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Abstract

Sebaceous glands (SGs) undergo cyclic renewal independent of hair follicle stem cells (HFSCs)
activation while HFSCs have the potential to differentiate into sebaceous gland cells, hair follicle
and epidermal keratinocytes. Abnormalities of sebaceous gland progenitor cells contribute to the
development of sebaceous neoplasms, but little is known about the role of HFSCs during seba-
ceous neoplasm development. Here, using dimethylbenzanthracene (DMBA) plus
|2-o-tetradecanoyl phorbol-13-acetate (TPA) treatment developing sebaceous neoplasms (SNs)
were identified with H&E and Oil red O staining. And then the molecular expression and activation
of HFSCs and was characterized by immunostaining. Wnt|0b/B-catenin signaling molecular which
is important for activation of HFSCs were detected by immunostaining. We found hair follicle and
epidermal cell markers were expressed in sebaceous neoplasms. Furthermore, SOX-9 and
CD34-positive HFSCs were located in the basal layer of sebaceous lobules within the sebaceous
neoplasms. Many appear to be in an active state. Finally, Wnt|0b/B-catenin signaling was activated
within the basal cells of sebaceous lobules in the sebaceous neoplasms. Collectively, our findings
suggest that the abnormal activation of both HFSCs and Wnt|0b/(-catenin signaling involves in the
development of sebaceous neoplasms.
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Introduction

Sebaceous glands (SG) undergo cyclic growth,
degeneration, and rest, which depend on cyclical
changes of sebaceous gland stem cell (SGSC) activity.
But after grafting, hair follicle stem cells (HFSCs) are
competent to differentiate into sebocytes [1-3]. HFSCs
located in the hair follicle bulge, can be characterized
by CD34 and SOX-9 expression [4-5]. HFSCs periodi-
cally provide cell resources for hair follicles. Previous
studies also demonstrated that 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) can recruit HFSCs to main-
tain skin homeostasis and contribute to papilloma,

squamous cell carcinoma and basal cell carcinoma
[3,6,7]. However, it remains unknown whether the
renewal of sebaceous neoplasms (SNs) induced by
TPA is dependent on HFSCs.

The Wnt/{-catenin signaling pathway plays an
important role in cell fate determination, proliferation
and differentiation [8,9], and is involved in regulating
SG development. When Lef-1 was functionally
blocked, HFSCs differentiated into SGs [10]. Although
B-catenin was up-regulated in SNs [11], how the Wnt
signaling pathway affects SN development has not
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been extensively studied.

To better explore these questions, we used
DMBA combined with TPA to induce SNs and inves-
tigated the morphological and differentiation charac-
teristics of SNs. Next, we detected the activity of
HFSCs and expression of key molecules in the
Wnt10b/ p-catenin signaling during neoplasm induc-
tion. Our results indicate that the abnormal activation
of HFSCs involves in the development of SNs and
activation of the Wnt10b/ B-catenin signaling.

Materials and methods

Induction of SNs

Seven-week-old female C57BL/6 mice were ob-
tained from the animal center of Third Military Med-
ical University. The mouse dorsal skin was shaved
and dosed with 100 pg DMBA for tumor initiation. A
week later, all mice were treated with 4 pg TPA
weekly for neoplasm promotion [12]. Six months later,
the neoplasms and adjacent relatively normal tissues
were harvested, and then the neoplasms were divided
into young (size < 2 mm) and older (size > 2 mm)
types [13]. Sebaceous neoplasms were characterized
according to the histopathological criteria as follows
[35,36]: (1) Sharp circumscription, symmetry, and
smooth borders; (2) Aggregations of basaloid undif-
ferentiated sebocytes surrounding mature vacuolated
sebocytes; (3) small, monomorphous nuclei without
pleomorphism or nuclear atypia in the constituent
basaloid cells; (4) No palisade arrangement of the nu-
clei arround the aggregations. All the animal-related
procedures were conducted in strict concert with the
protocols of institutionally approved animal care and
maintenance.

Oil Red O Staining

Specimens were fixed in 4% paraformaldehyde
solution and rehydrated in 30% sucrose solution
overnight. They then were placed in a small sealed
box and frozen in liquid nitrogen for 20 seconds.
Specimens then were kept at -20°C for 15 minutes,
embedded in optimal cutting temperature compound
and sectioned to 12pm thick slides in a cryostat. The
slides were stained by Oil Red O solution for 10 min at
room temperature, differentiated in 60% isopropyl
alcohol, rinsed in distilled water and stained with
hematoxylin for 1 min.

H&E Staining

Skin specimens were fixed in 4% paraformalde-
hyde overnight. They were dehydrated, embedded in
paraffin and sectioned at 5 pm. Paraffin sections were
rehydrated and stained with hematoxylin for 1 min.
These sections were then rinsed with water, stained
with eosin for another 1 min, and then embedded

with resinene.

BrdU Insertion and Immunofluorescence

Intraperitoneal injection of BrdU was performed
at a dose of 50 mg/ kg per mouse. Four hours later, the
neoplasms were isolated, fixed, dewaxed, dehydrat-
ed, embedded in paraffin and sectioned to 5 pm
thickness. After dewaxing and rehydrating, skin
specimens were microwaved for antigen retrieval.
Specimens were rinsed twice in PBS for 5 min each,
and blocked with 5% BSA in PBS at room temperature
for 1 h. Specimens were incubated with primary an-
tibodies diluted in PBS overnight at 4°C, rinsed three
times in PBS for 10 min each, and incubated in sec-
ondary antibodies for 1h at 37°C. Next, DAPI was
used to stain the nuclei for 5 min. The specimens then
were washed three times in PBS for 10 min each and
finally embedded with antifade mounting medium
(Beyotime, China). Immunofluorescence images were
scanned using a Nikon E-clipse E600 fluorescence
microscope (Nikon, Japan). Primary antibodies were
as follows: rabbit anti-human K10 (polyclonal IgG,
1:200, Bioss, China); mouse anti-human AE15 (mono-
clonal IgG, 1:2; gift); mouse anti-human AE13 (mono-
clonal IgG, 1:10; gift); rabbit anti-mouse CD34 (poly-
clonal IgG, 1:200, Boster, China); rabbit anti-human
SOX-9 (polyclonal IgG, 1:100, Santa Cruz, USA); goat
anti-mouse Ki67 (polyclonal IgG, 1:100, Santa Cruz,
USA); mouse anti-BrdU antibody (monoclonal IgG,
1:100, Zhongshan, China); rabbit anti-human Wnt10b
(polyclonal IgG, 1:100, Santa Cruz, USA); mouse an-
ti-human p-catenin (monoclonal IgG, 1:100, Santa
Cruz, USA). Secondary antibodies were as follows:
Alexa Fluor®488 marked anti-mouse secondary an-
tibody (IgG, 1:300, Invitrogen, USA); Cy3 marked
anti-rabbit, anti-mouse and anti-goat secondary anti-
body (IgG, 1:300, Beyotime, China). Negative controls
were performed by adding PBS instead of primary
antibodies.

Results

Induction of the SNs by DMBA/TPA treatment

To investigate the role of HFSCs in SN devel-
opment, we first induced neoplasms on the dorsal
skin of mice using DMBA/TPA treatment. Given that
SNs, papilloma and squamous carcinoma can be in-
duced by two-stage skin carcinogenesis experiments,
H&E and Oil Red O staining were used to identify the
SNs. H&E staining showed that compared with SGs,
the young and older SNs, were well-circumscribed,
grew out of epidermis and developed plaque struc-
tures. The SNs consisted of basaloid cells intermin-
gled with clusters of mature sebocyte-like cells (Fig.
1A). Moreover, Oil Red O stained mature sebocytes in
SGs, adipocytes in subcutaneous tissues, as well as
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mature sebocyte-like cells in sebaceous lobules of the
young and older SNs (Fig. 1B). Therefore, for the re-
mainder of our study H&E and Oil Red O staining
was used to identify young and older SNs. Seven SNs
were identified, of which four were young neoplasms
and others were older ones.

Hair follicles and epidermis differentiation
markers in the SNs

To further characterize the SNs, we detected the
expression of hair follicle differentiation markers
AE13 and AE15 and the epidermis differentiation
marker K10 in SNs. Surprisingly, our data also
showed that AE13, characteristically expressed in
acidic keratins of the upper cortex and hair cuticle
cells [14], was absent in SGs and young SNs but
strongly expressed in older SNs (Fig. 2A). AE15,
which stains three concentric layers of the inner root
sheath (IRS) and medulla of the hair shaft [15], was
expressed weakly in the basal cells in the young SNs
and strongly in the older SNs (Fig. 2B). In addition,
the epidermal differentiation marker K10 was not
expressed in SGs or young SNs, but was strongly ex-
pressed in older SNs (Fig. 2C). Since HFSCs could
differentiate towards SGs, epidermis and hair follicle
cells [16,17], we speculate that HFSCs might play an
important role in SN development.

A

B oiRedO Staining

Figure 1. Induction of the SNs. (A) H&E staining showed the young as well
as older neoplasms contained many sebaceous lobules consisting of
sebaceous differentiated cells and basaloid sebaceous undifferentiated cells
(Blue arrow). (B) Oil Red O staining revealed that lipids were plentiful in
sebaceous neoplasm lobules, SG and subcutaneous tissues. YSN: young
sebaceous neoplasms. OSN: older sebaceous neoplasms. Scale bar: 50um.

Activated HFSCs exist in the SNs

To explore whether HFSCs existed in the SN,
classical hair stem cell markers CD34 and SOX-9 were
examined. Interestingly, unlike in normal SGs, both
CD34 and SOX-9 were expressed in the basal cells of
the young and older SNs (Fig. 3A, B). To further es-
tablish whether these HFSCs were activated in these
SNs, immunostaining was used to detect Ki67 and
BrdU. The results showed that Ki67 stained basal cells
weakly in normal SGs but significantly in the basal
cells of the young and older SNs (Fig. 3C). Moreover,
consistent with Ki67 expression pattern, BrdU were
not found in the basal cells in SGs but was obvious in
the basal cells of the young and older SNs (Fig. 3D).
Although the basal cells in neoplasms were highly
proliferative, it remains unknown whether the HFSCs
in SNs were actively proliferating. Next, we used
double immunostaining to further address the
co-expression of SOX-9 and BrdU in the young and
older neoplasms. The results showed that SOX-9 par-
tially co-localized with BrdU in the basal cells in the
young and older SNs, but not in the normal SGs (Fig.
3E). Together, these findings suggest that HFSCs are
indeed located in the basal cells of young and older
SNs and a portion of HFSCs are in an activated state.

Up-regulation of Wntl0b/f-catenin signaling
in the SNs

Previous research indicated that epithelial tu-
mors initiating from abnormally activated HFSCs
were regulated by the Wnt/p-catenin signaling
pathway [11,18,19]. Recently, the Wnt/p-catenin sig-
naling pathway was also reported to activate HFSCs
to induce hair follicle renewal [20]. We thus specu-
lated that Wnt/p-catenin signaling was also likely to
play a role in SNs development, and therefore
checked the expression of key molecules along the
Wnt/p-catenin signaling pathway (Wntl0b and
B-catenin) in SNs. Wnt10b was shown to be strongly
expressed in the basal cells of young and older neo-
plasms while weakly in normal SGs (Fig. 4A). More-
over, nuclear P-catenin was expressed in the hair ma-
trix but not in SGs (Fig. 4B). However, nuclear accu-
mulation of B-catenin was detected in a subpopula-
tion of the basal cells in both the young and older
neoplasms (Fig. 4B). Taken together, these results
suggest that Wnt10b and p-catenin are up-regulated
in a subpopulation of SN basal cells.
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Figure 2. Expression of hair follicule and epidermal differentiation markers in the SNs. (A) AEI3 was not observed in SGs and YSNs but was positive in
OSN:'s. (B) AEI5 was detected in the normal inner root sheath (IRS) and hair shaft and in neoplasms (White arrow) but not observed in SGs. (C) K10 was
expressed in suprabasal epidermis but not expressed in SGs and YSNs but was highly expressed in OSNs (White arrow). Scale bar: 50um.
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Figure 3. Activated HFSCs in the SNs. (A-B) Detection of HFSC markers CD34 and SOX-9 in SGs, YSNs and OSNs. CD34 and SOX-9 were located in
the hair bulge region (Arrow) but not in SG, while in YSNs and OSNs, CD34 and SOX-9 were located in the basal cells (Arrow).(C-D) Ki67 and BrdU were
detected in both SGs and the basaloid sebocytes in all SNs (Arrow). (E) BrdU and SOX-9 Co-localized in the basal cells of YSNs and OSNs but not in SGs
(Yellow arrow). Scale bar: 50um.
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Figure 4. Immunostaining detection of Whnt signaling in the SNs. (A) Compared with SGs, Wnt|0b was upregulated in the basaloid sebocytes in the YSNs
and OSNs. (B) Nuclear accumulation of B-catnein was observed in normal hair matrix cells, and a subpopulation of the basaloid sebocytes in the YSN and

OSN (White arrow) but not in SGs. Scale bar: 50pm.

Discussion

SGs undergo cyclic renewal, independent of
HFSC activation. However, HFSCs can migrate to-
wards SGs and provide a cell source for SGs when SG
homeostasis is perturbed [21]. Continuous disorder of
SGs will lead to SN development. But whether and
how HFSCs contribute to SN development needs
further investigation.

To address these questions, neoplasms were first
developed on mouse skin using DMBA/TPA treat-
ment. Morphologic identification showed that SNs
consist of sebaceous lobules with Oil red O positive
mature sebocytes located in their center. To further
confirm the immune-phenotype of SNs, epidermis
and hair follicle differentiation markers were exam-
ined. Interestingly, they were all expressed in the SN.
A neoplasm is thought to consist of the progeny of a
single cell with accumulated mutations. Thus it is
possible that these epidermis- and hair follicle-like
cells result from cutaneous epithelial cells other than
sebaceous gland cells. CD34 and SOX-9 positive cells
are believed to be a population of multipotent stem
cells with the capacity to differentiate into epithelial
cells and sebocytes [5, 21]. Developmentally,
SOX9-positive epithelial cells show key properties of
adult HFSCs, which they contribute to HF, SG mor-
phogenesis and repair of an injured interfollicular
epidermis [5]. SOX9 is essential for maintaining the
adult HFSCs [33]. SOX-9 was reported to function as
an enhancer of Activin/TGFbeta signaling which in-
hibits the activation of HFSCs [34]. Thus we speculate
that HFSCs may provide sebaceous gland and epithe-
lial cell resources for the SNs. Although Noriyuki et

al. reported that K15-marks cell populations in the
bulge and base of a hair follicular infundibulum, K15
is also expressed in the SNs [22]. It remains unclear
whether bulge HFSCs contribute to SN development.
For the first time, our findings suggest that the bulge
HFSCs marked by CD34 and SOX-9 were activated in
SN development. Distinct from K15, CD34 was spe-
cifically expressed in the hair follicle bulge and SOX-9
in both the hair follicle bulge and secondary hair
germ. In the present study, CD34 and SOX-9 were
both expressed in the basal cells in the young and
older SNs. Similarly, Ki67 and BrdU were located in
the basal cells in the young and older SNs. Thus we
wondered whether bulge HFSCs were activated to
proliferate. Based on our data, SOX-9-positive HFSCs
in SNs partially colocalized with BrdU-labeled pro-
liferating sebocytes, indicating that these HFSCs were
activated to proliferate during SN development. Ac-
cordingly, our results show that bulge HFSCs marked
by CD34 and SOX-9 are located in the basal cells of
SNs and provide a cell source for SN development.
Wensheng et al. previously reported that continuous
TPA treatment could induce HFSCs to migrate to-
wards epidermis and differentiate into epidermal cells
[23]. Additionally, long-term TPA treatment was also
found to activate HFSCs and induce regeneration of
hair follicles [6, 19]. Thus, TPA may play an important
role in activating HFSCs in SN development and may
recruit HFSCs towards SGs and promote these cells to
differentiate into epithelial cells and sebocytes.

In the present study, we further confirmed that
[-catenin was indeed up-regulated in the basal cells of
SN sebaceous lobules. B-catenin is a key factor in
Wnt/p-catenin signaling pathway. Upon Wnt stimu-

http://www.medsci.org



Int. J. Med. Sci. 2014, Vol. ||

1027

lation, P-catenin degradation is inhibited [27].
[-catenin accumulates in the cytoplasm, travels to the
nucleus and forms transcriptional complexes with
TCF/LEF to activate Wnt target genes [28]. Nuclear
[B-catenin was thought as an indicator of activated
Wnt/beta-catenin signaling pathway [29]. Wnt10b, a
key ligand molecule in Wnt/-catenin signaling, was
also up-regulated in the basal cells. These data indi-
cate that Wnt10b/B-catenin signaling is activated in
the basal cells of sebaceous lobules in SNs. In support
of our data, B-catenin was reported to be upregulated
in the pathogenesis of sebaceous cell carcinoma of the
eyelid [24]. In addition, prostaglandin E2-induced
activation of the Wnt/p-catenin signaling pathway
was reported to be implicated in regulation of the
morphology, proliferation, and function of
three-dimensional culture of sebaceous glands [30].
Expression levels of prostaglandin E2 are able to be
increased by TPA [31]. Trempus et al. reported that
up-regulated p-catenin was involved in the initiation
and development of papilloma induced by
DMBA/TPA by maintaining the activity of
CD34-positive HFSCs [19]. Furthermore, [-catenin
was up-regulated in cultured GT1-1 neuronal cells
treated by TPA [25]. These results indicated that
Wntl0b/ f-catenin signaling is activated by continu-
ous TPA treatment in a small population of basal se-
baceous gland cells. However, it has also been re-
ported that the inhibition of interaction between
[-catenin and Lef-1 caused HFSCs to differentiate into

DMBA+TPA

Proliferation ?
Differentiation

Figure 5. Schematic drawing showed activated HFSCs contributed to SN
development. DMBA combined with TPA treatment disturbed the
homeostasis of SGs and induced SN development during which HFSCs
were activated and possibly induced to migrate towards SNs. And
Wntl|Ob/B-catenin signaling pathway was activated to promote
proliferation and differentiation of HFSCs in SNs.

sebocytes [26, 32]. Additionally, the Wnt/{-catenin
signaling pathway plays a vital role in proliferation
and differentiation of HFSCs towards hair follicular
keratinocytes [20, 29]. In our study, differentiation
markers of hair follicle keratinocytes were detected in
SNs. Thus, these findings combined with our data
suggest the Wnt/p-catenin signaling pathway may
activate HFSCs in SNs and promote them to differen-
tiate into hair follicle-like cells but not sebaceous
gland-like cells during SN development.

In conclusion, our study confirms that HFSCs
marked by CD34 and SOX-9 are located in the basal
cells of sebaceous lobules within SNs and involve in
SN development. During SN development, HFSCs are
activated to differentiate into sebocytes and epithelial
cells, and this process is regulated by the activation of
the Wnt10b/ -catenin signaling pathway (Fig.5). Our
findings advance the understanding of the relation-
ship between HFSCs and SN development, and also
show important clinical implications for therapeutic
advances in the treatment of SNs.
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