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Abstract In our previous work, we isolated Arbas
Cashmere goat hair follicle stem cells (gHFSCs) and
explored the pluripotency. In this study, we investi-
gated the expression and putative role of Sox9 in the
gHFSCs. Immunofluorescence staining showed that
Sox9 is predominantly expressed in the bulge region
of the Arbas Cashmere goat hair follicle, and also
positively expressed in both nucleus and cytoplasm of
the gHFSCs. When the cells were transfected using
Sox9-shRNA, cell growth slowed down and the
expression of related genes decreased significantly,
cell cycle was abnormal, while the expression of
terminal differentiation marker loricrin was markedly
increased; cells lost the typical morphology of HFSCs;
the mRNA and protein expression of gHFSCs markers
and stem cell pluripotency associated factors were all
significantly decreased; the expression of Wnt signal-
ing pathway genes LEF1, TCF1,c-Myc were signifi-
cantly changed. These results suggested that Sox9
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plays important role in gHFSCs characteristics and
pluripotency maintenance.
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Introduction

Sox9 is a transcription factor with a highly conserva-
tive HMG domain structure which plays different roles
in the multiple biogenic activities and developmental
defects such as embryo development, germ layer
(ectoderm, endoderm, and mesoderm) specialization,
cell fate determination, maintenance and differentia-
tion of stem cells and precursor cells, adult tissue
regeneration and damage repair, diseases caused by
congenital hypoplasia, and acquired diseases (Jo et al.
2014). Current evidence has shown that the develop-
ment of testicles, gristle, heart, lungs, pancreas, bile
duct, hair follicle, kidney, inner ear, cornea, and
central nervous system are associated with Sox9. In
addition, Sox9 expression is still required in these
organs in adults (Stolt et al. 2003; Chaboissier et al.
2004; Furuyama et al. 2011; Seymour et al. 2007).
Hair morphogenesis and development in mammals is a
rigorously organized signal regulation between epi-
dermis and the underlying matrix (Liu et al. 2013),
including currently recognized Wnt, Shh, Notch, BMP
and other signaling pathways, and the Wnt pathway is
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considered to be the master regulator during hair
follicle morphogenesis (Rishikaysh et al. 2014). In the
past several decades, many molecules involved in the
hair growth have been obtained by using gene editing
technology (Schneider et al. 2009). Vidal et al. (2005)
first found Sox9 expression in both the fetal as well as
adult mice hair follicle through in situ hybridization.
Nowak et al. (2008) further demonstrated that the
generation and development of hair follicle stem cells
in the early embryo stage development were depen-
dent on Sox9. To date, mice have been used as the
model for investigation of hair follicles, while studies
about other mammals are very rare.

The Inner Mongolia Arbas Cashmere goat (Capra
hircus) is local cashmere and meat dual-purpose
breed, which produces fine, soft, quality cashmere,
and the growth cycle of the hair follicle is relatively
long and with an obvious demarcation line, and thus
could help investigating the mechanisms involved in
the cyclic growth of the hair follicles. However, few
studies about the mechanism of Arbas Cashmere goat
hair growth have been reported. In our previous
studies, we isolated and identified Arbas Cashmere
goat hair follicle stem cells (gHFSCs) (He et al.
2016b), and explored the pluripotency of gHFSCs (He
et al. 2016a). In the present study, the expression and
putative role of Sox9 in gHFSCs growth, differenti-
ation, pluripotency, and feature maintenance were
evaluated, and also Wnt signaling associated genes
were detected aiming to provide experimental evi-
dence for further mechanism investigation involved in
the effects of Sox9 on gHFSCs.

Materials and methods

Reagent Paraformaldehyde, TritonX-100, DAPI were
all purchased from Sigma (St. Louis, MO, USA).
Antibodies of HFSCs markers and stemness markers
were purchased from Abcam (Cambridge, MA, USA).
Antibodies to LEF1, TCF1 and c-Myc were purchased
from Cell Signaling Technology (Danvers, MA,
USA). RNAiso Plus, PrimeScriptTMRT reagent kit
and SYBR® Premix Ex Taq were purchased from
Takara (Dalian, China). RIPA lysis buffer (Millipore,
Darmstadt, Germany).

Cells The gHFSCs were cultured as previously
mentioned (Cytotechnology. 2016 Dec;
68(6):2579-2588.  https://doi.org/10.1007/s10616-
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016-9981-20) (He et al. 2016b). The goat ker-
atinocytes (gKCs) were isolated and cultured by
Nimantana, and safed in the laboratory animal
research center of Inner Mongolia University.

Immunohistochemistry

Skin samples from adult goat dorsal were embedded in
OCT, frozen sectioned for 6 um thickness, and fixed in
4% paraformaldehyde for 30 min. They were perme-
abilized with 0.05% Triton X-100 in PBS for 15 min
and then incubated for 1 h in blocking solution (10%
goat serum) at room temperature. Blocking solution
was replaced by the Sox9 primary antibody. Control
was incubated with the blocking solution instead of
primary antibody. Then samples were incubated with
Cy3-conjugated anti-rabbit IgG for 45 min in the dark.
Slides were counterstained by DAPI then visualized
using a confocal microscope (Nikon, Tokyo, Japan).

Immunocytochemistry

When the cells cultured on 24-well dishes with cover
slips reached 70% of confluence, the gHFSCs were
fixed in 4% paraformaldehyde at room temperature for
10 min and permeabilized with 0.05% Triton X-100 in
PBS for 10 min. Antibody treatment and visualization
were the same as Immunohistochemistry.

shRNA Transfection

Cells transfected with pGPU6/GFP/Neo shRNA vec-
tor (2 pg/pL) (GenePhama, Shanghai, China) target-
ing Sox9 mRNA were referred to as RNAi group,
while cells transfected with non-specific shRNA to
provide a negative control were referred to as NC
group. The sequences of the sense and antisense
strands of the goat sh-Sox9 were as follows: sense 5'-
UCAACGGCUCGAGCAAGAATT-3 and antisense
5'-UUCUUGCUCGAGCCGUUGATT-3'. The trans-
fection was performed according to the manufac-
turer’s instructions. Briefly, 2 x 10° cells were seeded
in 24-well culture plates without antibiotics and
incubated with shRNA diluted with Opti-MEM
(Invitrogen, Carlsbad, CA, USA) for 5 h, then
replaced the MEM with fresh culture medium. After
transfection, cells were screened by G418 (Sigma, St.
Louis, MO, USA) for further analysis (Table S1).
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Cell growth curve

The cells were seeded in 24-well plates at a density of
1 x 10* cells/mL and counts were performed every
24 h by hemocytometer. Three wells were counted for
each time point, and the mean cell number was
calculated to plot the cell growth curve.

Flow cytometry

After being harvested, gHFSCs were fixed in 70%
alcohol for 2 h at 4 °C and treated with PI staining
solution for 30 min at 37 °C in the dark. Flow
cytometry was performed by BD FACS.

Real-time quantitive PCR

All primer sequences were determined using estab-
lished GenBank sequences. Total RNA of the gHFSCs
were extracted and reverse transcribed into cDNA
with the PrimeScript’™RT reagent kit (Takara)
according to the manufacturer’s instructions. Q-PCR
reaction system comprised 2 x SYBR Green Mix
(10 pL), primer mix (1 pL), template (1 pL) and
ddH,O (8 pL), and the parameters were as follows:
95 °C for 2 min followed by 40 cycles of 95 °C for
30 s and 60 °C for 30 s. To determine if there were
multiple PCR amplicons, melting curves were con-
structed by heating final amplification reactions from
60 °C to 95 °C for 15 s, 60 °C for 30 s and 95 °C for
15 s in single degree steps. GAPDH was used as an
internal reference gene. The relative mRNA expres-
sion level of each gene from triplicate experiments
was calculated using the 2782 method (Schefe et al.
2006).

Western blot

Total cellular extracts of gHFSCs were obtained using
RIPA lysis buffer (Millipore). Protein concentrations
of the cell lysates were determined by spectropho-
tometry. Samples were electrophoretically separated
by 12% SDS-polyacrylamide gels, and transferred
onto nitrocellulose membranes and incubated with
appropriate antibodies at 4 °C overnight. Blots were
then incubated with peroxidase-conjugated secondary
antibody, visualized by enhanced chemiluminescence.
The intensity of each band was analyzed using ImageJ

software. a-Tubulin was used as an internal reference
protein.

Statistical analysis

All data are presented as a mean and standard error of
the mean and analyzed using SPSS 17.0. A p value of
less than 0.05 (p < 0.05) was considered statistically
significant. Each experiment was repeated at least 3
times.

Results
Expression of Sox9 in gHF and gHFSCs

Immunohistochemistry of the frozen slices from the Arbas
Cashmere goat skin showed expression of Sox9 in the
whole ORS (outer root sheath) areas of gHF. The
expression in the bulge region was evidently higher when
compared to the other parts. Red fluorescence was also
observed in the hair matrix (Fig. 1a). Cell immunohisto-
chemistry showed that gHFSCs were Sox9 positive in
both cytoplasm and nucleus (Fig. 1b). Q-PCR and
western blot further confirmed the expression of Sox9 at
transcription and protein levels in the gHFSCs (Fig. 1c,d).

Cell morphological changes

Microscopy at 24 h after Sox9-shRNA transfection
showed that the cells with green fluorescence became
flat and longer, cell adhesion, refractivity and junction
between the cells were decreased, that is, the cell
morphology has changed obviously. While the cells in
the same visual field without green fluorescence still
maintained the morphology of gHFSCs, which were
relatively small and were connected closely with good
adhesion and high refractivity (Fig. 2a). The cells
transfected with Sox9-shRNA were referred to as
RNAi group, and the cells tranfected with non-
specific sShARNA were referred to as NC group. The
RNAI cells were screened by G418 which almost
completely lost the morphological features of gHFSCs
(Fig. 2b). Q-PCR showed that the level of Sox9
expression in the RNAi group was 0.4642-fold of the
NC group, suggesting that the Sox9 expression was
decreased by 53.58% (Fig. 2c).
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Fig. 1 Sox9 expression in
the gHF and gHFSCs.

a Immunohistochemistry
identification of Sox9 in
gHF. DP dermal papilla. Mx
matrix. APM arrector pilli
muscle.

b Immunocytochemistry
identification of Sox9 in
gHFSCs. Scale bar 100 pm.
¢ Relative mRNA
expression of Sox9 in
gHFSCs. gKCs: goat
keratinocytes. d Protein
expression of Sox9 in
gHFSCs

Fig. 2 Morphological
changes of the cells.

a Diagram of interference
vector. b 48 h after
transfection, white arrow
shows the cells with green
fluorescence with obvious
morphological changes, red
arrow and dashed line show
cells without green
fluorescence without
obvious morphological
changes. ¢ Morphological
changes of the cells after
G418 screening. Scale bar
100 pm. d Changes of Sox9
relative mRNA expression.
(Color figure online)
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Cell proliferation was suppressed, and expression
of terminal differentiation marker increased

After the evaluation of the morphological changes of
the cells, we further investigated the rate of cell growth
and the effect on the cell cycle. In the RNAi group, cell
growth was slower, number of cells in the logarithmic
phase was less, and more dead cells occurred with the
progression of cell cycle when compared with the NC
group (Fig. 3a). Flow cytometry showed that in the
NC group, 76.45% of the cells were in GO/G1 phase,
6.87% in S phase, and 12.91% in G2/M phase; while in
the RNAi group, 83.77% of the cells were in GO/G1
phase, 10.46% in S phase, and 1.45% in G2/M phase
(Fig. 3c¢).

We further carried out Q-PCR to measure the
expression of cell proliferation and apoptosis related
genes including PCNA (proliferating cell nuclear

Lor expression in the RNAi group was 0.6035
(reduced by 39.65%, p < 0.01), 0.9462 (p > 0.05),
0.3686 (reduced by 63.14%, p < 0.01), and 13.71
(p <0.01) folds of the levels in the NC group
(Fig. 3b).

Expression of gHFSCs specific markers were
decreased

After Sox9 expression was interfered, the expression
of the gHFSCs specific markers at transcription and
protein levels were detected. The primer sequences are
shown in Table 2. Q-PCR showed that the mRNA
levels of Krtl5, Krtl4, CD34, and Itgf1 in the RNAi
group were 0.4963, 0.1763, 0.3024, and 0.4571 times
of their expression in the NC group, respectively (all
p < 0.01), namely the expressions of Krtl5, Krti4,
CD34, and Itgf1 in the RNAIi group were reduced by

antigen), p21, p53, and Lor (loricrin, a skin-derived 50.37, 82.37, 69.76, and 54.29%, respectively
cell differentiation marker), using the primers listed in (Fig. 4a).
Table 1. The results showed that p21, p53, PCNA, and
Fig. 3 Effects of Sox9 on a b
gHFSCs growth. a Cell — 8 = 16 : s
growth curve. ¢ Cell cycle § 70 —+-NC -#-RNAi R ¥NC WRNAI
detection. b Differential S 60 g 1 |
expression of p21, p53, — 50 4 % 10 |
PCNA and loricrin. Mean % 40 < g
o 15) Z
and standard deviation are < 30 2o
shown (n = 3). p values 5 20 - z )
from t-test: *p < 0.05; 2 104 ,; 1 . .
**p < 0.01, relative to NC. E 0 L = 3 21 — —
NC: gHFSCs that o 1 2 3 4 5 6 71 s o) Mlee N N
transfected with non- time,day(d) p21 p53 PCNA Lor
specific shRNA to provide a RNAi NC
negative control; RNAi: . O) o
200
gHFSCs that transfected -
with sox9 shRNA K . ;
i —
0 rk . 0  ant ot p
400 600 800 1000 0 200 400 600 800 1000
EV EV Pet Pet
Region Mea: Region Mean Count Gated  Total

4182 13.939 33.54% 33.54%

Go/G1 3%0.9 10,857 76.45% 25.64%
51% s 478.9 958 8.87% 2.30%

1.45% 0.10% G2M 539.7 1,799 12.91% 4.33%
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Table 1 Primer sequences of Sox9, p21, p53, PCNA, Lor, LEF1, c-Myc and GAPDH

Gene name NCBI accession Sequence Product (bp)

Sox9 XM_013972654.1 Forward 5'-CAAGTTCCCCGTCTGCATC-3' 112
Reverse 5'-GTGCGGCTTGTTCTTGCTC-3'

p21 XM_013973863.1 Forward 5'-ACTTGGACCTGTCGCTGTCC-3’ 140
Reverse 5'-CCTGCGTTTGGAGTGGTAGAA-3’

p53 XM_005693530.2 Forward 5'-CCCATCCTCACCATCATCAC-3’ 80
Reverse 5'-GCACAAACACGCACCTCAA-3'

PCNA XM_005688167.2 Forward 5'-GGCGTTCGTAATCGTGTTTTG-3’ 81
Reverse 5'-CAGGTAGAAGGAGTGAGGAATGTGT -3’

Lor XM_010826802.1 Forward 5'-CATCTCCTCTCCTCACTCATCCTT-3’ 117
Reverse 5'-GGTTTTCCCACAGCCCACT-3’

GAPDH XM_005680968.2 Forward 5'-TTGTGATGGGCGTGAACC-3’ 127
Reverse 5'- CCCTCCACGATGCCAAA -3’

LEFI1 NM_001285746.1 Forward 5'-CCCCACCTCTTGGCTGGTTTTCTCA-3’ 177
Reverse 5'-TTGGCTCCTGCTCCTTTCTCTGTTC-3'

c-Myc XM_018058564.1 Forward 5'-GTGGTCTTCCCCTACCCGCTCAACGA-3’ 322
Reverse 5'-ATCTCTTTAGGACCAACGGGCTGTGA-3’

Table 2 Primer sequences of the gHFSCs markers

Gene name NCBI accession Sequence Product (bp)

GAPDH XM_005680968 Forward 5-TTGTGATGGGCGTGAACC-3’ 127
Reverse 5'-CCCTCCACGATGCCAAA-3'

Keratinl5 XM_005693823 Forward 5'-GCTTTGGTGGGGGTTTTGGC-3’ 107
Reverse 5'-CAAGCGGTCATTGAGATTC-3’

Integrinf1 XM_005701221 Forward 5'-AGTTCAGTTTGCTGTGTGTTTGG-3' 268
Reverse 5'-TTCCTTTGCTTCGGTTCGTT-3'

CD34 XM_005691045 Forward 5'-AGATGGTCTTGCAGCTTCCAC-3' 119
Reverse 5'-CACCTCTTGGGACGAAATCAC-3'

Keratin14 XM_005693820 Forward 5-GCGTGGGTAGTGGTTTTGGT-3 107
Reverse 5'-CAGGCGGTCATTCAGGTTC-3

Gray scale of protein bands from western blot
showed that the protein levels of Krt15, Krt19, Krt14,
CD34, and ItgB1 were 0.6325, 0.8326, 0.5006, 0.8408,
and 0.5390-folds of the levels in the NC group,
respectively (all p < 0.01), that is, at protein level, the
expressions of Krt15, Krt14, CD34, and ItgB1 in RNAi
group were reduced by 36.75, 16.74,49.94, 15.92, and
46.10%, respectively (Fig. 4b).
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Expression of pluripotency associated factors were
sharply decreased

In this study, mRNA and protein expression of
pluripotency and self-renewal associated factors
Oct4, Nanog, Sox2, AKP, and TERT were measured
after Sox9 expression was interfered, and investigated
whether the transcription factor Sox9 could signifi-
cantly affect the pluripotency of gHFSCs. The primer
sequences used are shown in Table 3.
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Fig. 4 Differential expressions of gHFSCs specific markers.
a Q-PCR and b Western blot detection of gHFSCs markers. o-
Tubulin was used as an internal reference protein. Mean and
standard deviation are shown (n = 3). p values from t-test:

Table 3 Primer sequences of the stemness markers

a-Tub K15 K19  Kit14

*p < 0.05;%*p < 0.01, relative to NC. NC: gHFSCs transfected
with non-specific sShRNA to provide a negative control; RNAi:
gHFSCs transfected with sox9 shRNA

Gene name NCBI accession Sequence Product (bp)

Oct4 XM_013977063.1 Forward 5'-GCCAAGCTCCTAAAGCAGAAGA-3' 122
Reverse 5-AAAGCCTCAAAACGGCAGATAG-3'

Nanog NM_001285576.1 Forward 5'-GTCTCTCCTCTTCCTTCCTCCA-3' 116
Reverse 5'-TCTTCCTTCTCTGTGCTCTCCTC-3'

Sox2 NM_001285672.1 Forward 5'-CATGATGGAGACGGAACTGG-3' 115
Reverse 5'-CGGGCTGTTCTTCTGGTTG-3'

AKP XM_013974604.1 Forward 5'-ATGGTCACCATGAAGGCAAAG-3' 125
Reverse 5'-ATGGTCTGCAGTGGCAAGGA-3'

TERT XM_013972889.1 Forward 5'-GTGCTGAACTACGAGCGAGC-3' 147
Reverse 5'-GTCCGCCTTGACGAAGTAGAG-3'

GAPDH XM_005680968.2 Forward 5'-TTGTGATGGGCGTGAACC-3' 127
Reverse 5'-CCCTCCACGATGCCAAA-3

Q-PCR showed that the mRNA levels of Oct4,
Nanog, Sox2, AKP, and TERT in RNAi group were
0.1066, 0.2221, 0.0082, 0.1652, and 0.5414-fold of the
levels in the NC group, respectively (all p < 0.01),
showing a significant reduction in the transcription
levels of Oct4, Nanog, Sox2, AKP, and TERT in the
RNAi group by 89.34, 77.79, 99.18, 83.48, and
45.86%, respectively (Fig. 5a). The protein levels of
these factors in the RNAi group were 0.5425, 0.6401,
0.5591, 0.8975, and 0.8432-fold of the levels in the NC
group, respectively (all p < 0.01), that is, the Oct4,
Nanog, Sox2, AKP and TERT protein expressions
were reduced by 45.75, 36.99, 44.09, 11.25, and
15.68%, respectively (Fig. 5b). These results showed
that Sox9 interference could significantly reduce the
expression of pluripotency associated factors at the
transcription and protein levels.

Expression of LEF1, TCF1 and c-Myc were
decreased

The mRNA and protein expression of Wnt signaling
associated LEF1, TCF1 and c-Myc were measured
after Sox9-shRNA transfection, and investigated
whether Sox9 could significantly affect the pluripo-
tency of gHFSCs. The primer sequences are shown in
Table 1(no sequence of capra hircus TCF1 was found
in NCBI).

Q-PCR showed that the mRNA levels of Sox9,
LEF] and c-Myc in RNAi group were 0.5898, 0.1967,
0.7628-fold of the levels in the NC group, respectively
(all p < 0.01) (Fig. 6a). The protein levels of Sox9,
LEF1, TCF1 and c-Myc in RNAi group were 0.7931,
0.8112,0.7745 and 0.7327 folds of the levels in the NC
group, respectively (all p < 0.01), that is, these genes
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Fig. 5 Differential expressions of pluripotency associated
genes in the gHFSCs. a Q-PCR and b Western blot detection
of pluripotency associated genes in stem cells. a-Tubulin was
used as an internal reference protein. Mean and standard

a aNC sRNAi b
12
§ x> % *% %
w T .
g 1 ’_| ’—‘ a-Tubulin
&
§ 08 Sox9
<
Z 06 o
£ LEF1
£ 04 .
2 g ICF1
£ 021
3 c-Myc

0

Sox9 LEF1 c-Myc

Fig. 6 Differential expressions of LEF1, TCF1 and c-Myc in
the gHFSCs. a Q-PCR and b Western blot detection. a-Tubulin
was used as an internal reference protein. Mean and standard
deviation are shown (n = 3). p values from t-test: *p < 0.05;

were reduced by 20.69, 18.88, 22.55 and 26.73%,
respectively (Fig. 6b). It showed that Sox9 interfer-
ence could significantly reduce the expression of
LEF1, TCF1 and c-Myc at transcription and protein
levels.

Discussion

Immunofluorescent staining showed that the expres-
sion pattern of Sox9 in the gHF bulge and gHFSCs was
in agreement with the features that are similar in the
mice and human hair follicles (Vidal et al. 2008).
Mice with Sox9 specifically knocked out from the
skin showed several disadvantages which includes
fragile hair, hair shaft atrophy, substantial reduction of
the hair matrix cell number, decreased proliferation,
outer root sheath cell apoptosis, hair bulb shortening,
and lack or substantially reduced expression of HFSC
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deviation are shown (n = 3). p values from t-test: *p < 0.05;
**p < 0.01, relative to NC. NC: gHFSCs transfected with non-
specific shRNA to provide a negative control; RNAi: gHFSCs
transfected with sox9 shRNA
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specific shRNA to provide a negative control; RNAi: gHFSCs
transfected with sox9 shRNA

markers (including CD34 and Krt15) at the bulge area
(Vidal et al. 2005).

RNA interference is a sequence specific post-
transcriptional gene silencing. Endogenous or exoge-
nous double strand RNA (dsRNA) that has homolo-
gous complementary sequences with transcription
products of target gene (mRNAs) could specifically
degrade the corresponding mRNA in the cells, and
thus effectively block the target gene (Bobbin and
Rossi 2016). The application of RNA interference was
most widely used in the investigation of gene func-
tions. In the present study, microscopy at 6 and 12 h
after Sox9-shRNA transfection found no suspension
cells (dead cells), while the number of dead cells
increased with time at 24 h. In addition, evident
morphological changes of the cells were found after
stable transfection.

Previous studies have shown that overexpression of
Sox9 could increase the ability of clone formation and
proliferation of ORS cells (Shi et al. 2013). In this
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study, the cell growth in the RNAi group was very
slow after Sox9 expression was interfered; the cells
could not form the normal cell clone and even stopped
growing confirming that Sox9 could affect the prolif-
eration of ORS derived cells. In vivo HFSCs without
damage repair are mainly in the GO/G1 phase both in
mice and human, and have the ability to form cell
clones (Purba et al. 2014). In this study, flow
cytometry showed that the number of cells in the
quiescent state increased significantly in the RNAi
group, percentage of cells in the GO/G1 and S phase
increased while G2/M phase decreased significantly,
suggesting that the cell division was abnormal and the
cells could not progress to the G2/M phase. We
speculated that these could be associated with the
abnormal Sox9 expression which induced abnormal-
ities in the DNA replication. The mean volume of the
cells also increased, especially the cells in the S phase
which was in accordance with the cell cycle results.
p21 is involved in the regulation of transcription,
apoptosis, DNA repair, as well as cell motility. It acts
as a cell cycle repressor which is a well-known
function. However, p21 appears to have a dual-face
behavior, tumor suppressor or oncogene, depending
on the cell type and cellular localization (Dutto et al.
2015). p21 interacts with PCNA at its carboxyl
terminus. PCNA is a protein that plays a central role
in DNA replication and repair. Lor is expressed in the
stratum corneum which is a terminal differentiation
marker of the skin-derived cells (Fuchs 1995). The
expression of p2] and PCNA decreased significantly
after Sox9 inhibition, and Lor expression was
increased significantly which showed that the inter-
fering Sox9 expression resulted in the suppression of
gHFSCs proliferation, and induced terminal differen-
tiation, which is consistent with the results found in the
cell morphology, cell growth curve and flow cytom-
etry. In the ESCs differentiation research, Sox9
directly regulated p21 expression, and p21 could bind
to Sox2 and suppresses its expression (Yamamizu
et al. 2014). The reduction of p21 expression in this
study may also be affected by the same mechanism. As
a tumor suppressor gene, pS3 could promote cell death
or persistently inhibit cell proliferation. Recent studies
have shown that p53 could also exert effects in the cell
survival (Chao 2015). Although p53 is not necessarily
required in the normal cell proliferation and develop-
ment, p53 plays a decisive role in DNA damage,
anoxia, and cell apoptosis or survival that is caused by

fluctuations in the nutrition. Post-translational modu-
lations including phosphorylation, methylation, acety-
lation, and ubiquitination play important roles in the
function of transcription factors. Latest studies have
shown that ubiquitination could induce re-localization
of p53, and decide p53 induced stress responses
including cell proliferation, apoptosis, and treatment
effects on cancers (Kruiswijk et al. 2015). In this
study, cell death increased greatly while expression of
p53 mRNA did not change significantly. This obser-
vation could be associated with the abnormal cell
proliferation after Sox9 expression was suppressed,
which may have induced the occurrence of phospho-
rylation and ubiquitination. Further studies are thus
needed to investigate the post-transcriptional regula-
tion of p53.

Both development and cyclic growth of hair
follicles depend on the HFSCs, and Sox9 plays an
important role in the development and maintenance of
hair follicles (Christiano 2008). In this work, after
Sox9 was inhibited, expression of gHFSCs specific
markers Krt15, Krt19, Krt1l4, CD34, and ItgBl was
reduced sharply at both transcription and protein
levels. Combining with the obvious cell morpholog-
ical changes, it indicates that Sox9 plays an important
role in maintaining the characteristic of gHFSCs. Our
previous studies have shown that gHFSCs could
differentiate into osteogenic, chondrogenic, and myo-
genic lineages in vitro (He et al. 2016b), and the
expression of pluripotency and self-renewal associ-
ated factors, including Oct4, Nanog, Sox2, AKP, and
TERT, were detected at both transcription and protein
levels (He et al. 2016a). In this study Q-PCR and
western blot analysis showed that the expression of
pluripotent factors reduced significantly at both tran-
scription and protein levels after Sox9 inhibition in the
gHFSCs, and the reduction of three core pluripotent
regulatory factors, Oct4, Nanog, and Sox2 were more
evident than AKP and TERT. As mentioned above,
Sox9 could regulate Sox2 which affects the differen-
tiation of ESCs. It has already been demonstrated that
Sox2 and Oct4 could interact with each other in
maintaining the pluripotency of stem cells (Masui
et al. 2007), and Oct4 could also regulate the
expression of Nanog (Loh et al. 2006). Therefore,
the significant changes of the pluripotent factors in the
gHFSCs demonstrated that Sox9 plays an important
regulatory role in maintaining the pluripotency of
gHFSCs. In vitro cultured skin stem cells are
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extremely sensitive to calcium concentration in the
medium. Low level of calcium could maintain the
features of the cells while high level of calcium could
induce cell differentiation (Rinnerthaler et al. 2015).
When cultured in high calcium medium, gHFSCs
became longer, changed into fibroblast-like spindle
shape morphology, Sox9 expression reduced, and Lor
expression increased (Fig. s1).These findings indi-
rectly demonstrated that Sox9 expression decreased
after gHFSCs were differentiated.

Based on studies in human and mouse hair follicle,
it shows that Wnt pathway induce hair follicle
development, Shh is involved in morphogenesis and
late stage differentiation, Notch signaling determines
stem cell fate while BMP is involved in cellular
differentiation. Hair placode formation depends on the
activation of Wnt/B-catenin signaling. After placode
forms, embryonic progenitor cells with attenuated
Whnt/B-catenin signaling gain adult stem cell markers
and become definitive long-term hair follicle stem
cells at the end of organogenesis. Attenuation of Wnt/
B-catenin signaling is a prerequisite for hair follicle
stem cell specification since it suppresses Sox9, which
is required for stem cell formation (Xu et al. 2015). In
this study, the expression of LEF1, TCF1 and c-Myc
was decreased both at transcription and protein level,
however, the changes were not that obvious. So, it
remains to be determined which, if any, other mech-
anisms lead to the maintenance of gHFSCs.

In this study, we investigated the Sox9 functions in
the in vitro cultured gHFSCs, and the results were in
agreement with the Sox9 functions in other stem cells,
and in addition it also provided evidence to support
that Sox9 acts as a factor regulating the pluripotency
and plasticity of stem cells in the domestic animals.

Conclusions

From the above experimental results and analysis
we summarized below

Sox9 was predominantly focused in the bulge region
of adult gHF, where gHFSCs exist, and Sox9 could be
detected at both transcription and protein levels in the
cultured gHFSCs. After Sox9 expression was inhib-
ited, gHFSCs growth was greatly suppressed, and
terminal differentiation markers increased signifi-
cantly; the cells lost the morphological features of

@ Springer

HFSCs, and the expression of gHFSCs specific
markers decreased sharply; expressions of stem cell
pluripotency factors decreased significantly; expres-
sion of Wnt signaling genes LEF1, TCF1 and c-Myc
decreased. These findings together demonstrated that
Sox9 plays an important regulatory role in maintaining
the characteristics and pluripotency of the gHFSCs.
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