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Controllable Production of Transplantable
Adult Human High-Passage Dermal Papilla Spheroids
Using 3D Matrigel Culture

Yong Miao, MD, PhD,' Ya Bin Sun, PhD?" Bing Cheng Liu, PhD,
Jin Dou Jiang, PhD," and Zhi Qi Hu, MD, PhD'

We have succeeded in culturing human dermal papilla (DP) cell spheroids and developed a three-dimensional
(3D) Matrigel (basement membrane matrix) culture technique that can enhance and restore DP cells unique
characteristics in vitro. When 1x 10* DP cells were cultured on the 96-well plates precoated with Matrigel for 5
days, both passage 2 and passage 8 DP cells formed spheroidal microtissues with a diameter of 150-250 pm in
an aggregative and proliferative manner. We transferred and recultured these DP spheroids onto commercial
plates. Cells within DP spheres could disaggregate and migrate out, which was similar to primary DP.
Moreover, we examined the expression of several genes and proteins associated with hair follicle inductivity
of DP cells, such as NCAM, Versican, and a-smooth muscle actin, and confirmed that their expression level
was elevated in the spheres compared with the dissociated DP cells. To examine the hair-inducing ability of
DP spheres, hair germinal matrix cells (HGMCs) and DP spheres were mixed and cultured on Matrigel.
Unlike the dissociated DP cells and HGMCs cocultured in two dimensions, HGMCs can differentiate into
hair-like fibers under the induction of the DP spheres made from the high-passage cells (passage 8) in vitro.
We are the first to show that passage 3 human HGMCs differentiate into hair-like fibers in the presence of
human DP spheroids. These results suggest that the 3D Matrigel culture technique is an ideal culture model
for forming DP spheroids and that sphere formation partially models the intact DP, resulting in hair induction,

even by high-passage DP cells.

Introduction

HAIR IS NOT only a protective accessory structure of the
integument, but has aesthetic function for the facial
contour. Although alopecia is not life-threatening, it can
have a profound impact on social interactions and on psy-
chological well-being, " which in turn increases the demand
for treatment options. Current therapeutic treatment includes
either medication or hair transplantation, which are effective
only for mild—not extensive—hair loss. Both fall short of
the ultimate goal of generating new hair follicles (HFs).>*
With the advent of tissue engineering and regenerative
biology, bioengineering for HF neogenesis is a promising
potential .

HFs are ectodermal organs composed of the epithelium of
keratinocytes and the mesenchyme of dermal papilla (DP)
cells. The reciprocal interactions between the epithelium
and mesenchyme are essential for postnatal hair growth
and cycling of HFs.>® The DP comprises a group of

mesenchymal cells at the base of the HF and has a crucial
role in HF development and regulation of the postnatal
hair growth cycle. DP cells are a specialized cell popu-
lation, distinguishable from interfollicular dermal fibro-
blasts by their unique characteristics, such as aggregative
behavior, distinct gene expression, and the ability to in-
duce new HF formation.’™® Cultured DP cells retain the
ability to induce neogenesis of HFs in hairless skin.”'”
However, the inductive ability of DP cells tends to be lost
during passaging.>’*®

The development of HFs requires a large number of DP
cells, so long-term cultivation is necessary to obtain en-
ough cells for implantation. Thus, how to maintain the
inductive potential of cultured human DP cells is a pri-
ority in HF bioengineering and regeneration. Various
approaches to prevent the loss of inductive potential have
been described, including cultivation in the presence of
fibroblast growth factor-2 (FGF-2), bone morphogenic
proteins, Wnts, among others.'%"'? Although this research
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has not been suitable for clinical application to date, a
common characteristic of cultured DP cells is their ten-
dency to aggregate. This has led to strategies for cultur-
ing DP cells into three-dimensional (3D) spheres, similar
to a natural intercellular organization in vivo, rather than
adherence on tissue culture plates.'>™'¢

Although some studies show that DP cells form mul-
ticellular microtissues by intercellular collision on plates
with low-adhesive surfaces, none mimic the DP cells’
niche in vivo."’~'® Physiologically, DP cells are embed-
ded in an extracellular matrix (ECM) rich in basement
membrane proteins, includin% fibronectin, collagen IV,
laminin, and hyaluronic acid.”® Although a 2D substrate
coating with a thin layer of ECM proteins (usually only
collagen or fibronectin) can affect DP cell adhesion, pro-
liferation, and differentiation,'*?' the complexity of the
ECM has not been reproduced. Most human cells interact
with the neighboring cells and the ECM to establish a
unique 3D organization. These cell-cell and cell-ECM
interactions form a complex communication network of
biochemical and mechanical signals, which are critical for
normal cell physiology. As a result, the loss of tissue-
specific properties is common for cells grown in cul-
tures.*>

A simple in vitro system for the ECM is the Matrigel
basement membrane matrix, extracted from the Engelbreth-
Holm-Swarm (EHS) mouse sarcoma, which consists primarily
of laminin, collagen IV, heparin sulfate proteoglycans, and
growth factors.?> Matrigel has been successfully applied in 3D
cell cultures for the purpose of elucidating the establishment of
mammary cell morphogenesis and angiogenesis.”*?’

To date, the growth of human DP cells in the ECM has
rarely been examined. In this study, we sought to develop a
culture method with Matrigel that mimics the niche of DP
cells in vivo to produce mass human DP spheroids with
inductive potential. By using the Matrigel culture system,
the dynamics and mechanism of spheroid-forming behavior
were investigated. We also investigated the extent to which
fibroblasts can be induced to express DP markers and have
hair-inducing capacity.

Materials and Methods
The isolation and expansion of human DP cells

Human scalp samples from patients undergoing face lift
surgery were collected after obtaining informed consent and
after approval by the Medical Ethical Committee of the
Southern Medical University. DP cells were isolated and
expanded as described by Magerl er al.?® Briefly, dermal
papillae were microdissected from the bulbs of dissected
HFs, transferred onto plastic dishes, and cultured in the
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NY) supplemented with 100 U/mL penicillin,
100 mg/mL streptomycin, and 20% (v/v) fetal bovine serum
(FBS; Gibco) at 37°C in a humidified 5% CO, atmosphere.
Explants were kept in a medium for 7 days; the medium was
changed every 3 days. Once cell outgrowth was sub-
confluent, cells were harvested with 0.25% (w/v) trypsin-
EDTA (Gibco) and subcultured with a split ratio of 1:3.
Afterward, DP cells were maintained in the DMEM sup-
plemented with 10% FBS. Cells at passage 8 were used in
the following experiments.
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Effect of ECM on the growth of DP cells

The Matrigel culture system was prepared according to
the manufacturer’s protocol. Briefly, a thawed Matrigel so-
lution (BD Biosciences, Baltimore, MD) was added to plates
using cooled pipettes and the Matrigel-coated plates were
placed at 37°C for 30 min. A 2D or 3D culture system was
defined as wells were coated with a thin (50 uL/crnz) or thick
gel (150 pL/cm?), respectively. For preparing the 3D culture
system with hyaluronan (Restylane, Uppsala, Sweden), the
plates were also coated with 150 pL hyaluronan/cm?®. Un-
coated wells were used as controls. DP cells (1x10* cells/
well) were seeded onto wells precoated with Matrigel or
hyaluronan or not, respectively, and cultured in a complete
medium (DMEM + 10% FBS), which was changed every 2
days. The morphology of cells was recorded under a reverse
phase-contrast microscope for 5 days.

3D Matrigel culture

To determine the optimal conditions for the formation of
DP spheroids in 3D Matrigel culture, different culture
conditions were discussed. First, we explored the effects of
spatial location on the formation of DP spheroids, that is, DP
cells growing on, within, or under a Matrigel, respectively.
Correspondingly, we let DP cells grow on wells precoated
with Matrigel, or let DP cells mixed with thawed Matrigel
grow in culture wells, or let DP cells grow in culture wells,
followed by coating with Matrigel for 6h. Second, to test
whether cell density was the main factor affecting DP
spheroid formation, DP cells (0.25x10%*-2x 10* cells/well)
were seeded onto Matrigel-coated plates. The number of
spheroidal microtissues was recorded under a reverse phase-
contrast microscope.

After the optimal conditions for DP spheroids were de-
termined, the following experiments were conducted. For
gene and protein expression experiments, passage 8 DP cells
were incubated on uncoated plates as a negative control,
while passage 2 DP cells were inoculated on uncoated plates
as a positive control. To test whether 3D culturing can alter
gene or protein expression, fibroblasts (1x10* cells/well)
inoculated on Matrigel-coated plates were also investigated.
All experiments were conducted after cell culture for 5 days.
Three-dimensional spheres were recovered from the Ma-
trigel by removing the medium and incubating in 100 pL/
well of cell recovery solution (BD Biosciences) at 4°C for
2 h. Spheres were centrifuged at 300 g for 5 min and washed
three times with phosphate-buffered saline.

Dynamic process of DP spheroid formation
and injection of DP spheroids

To observe the dynamic process of DP spheroid forma-
tion, DP cells were seeded onto Matrigel-coated plates and
observed using an inverse phase-contrast microscope (Ax-
iovert 200M; Carl Zeiss, Gottingen, Germany). Recording
started at time O after seeding for 11 days.

To test whether DP spheroids maintained their structure
and cell viability after injection for transplantation, DP
spheroids formed after 5 days of cultivation were carefully
removed from cultured surfaces using a 200-pL pipette
(4844, inner diameter =710 um; Corning Incorporated Life
Sciences, Tewksbury, MA). They were then transferred to
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culture dishes for another 5 days. The morphology and
motility of the cells in DP spheroids were recorded under an
inverse phase-contrast microscope. Primary DP was used as
a positive control.

Quantitative real-time PCR

Total RNA was extracted from DP spheres, adherent DP
cells, and fibroblast spheres using an RNAiso Plus reagent
(Takara, Dalian, Liaoning Province, China). cDNA was
synthesized from 2 pg of total RNA with a SYBR Prime-
Scriot RT-PCR Kit (Takara). Quantitative RT-PCR (QRT-
PCR) was carried out using a SYBR PrimeScriot RT-PCR
Kit (Takara) on a Stratagene MX3005P QRT-PCR system
(Agilent Technologies, Santa Clara, CA). All the above
steps were performed according to the manufacturer’s pro-
tocol. The primers are listed below. NCAM: 5-TCCGAGT
TCAAGACGCAGCCA-3" and 5-GGTGGAGACAATGG
AACAGGGGT-3’, Versican: 5-TGTCCGATTCATAGTC
CTGTCC-3" and 5-CTCACAGCGATAAGTGCCCTC-3,
a-smooth muscle actin (x-SMA): 5-GCTTCCCTGAACA
CCACCCAGT-3" and 5-GCCTTACAGAGCCCAGAGC
CAT-3, f-actin: 5'-AGGCCCAGAGCAAGAGAG-3’ and
5’-GGAGAGCATAGCCCTCGTAG-3". PCR cycling con-
ditions were as follows: a denaturation step for 10 min at
95°C, followed by 40 cycles of denaturation (95°C for 155),
annealing (60°C for 20s), and extension (72°C for 105).

Immunofluorescent staining of DP spheroids

Specimens were sectioned for immunostaining accord-
ing to routine procedures. Briefly, samples were fixed in 4%
paraformaldehyde and paraffin embedded. We used the fol-
lowing rabbit monoclonal primary antibodies to character-
ize DP cells cultured on plastic and on Matrigel: NCAM
(Epitomics, Burlingame, CA), Versican (Epitomics), a-SMA
(Epitomics), and GAPDH (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). Secondary antibodies were mouse anti-
rabbit IgG antibodies (Invitrogen, Carlsbad, CA). Staining
procedures were performed according to company guidelines.
Images were taken under a fluorescent microscopic system
(Axiovert 200M; Carl Zeiss).

Western blotting

Total cell lysates were prepared and 30pg of protein
was subjected to sodium dodecyl sulfate/polyacrylamide gel
electrophoresis (SDS-PAGE), followed by immunoblotting
analysis. Primary antibodies were incubated at the follow-
ing dilutions: anti-NCAM monoclonal antibody, 1:500; anti-
Versican monoclonal antibody, 1:500; anti-o-SMA monoclonal
antibody, 1:500; and anti-GAPDH monoclonal antibody,
1:1000 (Santa Cruz Biotechnology, Inc.). Immune complexes
were detected using a western blotting enhanced chemilumi-
nescence (ECL) kit (Santa Cruz Biotechnology, Inc.) and
quantified using the analyst/PC densitometry software (Bio-Rad
Laboratories, Hercules, CA).

HF induction ability of DP spheroids

To explore the hair-inducing activity of cell spheroids,
human cell spheroids and passage 3 hair germinal matrix
cells (HGMCs; Science Cell, Canton, MA) were incubated
on Matrigel-coated plates. That is, HGMCs were seeded
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onto Matrigel-coated plates in which DP cells or fibroblasts
were precultured for 3-5 days. Meanwhile, DP cells and
HGMCs were seeded on uncoated plates as the negative
control group 1 and HGMCs were seeded only on Matrigel-
coated plates as the negative control group 2. Cells were
kept in a medium (DMEM:mesenchymal stem cell medi-
um=1:1) for 10 days and the medium was changed every 2
days. Cell morphology was recorded under a reverse phase-
contrast microscope for 10 days. HGMCs and fibroblasts
were both seeded at a density of 1x10* cells/well.

Statistical analysis

All experiments are conducted on flat-bottomed 96-well
plates. All data are expressed as the mean=+SD from three
independent experiments. All statistical analysis was done
with SPSS statistical software, version 13.0. The indepen-
dent samples #-test was performed for comparison of mi-
crotissues among groups. Differences between RT-PCR or
western blot results were evaluated by one-way ANOVA. A
p-value of <0.05 was considered statistically significant. All
graphs were plotted using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA).

Results
Formation of DP spheroids

To explore whether the ECM or 3D cultures induce DP
spheroid formation, DP cells were seeded on plates pre-
coated with Matrigel or hyaluronan. In the 3D Matrigel
group (150 pL/cm?), a large number of spheroids (diameter
> 150 um) were found (Fig. 1). Comparatively, DP cells
primarily grew in an adherent fashion on the center of the
culture well, with only a few spheroidal microtissues with a
diameter <50 pm formed on the edge in the 2D Matrigel
group (50 uL/cm?; Fig. 1). In the 3D hyaluronan group
(150 pL/cmz), DP cells did not attach and show circular
nonspreading disassociation on hyaluronan-coated plates
(Fig. 1).

The optimal conditions for DP spheroids

To determine the optimal conditions to yield DP spher-
oids, the cell spatial location and seeding density were
discussed. First, we characterize the number and size dis-
tribution of DP spheroids formed on, within, or under the
Matrigel after 5 days in culture (Table 1). A large number of
DP spheroids were found both on the surface and within the
Matrigel. The number of DP spheroids with a diameter
ranging from 150 to 250 um formed on the Matrigel is
significantly higher than the number formed within the
Matrigel (p<0.05). DP cells were adherent and no cell
microtissues were observed under the Matrigel (Fig. 2).
Second, the number and size distribution of the DP spher-
oids formed at different seeding densities after 5 days in
culture is characterized in Table 2. When DP cells were
seeded at a density of 2x 10*well, we did not observe any
spheres or spherical cell mass aggregating in an irregular
manner (Fig. 2). In the groups of 1x10% 0.5x10% or
O.25><104, several DP spheroids were observed, and the
numbers of DP spheroids increased with decreasing amounts
of cells and the DP spheroid diameters were inversely pro-
portional (Fig. 2). In group 1x10% the number of cell
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FIG. 1. Dermal papilla (DP) cell
morphologies on extracellular matrix-coated
or uncoated plates after DP cell seeding for
5 days. DP cells are better spread with a
larger surface area on uncoated (control) and
Matrigel precoated (2D) plates, in which
only a few spheroidal microtissues were
found on the edge of the culture well. DP
cells did not attach and showed spherical
disassociated cells on hyaluronan-coated
plates (three-dimensional [3D]). Many
multicellular masses were found on the
Matrigel-coated (3D) plates. Scale bar:

200 pm.

spheres was the least, but the number of DP spheroids with
a diameter ranging between 150 and 250 um was the most
(Fig. 2).

According to the above, the optimal conditions for DP
spheroids were found to be 1x10* DP cells/well seeded
onto Matrigel-coated (150 pL/cm?) plates.

Characteristics of DP spheroids

To clarify the formation of DP microtissues on Matrigel
to be caused by cell migration or cell expansion, we per-
formed time-lapse recording (Fig. 3). After a 6-h incubation,
motile DP cells spontaneously aggregated into multicellular
aggregates after intercellular collision. After 12h, spheroi-
dal microtissues with a diameter of 50 um can be formed
(Fig. 3). Afterward, these small spheroids were rarely motile
and the volume of DP spheroids gradually increased as the
incubation time progressed. After a 5-day incubation, DP
spheres were approximately 150-250 pm in diameter. How-
ever, the diameter of the spheroidal microtissues did not
significantly increase over the following days (Fig. 3).

TABLE 1. THE EFrFecT OF DP CELL SPATIAL LOCATION
ON THE NUMBER AND SIZE DISTRIBUTION
OF DP MICROTISSUES

Number of microtissues

Diameter of DP Cells on  Cells within  Cells under
microtissues (um)  Matrigel Matrigel Matrigel
>250 1 0 0
150-250 1244 4+2* 0
50-150 106 33+8 0

Only compact spheroidal microtissues with a diameter larger than
50 um were calculated. The number of spheres with a diameter
ranging from 150 to 250 um formed on Matrigel is significantly
higher than the number formed within the Matrigel (*p <0.05).

DP, dermal papilla.
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The integrity and viability of DP spheroids were validated
by recapturing the microtissues in new wells. After passing
through the micropippete tip, the microtissues remained in
an aggregated spheroidal morphology. Similar to primary
DP, DP spheroids became attached on the culture plates
after 3 days of incubation and showed cell outgrowth after 5
days of incubation (Fig. 3). The results showed that DP
spheroids were able to maintain the structural integrity and
cellular viability after being injected.

Characterization of protein and gene expression
of signature genes in DP spheroids

RT-PCR showed that the expression of signature genes,
which is associated with HF inductivity of DP cells,%7-10:17:29:30
was preserved in DP spheroids (Fig. 4). Compared with
adherent growth P8 DP cells (negative control), NCAM,
Versican, and a-SMA were significantly upregulated during
cultivation in sphere-forming conditions for P8 DP cells
(Fig. 4). For P2 DP cells, 3D culturing induced gene upre-
gulation compared with 2D culture (positive control), but
without significant differences. While we expected fibro-
blasts to form spheroid microtissues on Matrigel-coated
plates, we did not find gene expression to be upregulated.

To observe the change of DP cell signature proteins af-
ter culturing, the protein expression of NCAM, Versican,
and o-SMA was detected by immunofluorescent staining.
Similar to the results of RT-PCR, immunohistochemical
studies showed that these sphere-forming P8 DP cells main-
tained NCAM, Versican, and a-SMA expression (Fig. 5). The
fibroblast spheroids did not express NCAM, Versican, and
a-SMA (Fig. 5).

We confirmed that DP spheroids formed on Matrigel can
restore expression of markers associated with HF inductivity
of DP cells by RT-PCR and immunofluorescence. For a
quantitative study of target protein expression, we exam-
ined protein expression in response to DP cell culture on
Matrigel-coated plates. Immunoblotting studies showed that
P8 adherent DP cells cultured on plastic barely expressed
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FIG. 2. The effect of DP cell spatial lo-
cation and seeding density on the formation
of DP microtissues after DP cell seeding for
5 days. (A) Many spheroidal microtissues
with a diameter over 150 um were found on
the surface of the Matrigel. Many multicel-
lular masses with a diameter less 50 pm
were found within the Matrigel-coated
plates. DP cells were better spread with a
larger surface under the Matrigel and did not
form multicellular masses. (B) DP cells ag-
gregate in an irregular manner at 2 x 104
cells/well. Many DP microtissues were ob-
served at 1x 104, 0.5x 104, or 0.25x 104
cells/well. The volume of spheroidal mi-
crotissues increased with the increase of
DP cell seeding density, but the number of
microtissues decreased with the increase

of DP cell seeding density. Scale bar:

200 pm.

TABLE 2. THE EFFECT OF SEEDING DENSITY
OF DP CELL ON THE NUMBER AND SIZE DISTRIBUTION
OF DP MICROTISSUES

Number of microtissues for

different cell numbers (cells/well)
Diameter of DP

microtissues (um) 2x10% 1x10* 0.5x10* 0.25x10*

>250 1 0 0 0
150-250 0 13+3 5+2% 0
50-150 0 83 18%7 4+3

Only compact spheroidal microtissues with a diameter larger
than 50pum were calculated. There is a decreasing trend of
microtissue formation as higher seeding cell numbers are used; the
size of the DP spheroids was inversely proportional. The number
of spheres with diameters ranging from 150 to 250 um formed at
1% 10* is significantly higher than the number formed at 0.5 x 10*
(*p<0.05).

NCAM, Versican, and a-SMA proteins, while DP spheroids
formed on Matrigel expressed all of them (Fig. 6).

DP spheroid induction of HF

When P8 DP spheroids fabricated on a Matrigel-coated
plate mixed with HGMCs were incubated on the Matrigel
surface, colorless hair shafts were observed (Fig. 7¢). P8 DP
cells mixed with HGMCs grew adherently on uncoated
plates and did not form hair fibers (Fig. 7a). Although
HGMC:s also formed cell spheroids on the surface of the
Matrigel, they could not be differentiated into hair fibers or
hair shafts (Fig. 7b). Similarly, although fibroblasts also
formed cell spheroids on the Matrigel surface, they did not
induce hair growth (Fig. 7d).

Discussion

The ECM has an important role for the growth and
function of cells in vivo. First, the ECM provides not only
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FIG. 3. Characteristics of
DP spheroids. (A) Time-
lapse microscopic recording
of DP cell behavior on Ma-
trigel-coated plates. Shown
in the figure are representa-
tive images of 1x 10* DP
cells/well were cultured for
up to 11 days. (B) The in-
tegrity and viability of DP
spheroids after transfer to
uncoated culture dishes for 5
days. DP spheroids could
maintain a spheroidal struc-
ture after through a micropi-
pette and could show cell
outgrowth 5 days after cul-
ture. Freshly isolated DP was
shown as the control. Scale
bars: 200 pm.

physical strength to organized cells®'*** but also important
key biochemical signals for polarity and growth.3%33 Sec-
ond, the function of cell populations not only depends on
cell—cell interactions but also on cell-ECM interactions. A
common feature of DP cells is that they are physiologically
in close contact with the ECM. However, the effect of the
ECM on the growth of DP cells has not been systemically
investigated. To explore whether the ECM benefits the
formation of DP spheroids, DP cells were seeded on plates
precoated with Matrigel or hyaluronan. As in previous
studies,l‘"24 DP cells cannot form spheroids on the surface
of plates precoated with a thin layer of Matrigel (2D). On
the contrary, many DP spheroids can be found in 3D Ma-
trigel culture. Our results indicate the importance of 3D
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culture on the formation of DP spheroids. However, DP
spheroids cannot be found in 3D hyaluronan culture. Al-
though the reason for this is not clear, the explanation might
be as follows: as a constituent of the ECM, hyaluronan does
not provide a suitable microenvironment to cells in the
ECM, or our construction of hyaluronan is not suitable for
cell growth in vitro.

Previous studies showed that there are two manners in
which DP spheroids form. DP cells were cultured on the
surface of plates with low-adhesive capacities or within
hydrogels. For the former, DP spheroids with varying di-
ameter can be formed on the first day after seeding through
the intercellular collision and fusion, and the size of DP
spheroids depends on the seeding density of cells, even for
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mRNA level

a-SMA

600 um. However, there is a limited scope for expanding
cell numbers.*71%3* For the latter, DP spheroids also can be
formed by the cloning growth of DP cells in hydrogels. The
size of DP spheroids depends on the time of cell culture,
which usually requires about 2 weeks to form a DP spheroid
with a diameter 100 um, hardly exceeding 200 um.*> Our
results showed that the formation of DP spheroids can be
divided into two aspects. In the early stage, DP cells can form
spheroids with a diameter of 100 pm, through intercellu-
lar collision and fusion. In the later stage, the size of DP
spheroids mainly increases through cell proliferation within
DP spheroids. Generally, the diameter of DP spheroids
formed in the Matrigel can reach to 250 pm, which is similar
to normal human scalp DP. Compared with DP spheroids
formed on low-adhesive plates, the size and number of DP
spheroids is also related to the seeding density of cells. DP
cells will aggregate in an irregular manner and cannot form
spheres or a spherical cell mass when DP cells are seeded at
a density of 2x10*well in 96-well plates. This indicates
that the formation of DP spheroids in Matrigel needs opti-

Con(+) P2-3D

NCAM

a-SMA

Versican

FIG. 5.

Immunofluorescent staining of DP spheroids. Shown in the figure are representative images of DP signature
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Con(+) FIG. 4. Gene expression of DP spheroids.
P2:3D Expression of DP signature genes, including
. NCAM, Versican, and o-smooth muscle ac-

P8-3D tin (x-SMA) is well preserved in the sphe-

roidal microtissues. Con (+): positive
1 Fibroblast  control, P2 DP cell growth on uncoated

plates; Con (—): negative control, P§ DP

Con(-) cell growth on uncoated plates; P§8-3D: P8

DP spheroids formed on Matrigel-coated
plates; P2-3D: P2 DP spheroids formed on
Matrigel-coated plates; fibroblast: fibroblast
spheroids formed on Matrigel-coated plates.
*p <0.05 compared with the negative con-
trol group. *p<0.05 compared with the
positive control group.

mal conditions. In our experiments, we found that cells
within spheres can disaggregate and migrate out from
spheres when cultured on plates like primary DP. Previous
studies indicated that multicellular spheroids are analogous
to avascular tissue, with a diffusion limitation to many
molecules and commonly display a layer-like structure
comprising a necrotic core, an inner layer of quiescent cells,
and an outer layer of 7proliferating cells when their diameter
is above 500 um.***” The migration and growth indicates
that cells within the DP spheroid with a diameter of 150-
250 um can obtain enough nutrition and O, by penetration
and can maintain a stable survival status, respectively. Thus,
we can deduce that DP spheroids formed in 3D Matrigel
culture are similar to primary DP. However, further exper-
iments were necessary to determine whether the migrated
cells could form secondary spheres and were as efficient at
contributing to DP in vivo as the primary spheres.

In vitro, NCAM, Versican, and o-SMA have been used as
major markers for DP cells, with the expression of these
markers decreasing in culture, coinciding with the decline of

Con(-)

P8-3D Fibroblast

protein, including NCAM, Versican, and a-SMA. Compared with adherent DP cells, P spheroids had abundant NCAM, o-
SMA, and Versican expression. Green: NCAM, a-SMA, or Versican; blue: nuclei. Con (+) and Con (—): positive and
negative control, P2 and P8 DP cell growth on uncoated plates; P§-3D and P2-3D: P8 and P2 DP spheroids formed on
Matrigel-coated plates; fibroblast: fibroblast spheroids formed on Matrigel-coated plates.
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FIG. 6. The expression of certain proteins in DP spheroids. (A) Passage 8 DP cells were grown on the 3D Matrigel culture
system or 2D plates for 5 days and underwent western blot analysis with GAPDH used as the internal control. Passage 2 DP
cells were grown on 2D plates as a control. Representative bands are shown. (B) Histograms showing the quantification of
western blot bands. *p <0.05 compared with the control group. *p <0.05 compared with 2D culture.

inductive capabilities.®” Studies have been presented that
detail the maintenance of Versican expression in vitro, >0
thought to be a way of maintaining the antigen character-
istics and inductive capabilities of DP cells.*® As in previous
studies,>®>° we also showed that P8 DP cells can restore
expression of DP markers after sphere formation. Although
the expression of these markers was regarded as an indicator
of DP cells in vitro, the hair-inducing ability of DP cells was
usually verified by an in vivo experiment.”-10:13-16.35.38,39 A4
in vivo studies involving labeling transplanted cells with a
fluorescence indicator, and not readily to observe the for-
mation of HFs, researchers have been always hoping to find
a suitable experimental model in vitro to detect hair-in-
ductivity of DP cells.**™** We showed that hair fiber-like
structures were found using passage 8 DP spheroids and
passage 2 HGMCs on Matrigel. Because of the lack of
melanophores, only translucent filamentary structures were
observed after 10 days in culture. Although hair fiber-like
structures did not elongate with longer incubation times and
aggregated cells around hair fiber-like structures begin to

FIG. 7. Inductivity of DP cell spheres. (a)
Negative control group 1: P8 DP cells and
hair germinal matrix cells (HGMCs) were
seeded on uncoated plates. (b) Negative
control group 2: HGMCs were seeded on
Matrigel-coated plates. (¢) P8 DP spheres
and HGMCs were seeded on Matrigel-
coated plates; a colorless hair shaft was
observed (red arrow). (d) Fibroblast spheres
and HGMCs seeded on Matrigel-coated
plates. (a, b) Scale bars=200 um. (c, d)
Scale bars =100 um.

emigrate after 15 days in culture, this indicated that our
current culture conditions were insufficient to maintain
continuous growth in vitro. Culture conditions will be op-
timized in future experiments.

For the first time, we have exploited the Matrigel method
to verify the hair-inducing ability of high-passage adult
human DP cell in vitro. Compared with in vivo, although
there are some disadvantages in vitro, we have constructed
hair fiber-like structures using cultured human HF cells.
This new method of cell culture can provide not only an
opportunity to form DP spheroids but also a model to
verify the hair-inducing ability of DP cells or the hair-
differentiation ability of HGMCs, even providing a 3D
model to explore the interaction of epithelial-mesenchyme
in HF formation in vitro.

Previous studies have indicated that sphere-forming multi-
potent dermal cells possess hair-inducing capacity,*®*>*
raising the question as to whether hair-inducing capacity de-
pends on the identity of DP cells or the process of sphere
formation. To address this issue, we investigated whether
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interfollicle fibroblasts can be induced to form cell spher-
oids, express DP markers, and possess hair-inducing ca-
pacity. We showed that although fibroblasts can form cell
spheroids on Matrigel, they barely express DP markers or
have hair-inducing capacity. This contrasts with previous
studies,38’43’44 in which cells of spheres were derived from
multipotent dermal cells. We demonstrated that while cell
growth can be regulated by the environment, hair-inducing
capacity is only related to cell identity and is an intrinsic
property of DP cells.

Our data raise the possibility that DP markers and sphere
formation are two major factors on hair-inducing capacity
of DP cells, but not determinants. Based on the phenom-
enon that DP sphere formation in 3D can restore the loss of
cell identity in 2D culture, we propose that the intrinsic
property of DP cells can be determined by special genes,
and the gradual loss of DP cells is caused by the silence,
not loss, of these genes due to an unsuitable microenvi-
ronment, but these silent genes can be activated under
certain conditions. Once this conjecture is confirmed, it
means that we can change a few genes to give other cells
the hair-inducing capacity, such as fibroblasts, regardless
of their cell identity as DP cells. We will verify this hy-
pothesis in the future.

Matrigel recapitulates many in vivo characteristics of the
ECM. However, they may contain nonquantified impuri-
ties, such as growth factors and intracellular proteins. Major
issues are batch-to-batch variations and limited availabil-
ity. Thus, we will repeat this study to verify our results using
a fully synthetic ECM with quantified ingredients in the
future.

The data presented here have led us to two major con-
clusions. First, we have succeeded in developing a 3D
Matrigel culture system that mimics the niche of DP cells
in vivo, in which adult human later passage (passage 8) DP
cells can form spheroids similar to intact DP. Second, these
DP spheroids can restore their hair-inductivity lost in ad-
herent growth. Moreover, we are the first to have shown that
passage 3 human HGMC differentiate into hair-like fiber in
the presence of human DP spheroids in vitro. Our methods
are expected to contribute toward the characterization of DP
cells and the application of human DP cells to induce HF
regeneration.
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