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Abstract

Background: Eccrine sweat gland (SG) plays a crucial role in thermoregulation but exhibits very
limited regenerative potential. Although SG lineage-restricted niches dominate SG morphogenesis
and benefit SG regeneration, rebuilding niches in vivo is challenging for stem cell therapeutic
applications. Hence, we attempted to screen and tune the critical niche-responding genes that
dually respond to both biochemical and structural cues, which might be a promising strategy for
SG regeneration.

Methods: An artificial SG lineage-restricted niche consisting of mouse plantar dermis homogenates
(i.e. biochemical cues) and 3D architecture (i.e. structural cues) was built in vitro by using an
extrusion-based 3D bioprinting approach. Mouse bone marrow-derived mesenchymal stem cells
(MSCs) were then differentiated into the induced SG cells in the artificial SG lineage-restricted
niche. To decouple biochemical cues from structural cues, the transcriptional changes aroused by
pure biochemical cues, pure structural cues and synergistic effects of both cues were analyzed
pairwise, respectively. Notably, only niche-dual-responding genes that are differentially expressed
in response to both biochemical and structural cues and participate in switching MSC fates towards
SG lineage were screened out. Validations in vitro and in vivo were respectively conducted by
inhibiting or activating the candidate niche-dual-responding gene(s) to explore the consequent
effects on SG differentiation.

Results: Notch4 is one of the niche-dual-responding genes that enhanced MSC stemness and pro-
moted SG differentiation in 3D-printed matrix in vitro. Furthermore, inhibiting Notch4 specifically
reduced keratin 19-positive epidermal stem cells and keratin 14-positive SG progenitor cells, thus
further delaying embryonic SG morphogenesis in vivo.
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Conclusions: Notch4 not only participates in mouse MSC-induced SG differentiation in vitro but is
also implicated in mouse eccrine SG morphogenesis in vivo.
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Highlights

* 3D-cultured MSCs exhibit higher SG differentiation efficiency than 2D-cultured MSCs.
* 3D-printed architectures enhanced Oct4-related MSC stemness by regulating Notch4.

* Notch4 participates in mesenchymal stem cell-induced SG differentiation in 3D-printed matrix iz vitro.

* Inhibiting Notch4 delayed SG morphogenesis by reducing SG progenitor cells in vivo.

Background

Eccrine sweat glands (SGs) consist of ducts and secretory coils
and play crucial roles in thermoregulation and metabolism,
serving as the most abundant glandular structures with a
density of 200-700/cm?* of human skin surface [1]. SGs are
also vulnerable to injuries and exhibit very limited regen-
erative potential. Survivors who have suffered from abun-
dant SG injuries caused by large-area burns are subject to
hyperthermia, heat stroke or even death in hot environ-
ments or during long-term exercise [2]. However, despite
recent progress involving SG morphogenesis mechanisms [3]
and stem cell-based regenerative therapies [4], SG regener-
ation with anatomical structures and restored biofunction
(i.e. secreting sweat) is far from clinical or translational
application.

In mice, embryonic SGs originate from the basal layer of
epidermis and emerge as the sweat buds, a group of branching
epitheliums that mainly consist of keratin (Krt) 19-positive
epidermal stem cells and Krt14-positive SG progenitor cells
at about embryonic day (E) 17.5 [5]. SG ducts and secretory
coils respectively emerge at about postpartum day (P) 1
and PS5, and anatomical SGs with secreting bio-functions

mature until about P14 [6]. Biologically, Krt18 and Krt14
serve as phenotypic biomarkers and are distributed in SG
secretory ducts or myoepithelium, and ATPase Nat/K* trans-
porting subunit alpha 1 (ATP1al) and aquaporin 5 (Aqp5)
serve as functional biomarkers and are associated with trans-
porting ions or water during sweating processes.

A niche is the lineage-restricted microenvironment that
both anatomically and functionally maintains stem cell self-
renewal [7] and directs stem cell fate towards a defined
lineage [8]. Generally, niches interact with stem cells through
biochemical cues (i.e. bioactive proteins, growth factors,
cytokines, ions, signaling pathways, extracellular matrix,
etc.) [9] and structural cues (i.e. 3D architecture, pore sizes,
topology, matrix stiffness, applied forces, etc.) [10]. Despite
the origins of stem cells [11], a niche sometimes gets the
ascendancy in directing their lineage [12]. Reportedly, it has
been shown with skin organoids that only in a 3D culture
environment in vitro together with defined biochemical
factors can stem cells mimic in vivo SG morphogenesis
processes [13-15], which indicates that both biochemical
and structural cues are indispensable for bio-functional SG
lineage-restricted niches. Recent progress highlighted the
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crucial roles of niches in regulating embryonic SG morpho-
genesis [16], and rebuilding SG lineage-restricted niches with
defined biochemical and structural cues successfully switched
the fates of stem cells towards SG lineages in mice [17-19].

Notably, the mouse plantar dermis (PD) is believed to
contain SG lineage-restricted niches [20] because mouse SGs
are restrictedly distributed in foot pads [5]. Very recently,
we rebuilt artificial SG niches consisting of PD homogenates
(i.e. biochemical cues) and 3D-printed architecture (i.e. struc-
tural cues) and then directed mouse bone marrow-derived
mesenchymal stem cells (MSCs) towards SG lineages and
facilitated SG regeneration in mice [21]. However, rebuilding
SG lineage-restricted niches iz vivo is an insurmountable chal-
lenge because it is difficult to synergistically orchestrate these
biochemical and structural cues in ever-changing wound envi-
ronments. Moreover, the PD homogenates that are harvested
from mouse foot pads are difficult to use in stem cell-based
therapeutic applications especially for human beings. With
regard to translational medicine, we tend to explore how stem
cells interact with SG lineage-restricted niches by filtering the
candidate genes that dually respond to both biochemical and
structural cues of niches. Tuning these critical niche-dual-
responding genes might represent a promising strategy for
progressing SG regenerative therapies to the clinic.

Here, we rebuilt artificial SG lineage-restricted niches and
then directed mouse MSCs into the induced SG cells (iSGs)
in a PD-containing 3D-printed matrix. To decouple biochem-
ical cues from structural cues, we pairwise compared the
transcriptional changes aroused by pure biochemical cues,
pure structural cues, and synergistic effects of both cues,
respectively. Notably, only niche-dual-responding genes that
respond to both biochemical and structural cues and are
crucial for SG differentiation were screened out using RNA-
sequencing and gene ontology (GO) enrichment analyses.
Validations were conducted by inhibiting or activating the
candidate niche-dual-responding gene(s) both iz vitro and in
vivo, respectively. Our study attempts to provide new strate-
gies targeting niche-dual-responding genes for progressing
stem cell-based SG regeneration therapeutics to the clinic.

Methods

Mice

All animal experiments were performed in accordance with
EU Directive 2010/63/EU on the protection of animals used
for scientific purposes. C57BL/6 mice used in this study
were purchased from Sibeifu Biotechnology Co., Ltd (Beijing,
China). All mice were caged with food and tap water ad libi-
tum in a specific-pathogen-free facility. In order to precisely
mark the embryonic day ages, male and female mice were
caged together for one night and were separated the next
morning. If the female mice were later found to be pregnant,
this time point was marked as E 0.5. Pregnant female mice
were caged separately without any unnecessary treatments.
The first author was aware of the group allocation at the
different stages of the experiments, and mice were randomly
selected by another independent researcher for subsequent

studies. The Institutional Animal Care and USE Committee
of Chinese PLA General Hospital (Beijing, China) approved
the animal experiments (approval number SCXK(BJ)2019-
0001) and supervised the animal welfares of this study.

Isolating MSCs and preparing PD homogenates
MSCs were isolated and cultured as previously reported [17].
The tibias and femurs were harvested from legs of newborn
mice (P1) after removing the skin, fascia and muscles, and
then were cut into pieces and incubated with type I colla-
genase solution (containing 0.25% type I collagenase and
20% fetal bovine serum) with occasional shaking at 37°C
for 45 min. After centrifugation at 350 g for 10 min, the
primary MSCs were harvested and incubated with complete
MesenCult™ medium (Mouse, STEMCELL, Canada). MSCs
with 3—4 cell passages were used for subsequent experiments.
PD homogenates were prepared based on our previous
work [21]. Briefly, dermal tissues from foot pads of newborn
mice (P1) were separated after being immersed in 0.2%
(w/v) Dispase II (neutral protease, grade II; Roche, Germany)
solution, and were then triturated and homogenized to a
final concentration of 25% (w/v). After centrifugation at
10,000 g for 20 min at 4°C, the supernatants, i.e. the PD
homogenates, were filtered through a 0.22 um filter. The
protein concentrations of the PD homogenates were tested
and uniformized using a BCA Protein Assay Kit (CW00145,
Cwbiotech, China).

Inducing MSCs differentiate into SG lineages

with formulated bioinks and 3D bioprinting

MSCs and PD homogenates were involved in bioinks and
were printed into 3D constructs, and were then induced into
SG lineages and designated as the ‘3D iSG’ group [17]. Briefly,
bioinks were formulated with 3% (w/v) type B gelatin (Sigma-
Aldrich, USA) and 1% (w/v) sodium alginate (Sigma-Aldrich,
USA). After being sterilized by a modified pasteurization (i.e.
30 min at 70°C a total of three times with intervals of 10 min
at 4°C), every 10 ml of alginate-gelatin bioink was loaded
with 1x107 MSC suspension and 1 ml of PD homogenate.
3D constructs were printed layer-by-layer onto a 2D plat-
form using an extrusion-based 3D bioprinter (Bio-Architect
PRO, Regenovo, China) with 280 um-inner-diameter nozzles
under a pressure of 0.1-0.4 MPa and a flow rate of 10-
15 mm/s. Pre-cooled 2.5% (w/v) calcium chloride solutions
were used to crosslink the 3D-printed constructs for 10 min.
After crosslinking, the 3D-printed constructs were incubated
with MSC medium (mouse complete MesenCult™ medium,
STEMCELL, Canada) for 3 days, and then incubated with SG
medium and additional PD homogenate for another 4 days
(Figure 1a). Specifically, the SG medium contains 50% F12
(STEMCELL, Canada), 50% DMEM (STEMCELL, Canada)
basal culture medium, and a list of supplements, including
liothyronine sodium (2 ng/ml, Gibco), hydrocortisone succi-
nate (0.4 mg/ml, Gibco), epidermal growth factor (10 ng/ml,
Peprotech, Rocky Hill, NJ, USA), 1% (v/v) insulin-transferrin-
selenium (Gibco), 5% (v/v) fetal calf serum (Gibco) and 1%
(v/v) penicillin—streptomycin solutions.
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Figure 1. MSCs differentiate into iSGs in vitro due to biochemical and structural cues. Schematic drawings illustrate the MSC-derived iSGs in artificial SG niches
(a) and three groups of cell samples for RNA sequencing (b). (c) Biodegradation ratio (%) of 3D MSC group, 3D iSG group, and pure scaffolds without cells;
n=4. (d) Scanning electron microscopy images at the low and high magnification of the 3D-printed constructs at day 1. (e) Macrograph pictures and bright field
images indicate good printability, and live/dead test indicates good cell biocompatibility. Dotted curves indicate the pore edges within 3D-printed constructs. (f)
Cell counting kit-8 proliferation assays of 2D MSC, 3D MSC and 3D iSG groups; n=4. MSC-derived iSGs were characterized by four SG biomarkers (Krt18, Krt14,
ATP1a1 and Agp5) using immuno-fluorescence staining (g) and RT-qPCR (h); n=3. Scale bar (d): 20 xm, 5 um; (e): 5 mm, 200 um; (g): 50 um. ATP71a1 ATPase
Na+/K+ transporting subunit alpha 1, Agp5 aquaporin 5, iSG induced sweat gland, Krt keratin, MSCs mesenchymal stem cells, NS no significant difference,
RT-qPCR real-time quantitative polymerase chain reaction, SG sweat gland
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In addition, the 2D MSC’ group (i.e. conventionally cul-
tured MSCs on Petri dishes using MSC medium) and ‘3D
MSC’ group (i.e. 3D cultured MSCs in 3D-printed con-
structs without PD homogenates using MSC medium) were
employed as control groups (Figure 1b).

Biodegradation ratio

The biodegradation properties were detected between 3D
MSC groups and 3D iSG groups that were seeded with
equal number of cells at days 1, 4, 7, 10 and 13, and
bio-printed scaffolds without cells were employed as con-
trol groups. Briefly, these samples were first incubation at
37°C with cell culture medium, and were then rinsed with
0.01 M phosphate-buffered saline (PBS) followed with drying
overnight in a 70°C drying oven to remove as much water as
possible. As the newly printed constructs can absorb water
due to swelling properties, the mean dry weights of each
group at day 1 were regarded as the initial weights (100%),
and the decreased dry weights of each group were measured
at each time point. The ratios of the decreased weights to
the initial weights were calculated as the biodegradation ratio
(%). Each group at each time point included four independent
samples (n=4).

Scanning electron microscopy

The surface structures and inner microstructures of the 3D-
printed constructs were observed by means of scanning elec-
tron microscopy at day 1. Briefly, the samples were cross-
sectioned with a sharp knife, and were fixed in 0.5% glu-
taraldehyde for 24 h at room temperature followed by dehy-
dration in a graded ethanol series, and then Au sputter-coated
for 60 s under high-vacuum conditions at an accelerating
voltage of 10.0 kV. The images of the cross-sections were
captured to characterize the surface structures and inner
microstructures.

Cell counting kit-8 proliferation assays

The cell numbers in 3D MSC groups and 3D iSG groups
were detected using cell counting kit-8 proliferation assays
at days 1, 3, 5, 7 and 9, with the 2D MSC groups that were
seeded with equal number of cells as control groups. Briefly,
samples were removed into a new 96-well plate with 100 ul
of culture medium in each well. After incubation for 2 h, 10 ul
of cell counting kit-8 solution (Dojindo, Kyushu, Japan) was
added into each well. After incubation at 37°C for 3 h, the
mean optical density values of the culture medium were quan-
titated at a wavelength of 450 nm using an enzyme-linked
immunosorbent assay reader (Thermo Varioskan Flash, USA).
Each group at each time point included four independent
samples (n=4).

2D and 3D cell morphology and histological study of
SG morphogenesis

The cell viability in 3D constructs was tested by a Live/Dead”
Viability/Cytotoxicity Kit (Invitrogen, USA) after printing at

days 1 and 7. Cell morphology on 2D-cultured Petri dishes or
in 3D-printed constructs was observed and recorded using a
phase-contrast microscope (Leica DMI4000B, Germany).

To observe 3D-cultured cellular morphology, cells that
were embedded in 3D matrix were isolated by dissolving the
3D-printed constructs using a mixture of sodium chloride
(150 mM), ethylene diamine tetraacetic acid disodium salt
(20 mM) and sodium citrate (55 mM). The suspensions of
3D-cultured cells isolated from 3D-printed constructs were
successively fixed, centrifuged, resuspended and then trans-
ferred onto adhesive slides. After being dried at 60°C for
30 min, the isolated cells that were originally cultured in 3D
constructs were coated onto the surface of slides for conven-
tional immunofluorescence staining. Cells from the 3D MSC
and 3D iSG groups were isolated at day 7 and immunoflu-
orescence stained with SG biomarkers respectively, with 2D
MSC groups as control groups.

To observe SG morphogenesis, E12.5, E17.5, P1, PS5 and
P14 aged embryos or mice were sacrificed, and the foot
pads were harvested and fixed in 4% paraformaldehyde
solution for 2 days. Then these foot pads were immersed
in decalcifying mixed solutions (Solarbio, G2470) containing
ethylene diamine tetraacetic acids, formic acid, formaldehyde,
etc. for 2 days in order to remove calcium in bones, and
were then embedded in paraffin and sectioned 6-um thick
using a cryotome (Leica, CM1950, Germany) followed by
histological studies.

As 3D-cultured cells are embedded within alginate-
gelatin bioinks and thus it is difficult to conduct immuno-
fluorescence staining with routinely conventional protocols,
the crosslinked bioinks have to be dissolved so that the
cells can be re-collected by centrifuge and re-loaded on
the surfaces of object slides for conventional immuno-
fluorescence staining.

For immuno-fluorescence analysis, the slides underwent
antigen retrieval and infiltration, and were then blocked
to avoid non-specific antigen reactions. For detecting SG
biomarkers, the slides were incubated with anti-Krt18 mouse
monoclonal antibody (1 : 250, ab668, Abcam), anti-Krt14
mouse monoclonal antibody (1 : 300, ab7800, Abcam),
anti-ATP1al mouse monoclonal antibody (1 : 300, ab7671,
Abcam) and anti-Aqp35 rabbit polyclonal antibody (1 : 500,
ab78486, Abcam). For detecting the relationships between
Notch4 and Oct4, the slides were incubated with anti-Notch4
mouse monoclonal antibody (1 : 100, sc-393 893, Santa Cruz)
and anti-Oct4 rabbit polyclonal antibody (1 : 250, ab18976,
Abcam). For detecting the effects of inhibiting or activating
Notch signals on SG differentiation in vitro, the slides were
incubated with anti-Notch4 rabbit monoclonal antibody (1 :
250, ab184742, Abcam) and anti-Krt18 mouse monoclonal
antibody (1 : 250, ab668, Abcam). For detecting the effects
of inhibiting Notch4 on SG morphogenesis in vivo, the
slides were incubated with anti-Notch4 rabbit monoclonal
antibody (1 : 250, ab184742, Abcam) and anti-Krt14 mouse
monoclonal antibody (1 : 300,ab7800, Abcam). All these first
antibodies were incubated overnight at 4°C. After rinsing,
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the slides were incubated with CoraLite488-conjugated goat-
anti-mouse (1 : 250, SA00013-1) or goat-anti-rabbit (1 : 250,
SA00013-2), or CoraLite594-conjugated goat-anti-mouse
(1:250,SA00013-3) or goat-anti-rabbit (1 : 250, SA00013-4)
secondary antibody for 2 h and subsequent staining of
cell nuclei with DAPI Fluoromount-G* (0100-20, Southern
Biotech). A laser scanning confocal microscope (Leica, SP8
FALCON, Germany) was used to capture fluorescence
images.

For immuno-histochemical analysis, anti-Notch4 rabbit
monoclonal antibody (1 : 500,ab184742, Abcam), anti-Oct4
rabbit polyclonal antibody (1 : 250, ab18976, Abcam) and
anti-Krt19 rabbit monoclonal antibody (1 : 250, ab52625,
Abcam) were incubated overnight, and after rinsing off pri-
mary antibodies, were incubated with biotinylated goat-anti-
rabbit immunoglobulins as secondary antibody, with subse-
quent counterstaining with Mayer’s hematoxylin as well as
dehydration and addition of coverslips.

RNA sequencing and gene ontology analysis

At day 7, the total RNA of 2D MSC’, ‘3D MSC’ and ‘3D iSG’
groups (Figure 1b, each with three independent biological
replicates) was extracted using TRIzol reagents (Invitrogen,
USA), respectively. RNA sequencing analysis was performed
with HiSeq 2500 (Illumina). Gene expression with llog, fold
changel > 1.0, mean log intensity >2.0 and false discovery
rate < 0.05 were considered to be significant.

Gene ontology (GO) enrichment analysis was carried
out using the Metascape online tool (https://metascape.org),
which performs hierarchical clustering of the enriched terms
based on inputted genes and then outputs an enrichment
result that indicates the most significant GO term within
a cluster. Overlapping the genes involved in related GO
terms represents a well-used approach for filtering candidate
genes [20].

Real-time quantitative polymerase chain reaction

After extracting total RNA using TRIzol reagents (Invitrogen,
USA) and detecting RNA concentrations using a Nano
Photometer (Implen GmbH, P-330-31, Germany), Prime-
Script RT reagent Kit with gDNA Eraser (Takara, China)
was used for reverse transcription. Gene expression was
quantitatively analyzed by using TB Green Premix Ex Taq
Il (Takara, China) on a QuantStudio 5 system (Applied
Biosystems, USA). The 24T methods were used and gene
expression was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The primers of targeted genes are
shown in Table 1.

Western blotting

Cells were lysed on ice and total protein was extracted
using pre-cooled RIPA lysis buffer (P0013B, Beyotime) with
protease inhibitors (Roche), followed by measurement of
protein concentrations by BCA protein assay kit (CW00145,
Cwbiotech, China). After being centrifuged, quantified and

denatured, 80 ug protein samples were separated by 12%
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis and were then transferred onto methanol-activated
polyvinylidene difluoride membranes (GE Healthcare, USA).
Bovine serum albumin solutions (5%) were used to block
non-specific antigens for 1.5 h. The membranes were probed
with anti-Notch4 rabbit monoclonal antibody (1 : 500,
ab184742, Abcam), anti-Oct4 rabbit monoclonal antibody
(1 : 500, ab18976, Abcam), anti-Krt18 mouse monoclonal
antibody (1 : 500, ab668, Abcam) or anti-GAPDH mouse
monoclonal antibody (1 : 1000, 60 004-1-Ig, Proteintech).
Protein bands were visualized using a UVITEC Alliance
MINI HD9 instrument (UVITEC, UK) with an enhanced
chemiluminescence detection system.

Activating or inhibiting of Notch signaling pathways
The Notch signaling pathway was activated by valproic acid
(VPA) [22], a small molecular branched-chain fatty acid
extracted from Valeriana officinalis with the ability to specif-
ically bind to the catalytic center of histone deacetylase [23].
VPA powder (ab120745, Abcam) was dissolved in 0.01 M
PBS to 100 mM as stock solution and then added into the
cell culture medium to a final concentration of 1 mM [24].
The control group received an equal volume of PBS.

The Notch signaling pathway was inhibited by N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-(S)-phenylglycine #-butyl ester
(DAPT), a small molecular gamma-secretase inhibitor that
prevents cleavage of Notch receptors, resulting in decreased
Notch intracellular domain [25]. To inhibit Notch signaling
in cultured cells, DAPT powder (ab120633, Abcam) was
dissolved in dimethyl sulfoxide (DMSO) to 100 mM as stock
solution and then were added into the cell culture medium to
a final concentration of 20 uM [26].

To inhibit Notch signaling in mice, DAPT powder was
dissolved in 0.01 M PBS containing 5% DMSO to a final
concentration of 1 mg/ml and then 1 mg/kg per mouse was
injected intraperitoneally [27]. To avoid corrosive injuries
directly cause by DMSO to mouse embryos, DAPT solutions
were injected intraperitoneally into separately-caged males
(9) and females (12) that were not yet pregnant once
daily for 5 days, and then these DAPT-treated male and
female mice were caged together. E12.5, E17.5, P1, PS5 and
P14 aged embryos or mice were sacrificed to check the
process of SG morphogenesis (Figure 5a). Furthermore, to
specifically inhibit Notch4 receptors without disturbing other
Notch signaling-related molecules, anti-Notch4 monoclonal
antibody (5 mg/kg per mouse, sc-393 893, Santa Cruz) was
intraperitoneally injected into two pregnant mice once daily
for 2 days [28]. E17.5 and P14 aged embryos or mice
were sacrificed to check the process of SG morphogenesis
(Figure 6a).

Statistical analysis

Statistical analysis was performed using the Statistical Pack-
age for the Social Sciences software 13.0 (SPSS Inc., Chicago,
IL, USA). The normality of all the quantitative data was tested
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Table 1. Primers of genes for real-time quantitative polymerase chain reaction

Categories Primers Sequences (5" to 3')
Sweat gland marker genes Krt18 Forward TCAAGATCATCGAAGACCTGAGG
Reverse GCGCATGGCTAGTTCTGTC
Krt14 Forward AGCGGCAAGAGTGAGATTTCT
Reverse CCTCCAGGTTATTCTCCAGGG
ATP1al Forward GGGGTTGGACGAGACAAGTAT
Reverse CGGCTCAAATCTGTTCCGTAT
Aqgp5s Forward CGGCTCAAATCTGTTCCGTAT
Reverse GCCAGAGTAATGGCCGGAT
Notch receptor genes Notchl Forward GATGGCCTCAATGGGTACAAG
Reverse TCGTTGTTGTTGATGTCACAGT
Notch2 Forward ATGTGGACGAGTGTCTGTTGC
Reverse GGAAGCATAGGCACAGTCATC
Notch3 Forward TGCCAGAGTTCAGTGGTGG
Reverse CACAGGCAAATCGGCCATC
Notch4 Forward CTCTTGCCACTCAATTTCCCT
Reverse TTGCAGAGTTGGGTATCCCTG
Stemness marker genes Oct4 Forward GGCTTCAGACTTCGCCTCC
Reverse AACCTGAGGTCCACAGTATGC
Nanog Forward TCTTCCTGGTCCCCACAGTTT
Reverse GCAAGAATAGTTCTCGGGATGAA
Sox2 Forward GCGGAGTGGAAACTTTTGTCC
Reverse CGGGAAGCGTGTACTTATCCTT
Reference gene GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse TGTAGACCATGTAGTTGAGGTCA

with the criterion of p > 0.05 as normal distribution. Data
with normal distribution are presented as mean =+ standard
deviation, and one-way analysis of variance with a post
hoc Bonferroni’s test was used for multi-group comparisons.
Data with non-normal distribution are presented as median
(interquartile spacing), and the Kruskal-Wallis test was used
for the difference comparison between groups. Results were
deemed as statistically different if p <0.05. Notably, the
quantitative data from the same group at different time points
were treated as independent samples in order to ensure only
one single contributing factor in statistical tests.

Results

MSCs differentiate into iSGs in vitro due to
biochemical and structural cues

As noted above, MSCs differentiated into iSGs in 3D-
printed matrix (Figure 1a), and 2D MSC’, ‘3D MSC’ and
‘3D iSG’ groups each with three independent biological
replicates were employed for RNA sequencing analysis
(Figure 1b). Biodegradation ratio (%) tests showed that
no significant difference was detected at day 7 among all
groups, and ‘3D MSC’ and ‘3D iSG’ groups showed greater
biodegradation ratios than printed scaffolds without cells
at day 13 (p <0.001), but still no significant difference was
detected between ‘3D MSC’ and ‘3D iSG’ groups (Figure 1c).
Biodegradation tests indicated that bio-printed structures
were stable for ‘3D MSC’ and ‘3D iSG’ groups during MSC
committing to SG lineages during culturing periods.

Representative scanning electron microscopy cross-section
images at both low and high magnification showed uni-
form porous inner-microstructures after printing at day 1
(Figure 1d). Representative macrograph pictures showed that
the 3D-printed constructs exhibited stable 3D architecture
at days 1 and 7, and bright field images under the phase-
contrast microscope showed precisely controlled deposition
of bioink filaments and clear pore edges at day 7 (the dotted
curves indicate pore edges, Figure 1e). At day 1, there were
more live cells (green color) in 3D constructs than dead
cells (red color), indicating that cells survived well during
extrusion-printing and ionic-cross-linking processes. At day
7, both proliferation and migration of cells were observed,
resulting in a uniform distribution of embedded live cells
and only negligible cell death throughout the 3D matrix
(Figure 1e). Cell counting kit-8 proliferation assays showed
that cell numbers in 2D MSC’ groups are higher than in
‘3D MSC’ and ‘3D iSG’ groups from day 1 to day 5, but
cell proliferation rates in 2D MSC’ groups gradually slowed
down because cell overgrowth led to limited immigration
space and cell proliferation was inhibited by cell—cell contacts
in 2D culture conditions (Figure 1f). Cell numbers in 2D
MSC’ groups became lower than those in ‘3D MSC’ and
3D iSG’ groups at day 7 (p <0.001) and day 9 (p <0.005)
probably because 3D culture conditions provided more space
for cell immigration (Figure 1f). Moreover, cell numbers in
3D iSG’ groups are lower than those in ‘3D MSC’ groups
probably because the fate-switching to SG lineages slowed
down the cell proliferation rates of MSCs (Figure 1f).
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After culturing for 7 days, MSC-derived iSGs were
respectively characterized by immuno-fluorescence staining
(Figure 1g) and real-time quantitative polymerase chain
reaction (RT-qPCR) (Figure 1h) by detecting four SG
biomarkers, i.e. Krt18, Krt14, ATP1al and AqgpS. At day
7, the ‘3D iSG’ group expressed stronger fluorescence
intensities of Krt18, Krt14, ATP1al and Aqp5, while only
negligible SG biomarkers were detected in the 2D MSC’
group, which implied a switched cell fate from MSCs toward
SG lineages (Figure 1g). At gene transcriptional level, the
‘3D iSG’ group at day 7 expressed significantly higher gene
levels of Krt14 (p <0.001), ATP1al (p <0.001) and Aqp$
(p <0.001) compared with any other group. Krt18 gene
expression at day 7 in the ‘3D iSG’ group was significantly
higher than in the 2D MSC’ group (p = 0.019) and ‘3D MSC’
group (p =0.042). In addition, the gene expression of ATP1al
(p=0.022) and AgpS5 (p=0.005) in the‘’3D MSC’ group was
significantly decreased compared with the 2D MSC’ group
at day 7 (Figure 1h).

Decoupling biochemical cues from structural cues by
pairwise comparisons

In this artificially SG lineage-restricted niche, the 3D-printed
architectures serve as structural cues, and PD homogenates,
which theoretically contain all soluble proteins in the der-
mal extracellular matrix of mouse foot pads, serve as bio-
chemical cues. To decouple PD-homogenate-endowed bio-
chemical cues from 3D-culturing-endowed structural cues,
pairwise comparisons were used to analyze RNA sequencing
data. Briefly, ‘3D MSC vs 2D MSC’ represents the tran-
scriptional changes caused by pure 3D-culturing-endowed
structural cues because they shared the same biochemical
media but were cultured under distinctly different archi-
tectural conditions, i.e. 3D and 2D culturing environments
(Figure 2a). ‘3D iSG vs 3D MSC’ represents the transcrip-
tional changes caused by pure PD-homogenate-endowed bio-
chemical cues because both of them are cultured in similar
3D-printed matrix, but PD homogenates were only added to
the 3D iSG’ group (Figure 2c). By parity of reasoning, ‘3D
iSG vs 2D MSC’ represents the transcriptional changes caused
by synergistic effects of both structural and biochemical
cues (Figure 2b).

Firstly, ‘3D MSC wvs 2D MSC’ totally sequenced 19,420
genes. Among these genes, 12.7% were up-regulated and
15.4% were down-regulated with llog,-fold changel > 1.0,
and 4.5% of genes were up-regulated and 5.3 % of genes were
down-regulated with llog, fold changel > 1.5 (Figure 2a). Sec-
ondly, ‘3D iSG vs 2D MSC’ totally sequenced 19,447 genes.
Among these genes, 12.6% were up-regulated and 15.7%
were down-regulated with llog; -fold changel > 1.0, and 4.1%
of genes were up-regulated and 7.0% genes were down-
regulated with llog;-fold changel > 1.5 (Figure 2b). Thirdly,
3D iSG vs 3D MSC’ totally sequenced 19,096 genes. Among
these genes, 6.8% were up-regulated and 6.7% were down-
regulated with llog,-fold changel > 1.0, and 0.3% of genes
were up-regulated and 0.9% of genes were down-regulated

with llog; -fold changel > 1.5 (Figure 2¢). Notably, only llog; -
fold changel > 1.5 genes were regarded as promising candi-
dates for filtering wanted genes in the subsequent study.

Notch4 is one of the niche-dual-responding genes and
is related to MSC stemness in 3D matrix in vitro
Intriguingly, the cell stemness-related GO terms, such as
‘positive regulation of cell motility’, ‘mitotic cell cycle
process’, ‘regulation of mitogen-activated protein kinase
cascade’ (green font, Figure 2a, b), were enriched for ‘3D
MSC vs 2D MSC’ and ‘3D iSG vs 2D MSC’. However, these
cell stemness-related GO terms were not enriched for ‘3D iSG
vs 3D MSC’ (Figure 2c). On the other hand, the angiogenesis-
related GO terms, such as ‘vasculature development’, ‘circu-
latory system process’, ‘regulation of angiogenesis’, ‘heart
development’, ‘aorta smooth muscle tissue morphogenesis’
(yellow font, Figure 2a—c), were enriched for all groups
of pairwise comparisons. In particular, ‘GO:0035239 tube
morphogenesis’ (red font, Figure 2b) terms are closely
associated with SG morphogenesis processes.

The overlapping of up- and down- regulated genes
based on pairwise comparisons totally filtered out 76 genes
(Figure 2d), which are significantly changed (llog;-fold
changel > 1.5) and dually respond to both structural and
biochemical cues. The heat map shows that the 76 genes
exhibited distinct profiles among 2D MSC’, ‘3D MSC’
and ‘3D iSG’ groups (Figure 2d). Notably, the dotted box
indicates a cluster of structural cue-responsive genes that are
activated in 3D architectures (Figure 2d). To find promising
gene candidates, an intersection of the differentially expressed
76 genes with ‘GO:0035239 tube morphogenesis’-enriched
genes was performed resulting in six overlapping genes,
i.e. Hmox1, Notch4, Citedl, Pdgfb, E2f8 and Mylk
(Figure 2e).

Reportedly, Hmox1 (gene ID: 15368) is located in the
cell nucleus, and has been proved to be involved in MSCs
differentiation and to respond to 3D structure activation [21].
Notch4 (gene ID: 18132) is located in cytoplasmic vesicles
and endoplasmic reticulum, and enables Notch binding activ-
ities that widely participate in directing cell fates or regulate
the branching morphogenesis and homeostasis of multiple
tissues and organs [29]. Cited1 (gene ID: 12705) is located
in the cytosol and nucleus, and participates in embryonic
placenta development, melanocyte differentiation, vasculoge-
nesis and estradiol-dependent leptin actions [30]. Pdgfb (gene
ID: 18591) is one of the well-known growth factors, and is
involved in platelet-derived growth factor binding activity,
receptor ligand activity, nervous system development and
regulation of cell migration [31]. E2f8 (gene ID: 108961)
is located in the cell nucleus, and participates in the regu-
lation of hepatocytes [32] and anti-tumor CD4" T helper
cells [33]. Mylk (gene ID: 107589) is located in cell—cell
junctions, and is involved in the cellular response to calcium
ions, potassium ions or xenobiotic stimulus, and participates
in tonic smooth muscle contractions [34] and carcinoma
progression [35].
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Figure 2. Notch4 is one of the niche-dual-responding genes and is related to MSC stemness in the 3D matrix in vitro. Pairwise comparisons of (a) ‘3D MSC vs
2D MSC’, (b) ‘3D iSG vs 2D MSC’ and (c) ‘3D iSG vs 3D MSC' revealed differentially expressed genes. (d) GO analysis showed these differentially expressed
genes were enriched in cell stemness- (green font) and angiogenesis- (yellow font) related GO terms. Overlapping filtered out 76 genes and the heat map shows
their transcriptional profiles. The dotted box indicates a cluster of structural cue-responsive genes. (e) The intersection of these 76 genes with ‘G0:0035239 tube
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Notably, Notch signaling is an evolutionarily conserved
cell communicating pathway and includes four transmem-
brane surface receptors (Notchl, 2, 3, 4), which have close
crosstalk with EDA/EDAR/NF-«B [36], Wnt/3-catenin/Lefl
[371], the Sonic Hedgehog [38] and the bone morphogenetic
protein [39] signaling pathways that are proven to regulate
SG developmental processes according to the literature. Very
recently, we reported a correlational phenomenon between
the spatiotemporal down-regulation of Notch1 along with
mouse embryonic SGs in vivo and 2D-cultured mouse MSCs-
committing to SG fates in vitro [20]. However, the roles of the
Notch signaling pathway during mouse SG morphogenesis
in vivo, especially in response to SG lineage-restricted niches
with 3D architecture in vitro, remain largely unexplored.
Hence, we next attempted to explore the role of Notch4 (gene
ID: 18132) in mediating MSC differentiation in 3D-printed
matrix and eccrine SG morphogenesis.

DAPT inhibits Notch4 significantly, but VPA only
activates Notch4 mildly in vitro

The Notch signaling pathway was tuned by using VPA
and DAPT, respectively. As DAPT powder was dissolved
in DMSO, which exhibits potential cytotoxicity caused by
corrosive injuries, we added an equal volume of DMSO into
the cell medium (i.e. 2D DMSO’ group) as a control group.
Despite limited cell apoptosis at day 1 (indicated by arrows,
supplementary Figure 1, see online supplementary material),
cell densities of 2D DMSO” are similar to 2D MSC’ and 2D
VPA’ groups at day 4, which indicates that DMSO exhibits
negligible damage to cell proliferation. Comparatively, a
decreased cell density was observed in the 2D DAPT’ group
at days 1 and 4 (indicated by arrows, Figure 3a), which
suggested that inhibiting Notch signaling slowed down the
proliferation rate of MSCs.

Immunofluorescence staining showed that Notch4 was
inhibited after DAPT administration in both the 2D
(Figure 3b, 2D DAPT’ group) and 3D (Figure 3c, ‘3D DAPT’
group) culture systems, but VPA only activates Notch4 to a
limited extent (Figure 3b, 2D VPA’ group) at day 4. Similarly,
western blotting showed that Notch4 protein expression
levels were significantly inhibited by DAPT and were mildly
activated by VPA (Figure 3d) at day 4. The repeated Western
blotting images were provided in Supplementary Figure 2
(see online supplementary material). Relative density quan-
tification showed that DAPT significantly down-regulated
Notch4 protein expression compared with the DMSO group
(Figure 3e, p = 0.007) or VPA group (Figure 3¢, p = 0.01) in
the 2D culture system, and other groups (Figure 3e,p < 0.01)
in the 3D culture system. No significant difference of Notch4
protein expression was detected between the MSC group and
VPA group in the 2D culture system (Figure 3e).

In the terms of gene expression detected by RT-qPCR,
despite that VPA moderately up-regulated Notch4 gene
expression in the 2D culture system (Figure 3f, p < 0.01),
Notch4 gene expression of the 2D VPA group was still lower
than that of the 2D MSC group (green dotted line, Figure 3f).

In the 3D culture system, DAPT administration significantly
down-regulated Notch4 gene expression compared with any
other groups (Figure 3g, p < 0.005). No significance of
Notch4 gene expression was detected between ‘3D MSC’ and
‘3D DMSO’ groups (Figure 3g), which indicated that pure
DMSO negligibly affected Notch4 gene expression levels.
Notably, Notch4 gene expression in the 3D culture system
(i.e. 3D MSC group and 3D DMSO group) is universally
higher than in the 2D culture system (green dotted line,
Figure 3g). In addition, when DAPT was subsequently added
after VPA (i.e. ‘VPA + DAPT’ group), both the notch4 protein
levels (Figure 3d and e) and notch4 gene levels (Figure 3f)
were only minorly down-regulated, which indicates that the
initially administrated activator or inhibitor determines the
tuning trends of Notch4 signals.

Taken together, both protein and gene levels of Notch4 are
correspondingly tuned in response to the administration of
DAPT or VPA. However, DAPT inhibits Notch4 significantly,
but VPA only activates Notch4 to a limited extent in vitro.

Notch4 specifically regulates Oct4-related stemness of
MSCs in 3D matrix in vitro
In the 2D cultured system, immunofluorescence staining
showed that Oct4, a cell stemness marker, greatly decreased
in the 2D DAPT’ group and was minorly up-regulated in the
2D VPA’ groups (Figure 3b). Similar to the trends of Notch4
expression, western blotting showed that Oct4 protein
expression levels were significantly inhibited by DAPT and
were mildly activated by VPA (Figure 3d) at day 4. Relative
density quantifications showed that DAPT significantly
down-regulated Oct4 protein expression compared with the
DMSO group (Figure 3e,p = 0.005) or VPA group (Figure 3e,
p = 0.03) in the 2D culture system, and other groups
(Figure 3e,p < 0.005) in the 3D culture system. No significant
difference of Oct4 protein expression was detected between
MSC and VPA groups in the 2D culture system (Figure 3e).

In terms of gene expression detected by RT-qPCR, VPA
only moderately up-regulated Oct4 gene expression in the 2D
culture system (Figure 3f, p < 0.05), which indicates that the
stemness of 2D-cultured MSCs inevitably decreased regard-
less of inhibiting or activating Notch signaling pathways.
Intriguingly, both Notch4 and Oct4 gene expressions in ‘3D
MSC’ and ‘3D DMSO’ groups are higher than in the 2D
MSC’ group (green dotted line, Figure 3g). Pure DMSO neg-
ligibly affected Oct4 gene expression level because no signifi-
cance of Oct4 gene expression was detected between 3D MSC
and 3D DMSO groups (Figure 3g). Upon inhibiting Notch
signaling pathways in the ‘3D DAPT’ group, both Notch4
(p <0.005) and Oct4 (p <0.05) gene expression were sig-
nificantly down-regulated (Figure 3g). Taken together, both
Notch4 and Oct4 expression is higher in 3D than 2D culture
systems and Oct4 exhibits a similar profile to Notch4 in
response to the administration of DAPT or VPA.

As DAPT and VPA non-selectively regulate all Notch
receptors, we further detected the gene expression of Notch1,


https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad032#supplementary-data

Burns & Trauma, 2023, Vol. 11, tkad032

1"

b

2D culture
Day4

Day 1

Day 1

2D culture
Day 4

2D DAPT

2D VPA

DAPI Notch4 Oct4 Merged DAPI Notch4 Oct4 Merged
2D MsC

50 pm

r r rotein lev 4 i |
C 3D culture d 2D culture . 3D culture e Notch4 protein levels Oct4 protein levels
0 o a0 0 NS
Day 4 RO Qo RAHIRE N R s s
p=0.005
2 DAPI Notch4 Oct4 « Merged Notchd e -
“ »* 1257150 | g w— - — B
E KDa § 3 2
; £
Oct4 3 1
o
E 45 KDa 1
g 0 0
3 50 ym GAPDH
— 36 KDa
2D culture 3D culture 2D culture 3D culture
f 2D culture g 3D culture
Notch4
20
[ ) (] D
s g g g
© p<0.01 © © ®
< £ E -3
S 4.0 ] El (]
k) 3 3 3
S NS [ S S
L oos w e 2
- s
0.0
o S \a ¥ & o S \a ¥ &
& & 58 5 & & 58 5
o F ; » o 3 ;
h o 20 Notch 1 29 Notch2 20 Notch3
5 15 S 1. $1s Y
23 g g g
3 S S 1. CRY S
oz 3 T 3
a 2o _ € o, 2 s 2 .
N
0.0- 0.0 == —_
4 & \a ¥ & ] £ &
& 5 £ Lf & & & &
& & o o9 & & o
|
20 Notch1 20 Notch2 20 Notch3 20 Nanog 20 Sox2
o NS NS
1.5 215 215 815 818
= O o o o o
= 5 £ T € £ NS NS £ NS NS
3 51 G 1. 51, 51 5 1.
O3 3 ke z z
[=] & 0.5 — & 0.5 2 0.5 2 0.5 2 0.5
n —_— =T= —
0.0 0.0 0.0 0.0 0.0
o o) S 9 0 S 9 0 S O o S L o N
& & & -~ & & & & & & Y & ¥ & &
> ') D ) ') ) > » Y > » » > » »

5 L

Figure 3. Notch4 specifically regulated Oct4-related stemness of MSCs in 3D ma

trix in vitro. (a) Inhibiting Notch signaling slowed down the proliferation rate of

MSCs. Immunofluorescence staining of Notch4 and Oct4 in 2D culture system (b) and 3D culture system (c). (d) Western blotting images of Notch4 and Oct4 in
response to administration of DAPT or VPA. (e) Relative density quantifications of Notch4 and Oct4 protein levels; n=3. Gene expression of Notch4 and Oct4
exhibit a similar profile in both 2D culture system (f) (n=3) and 3D culture system (g) (n=3). Gene expressions of Notch1, 2, 3 and cell stemness markers (Nanog
and Sox2) in 2D culture system (h) (n=3) and 3D culture system (i) (n=3). Green dotted lines indicate gene expression levels of ‘2D MSC’ group (f-i). Scale bar (a):
200 pm; (b, c): 50 um. DAPT N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-(S)-phenylglycine t-butyl, DMSO dimethyl sulfoxide, KDa kilodalton, MSCs mesenchymal
stem cells, NS no significant difference, RT-gPCR real-time quantitative polymerase chain reaction, VPA valproic acid

Notch2 and Notch3 in 2D and 3D culture systems by
RT-qPCR. Notably, the gene expression of Notch1, Notch2
and Notch3 upon administration of DAPT and VPA were
generally lower than in the 2D MSC’ group both in 2D (green
dotted line, Figure 3h) and 3D (green dotted line, Figure 3i)
culture systems.

Furthermore, to explore the expression of other cell stem-
ness markers, the gene expression of Nanog and Sox2 in
2D and 3D culture systems were also detected by RT-qPCR.
Although Nanog gene expression in the 2D VPA’ group is
slightly up-regulated (p < 0.01, Figure 3h) in the 2D culture
system, both Nanog and Sox2 were negligibly changed in
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response to the administration of DAPT or VPA and their
expression was generally lower than in the 2D MSC’ group
both in 2D (green dotted line, Figure 3h) and 3D (green dotted
line, Figure 3i) culture systems.

Notch4 mediates SG differentiation of MSCs in the 3D
model in vitro

To explore whether up-regulating Notch4 in the 2D culture
system or down-regulating Notch4 in the 3D culture system
could enhance SG differentiation of MSCs, VPA and DAPT
were respectively administrated to PD-containing medium
for inducing MSC:s to differentiate into iSGs. PBS and DMSO
were respectively employed as control groups. The expression
of Notch4 and Krt18 was detected using immunofluo-
rescence staining, western blotting and RT-qPCR, respec-
tively. The gene expression of Krtl4 and ATPlal as
another two biomarkers of iSGs were also detected by
RT-qPCR.

In the 2D culture system, administrating VPA only
negligibly promoted Notch4 expression as determined by
immunofluorescence staining (Figure 4a), Western blotting
(PBS bands vs VPA bands in Figure 4c) and RT-qPCR
(Figure 4d), which is consistent with results in Figure 3
that Notch4 expression exhibited a decreasing profile in
the 2D culture system. In the 3D culture system, Notch4
expression was higher than in the 2D culture system as
determined by immunofluorescence staining (PBS group in
Figure 4a vs DMSO group in Figure 4b), western blotting
(PBS bands vs DMSO bands in Figure 4c) and the RT-
qPCR (PBS group vs DMSO group in Figure 4d), which is
consistent with results in Figure 2d and RNA sequencing
data that Notch4 belongs to a cluster of structural cue-
responsive genes that were activated by the 3D culture
environment. Upon administrating DAPT, Notch4 protein
expression correspondingly decreased as determined by
immunofluorescence staining (Figure 4b), western blotting
(Figure 4c) and RT-qPCR (p < 0.001, Figure 4d).

In the 2D culture system, Krt18 immunofluorescence
staining was weak in the PBS group and was only negligibly
increased after administrating VPA (Figure 4a), and Krt18
protein levels of both the PBS and VPA groups in the 2D
culture system are lower than in the 3D culture system as
shown by western blotting (Figure 4c). Similar outcomes
were found by RT-qPCR, i.e. both the SG phototype markers
(Krt18 in Figure 4e, and Krt14 in Figure 4f) and the bio-
functional marker (ATP1al in Figure 4g) in the 2D culture
system are uniformly lower than in the 3D culture system.

In the 3D culture system, Krt18 immunofluorescence
staining was strong in the DMSO group and DAPT admin-
istration subsequently reduced Krt18 expression (Figure 4b).
Western blotting (Figure 4c) also showed that the Krt18
bands of the DMSO group are darker than in the DAPT
group at days 1, 3 and 7. Similarly, the gene expression of
Krt18 (p =0.003, Figure 4¢) and Krt14 (p =0.021, Figure 4f)
is significantly down-regulated upon DAPT administration at
day 7. Despite there being no significant difference at day 7,

the ATP1al gene expression was significantly down-regulated
upon DAPT administration at day 3 (p =0.026, Figure 4g).

Notch signals regulate SG-originated cell stemness and
are implicated in embryonic SG morphogenesis in vivo
As in vitro studies revealed that Notch4 participates in regu-
lating Oct4-related cell stemness during MSCs commitment
to SG lineages, we then asked whether Notch4 also par-
ticipates in regulating the embryonic cell stemness or even
affecting SG morphogenesis in vivo. To verify that, DAPT
solutions were intraperitoneally injected into parent mice, and
then immunohistochemistry staining of Notch4, Oct4 and
Krt19 and immunofluorescence double-staining of Notch4
and K14 were performed in the next generation of mice at
crucial time points (i.e. E12.5, E17.5, P1, P5 and P14) during
SG development (Figure 5a).

For the control group, Notch4 was strongly expressed
throughout skin tissues (i.e. epidermis, dermis, subcutaneous
tissues) as well as other tissues (i.e. blood vessels, bones,
muscles, etc.) at E12.5. Once SG buds emerged at E17.5,
Notch4 intriguingly tended to be intensively expressed in skin
tissues. Along with the process of SG morphogenesis, the
overall distribution of Notch4 continuously decreased and
was then restricted in epidermis, especially in the basal layers
where SG buds emerged at P1. Notch4 almost disappeared
in the newly formed glandular structures at P5 and in the
mature SG at P14. For the DAPT group, Notch4 expression at
E12.5 and E17.5 is distinctly reduced compared with control
groups, especially in the basal layers of epidermis (Notch4
expression is indicated by red arrows, Figure 5b). Notably,
Notch4-positive cells nearly disappeared in DAPT groups
at P1, while Notch4 was still restrictedly expressed in the
epidermis in control groups at P1. Taken together, Notch4
continuously decreased along with the process of SG morpho-
genesis in both control and DAPT groups, but injecting DAPT
reduced Notch4 expression especially in embryonic periods
(i.e. E12.5 and E17.5). Hence, we concluded that injecting
parent mice with DAPT solutions down-regulated Notch4
expression in the next generation of mice, especially in the
basal layers of the epidermis.

Similar to the decreasing profile of Notch4, the expres-
sion of both Oct4 and Krt19 was down-regulated in the
DAPT group compared with the control group. Notably,
Oct4-positive dermal stem cells distinctly decreased at P1
and PS5 (Figure 5¢), and K19-positive epidermal stem cells
distinctly decreased in basal layers at E17.5, P1 and P35
(Figure 5d) in the DAPT group, which indicated that inhibit-
ing the Notch signaling pathway using DAPT decreased the
stemness of SG-originated cells at critical time points of SG
morphogenesis.

To further verify whether the process of SG morphogenesis
was delayed due to the reduced stemness of SG-originated
cells, immunofluorescence co-staining of Notch4 and Krt14
was performed for monitoring the process of SG morpho-
genesis (Figure Se). At E12.5, only a relatively small number
of Krt14-positive SG progenitor cells were detected in both
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control and DAPT groups, possibly because SG morphogen-
esis has not begun. Even then, a slightly higher expression
of Krt14 in the basal layer of the control group than the
DAPT group is defined at E12.5. At E17.5 and P1, Krt14
expression was intensively concentrated in the basal layer of
the epidermis, and more Krt14-positive SG progenitor cells
were observed in the control group than in the DAPT group.
Notably, compared with the control group, delayed SG mor-
phogenesis with thinner gland ducts and shrunken glandular
structures at both P5 and P14 were detected in the DAPT
group (SGs are indicated by black arrows in Figure 5b—d and
white arrows in Figure Se, respectively).

Notch4 specifically targets epidermal stem cells and
SG progenitor cells in vivo

Due to the non-selective inhibition of DAPT, anti-Notch4
monoclonal antibodies were intraperitoneally injected into
pregnant mice in order to specifically inhibit Notch4 receptor
without disturbing other Notch signaling-related molecules,
and then SG morphogenesis was monitored at two critical
time points (i.e. E17.5 and P14, Figure 6a).

Compared with the DAPT injection group (Figure 5b),
injecting Notch4 monoclonal antibodies caused greater
down-regulation of Notch4 expression (Figure 6b and e)
followed by subsequently reduced expression of Krt19
(Figure 6d) and Krt14 (Figure 6e), which resulted in a more
evident delay in SG morphogenesis with thinner gland
ducts and shrunken glandular structures at E17.5 and P14.
Comparatively, Krt14-positive cells were almost missing in
the Notch4 antibody injection group at E17.5 (Figure 6¢) but
intensively concentrated Krt14 expression still remained in
the basal layer of epidermis of the DAPT injection group at
E17.5 (Figure Se). However, Oct4 expression was negligibly
changed in the Notch4 monoclonal antibodies injection
group (Figure 6¢) compare with the DAPT injection group
(Figure 5c).

Discussion

The 3D-printed matrix exhibited satisfactory biodegradabil-
ity, suitable inner microstructures, negligible cell deaths and
multiple cell proliferations, which indicated the appropriate
repeatability of 3D bioprinting approaches as well as good
cell biocompatibility of 3D culture conditions. Notably, no
significant difference in Krt18 gene expression in the ‘3D
iSG” group was detected between day 1 and day 7, which
could indicate that Krt18 was an early-stage biomarker and
achieved high expression early with relatively high back-
ground expression levels during MSCs commitment to SG
lineages. Taken together, MSCs committed to SG lineages in
the artificial SG lineage-restricted niche iz vitro.

Actually, 3D architectures represent the real scenarios in
human tissues from the cells’ own perspectives. Despite recent
progress of multifarious bioactive materials in regenerative
medicine [40], the chemical cues (i.e. drug-oriented small

molecule compounds [41,42], protein factors [43], extracel-
lular vesicles [44], etc.) seem to be overemphasized compared
with structural cues in current stem cell-based therapies. The
altered gene expression profiles aroused by pure structural
cues have rarely been explored. Considering that ‘3D MSC
vs 2D MSC’ exhibited greater changes in genetic expression
profile than ‘3D MSC vs 3D iSG’, we speculate that structural
cues have aroused greater transcriptional changes than bio-
chemical cues during MSCs commitment to SG lineages. Inter-
estingly, pure 3D-cultured MSC:s still differentially expressed
SG function-related biomarkers (i.e. ATP1a1 and Aqp35 genes)
compared with 2D-cultured MSCs at day 7. Considering that
no significant expression differences of SG phenotype-related
biomarkers (i.e. Krt18 and Krt14 genes) were detected, we
speculate that although pure 3D architecture can arouse
transcriptional changes even without any chemical stimula-
tion, pure structural cues are unable to direct MSCs towards
SG lineages.

Among the six candidate genes, i.e. Hmox1, Notch4,
Cited1, Pdgfb, E2f8 and Mylk, Notch4 mostly attracted our
attention for the following reasons. (1) Notch4 belongs to a
cluster of structural cue-responsive genes (marked by dotted
box) whose expression levels are comparatively low in 2D
MSC’ groups but are higher in ‘3D MSC’ and ‘3D iSG’
groups (i.e. 3D-culture-endowed structural cues activated
Notch4 expression). (2) Notch4 is proved to maintain the
stemness of cancer stem cells [45], which implies that Notch4
possibly mediates SG differentiation by regulating MSC
stemness in vitro. (3) Notch4 is involved in angiogenesis
especially endothelial sprouting [46], which implies that
Notch4 is possibly implicated in SG morphogenesis in
vivo because capillary vasculatures reciprocally interact
with SG lineage-restricted niches [47]. (4) Notch4 also
regulates embryonic lymphangiogenesis [48] as well as the
morphogenesis or carcinogenesis of other excretory glands,
such as mammary glands [49] and salivary glands [50]. (5)
Notch4 dually responded to both biochemical and structural
cues and thus exhibited increased potential for exploitation
in clinical use, especially considering that tuning of Notch
signals showed potential for human tumor angiogenesis
and obtained approval from the United States Food and
Drug Administration [51]. Taken together, Notch4 serves
as a promising niche-dual-responding gene that mediates
SG lineages, and tuning Notch signals is likely to enter
the clinic.

Notably, the cell stemness-related GO terms were enriched
for ‘3D MSC vs 2D MSC’ and ‘3D iSG vs 2D MSC’ (green
font) rather than ‘3D iSG vs 3D MSC’. In other words, 3D
cultured cells up-regulated stemness-related genes compared
with 2D cultured cells, but negligible changes of stemness-
related genes were detected between the two groups of
3D-cultured cells even after MSCs had switched fate to
SGs (i.e. 3D iSG ws 3D MSC). Additionally, the higher
Oct4 expression verified that cell stemness was indeed
elevated and maintained in 3D architectures. It could be
illustrated that, compared with 2D-cultured cells, the elevated
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stemness endows 3D cultured cells with enhanced abilities of
proliferation and immigration so as to spread and immigrate
throughout the 3D matrix. Intriguingly, not only were
Notch4 and Oct4 both up-regulated in the 3D culture system
but they also exhibited similar profiles in response to the
administration of DAPT or VPA. Moreover, only Notch4

was differentially expressed compared with other Notch
receptors (i.e. Notch1, 2, 3), and only Oct4 was activated
compared with other cell stemness markers (i.e. Nanog and
Sox2), which implies that Notch4 specifically targets Oct4-
related MSC stemness, and 3D architecture only promotes
limited cell stemness in vitro.
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To validate the role of Notch4 in SG differentiation in
vitro, VPA and DAPT were respectively added to the PD-
containing medium for inducing MSCs to differentiate into
iSGs. Based on the background expression levels of Notch4,
Notch signals were up-regulated in the 2D culture system and
were down-regulated in the 3D culture system. Notably, in
the 2D culture system, fate-switching from MSCs to iSGs still
failed even if Notch signals were activated, which indicated
that both biochemical and structural cues are indispensable
for SG differentiation. In the 3D culture system, inhibiting
Notch signals prevented SG differentiation, indicating that
Notch signals participate in SG differentiation of MSCs in
vitro.

To further validate the role of Notch4 in embryonic SG
morphogenesis in vivo, DAPT and anti-Notch4 monoclonal
antibodies were respectively injected into mice, thus fur-
ther delaying embryonic SG morphogenesis. Notably, DAPT
non-selectively inhibited the expression of Oct4, Krt19 and
Krt14, while anti-Notch4 monoclonal antibodies negligibly
affect Oct4 expression, but selectively target Krt19 and Krt14
expression, which indicates that Notch4 specifically targets
Krt19-positive epidermal stem cells and Krt14-positive SG
progenitor cells that are closely involved in mouse SG mor-
phogenesis iz vivo.

Conclusions

MSCs committed to SG lineages in the artificial SG lineage-
restricted niche based on the synergistic interactions of struc-
ture and biochemical cues. Notch4 acts as an SG niche-dual-
responding gene, which not only mediates SG differentiation
by affecting MSC stemness in artificial SG lineage-restricted
niches in vitro but is also implicated in SG embryonic mor-
phogenesis by specifically targeting Krt19-positive epidermal
stem cells and Krt14-positive SG progenitor cells in vivo.
Tuning Notch4 signal represents a promising molecular target
for stem cell-based SG regenerative therapies.
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