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Abstract 

Background Many laboratories have described the in vitro isolation of multipotent cells with stem cell properties 
from the skin of various species termed skin‑derived stem cells (SDSCs). However, the cellular origin of these cells and 
their capability to give rise, among various cell types, to male germ cells, remain largely unexplored.

Methods SDSCs were isolated from newborn mice skin, and then differentiated into primordial germ cell‑like cells 
(PGCLCs) in vitro. Single‑cell RNA sequencing (scRNA‑seq) was then applied to dissect the cellular origin of SDSCs 
using cells isolated from newborn mouse skin and SDSC colonies. Based on an optimized culture strategy, we suc‑
cessfully generated spermatogonial stem cell‑like cells (SSCLCs) in vitro.

Results Here, using scRNA‑seq and analyzing the profile of 7543 single‑cell transcriptomes from newborn mouse 
skin and SDSCs, we discovered that they mainly consist of multipotent papillary dermal fibroblast progenitors (pDFPs) 
residing in the dermal layer. Moreover, we found that epidermal growth factor (EGF) signaling is pivotal for the 
capability of these progenitors to proliferate and form large colonies in vitro. Finally, we optimized the protocol to 
efficiently generate PGCLCs from SDSCs. Furthermore, PGCLCs were induced into SSCLCs and these SSCLCs showed 
meiotic potential when cultured with testicular organoids.

Conclusions Our findings here identify pDFPs as SDSCs derived from newborn skin and show for the first time that 
such precursors can be induced to generate cells of the male germline.

Keywords Skin‑derived stem cells, Papillary dermal fibroblast progenitors, Single‑cell transcriptomes, 
Spermatogonial stem cells like cells

Introduction
Over the past few decades, scientists have explored 
whether functional gametes can be obtained from 
many different types of stem cells under in vitro con-
ditions [1, 2]. Recently, complete spermatogenesis 
and oogenesis under in  vitro conditions have been 
established from mouse pluripotent embryonic stem 
cells (ESCs) or induced pluripotent stem cells (iPSCs) 
[3, 4]. As far as we know, it has not been possible to 
reproduce these results starting from adult stem cells 
(ASCs), although some types of ASCs were shown to 
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be capable of generating germ cell-like cells (GCLCs) 
in vitro [5–10].

In 2001, skin-derived precursors representing novel 
multipotent adult stem cells, distinct from epidermal 
stem cells (EPSCs) and dermal mesenchymal stem cells 
(MSCs), were isolated from juvenile and adult mice 
[11]. These cells, possibly derived from neural crest or 
mesodermal cells, were reported to reside in the der-
mis and be able to generate cells of different lineages, 
such as glia, adipocytes, neuron, and smooth muscle 
cells. Cells with similar characteristics termed skin-
derived stem cells (SDSCs), were isolated also from 
other species including pigs and humans [12–14]. In 
2006, Dyce and colleagues reported the generation 
of oocyte-like cells (OLCs) from fetal porcine SDSCs 
[8]. Subsequent studies demonstrated that SDSCs with 
germ cell potential could be generated from neona-
tal mouse skin [7, 15, 16]. Likewise, female and male 
human fetal SDSCs were differentiated into germ 
cell-like cells (GCLCs) able to initiate defective meio-
sis in  vitro [17]. Intriguingly, aggregates consisting of 
OLCs and ovarian somatic cells derived from mouse 
SDSCs were able to secrete estradiol and progesterone 
in response to gonadotropin stimulation and to restore 
endogenous serum estradiol levels when transplanted 
in ovariectomized females [16]. Such OLCs were gen-
erated from CD34-positive hair follicle stem cells 
(HFSCs) isolated from early postnatal mice [6]. How-
ever, the derivation of GCLCs from SDSCs remains 
an inefficient process restricting its applicative possi-
bilities. In addition, the cellular origin of SDSCs gener-
ated from neonatal skin remains elusive.

Using single-cell RNA sequencing (scRNA-seq) we 
recently analyzed cell fate commitment during in utero 
skin development in mice and goats [18, 19]. A single-
cell transcriptome atlas of neonatal mouse skin is now 
available providing a reference for understanding cel-
lular heterogeneity of SDSCs cultured in vitro.

In the present study, we use scRNA-seq to dis-
sect the cellular heterogeneity of SDSCs generated 
in  vitro from neonatal skin and unveil their cellular 
origin from multipotent papillary dermal fibroblast 
progenitors (pDFPs). Utilizing a modified protocol, 
adapted from those described to induce functional 
gametes from mouse pluripotent stem cells, we show 
that these cells could be efficiently induced to give rise 
to primordial germ cell-like cells (PGCLCs) in  vitro. 
Furthermore, PGCLCs can be induced into spermato-
gonia stem cell-like cells (SSCLCs) in  vitro and these 
SSCLCs showed meiotic potential when cultured with 
testicular organoids.

Materials and methods
Experimental animals
All animals used in the current study were housed and 
maintained in a temperature (22–24 °C) and light (12 h 
light and 12  h dark) controlled room with ad  libitum 
access to food and water. CAG/eGFP transgenic mice 
(Stock TgN (GFPU) 5 Nagy) strain with ubiquitously 
expressed eGFP (kindly provided by Dr. Xiao Yang 
from the Institute of Biotechnology, Beijing), were 
used for monitoring SSCLCs differentiated from the 
SDSCs-generated PGCLCs in reconstituted testicular 
organoids. CD-1 mice were used for MEF feeder cell 
preparation and testicular somatic cell isolation and 
were purchased from the Vital River Laboratory Ani-
mal Technology Co., Ltd, Beijing. Mice were killed by 
decapitation and about 120 CAG/eGFP transgenic mice 
and 10 CD-1 mice were involved in the current study. 
Experimental animal management was approved by the 
Ethics Committee of Qingdao Agricultural University 
(Approval Number: 2019-021).

Dissociation of skin and generation of SDSC spheres
The skin dissociation procedure used here is described 
in detail in [7]. Briefly, the dorsal skin of newborn 
CAG/eGFP transgene male mice was isolated using 
surgical scissors following euthanasia. After removing 
the fat tissue and contaminating blood with forceps, 
the tissues were cut into 1  mm2 pieces with scissors. 
Dissociation was then performed with trypsin–EDTA 
(0.25%) solution (Sorlabio, T1300, Beijing, China) by 
incubating for 25 min at 37 °C. After dissociation, cells 
were dispersed by mechanical pipetting, and a sin-
gle-cell suspension was obtained using a cell strainer 
(40  μm, Biologix, 15-1040, Grand Island, NY, USA). 
The obtained single cells were then cultured in DMEM/
F12 (Thermo Fisher Scientific, 8121453, Beijing, China) 
medium containing 40  ng/ml basic fibroblast growth 
factor (bFGF, PeproTech, 100-18B, Rocky Hill, NJ, 
USA), 1 × B-27 (Gibco, 17504044, Grand Island, NY, 
USA), 20  ng/ml epidermal growth factor (EGF, R&D 
Systems, 2028-EG, Minneapolis, MN, USA), and 1% 
penicillin/streptomycin (Solarbio, P1400, Beijing, 
China) in culture dishes for cells growing in suspension 
(Sarstedt, 83.3902.500, Nümbrecht, Germany) at 37 °C, 
5%  CO2. Medium was changed every four days and the 
generated SDSC spheres were harvested after 12  days 
of culture for further procedures.

Preparation of MEF feeder cells
Mitotically inactivated mouse embryonic fibroblast 
(MEF) feeder cells were obtained following standard 
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procedures as described in Curr. Protoc. Stem Cell Biol. 
3:1C.3.1-1C.3.17. © 2007 by John Wiley & Sons, Inc.

Generation of PGCLCs
A two-step procedure was used to generate PGCLCs 
from SDSCs. First, in order to produce epiblast cell like 
cells (EpiLCs), P2 SDSC spheres were mechanically 
dispersed into a single-cell suspension and seeded at 
5 ×  105  cells/well into a 24-well plate for cells growing 
in suspension. The EpiLC induction medium was M199 
supplemented with 0.5% insulin-transferrin-selenium 
(ITS, Thermo Fisher Scientific, 41400045, Waltham, 
MA, USA), 0.1% bovine fetuin (Merck Millipore, 
341506, Palmerston North, New Zealand), 1.5% bovine 
serum albumin (BSA, Sigma, B2064), 30  ng/ml BMP4 
(R&D Systems, 314-BP-050), 0.23 mM sodium pyruvate 
(Gibco, 11360-070), 1 ng/ml EGF in media medium 199 
(Thermo Fisher Scientific, 11150067, Beijing, China). 
The medium was changed every two days and the first 
EpiLC colonies were observed after 12  h of culture. In 
the second step, to induce PGCLCs, colonies of EpiLCs 
on day 4 were dissociated into single cells by pipetting 
and plated onto mitotically inactivated MEF feeder cells 
at a concentration of 5 ×  105  cells/ml. The PGCLC dif-
ferentiation medium was DMEM/high glucose (Gibco, 
C11995500BT), supplemented with 10% FBS, 40  ng/ml 
bFGF, 40 ng/ml SCF (R&D Systems, 455-MC-010), 20 ng/
ml EGF, 1% MEM non-essential amino acids solution 
(Thermo Fisher Scientific, 11140-050, Waltham, MA, 
USA), 1% GlutaMAX™ Supplement (Thermo Fisher Sci-
entific, 35050061, Waltham, MA, USA), 1% sodium pyru-
vate, 50 μM β-mercaptoethanol (Sigma, M-7522), and 1% 
penicillin/streptomycin. Half medium was changed every 
two days being careful not to remove suspended cells.

Differentiation of SSCLCs from PGCLCs
For SSCLCs differentiation from PGCLCs, we used a 
testicular organoid culture system termed the three-
layer gradient system previously described [20] with 
some modifications. Briefly, testes dissected from 7 days 
postpartum CD-1 mice were cut into small pieces and 
a monodispersed cell population was obtained by sub-
sequent incubation in 2  mg/ml collagenase IV solu-
tion (Sigma, C5138) for 15  min and TrypLE™ Express 
enzyme for 10 min at 37 °C, followed by repeated pipet-
ting in DMEM. Cells were then resuspended in SSCLC 
induction medium and plated into a 10 cm tissue culture 
dish treated with 0.2% (w/v) gelatin. Not adherent cells 
(mainly germ cells) were removed through aspirating the 
supernatant after 4, 12, and 24  h in  vitro culture while 
the somatic cells attached at the bottom of the culture 
dish were harvested at 24 h and combined with 8–10 day 
induced eGFP-PGCLCs (cell ratio 1:1) at a concentration 

of 4 ×  107 cells/ml. The cell suspension was then mixed 
with Matrigel (Corning, 356231) at a ratio of 1:1 and 
about 16 μl of this mixture was transferred onto a layer 
of 1.5% agarose gel (Tsingke Biotechnology, TSJ001, Bei-
jing, China) applied to the bottom of a 24-well plate. The 
plate was transferred to the incubator for 15 min at 37 °C 
for gelification. Finally, 400 μl of SSC induction medium 
was added to the well and the culture was carried out in 
a 5%  CO2 humidified incubator at 37 °C. The SSC induc-
tion medium was referenced from Ishikura et al. [21] and 
consisted of StemPro-34 SFM medium (Gibco, 10640-
019) supplemented with 20 ng/ml EGF, 1 × insulin-trans-
ferrin-selenium, 10  ng/ml bFGF, 1  μl/ml DL-lactic acid 
(Sigma, 69785), 2 mM L-glutamine, 6 mg/ml d-( +)-glu-
cose (Sigma, G8270), 30  μg/ml pyruvic acid (Sigma, 
107360), 5  mg/ml BSA, 60  ng/ml progesterone (Sigma, 
P0130), 1 × MEM vitamin solution (Gibco, 11120-052), 
1 × non-essential amino acids, 30  ng/ml β-estradiol 
(Sigma, E8875), 50  μM β-mercaptoethanol, 100  nM 
ascorbic acid (Sigma, A4544), 1% FBS, 10 μg/ml d-biotin 
(Sigma, B-3399), and 10 ng/ml glial cell line-derived neu-
rotrophic factor (GDNF, R&D Systems, 212-GD-050).

Immunofluorescence and immunohistochemistry
For immunofluorescence (IF), cell clusters or dissoci-
ated cells were fixed with 4% paraformaldehyde (Sorlabio, 
P1110) on ice for 30 min. Then, the cells were transferred 
to glass slides for drying. Samples were then permeabi-
lized with 0.5% Triton X-100 in PBS (Sorlarbio, T8200) 
for 10 min, and incubated with blocking buffer (permea-
bilization containing 10% goat blocking serum, BOSTER, 
AR0009, Wuhan, China) for 30 min. After blocking, the 
samples were then incubated with the corresponding 
primary antibodies overnight at 4  °C. Secondary anti-
bodies were added according to the species source of 
primary antibodies incubation carried out at 37  °C for 
2  h. Vectashield mounting media (Vector Laboratories, 
H-1000, Burlingame, CA, USA) for mounting and a con-
focal microscope (Leica, TCS SP5 II, Wetzlar, Germany) 
for image acquisition were used at 20x. Immunohisto-
chemistry (IHC) of skin sections was performed using 
the procedures we recently described [18]. All antibodies 
used are listed in Additional file 1: Table S1.

Bisulfite sequencing
Bisulfite sequencing was performed as previously 
described [22, 23]. Briefly, the TIANGEN Micro DNA 
isolation Kit (Tiangen, DP316, Beijing, China) was used 
to extract genomic DNA from PGCLCs. Bisulfite treat-
ment was then performed using an EpiTect® Bisulfite kit 
(EpiTect, 59104, Hilden, Germany). Differentially methyl-
ated regions of Igf2r and Peg3 genes were then amplified 
by RT-PCR as previously described [24] and the target 



Page 4 of 13Ge et al. Stem Cell Research & Therapy           (2023) 14:17 

sequences cloned into the pDM19-T Vector (TaKaRa, 
D102A, Dalian, China) for downstream sequencing.

Gene expression analysis
Total RNA was extracted from cell aggregates using 
SPARKeasy Tissue/Cell RNA Rapid Extraction Kit 
(SPARKjade, AC0202, Shandong, China) and reverse 
transcription was performed using a SPARKScript RT 
plus Kit (SPARKjade, AG0304). A Light Cycler SYBR 
Green I Master (Roche, 04707516001, Mannheim, Ger-
many) kit was used to prepare PCR mix and PCR was 
performed using a Light Cycler 480 Real-Time PCR Sys-
tem (Roche, Mannheim, Germany). The relative gene 
expression was calculated using the  2−(△△Ct) method 
and Gaphd was used as a housekeeping gene. Primer 
sequences used are listed in Additional file 2: Table S2.

Western blotting analysis
Cells were firstly harvested by centrifugation and lysed 
using RIPA lysis solution (Beyotime, P0013B, Beijing, 
China). The extracts were then analyzed by agarose gel 
electrophoresis with 12% SDS-PAGE, at 80 V for 20 min, 
and at 120 V for 2.5 h. Bio-Rad Trans-Blot (Bio-Rad, Her-
cules, California, USA) was used to transfer the proteins 
onto the polyvinylidene difluoride membranes (Mil-
lipore, ISEQ00010, Bedford, MA, USA). Blocking was 
performed with PBST containing 5% BSA on ice for 4 h 
and the membranes were incubated with primary and 
secondary antibodies for 4  h and overnight, respec-
tively. BeyoECL Star Chemiluminescence Kit (Beyotime, 
P0018S, Beijing, China) was used for protein band detec-
tion. Quantification of protein blots was performed using 
AlphaView SA software (Alpha Innotech Corporation, 
San Leandro, CA, USA) according to the user guide using 
default parameters.

Meiotic chromosome spread
Meiotic chromosome spread staining was performed as 
we previously described [25]. Briefly, testicular organoid 
tissues were harvested with a 1 ml pipette and transferred 
in a hypotonic solution containing 30 mM Tris (Sorlabio, 
T8060), 50 mM sucrose (Sorlabio, S8271), 17 mM citric 
acid (Sorlabio, C8610), 5  mM EDTA (Sorlabio, E8040), 
2.5  mM dl-dithiothreitol (Sorlabio, D8220) and 1  mM 
phenylmethanesulfonyl fluoride (Sorlabio, IP0280) in 
deionized water for 45 min on ice. The samples were then 
transferred to a 4% paraformaldehyde solution and were 
dispersed using a pair of precision forceps before spread-
ing evenly on a glass slide. After overnight at room tem-
perature, the slides were washed with a wetting agent 
(Kodak, 1464502, Rochester, NY, USA) and then treated 
with the blocking buffer containing 1% goat serum in PBS 
for 1  h at room temperature. The samples were further 

incubated with the corresponding primary antibodies at 
37 °C overnight. After careful washing, the matched sec-
ondary antibodies were added, and incubation was car-
ried out at 37 °C for 2 h. At last, the slides were incubated 
in Hoechst 33342 (Beyotime, C1017) or DAPI (Beyo-
time, C1002) solution to stain nuclei for 5 min at room 
temperature.

Single‑cell cDNA library preparation and sequencing
We used 10 × Genomics’ Chromium Single Cell 3’ V3 Gel 
Beads Kit (10 × Genomics, PN-1000075, Pleasanton, CA, 
USA) to construct a single-cell cDNA library, and all pro-
cedures were performed according to the recommended 
protocol. Briefly, cells with cell viability higher than 90% 
were projected for cell capture using a 10 × Genomics 
Chromium controller (10 × Genomics, Pleasanton, CA). 
Sequencing was performed by Novogene, Inc.

10 × Genomics scRNA‑seq data preprocessing
Alignment and quantification of UMI counts were per-
formed using the CellRanger (v3.0.2) software accord-
ing to the standard protocol (https:// www. 10xge nomics. 
com/). After that, the processed expression matrix was 
then analyzed using the Seurat (v3) R package for down-
stream quality control and visualization [26]. For quality 
control, cells were filtered out using the default param-
eter in Seurat and data integration was performed with 
FindIntegrationAnchors function in the Seurat package. 
Dimension reduction and cluster identification were per-
formed with RunUMAP and FindClusters functions with 
the following parameters: dims = 1:25, resolution = 0.8. 
Other parameters were set as default according to the 
official instructions.

RNA velocity analysis and single‑cell trajectory
To determine the directionality of differentiation, the 
velocyto package was used to infer velocity vectors in sin-
gle cells according to the published protocol [27]. Briefly, 
the spliced and unspliced count metrics were firstly gen-
erated directly from the Cellranger output file using velo-
cyto run10x function using the standard procedure. The 
obtained metric files were further analyzed using scVelo 
package [28], and the velocities were projected onto 
pre-computed UMAP embedding using scv.pl.velocity_
embedding_stream function with default parameters.

For single-cell trajectory inference, the slingshot R 
package was used to infer dynamic gene expression along 
pseudotime [29]. The root cell cluster was determined 
according to the directionality of RNA velocity vectors 
incorporated in the UMAP plot as previously described 
[30].

https://www.10xgenomics.com/
https://www.10xgenomics.com/
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Gene ontology (GO) enrichment
We used Metascape to perform GO enrichment analysis 
and the analysis procedure was performed according to 
the online tutorial (https:// metas cape. org/) [31].

Statistical analysis
Statistical tests were analyzed using the Graphpad Prism 
7 software. Statistical significance was analyzed with the 
Student’s unpaired t-test or one-way ANOVA test.

Results
Dissection of cellular heterogeneity of P2 SDSCs 
and newborn mouse skin at single‑cell resolution
All SDSCs described in the current study were isolated 
from newborn male pup skin according to published pro-
tocols [7, 8, 32]. Transgenic mice carrying a ubiquitously 
expressed enhanced green fluorescent protein (CAG/

eGFP) were used to generate SDSCs in order to obtain 
traceable cells for the experiments involving the culture 
of SSCLCs within testicular organoids (Additional file 3: 
Fig. S1A).

scRNA-seq was used to analyze the cellular heteroge-
neity in newborn skin and SDSCs cultured to passage 
two (P2). We generated 8000 single-cell transcriptome 
profiles in total (Additional file  3: Fig. S1B), and after 
rigorous quality control (Additional file  3: Fig. S1C), 
7543 single-cell transcriptome profiles were subjected to 
transformations into low-dimensional spaces by uniform 
manifold approximation and projection (UMAP). After 
batch correlation, we identified a total of 17 cell clusters 
of which 7 were mainly comprised of cell populations 
derived from SDSCs (Fig.  1A, B). Hierarchical cluster-
ing indicated that 6 of these, namely 0, 1, 2, 5, 6, and 7, 
clustered in the same branch consistent with their origin 

Fig. 1 Analysis of single‑cell transcriptome profiles of newborn mouse skin and P2 SDSCs. A UMAP projection of 7543 single‑cell profiles reveals 
17 cell clusters in newborn skin and SDSCs. B UMAP plot color‑coded by cell source. C Hierarchical clustering of different cell clusters identified 
by UMAP analysis. D Representative canonical cell type‑specific marker expression across all cell clusters. E Percentage of different cell clusters in 
newborn skin and SDSCs

https://metascape.org/
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from SDSCs, while cluster 9 clustered with the other 
skin-derived cell types (Fig. 1C).

To further define the cell identities in the UMAP plot 
we annotated the different cell clusters using a series of 
canonical marker genes [18]. On the basis of the higher 
expressed genes, nine different cell types were identified 
as follows: SDSC clusters 0, 1, 2, 5, 6, 7 and 9 showing 
high expression of the dermal cell lineage gene markers 
Ptn, Col1a1 and Lum were designated as dermal fibro-
blast (DF) populations, cluster 8 (Krt5 and Perp) as hair 
shaft cells, cluster 10 (Pecam1 and Kdr) as endothelial 
cells, cluster 11 (Wnt7b and Krt16) as inner root sheath 
cells (IRS), cluster 12 (Dct and Pax3) as muscle cells, 
cluster 13 (Cd52 and Fcer1g) as immune cells, cluster 14 
(Plp1 and Fabp7) as melanocytes, cluster 15 (Rgs5 and 
Myh11) as pericytes and cluster 16 expressing Prdm1 and 
Sox18, as dermal papillae cells (DP) (Fig.  1D and Addi-
tional file  3: Fig. S1D). The comparison of the cluster 
composition between newborn mouse skin tissues and 
P2 SDSCs indicated that SDSCs cells were heterogene-
ous, and mainly consisted of dermal lineage-derived cells 
(Fig. 1E).

Reconstruction of cellular differentiation trajectory 
and RNA velocity analysis unveil the origin of SDSCs
Since it is known that in the neonatal skin reside dermal 
fibroblasts (DFs) with distinct differentiation potential, 
including papillary, reticular and hypodermal fibroblasts 
[33], we next investigated DF lineages ongoing in the 
in  vitro cultured SDSCs. In order to capture the differ-
entiation trajectories of DFs, we utilized RNA velocity 
analysis that is able to predict cell fate on the basis of 
the ratio in scRNA data between spliced and un-spliced 
mRNA and is considered a robust tool to identify cell 
fate commitment in heterogeneous single cell RNA-seq 
data [27]. Noteworthy, we found that the projection of 
RNA velocity vectors onto UMAP plots showed two dis-
tinct differentiation directories (Fig. 2A). Clusters 0 and 
6 were root states, hence representing cells at the begin-
ning of differentiation [30], while clusters 2 and 16 rep-
resented final differentiation states. From the root states, 
we reconstructed two pseudotime differentiation trajec-
tories towards the end states to identify gene expression 
dynamics of cell fates 1 (cluster 2) and 2 (cluster 16). The 
results showed that cells at final fate state 1 (cluster 1, 2, 
6, 7) expressed high levels of Cenpa and Cdc20, genes 
involved in mitotic cell cycle processes, while the dermal 
papillae marker genes Lef1 and Ppm1e were expressed 
at higher levels by cells at the final fate of state 2 (clus-
ter 0, 5, 16) [34] (Fig. 2B, C). We further identified RNA 
velocity driver genes for both differentiation trajectories 
(Fig. 2D). For cell fate 1, the top enriched RNA velocity 
driving genes, ranked by their roles in driving the velocity 

trajectories [34], included Knstrn which encodes a pro-
tein involved in chromosome segregation during mito-
sis [35], and Miip which encodes a negative regulator of 
cell migration and mitosis [36]. Moreover, gene ontology 
(GO) enrichment analysis of the top 100 RNA velocity 
driver genes showed that “mitotic cell cycle process”, “cell 
cycle”, and “regulation of mitotic cell cycle”, were the top 
represented GO terms for cell fate 1 (Fig. 2E). In line with 
this, heatmap of cluster-specific represented GO terms 
and a comparison of shared genes and GO identified the 
expression of cell cycle mitotic genes along this pathway 
(Additional file 3: Fig. S2A, B). Interestingly, for cell fate 
2 (cluster 16) top-ranked RNA velocity genes resulted 
the same Lef1, the dermal papillae cell fate RNA veloc-
ity driving gene identified previously in  vivo [34], and 
Ppm1e, encoding a regulator of AMPK phosphorylation 
[37]. On this basis, we designated fate 1 as a cell renewal 
state and fate 2 as the differentiation into the papillary 
fibroblast lineage. Collectively, these data demonstrated 
that SDSCs mainly consist of papillary dermal fibroblast 
progenitors (pDFPs) able to self-renewal and differentia-
tion into papillary DFs in vitro.

To further validate our RNA velocity analysis, we 
retrieved mRNA expression data from Rezza et  al. [38] 
and assessed the expression of the top 5 RNA velocity 
genes in the endpoint of cell fate 2 (Lefty, Ppm1e, Spata6, 
Glis1, Dlk1) in the skin of E14.5 embryos and 5 dpp pups 
(Fig. 2F) [39]. Such analysis established that these genes 
were mainly expressed in the E14.5 skin dermal cells 
(DCs) and showed higher expression in the DF and DP 
cells in the 5 dpp pup skin. This validated our RNA veloc-
ity analysis and confirmed that SDSCs (hereafter referred 
to as pDFPs) mainly comprise papillary dermal fibroblast 
progenitors able to differentiate into DP cells [33].

EGF promotes pDFP proliferation in vitro
Since the enriched GO terms of cell fate 2 RNA velocity 
driving genes analysis also included the “EGFR1 signal-
ing pathway”, we then tested if EGFR signaling was active 
and has a role in the cultured pDFPs. We first confirmed 
by immunohistochemistry that EGFR was expressed in 
the skin of E16.5 fetuses and 0 dpp pups in epidermal 
cells, hair follicles, and dermal fibroblasts (Fig. 3A). Next 
removing EGF from the culture medium, we found that 
the ability of pDFPs to generate large colonies was signifi-
cantly reduced (Fig.  3B). Collectively, these results fur-
ther confirmed that SDSCs consist of multipotent pDFPs, 
and EGF signaling is pivotal for pDFPs colony formation 
in vitro.

Specification of PGCLCs from pDFPs in vitro
We next investigated the germline potential of pDFPs 
and designed an optimized culture strategy to generate 
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Fig. 2 Combined RNA velocity and trajectory inference unveil the cellular origin of SDSCs. A Projection of RNA velocity vectors in the UMAP plot. B 
Slingshot infers the pseudotime trajectory in the P2 SDSCs. C Expression of cell fate 1 and cell fate 2 representative marker genes along pseudotime 
trajectories. D Expression of top 5 cell cluster‑specific RNA velocity genes; genes were ranked by their roles in driving the velocity trajectories. E GO 
enrichment analysis of top 100 RNA velocity genes in the end state of cell fate 1 and 2. F Expression of top 5 cell fate 2 RNA velocity genes in the 
skin of E14.5 foetuses and 5 dpp newborn skin
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primordial germ cell-like cells (PGCLCs) from these cells. 
In order to efficiently generate PGCLCs from pDFPs we 
established a different protocol from those previously 
published using SDSCs [7, 8, 32]. In general, differen-
tiation of PGCLCs from stem cells involves two main 
steps, induction of epiblast-like cells (EpiLCs) followed 
by PGCLC specification (Fig.  4A). On this basis in the 
present paper, eGFP-pDFPs were dissociated into single-
cell pellets and were subjected to EpiLC induction under 
floating conditions in the presence of various concentra-
tions of bone morphogenetic protein 4 (BMP4) (Addi-
tional file  3: Fig. S3A). The results showed that 30  ng/
ml BMP4 promoted the formation of the largest eGFP-
colonies both on day 1 and day 3 of culture (Additional 
file  3: Fig. S3B). These colonies can be considered bona 
fide EpiLCs since after real-time RT-PCR analyses they 
were shown to express a high level of the epiblast marker 
genes Dnmt3a, Dnmt3b and Wnt3a [7] (Additional file 3: 
Fig. S3C).

eGFP labelled EpiLCs were next dissociated into single 
cells and seeded onto MEF cells for PGCLC specifica-
tion in the induction medium containing 30 ng/ml bone 
morphogenetic protein 4 (BMP4), 40 ng/ml stem cell fac-
tor (SCF), 40  ng/ml bFGF and 20  ng/ml EGF (Fig.  4B). 
After 4 days of differentiation, eGFP-positive round shiny 
cells could be observed on the surface of the feeder cells 
(Additional file  3: Fig. S3D). In subsequent days, these 
cells proliferated rapidly and gradually gave rise to float-
ing clusters that stained positively for the two canoni-
cal late PGC markers DDX4 (also known as VASA) 
and DAZL [40] (Fig. 4C). The identity of these cells as a 
mixed population of early and late PGCLCs was further 
confirmed by the increased expression of the germ cell 
marker genes including Ddx4, Dazl, Blimp1 (also known 
as Prdm1), Dppa3 (also known as Stella), and Prdm14 
during prolonged in vitro culture (Fig. 4D).

The proper histone modifications and epigenetic repro-
gramming of PGCs are crucial for germ cell lineage 

specification [41], we then investigated whether histone 
modifications and epigenetic reprogramming proceeded 
properly in PGCLCs derived from pDFPs. Western blot-
ting results showed that both H3 lysine 27 trimethyla-
tion (H3K27me3) and histone H3 lysine 9 dimethylation 
(H3K9me2) undergo progressive erasure and increase, 
respectively, from pDFPs to 10d PGCLCs showing a ten-
dency to increase (H3K27me3) and erasure (H3K9me2) 
in 20d PGCLCs resembling the changes occurring in 
specified PGCs in  vivo (Fig.  4E). The bisulfite sequenc-
ing of the differentially methylated regions (DMRs) of 
the imprinted Igf2r and Peg3 loci showed lower levels 
of DNA methylation in P14 PGCLCs compared with P2 
pDFPs, consistent with DNA methylation erasure typical 
of late PGCs in vivo. This process, however, appeared less 
efficient in PGCLCs than in their in  vivo counterparts 
(Fig. 4F).

Generation of SSCLCs from PGCLCs within testicular 
organoids
We then tested whether it was possible to induce pDFP-
derived PGCLCs into spermatogonial stem cell-like cells 
(SSCLCs) as recently described from embryonic stem 
cells (ESCs) or induced pluripotent stem cells (iPSCs)-
derived PGCLCs [21]. To this aim, we first changed the 
PGC induction medium with the SSC induction medium 
formulated by Ishikura et  al., and mixed the eGFP-
PGCLCs with somatic cells obtained from prepubertal 
testis to generate testicular organoids as described [21] 
with some modifications (see details in the Materials and 
Methods section).

Beginning at day 4 of culture, cordonal structures 
resembling seminiferous cords containing eGFP-pos-
itive cells were observed (Fig.  5A). After dissociation 
of these structures at 14  days of culture, immuno-
fluorescence staining for the canonical spermatogonia 
stem cell (SSC) proteins PLZF transcription repres-
sor and GDNF receptor GFRa1 [42, 43], showed a 

Fig. 3 EGF promotes proliferation and formation of large pDFPs spheres (colonies) in vitro. A IF staining of EGFR in epidermal cells, hair follicles 
and dermal fibroblasts of the skin of E16.5 fetuses and 0 dpp pups; dotted lines indicate dermal and epidermal interface, and black arrows indicate 
papillary dermis. Pictures were taken using an optical microscope (20x, Olympus BX51, Japan). Scale bars, 100 μm. B Effects of EGF on the diameter 
of P2 pDFP colonies. Pictures were taken using an eclipse microscope (10x, Nikon TE2000, Japan)
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significant number of double-positive eGFP-positive 
cells (Fig.  5B), thus suggesting their SSCLC identity. 
Finally, we investigated if these cells were able to enter 
meiosis within the cordonal structures. To this aim, 

the testicular organoid tissues were dissociated after 2, 
4, 5, and 8  days of culture (Additional file  3: Fig. S4), 
and chromosome spreads were then performed to 
investigate whether these SSCLCs can initiate meiotic 

Fig. 4 PGCLC differentiation from pDFPs. A Scheme showing PGCLC and SSCLC induction from SDSCs. B Representative morphology of PGCLCs 
generated from pDFPs at increasing culture times. Pictures were taken using an eclipse microscope (10x, Nikon TE2000, Japan). Scale bars, 100 μm. 
C Expression of the germ cell marker DDX4 and DAZL in day 6 eGFP positive pDFP‑derived PGCLCs. Pictures were taken using an confocal 
microscope (20x, Leica, TCS SP5 II, Germany). Scale bars, 25 μm. D Expression of genes proper of specified PGCs by day 2, 4, 6 pDFP‑derived PGCLCs. 
E Western blotting analysis of H3K27me3 and H3K9me2 expression during PGCLCs differentiation from pDFPs. F Bisulfite sequencing of DMRs of the 
imprinted genes Igf2r and Peg3 in P2 SDSCs, day 6 pDFP‑derived PGCLCs and E12.5 PGCs
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programs under in vitro conditions. Noteworthy, enter-
ing into meiosis of pDPFs-derived SSCLCs was further 
supported by chromosome spreads of testicular orga-
noid tissues cultured for 8 days showing eGFP cells IF 
positive, in addition to SYCP3, and the two meiotic 
prophase proteins γH2AX and RAD51 (Fig.  5C) [31]. 
However, eGFP positive cells stained for the meiotic 
synapse protein SYCP1 and the recombination protein 
MLH1 were not found.

Discussion
The main results achieved in the present paper were the 
identification of the cellular origin of the SDSCs from the 
skin of newborn mice and their efficient differentiation 
into cells of the male germ cell line.

Since in vitro isolation of multipotent stem cells from 
skin in early 2000 [11–14], the cells able to give rise to 
SDSCs have remained elusive. These cells were reported 
to reside in the dermis and, in principle, could be 

Fig. 5 Induction of SSCLCs from pDFP‑derived PGCLCs. A Representative pictures of day 7 and 14 aggregates of eGFP‑PGCLCs and somatic 
testicular cells; at 14 days, testicular organoids showing structures resembling testis cords containing eGFP‑cells are recognizable. Pictures were 
taken using an eclipse microscope (10x, Nikon TE2000, Japan). Scale bars, 50 μm. B Expression of the canonical SSC marker PLZF and GFRα1 in 
eGFP‑cells isolated from testicular organoids after 14 days of culture. Pictures were taken using a confocal microscope (20x, Leica, TCS SP5 II, 
Germany). Scale bars, 20 μm. C Meiotic chromosome spreads of testicular tissues from 8 dpp testes of CAG/eGFP mice and testicular organoids 
containing eGFP‑SSCLCs after 8 days of culture stained with antibodies against meiotic proteins; note that positive staining for SYCP3, γH2AX, 
and RAD51 was observed in all samples while positive cells for SYCP1 and MLH1 were observed only in the control samples from 8 dpp testes of 
CAG/eGFP mice. Pictures were taken using a confocal microscope (20x, Leica, TCS SP5 II, Germany). Scale bars, 20 μm
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members of one or more of the stem cell populations 
residing in the hair follicles (bulge, dermal papillae and 
dermal sheath) and skin dermal layer, this latter including 
papillary, reticular and hypodermal fibroblast progenitors 
[33]. The lack of conserved lineage markers of these stem 
cells and the dynamics of the differentiation processes 
in which they are involved complicated discovering the 
origin of SDSCs. In the present paper, this question was 
solved using scRNA-seq and related bioinformatics anal-
yses. It was revealed that SDSCs mainly consist of pDFPs, 
one of the three fibroblast precursors originating from 
multipotent dermal fibroblasts in the skin [33].

As reported in the introduction, in vitro SDSCs can be 
induced with distinct protocols to give rise to neuroecto-
dermal and mesodermal progenies, including glia, adipo-
cytes, neurons, smooth muscle cells, and, surprisingly, to 
cells of the germ cell lineage such as PGCLCs and OLCs 
[5]. In this regard, we have reported that it was possi-
ble to generate OLCs from HFSCs, one of the putative 
sources of SDSCs residing in the bulge region of the hair 
follicle and of epithelial derivation (see above), obtained 
from vibrissa hair follicles of 7 dpp mice [6]. We were, 
therefore, quite surprised to find that the scRNA-seq 
indicated pDFPs as the main members of SDSCs gener-
ated from the skin of mice of the same age. This suggests 
heterogenicity of SDSC spheres possibly with different 
cellular origins and prevalence of pDFPs when whole skin 
is used for their generation.

If SDSCs of distinct cellular origin also possess dif-
ferent GCLC potential remains to be determined. So 
far, however, the efficiency of the SDSC differentiation 
process into PGCLCs and OLCs and the quality of the 
GCLCs generated have been quite modest. As matter of 
fact, only mouse ESCs or iPSCs have been reported to 
generate germ cells able to complete spermatogenesis 
and oogenesis and give rise to functional gametes in vitro 
[3, 4]. The pluripotency of these stem cells and the induc-
tion to the EpiLC phenotype, seem two crucial conditions 
to generate male or female PGCLCs that are inducible 
into functional gametes. In any case, the production of 
functional sperm and oocytes in vitro requires inserting 
PGCCLs within reconstituted testes or ovaries [3, 44, 45]. 
Although SDSC-derived pDFPs do not possess pluripo-
tency, supposing that they are probably less ‘biased’ than 
other ADSCs, we decided to investigate if subjected to a 
protocol of transient early mesodermal phenotype induc-
tion as that used for ESCs and iPSCs they were able to 
generate PGCLCs competent to differentiate into SSCs 
which has not previously been reported. For this last step, 
we utilized reconstituted testes to recapitulate SSC niche 
using a recently described three-dimensional multilayer 
model [20]. The results were promising since SDSC-
derived pDFPs following induction into bona fide EpiLCs 

were efficiently specified into PGCLCs, following by cul-
tured under SSC conditions, these PGCLCs generated 
SSCLCs which inserted within the reconstituted testicu-
lar organoids and appeared to be able to initiate meiosis. 
However, the generated SSCLCs showed a limited capac-
ity of meiosis initiation. A previous study by Ishikura 
et al. [21], reported that abnormal epigenetic reprogram-
ming is a limiting factor controlling the successful gener-
ation of spermatozoa from pluripotent stem cell-derived 
GCLCs. In this regard, the bisulfite sequencing analysis 
indicated that PGCLCs generated from SDSC-derived 
pDFPs possessed higher methylation levels at the DMRs 
of the imprinted Igf2r and Peg3 loci compared with their 
in  vivo PGC counterparts, thus suggesting that proper 
DNA demethylation of specific loci is a key regulatory 
factor controlling meiotic initiation and progression. 
This supports the notion that the epigenome of GCLCs 
derived from ASCs is a key indicator of their capability 
to correctly enter into meiosis. How establishing cor-
rect epigenetic reprogramming in ASC-derived GCLCs 
remains a crucial task for future studies. Key challenges 
ahead include of course reconstituting the entire sper-
matogenesis in  vitro and in  vivo from these GCLCs, 
but promising results have been already obtained using 
mouse ESCs [4].

Conclusions
Here, by utilizing scRNA seq, we demonstrated that 
SDSCs derived from multipotent papillary dermal fibro-
blast progenitors (pDFPs) residing in the dermal layer 
show germline potential in  vitro, and EGF signaling is 
pivotal for the capability of these progenitors to prolifer-
ate and form large colonies in  vitro. More importantly, 
we established an optimized protocol to efficiently gen-
erate primordial germ cell-like cells (PGCLCs) from 
SDSCs. Together, these findings here lay the foundation 
for future generating functional gametes from adult stem 
cells.
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