.2. Mouse tissue cell preparation

Epidermal and dermal fibroblasts from the head were collected
separately. The skin was soaked in a solution containing 2,000 PU/mL
DISPASEII (FUJIFILM Wako, Osaka, Japan) at 4 °C overnight. Subse-
quently, the epidermis and dermis were separated and washed with
Minimum Essential Medium alpha (MEMa) (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 2 % fetal bovine serum (FBS).
To identify the ideal enzyme for mouse neonatal epidermis digestion,
three common enzymes, Trypsin [10], TrypLE [14], and Liberase [15,
16], were selected and used for tissue processing. Each sample was
minced and then incubated with 2-3 mL of TrypLE Select (1X; Thermo
Fisher Scientific), 0.1 % Trypsin, and 150 pg/mL Liberase TM Research
Grade (Thermolysin Medium) (Merck, Rahway, NJ, USA). The concen-
tration of Trypsin (0.1 %) was adjusted by diluting trypsin-EDTA (0.25

%; Thermo Fisher Scientific) with Dulbecco’s phosphate-buffered saline
(Nacalai Tesque, Kyoto, Japan) immediately before digestion. Each
enzyme buffer was supplemented with 10 U of DNasel (Takara, Shiga,
Japan). After incubation in a 37 °C water bath (15-20 min for TrypLE
and Trypsin; 20-30 min for Liberase), the cell supernatant was pipetted
with an additional 3 mL of RPMI1640 (NACALAI TESQUE, Kyoto,
Japan) buffer containing 5 % FBS, which was then collected and
centrifuged at 300 g for 5-10 min. The remaining pellet was then sus-
pended in 200 pL of MEMa supplemented with 2 % FBS.

2.3. Plate-sorting-based single-cell RNA-seq in mice

To ensure accurate sorting for scRNA-seq, dead cells were identified
by staining with SYTOX™ Blue Dead Cell Stain (Thermo Fisher Scien-
tific) immediately before sorting. Target cells were sorted using a BD
FACSAria III instrument (BD Biosciences, NJ, USA). The scRNA-seq
protocol was performed as previously described, with minor modifica-
tions [17]. Briefly, 1 ng of amplified cDNA was used for titration, and
libraries were sequenced on a NextSeq 2000 platform (Illumina, San
Diego, CA).
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Fig. 3. (A) UMAP plots showing comparison of the cell distribution in each cluster across enzyme process (Liberase, 1466 cells; TrypLE, 1519 cells; Trypsin, 1454

cells).

(B) Bar charts showing the proportions of suprabasal and basal keratinocytes depending on enzyme treatment.
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2.4. Bioinformatics

Sequence outputs were demultiplexed using bcl2fastq [18] and cell
ranger mkfastq [19] for plate sorting and droplet-based scRNA-seq,
respectively. For bcl2fastq, the following options were used:
use-bases-mask Y20, I8, I8, Y50n, no-lane-splitting, mini-
mum-trimmed-read-length 20, and mask-short-adapter reads. Demulti-
plexed fastq files were aligned to the mm10 or GRCh38 genome using
STAR aligner (2.7.3a) [20] and CellRanger count for plate sorting and
droplet-based scRNA-seq, respectively. STAR was performed
with-soloType CB_UMI Simple,-soloFeatures Gene,-soloUMI filtering,
and MultiGeneUMI options, and the soloCBwhitelistSTARsolo output
matrix was merged and analyzed. CellRanger analysis was performed
using default options. The aligned count data were analyzed using the
Seurat package [21]. Marker genes for each cell cluster were identified
using the Seurat FindAllMarkers function with the default options. Dif-
ferential gene expression was analyzed using the Seurat FindMarkers
function with the test option. Gene Ontology (GO) enrichment analysis
was performed and visualized using clusterProfiler [22,23] and
enrichplot [24]. Uniform Manifold Approximation and Projection
(UMAP), gene expression, and other sequencing data were visualized
using the Plotly package [25] and ggplot2 [26].

3. Results

Trypsin is a well-known serine endopeptidase and TrypLE is a re-
combinant trypsin-like proteinase that is gentle to cells. Liberase is a
mixture of collagenases I and II, and thermolysin. Briefly, the epidermis
was detached by treatment with Dispase II. Digestion of the epidermis
with each enzyme was conducted under common conditions for each
enzyme (Fig. 1A and Methods). Live cells (sytox-negative) were isolated
by FACS sorting, and scRNA-seq was conducted using the FACS-based
method (Methods) [17]. After basic quality filtering, 1454, 1519, and
1466 Trypsin, TryPLE, and Liberase cells were obtained, respectively.
The obtained data were visualized using UMAP (Fig. 1B). The cells were
mainly separated into two clusters, and annotated as suprabasal or basal
keratinocytes. Suprabasal keratinocytes exclusively expressed Krtl and
Krt10, which are well-known differentiation markers of suprabasal
keratinocytes (Fig. 1C). Cells lacking Krt1/10, but expressing Krt5/14,
Col17al, and Trp63 were classified as basal keratinocytes (Fig. 1C).

Quality checks were performed to evaluate whether the choice of
enzyme affected the quality of the scRNA-seq data. No significant dif-
ferences in terms of the number of genes, universal molecular identifier
(UMD per cell, or the percentage of mitochondrial genes were observed,
indicating that the data were of roughly the same quality (Fig. 2A-C). To
further analyze the scRNA-seq data, the cells were colored according to
the enzyme of choice for UMAP (Fig. 3A). Regardless of the choice of
enzyme, both basal and suprabasal keratinocytes were recovered.
However, the distribution of cells in UMAP differed depending on the
choice of enzyme. Notably, the Liberase protocol enriched the supra-
basal keratinocytes, whereas Trypsin and TrypLE were more favorable
for enriching the basal keratinocytes (Fig. 3B). These data suggest that
digestive enzymes tend to have a preference in terms of the recovery of
cells from the neonatal mouse epidermis.

4. Discussion

Mouse models are widely used as an essential tool in skin research.
The neonatal stage is the focal point for analyzing many skin diseases,
underscoring the importance of optimizing methods for such analyses.
In single-cell analyses, the isolation of individual cells from tissues is
particularly crucial for obtaining high-quality data. In this study, three
commonly used dissociation enzymes (Trypsin, TrypLE, and Liberase)
were analyzed and compared using scRNA-seq, which revealed signifi-
cant differences in the types of cells recovered depending on the enzyme
used. The ratio of basal to suprabasal keratinocytes varied substantially.

Biochemical and Biophysical Research Communications 743 (2025) 151159

These findings indicate that the choice of the dissociation method can
significantly influence scRNA-seq data and highlight the need for re-
searchers to carefully select appropriate methods for specific studies.

The choice of enzymes for tissue dissociation had a significant impact
on the scRNA-seq data. The use of Liberase enabled the recovery of a
greater number of suprabasal cells. Suprabasal cells are strongly inter-
connected through tight junctions, which play a critical role in the skin’s
barrier function. It is possible that the robust cell-cell adhesion mediated
by these tight junctions was not effectively disrupted by Trypsin or
TrypLE. Liberase, which contains collagenase I, collagenase II, and
thermolysin, may have the advantage of breaking down these tight
junctions. However, caution is necessary when interpreting single-cell
analyses because they primarily examine cell populations. The higher
recovery of suprabasal cells with Liberase may be attributed to its
inability to efficiently dissociate cells located near the basement mem-
brane, resulting in the relative enrichment of suprabasal cells. Further
research is required to develop more unbiased methods for analyzing the
mouse neonatal epidermis to ensure comprehensive and representative
data.

This study had some limitations. While three enzymatic dissociation
methods were examined—Trypsin, TrypLE, and Liberase— other
commonly used enzymes also warrant evaluation. Additionally, to
address the challenges associated with enzymatic tissue dissociation
methods such as those explored in this study, alternative approaches
such as single-nucleus RNA sequencing (snRNA-seq), which analyzes
isolated nuclei, have been actively developed in recent years. For single-
cell analysis of the neonatal epidermis, it is important to evaluate
whether single-cell or single-nucleus approaches are better suited for
studying the epidermis.

Recently, various single-cell analysis techniques have been devel-
oped and are widely used in numerous fields, including development
and disease studies. These methods often rely on the isolation of indi-
vidual cells, highlighting the need for the development of more intact
and unbiased techniques. Therefore, it is essential to optimize these
methods for specific species, tissues, and developmental stages. In this
study, enzymes commonly used for tissue dissociation were examined,
and distinct characteristics of each enzyme were observed. The findings
presented in this study provide an important foundation for the analysis
of the mouse neonatal epidermis.
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