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Abstract

Bioengineering hair follicles using cells isolated from human tissue remains as a difficult task.
Dermal papilla (DP) cells are known to guide the growth and cycling activities of hair follicles by
interacting with keratinocytes. However, DP cells quickly lose their inductivity during /n vitro
passaging. Rodent DP cell cultures need external addition of chemical factors, including WNT and
BMP molecules, to maintain the hair inductive property. CD133 is expressed by a small
subpopulation of DP cells that are capable of inducing hair follicle formation /n vivo. We report
here that expression of a stabilized form of p-catenin promoted clonal growth of CD133-positive
(CD133+) DP cells in /n vitro three-dimensional hydrogel culture while maintaining expression of
DP markers, including alkaline phosphatase (AP), CD133, and Integrin a8. After a two-week /in
vitro culture, cultured CD133+ DP cells with up-regulated p-catenin activity led to an accelerated
in vivo hair growth in reconstituted skin than control cells. Further analysis showed that matrix
cell proliferation and differentiation were significantly promoted in hair follicles when $-catenin
signaling was upregulated in CD133+ DP cells. Our data highlight an important role for B-catenin
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signaling in promoting the inductive capability of CD133+ DP cells for /n vitro expansion and /in
vivo hair follicle regeneration, which could potentially be applied to cultured human DP cells.
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INTRODUCTION

Interactions between mesenchymal and epithelial cells are at the core of forming and
maintaining many tissues [1-3]. In the past decade tissue engineering has greatly benefitted
from a better understanding of the role of fibroblast cell populations and their contributions
to tissue formation and repair. A highly specialized fibroblast subpopulation is at the heart of
hair follicle biology, namely dermal papilla (DP) fibroblasts, and has been intensively
studied because of their hair—inducing capabilities [4]. The DP plays a critical role in the
activation of hair follicle stem cells (HFSCs) and their progenies required for a new cycle of
hair growth at the end of the resting phase (telogen) [5]. Following the onset of growth phase
(anagen), the DP continues to provide inducing signals to drive the proliferation and
differentiation of hair matrix cells forming the multiple layers of the outgrowing hair shaft
and the inner root sheath [5]. Clearly, DP cells are excellent candidates for tissue
bioengineering to generate functional skin substitutes for burn victims and patients with
alopecia.

Although DP cells from neonatal rodent skin or vibrissae can be used to induce de novo hair
follicle development and hair growth [6], the success of using DP cells in hair reconstitution
assays has been limited, especially when using human DP cells. Furthermore, DP cells
eventually will lose their hair-inducing capacity once cultured and expanded /n vitro[7]. To
maintain and even prolong these inductive properties in rodent DP cell cultures, external
addition of chemical factors, including WNT and BMP molecules, are needed [8, 9]. To
fully harness the ability of DP cells in conjunction with keratinocytes and melanocytes to
drive the self-assembly of a complex human hair follicle requires improved DP culture
methods, better tissue engineering techniques, and most importantly, a better comprehension
of the genes and pathways determining “DP-ness” [10].

Several markers specifically demarcate DP cells in the skin. However only a handful of these
markers have proven to be useful to study the DP. Alkaline phosphatase has become a
widely used marker to identify the DP [11]. Corin is a reliable DP marker and tool to study
the DP but only expresses in a short period of time during the hair cycle [12]. Some of the
best markers for DP cells that allow purification, targeting, and to distinguish them from
other dermal cell populations are Versican and CD133. Versican was the first anagen DP
marker to be identified [13]. CD133 has recently been widely considered to be a useful
marker for hair-inducing DP cells [14]. While the CD133+ DP cells isolated from embryonic
or adult DP had the ability to induce new hair follicles /n vivo, CD133- DP cells did not
[14]. Further studies using /n vitro three-dimensional hydrogel culture system and skin
reconstitution assays showed that CD133+ DP cells contributed to the establishment of the

FEBS J. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

RESULT

Page 3

DP in both primary and secondary hair follicles [15]. The findings strongly suggest that
CD133+ DP cells could be a major cell population in the DP that is capable of promoting
hair follicle regeneration and growth. However, it remains unclear how CD133+ DP cells
interact with HFSCs in the bulge and matrix keratinocytes in the hair bulb to rebuild the hair
follicle structure during anagen phase.

Using the above mentioned markers and tools, it has become clear that several key signaling
pathways are crucial for the formation, maintenance, and function of DP cells. One of them
is WNT/B-catenin signaling, which is essential for maintaining DP function /n vitroand in
vivo [8, 16]. To explore the relevance of activating f-catenin signaling in prolonging hair-
inducing properties of CD133+ DP cells in /n vitro culture and /n vivo hair follicle
induction, a stabilized AN-B-catenin protein was expressed in CD133+ DP cells for /n vitro
clonal expansion and /7 vivo skin reconstitution. Here, we show that cultured CD133+ DP
cells have enhanced abilities to grow /n vitro and induce trichogenesis /n vivo when -
catenin signaling is upregulated.

B-catenin signaling promotes clonal growth of CD133+ DP cells and preserves their DP
characteristics in vitro

To determine whether p-catenin signaling could be targeted to promote DP cell expansion in
culture and hair follicle neogenesis /n vivo, we generated a triple transgenic mouse line,
CD133-CreER'2 Rosa-rtTA; tetO-CtnnbI®N, which allows for controlled expression of AN-
B-catenin specifically in CD133+ DP cells. p-catenin protein encoded by CtrnbI2N could no
longer be degraded because it lacks 89 amino acids at the N-terminal (AN), which are the
target site of the ubiquitin-proteasome pathway (Fig. 1A). CD133-CreER™Z mice
specifically express a fusion protein (CreER) combining the Cre recombinase and a mutated
ligand-binding domain of the human estrogen receptor in CD133+ DP cells [17, 18]. In
Rosa-rtTA transgene, a loxP-flanked STOP cassette preventing the transcription of a CAG
promoter-driven tet reverse transactivator (rtTA) in the Rosa26 locus [19]. Expression of
rtTA will be initiated when Cre recombinase under the control of CD133 is activated to
remove STOP cassette when mice are administrated with tamoxifen. The expression of tTA
from CD133-CreER'2: Rosa-rtTA consequently allows the expression of AN-B-catenin from
tetO-CtnnbI®N if mice are fed with doxycycline diet.

As shown in Fig. 1B, induction of anagen hair growth in CD133-CreERZ, Rosa-rtTA, tetO-
CtnnbI®N mice and control littermates was induced by hair plucking at postnatal day 52
(P52). Six days later, at P58, when hair follicles entered early anagen, CD133+ DP cells
were labeled and isolated from the dermis using fluorescence-activated cell sorting (FACS).
The percentage of CD133+ DP cell population was always higher in the cell preparations
from CD133-CreER'Z, Rosa-rtTA, tetO-CtnnbI®N mice than control littermates (Fig. 1C).
As expected, quantitative polymerase chain reaction (QPCR) analysis showed that CD133+
DP cells isolated from CD133-CreER?: Rosa-rtTA; tetO-CtnnbI™N mice had higher level
of p-catenin expression than control littermates (Fig.1D). FACS-sorted CD133+ DP cells
were subsequently cultured using collagen-coated 6-well plates for one passage, and then
encapsulated in hydrogel (Extracel) and grown in AmnioMax C-100. Three-dimensional
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(3D) culture using hydrogel has previously been reported to maintain the hair-inducing
property of DP cells in /n vitro culture for up to 14 days [7, 15]. After 7 days in culture,
spheroids were formed from CD133+ DP cells of both genotypes, and spheroid size and
number continued to increase in both cases through day 14. However, while there was no
obvious difference at day 1, AN-B-catenin-expressing CD133+ DP cells gave rise to
significantly more spheroids (AN-B-catenin-expressing spheroids) in hydrogel culture than
control CD133+ cells at day 7 and 14 (Fig. 1E). As shown in Fig. 1F, there were 35 £ 7
spheroids per field (10X) formed from AN-B-catenin-expressing CD133+ DP cells while
only 15 + 6 spheroids formed from control DP cells at day 14. In addition, the average size
of AN-B-catenin-expressing spheroids was 61% bigger than that of control spheroids (Fig.
1G).

The AP activity has been used as a marker of DP cells and an indicator of their hair
inductivity /n vivo[11, 20]. At day 7 (Fig. 2A) and 14 (Fig. 2B), AP activity was detected in
both AN-B-catenin-expressing spheroids and controls. To investigate whether other DP
signature genes were expressed during hydrogel culture and whether their expression was
altered in AN-pB-catenin-expressing spheres [21], we isolated RNA from spheroids cultured
for 14 days in AmnioMax hydrogel and performed RT-PCR analysis (Fig. 2C). Level of p-
catenin in AN-B-catenin-expressing spheroids was 2.5 times higher than that in control
spheroids. Levels of AP (Alp/), CD133and Sox2were significantly increased in AN-f-
catenin-expressing spheroids. Expression of additional DP signature genes, including
Whtba, Alx3, Alx4, Fgf10, Bmpé6, were also increased in AN-B-catenin-expressing spheroids
as compared with control spheroids. However, levels of Corin, S100A4, a8 Integrin (/fgad)
were only slightly increased in AN-B-catenin-expressing spheroids. Collectively, the results
suggested that activating p-catenin signaling enhanced the ability of CD133+ DP cells to
grow and expand /7 vitro while maintain hair inductivity.

Activation of B-catenin signaling in CD133+ DP cells promotes hair follicle neogenesis and
accelerates hair growth in reconstituted skin

To determine whether AN-B-catenin-expressing CD133+ DP cells cultured in hydrogel
retained potency to induce de novo hair follicle formation, we performed skin reconstitution
assays by grafting cultured cells to full-thickness wounds in athymic nude mice. As shown
in Fig. 3A, AN-B-catenin-expressing CD133+ DP cells and control cells were released from
spheroids in hydrogel after 14-day culture. Epidermal keratinocytes and dermal cells were
freshly isolated from P2 wild type neonates. It was shown before that cultured DP cells need
helper fibroblasts in reconstituted skin to make hair follicles [15]. All three types of cells
were mixed and inoculated into dry collagen matrix for grafting. We counted the day of
grafting as day 0. Grafted nude mice were kept on a doxycycline (Dox) diet to maintain the
expression of AN-B-catenin in CD133+ DP cells. As reported previously, 21 days after
grafting, new hair shafts could be readily observed in nude mice grafted with both AN-B-
catenin-expressing CD133+ DP cells and control CD133+ DP cells (Fig. 3B). However, AN-
[3-catenin-expressing CD133+ DP cells formed more and longer hair shafts than control
CD133+ DP cells did.

FEBS J. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 5

Histological analysis confirmed the macroscopic observation of hair growth. As shown in
Fig. 3D, hair follicles in reconstituted skin containing AN-B-catenin-expressing CD133+ DP
cells exhibited a more advanced hair cycle stage than those in controls at day 21 (Fig. 3C).
As shown in Fig. 3E, an average of 28 + 6 hair follicles per field were counted in
reconstituted skin with AN-B-catenin-expressing CD133+ DP cells while control
reconstituted skin had 13 * 6 hair follicles. Further analysis of hair follicle stages revealed
that on average 71% of the hair follicles reached anagen stage 111 and 19% reached anagen
stage IV in reconstituted skin containing AN-B-catenin-expressing CD133+ DP cells. On the
contrary, roughly 67.5% of hair follicles in control still remained in anagen I and Il (Fig. 3F)
and only 27.5% reached anagen Il1.

Accelerated hair growth in reconstituted skin containing p-catenin-expressing CD133+ DP
cells is associated with increased matrix cell proliferation

Next, we evaluated the expression of epithelial and hair follicle structural markers, including
keratin 14 (basal layer) [22], keratin 10 (spinous layer) [22], keratin 15 (hair follicle stem
cells) [23], Sox9 (outer root sheath)[24], Gata3 (inner root sheath) [25], AE13 (hair shaft
cortex keratin) [26], and AE15 (medulla) [26], by immunostaining to determine whether
their expression levels were consistent with hair follicle morphology. At day 21, expression
of keratin 14 and keratin 10 was comparable between B-catenin-expressing grafts (Fig. 4E
and 4F) and control grafts (Fig. 4A and 4B), suggesting that AN-f-catenin-expressing
CD133+ DP cells did not contribute to the wound healing process associated with the
grafting process. Immunostaining for the expression of Keratin 15 did not show any
abnormality (indicated by yellow arrows in Fig. 4C and 4G), indicating that the stem cell
pool for hair follicle morphogenesis and postnatal cycling was not affected. Expression of
AE13 was present in both hair follicles, but its expression was much higher in hair follicles
containing the AN-B-catenin-expressing CD133+ DP cells (Fig. 4H). Levels of Sox9 and
Gata3 expression in the outer and inner root sheaths respectively were higher in hair follicles
from reconstituted skin containing AN-B-catenin-expressing CD133+ DP cells (Fig. 4M and
4N) than in control hair follicles (Fig. 41 and 4J). Versican is a marker for DP cells in anagen
hair follicles [27]. As shown in Fig. 40, the size of the Versican+ DP cell population in AN-
[3-catenin-expressing hair follicles as revealed by immunostaining was larger than that of
control DPs (Fig. 4K). Sox2 is considered to be a marker for the DP that specifies particular
hair follicle types [28]. No significant difference in Sox2 expression was seen between
control (Fig. 4L) and mutant hair follicles (Fig. 40). Both reconstituted skins contained
Sox2+ hair follicles (indicated by yellow arrows) and Sox2- hair follicles (indicated by
white arrows).

To identify the underlying causes of accelerated hair growth in reconstituted skin generated
from cell mixtures that contained AN-B-catenin-expressing CD133+ DP cells, we evaluated
the proliferation and differentiation states of different cell populations in hair follicles by
immunostaining to detect incorporated BrdU in hair matrix cells and to detect Lefl in hair
shaft progenitor cells [29]. As shown in Fig. 5C, there was increased BrdU incorporation in
the hair matrix of hair follicles regenerated from AN-B-catenin-expressing CD133+ DP cells
as compared with control follicles (Fig. 5A). As compared with control hair follicles (Fig.
5B), there were greatly increased numbers of Lefl+ hair shaft precursor cells in hair follicles
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that contain AN-pB-catenin-expressing CD133+ DP cells (Fig. 5D). In summary, the data
clearly showed that activating -catenin signaling in CD133+ DP cells enhanced hair follicle
regeneration.

DISCUSSION

Life-threatening burn wounds require rapid wound closure. The ultimate goal in clinical
approaches to wound healing is to restore all skin functions, including sensitivity, elasticity,
normal skin structure, and the function of its adnexa [30]. Currently the gold standard in
treating severe burns is the early excision of necrotic tissues followed by wound coverage
using autologous split-thickness skin grafts harvested from non-burned parts of the patient’s
body. Because of the difficulty of obtaining sufficient donor skin from victims of large
burns, alternative techniques for achieving rapid wound closure have been explored. The
development of engineered skin replacement to cover burn wounds has provided significant
medical benefits [31, 32]. However, because most skin substitutes consist of only one or two
cell types, they are not able to provide every function of authentic skin, such as the presence
of cycling hair follicles [33]. Such limitation emphasizes the urgent need for a better
understanding of molecular mechanisms that could be targeted for bioengineering hair
follicles in skin substitutes.

Two critical cell types necessary to produce and maintain hair follicles are fibroblasts in the
DP and dermal sheath (DS) and keratinocytes in the epithelial compartment [21]. While
keratinocytes are the primary constituents of hair follicles that generate the hair structure
[34], it has long been recognized that the growth and cycling activities of hair follicles are
largely guided by DP cells. However, after a few passages, cultured DP cells lose their
trichogenic properties [35]. Therefore, there remain three major issues that prevent the
application of DP cells for hair follicle reconstitution: the isolation of DP cells that possess
hair-inducing capability, their expansion /n7 vitro without losing hair inductivity, and the
induction of new hair follicle formation in vivo in engineered skin substitutes [10].

Here we report that B-catenin signaling promotes /n vitro clonal growth and /n vivo hair
induction capabilities of CD133+ DP cells. Although the DP is considered to be static and
does not proliferate much, the composition of the DP is heterogeneous and dynamic [5]. In
murine DP, distinct DP cell subpopulations could be identified based on the expression of
different surface markers, including CD133 and Sox2 [36]. CD133+ DP cells have been
demonstrated as possessing unique ability to induce hair follicle regeneration [14]. However,
CD133+ DP cells have not been tested for their ability to induce hair growth after an
extended period of /n vitro culture. We have generated a triple transgenic mouse model,
CD133-CreER'2 Rosa-rtTA; tetO-CtnnbI®N, which inducibly expresses a AN-B-catenin
protein in CD133+ DP cells.

DP cells rarely proliferate /n vivoand are difficult to expand /in vitro. 3D cultures provides
useful model system to mimic and study the complex /7 vivo environment [37], including
the growth factor gradients and cell-cell contacts of the DP microenvironment that is critical
for DP cell growth and the maintenance of hair-inducing properties. Different types of 3D
spheroids have been shown to be capable of maintaining hair follicle inductivity in both
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human and rodent DP cells [15, 38]. We adopted a 3D hydrogel culture system that was
described previously by the Watt group [15]. Our observation is consistent with prior reports
that CD133+ DP cells proliferate and form spheroids in /n vitro 3D hydrogels.

It was reported before that specific Wnts, including Wnt3a and Wnt7a, were required in /n
vitro DP cell culture to maintain their DP-specific gene expression activity to induce hair
formation in reconstituted murine skin [8, 35]. Wnt signaling is transmitted through nuclear
j-catenin signaling and activates gene expression required for anagen DP cells [39]. Our
approach to activate -catenin signaling in CD133+ DP cells by expressing AN-f3-catenin
achieves the same effects as the external addition of Wnt molecules but may provide
additional stimulatory effects. Interestingly, expression of AN-B-catenin in CD133+ DP cells
led to an increased number of spheroids in 3D hydrogels. Furthermore, DP spheroids formed
by AN-B-catenin-expressing CD133+ DP cells were larger than those formed from normal
CD133+ DP cells. Overall, our data suggest that up-regulating f-catenin signaling not only
enhances the survival and proliferation of CD133+ DP cells in /n vitro culture, but also
effectively promotes their abilities to grow and form spheroids from single cells and
maintain hair inductivity.

A series of genes characteristic for the DP has been identified and confirmed to be important
for hair inductivity [9, 21]. We confirmed that expression of specific signature genes
associated with DP inductivity, including CD133, Sox2, Alp/and igta8, was up-regulated in
cultured CD133+ DP cells that expressed AN-B-catenin, which was consistent with the hair
phenotype observed in the /77 vivo skin reconstitution assay. In a recent publication from
Christiano group [38], they showed that expression of genes in the “Wnt receptor signaling
pathways” were disrupted in 2D cultured human DP cells. Furthermore, they demonstrated
that the transcriptional profile for DP inductivity was partially restored when human DP
cells were cultured in 3D hanging drop culture, which is similar to our 3D hydrogel culture
system. Their findings were in agreement with our data as expression of AN-B-catenin in
CD133+ DP cells using 3D hydrogel culture enhanced the expression of DP signature genes
that are essential indicators of /7 vivo DP inductivity. However, one needs to be cautious
when correlating and comparing data from these two different studies since the sources and
genetic manipulations of DP cells were different.

Formation of new hair follicles in reconstituted skin is a direct indicator of inductivity of
cultured DP cells. Inclusion of P2 dermal cells is a strategic decision for us to make sure
skin reconstitution assays will succeed. The critical factor here is the limited number of
CD133+ DP cells in our experimental system, even after the /n vitro expansion. Considering
CD133+ DP cells are required to do multiple jobs in skin reconstitution, including hair
follicle formation and the formation of the dermis on the back of nude mice in order to heal
the wound, a large-scale /n vitro DP cell culture would be needed if we were to test hair
follicle induction in reconstituted skin using only CD133+ DP cells. Furthermore, it was
reported before that CD133+ DP cells failed to induce hair follicle formation without DP
helper cells [15]. Based on this information, we, decided that inclusion of P2 dermal cells is
most likely critical and practical for our experiments. Nevertheless, in future experiments, it
will be interesting to determine whether CD133+ DP cells by themselves are indeed unable
induce hair follicle formation.
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The epidermis was restored normally in the wounding area, suggesting CD133+ DP cells did
not contribute to the wound healing process. While normal CD133+ DP cells maintained
their hair inductivity after 2-weeks in 3D cultures, AN-B-catenin-expressing CD133+ DP
cells led to increased number of newly formed hair follicles in skin reconstitution assays. We
did not observe any indication of abnormal activation of hair follicle stem cells. Therefore,
strong proliferation of CD133+ DP cells after grafting induced by AN-B-catenin could be the
major reason for this increased hair follicle formation. On the other hand, this finding also
clearly demonstrated that CD133+ DP cells are involved in early stage hair follicle
morphogenesis. It was reported previously that CD133 is expressed in dermal condensate
cells during stage 2-5 of murine hair morphogenesis [18, 40]. Our data indicate that
involvement of CD133+ DP cells, possibly interacting with epidermal progenitor cells, is a
critical step in hair follicle neogenesis. However, further experiments are needed to
characterize their exact roles and functions in hair follicle morphogenesis.

A number of studies have shown that Sox2+CD133+ DP cells lead to guard/awl/auchene
hair follicles while Sox2-CD133+ DP cells generate zigzag hairs [15, 28]. Since we did not
separate sorted CD133+ DP cells based on their Sox2 expression, we, however, did not
expect that any specific hair type would preferentially form in reconstituted skin. This
expectation was also consistent with reports by Driskell et al. that using CD133+ DP cells
led to the formation of different hair types in murine skin reconstitution assay [15].
Furthermore, we evaluated the expression of Sox2 in reconstituted skin and confirmed that
not all hair follicles express Sox2 in the DP, indicating that different hair types were formed.

Our observation also showed that growth of newly formed hair follicles was accelerated
when AN-B-catenin was expressed in CD133+ DP cells. This phenotype was consistent with
our /n vivo observation that CD133+ DP cells induced increased proliferation in matrix
keratinocytes following the expression of AN-B-catenin (data not shown). Furthermore, the
phenotypes were in agreement with what was reported by Christiano and coworkers that
Whnt receptor signaling pathway is crucial for hair-follicle morphogenesis and inductive
potential in the papilla cells [38]. Direct or indirect signaling interactions between CD133+
DP cells and hair matrix cells may account for accelerated proliferation and differentiation
in both the epidermal and DP compartments.

In conclusion, there was a clear correlation between up-regulation of B-catenin signaling in
CD133+ DP cells, maintenance of hair inductivity while culturing /n vitro, and enhanced /in
vivo hair formation. While our studies have been accomplished using genetically engineered
mice, the findings could be valuable for future works that aim to induce hair follicle
neogenesis and regeneration.

MATERIAL AND METHODS

Mice

CD133-CreER™? (Prom1€-1) mice were generated as described previously [17]. Rosa-rtTA

(Jax 005670) and immunodeficient nude (Jax 002019) mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). TetO-CtnnbI®N transgenic mice were generated in Dr. Sarah

Millar’s laboratory. For the generation of tetO-CtnnbI®N transgenic mice, a 2.1-kb gene
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fragment encoding an N-terminal truncated (deleting the first 89 amino acids) mouse -
catenin plus Kozak sequence was amplified by reverse transcription polymerase chain
reaction (RT-PCR) from RNA extracted from an embryonic day 14.5 (E14.5) mouse embryo
and cloned into the unique BamHI and Xbal sites of a pTLE-Tight vector. The transgene
was linearized by digestion with Xhol and injected into fertilized mouse eggs for transgenic
founder production. Three mouse lines were generated and all animals were of normal size
and did not exhibit any skin phenotypes. All mice were housed in the Laboratory Animal
Services Facility of University of Cincinnati under an artificial 12/12 light-dark cycle and
were allowed free access to normal mouse feedings and water. The Institutional Animal Care
and Use Committee of the University of Cincinnati approved all experimental procedures
involving mice.

tetO-CtnnbI™N was crossed with CD133-CreER™? mice and Rosa-rtTA mice for several
generations to generate CD133-CreER'2; Rosa-rtTA; tetO-CtnnbI™N triple transgenic mice.
Mice were genotyped by PCR analysis of genomic DNA extracted from tail biopsies. The
presence of CreER? transgene in CD133locus was genotyped using forward primer:
CAGGCTGTTAGCTTGGGTTC and reverse primer 1: AGGCAAATTTTGGTGTACGG.
CD133 wild-type allele was genotyped using forward primer with reverse primer 2:
TAGCGTGGTCATGAAGCAAC. Rosa-rtTA was genotyped by PCR using forward primer:
AAGTTCATCTGCACCACCG and reverse primer: TCCTTGAAGAAGATGGTGCG. AN-
[3-catenin transgene was genotyped by PCR using forward primer:
CCTTGTATCACCATGGACCCTCAT and reverse primer:
TAGTGGGATGAGCAGCGTCAAACT. Standard PCR cycle protocol was used.

Isolation of CD133+ DP cells

Isolation and sorting of CD133+ DP cells were performed as previously described with
modification [14]. Briefly, adult mice were placed on chow containing 6g/kg doxycycline
(Bio-Serv, Laurel, MD) at postnatal day 50 (P50). To induce Cre activity, tamoxifen (TAM)
(Sigma-Aldrich, St. Louis, MO) in corn oil (10 mg/ml) was simultaneously administered to
mice by intraperitoneal injection at 1mg/g body weight once a day until P56. All mice were
depilated at P52 to induce a synchronized hair cycle. Skin from plucked areas was harvested
for CD133+ DP cell isolation at P58. Collected skin pieces were floated in 0.1% dispase
(Thermo Fisher, Waltham, MA) at 37_°C for 2 hours to separate epidermis and dermis. The
entire epidermis was then discarded, and the dermis was treated with 0.5% collagenase 1V
(Thermo Fisher, Waltham, MA). Dissociated dermal cells were collected by centrifugation
and followed by resuspension in 100 pl of culture medium and incubation with APC-
conjugated-anti-CD133 antibodies (eBioscience, San Diego, CA, 1:50) for 30 min at 4°C.
Cell sorting was performed using a MoFlo high-speed sorter (Dako Cytomation, Carpinteria,
CA).

DP Cell culture

Sorted CD133+ cells were seeded in AmnioMAX™ C-100 Medium (Thermo Fisher,
Waltham, MA) in 6-well culture plates, which were pre-coated with collagen I, for
expansion. Cells were incubated at 37_°C with 5% CO,, and the medium was changed every
2 days. After one passage in 2D culture, cells were typsinized, collected and then
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encapsulated at a density of 106 cells/ml in Extracel hydrogel in wells of 24-well plate
(Glycosan Biosystems, Salt Lake City, UT) according to the manufacturer's instructions.
Evaluation of AP activity was detected using VECTOR Red Alkaline Phosphatase Substrate
Kit (\ector lab, Burlingame, CA). Pictures of spheroids in hydrogel in 24-well plate were
taken under a bright-field microscope at 10x magnification. At least 5 random but
representative fields from each well were selected, and the number of AP-positive spheroids
was manually counted for each field. The measurement and analysis of spheroids size was
performed using ImageJ program.

To retrieve cells, hydrogels were incubated for 2 hours at 37 °C in 1x collagenase/
hyaluronidase (StemCell Technologies, Vancouver, Canada) in AmnioMax basal medium
without adding supplement solution. Cultured spheroids were recovered by centrifuging at
500 x g for 5 minutes. Then, spheroids were treated with 0.25% Trypsin-EDTA at 37 °C and
pipetted up and down every 5 min to generate single DP cell suspension. After by adding
10% FBS to stop the trypsin activity, CD133+ DP cells were collected by centrifuging at
1000 x g for 5 minutes and resuspended in AmnioMax medium. Cell number was counted
using a hemocytometer.

Quantitative real-time PCR

Total RNA was isolated from cells and spheroids using the RNeasy Micro Kit from Qiagen
(Valencia, CA), and reverse-transcribed to complementary DNA (cDNA) using the
Superscript 1 kit (Invitrogen, Carlsbad, CA). qPCR reactions were performed using the
Power SYBR green dye in the StepOnePlus™ Real-Time PCR system (Applied Biosystems,
Foster City, CA). gPCR primers for f-catenin (ctnnbl), Sox2, CD133, Corin, Alpl, Itga8,
Bmp6, Wnt5a, Alx3, Alx4, SA1004 and Fgf10 were purchased from Real Time Primers,
LLC (Elkins Park, PA). All gPCR data were normalized to GAPDH expression.

Skin reconstitution assay

Skin grafting was performed according to published procedures [41] . For each mouse, a mix
of 2 x 10% epidermal cells, 5 x 106 freshly isolated wild-type dermal cells, and 5 x 103
cultured CD133+ DP cells released from hydrogels was used for reconstitution assay.
Cultured CD133+ DP cells were disaggregated from DP spheroids in hydrogel using trypsin/
EDTA. To get freshly isolated epidermal and dermal cells, the trunk skin of P2 neonatal
mice was dissected and epidermis and dermis were separated by floating the skin in 0.1%
dispase at 37_°C for 2 hours. Subsequently, epidermis was dissociated into a cell suspension
by cutting into fine pieces and digested in 0.25% trypsin-EDTA for 15 minutes. Dermis was
dissociated in warm 0.25% collagenase 1V solution (Thermo Fisher, Waltham, MA) for 30
minutes at 37_°C with manual stirring every 15 minutes using a serological pipette.
Collagenase and trypsin activities were stopped by washing cells in medium containing a
10% fetal bovine serum (FBS). Prepared cells were filtered through a 70 mm cell strainer
followed with a 40mm cell strainer to ensure single cell suspension and exclude as many
tissue clumps as possible.

Freshly isolated epidermal cells, dermal cells and CD133+ DP cells were mixed in 150 pl
medium and seeded onto the undersurface of a dry collagen matrix for 30 minutes, which
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was produced in Dr. Steven Boyce’s laboratory. The collagen matrix with cells were then
flipped onto a 1.5 X 1.5 cm full-thickness wound on the back of nude mice and sutured.
Sterile dressings were applied to provide constant pressure to the graft so that it would
adhere to the wound bed. Dressings were removed for inspection days 5 post-grafting.

Histology and immunohistochemistry

Reconstituted skin biopsies were prepared for histological analysis, BrdU incorporation
assays, TUNEL assays and immunostaining according to published protocols [42]. Paraffin
sections were deparaffinized, rehydrated and then demasked in citrate buffer (pH6.0) using
the microwave heating method. Frozen sections were fixed with —20°C acetone for 10
minutes before immunostaining. After washing with phosphate-buffered saline (PBS),
sections were blocked in 10% bovine serum albumin (BSA) in PBS, and subsequently
incubated at 4°C overnight with each primary antibody. Next, the slides were washed again
with PBS for three times, incubated with the corresponding biotin-conjugated secondary
antibodies (\Vector lab, Burlingame, CA) at room temperature for 1 h, and followed by
incubating with either fluorochrome-labeled Streptavidin for immunofluorescence or
VECTASTAIN Elite ABC Reagents (Vector lab) for immunohistochemistry. The slides were
examined and images were taken using a Nikon Eclipse 80i fluorescence microscope.

The following primary antibodies were used: anti-CD133 (eBioscience, 1:50), anti-B-catenin
(Invitrogen, 15B8, 1:1000), anti-BrdU (Abcam, BU1/75, 1:25), anti-Lefl (Cell signaling,
1:100), anti-K14 (Covance, 1:1000), anti-K10 (Biolegend, 1:1000), anti-K15 (\ector lab,
1:50), anti-Versican (Millipore, 1:200), anti-AE13 (1:25), anti-AE15 (1:25), anti-Sox9
(Millipore, 1:100), and anti-Gata3 (Santa Cruz Biotechnology, 1:50). AE13 and AE15
antibodies were kind gifts from Dr. Tung-Tien Sun (New York University Medical School,
New York, NY).

Statistical analysis

Data were analyzed using a GraphPad Prism 5.01 software package (GraphPad Software
Inc., San Diego, CA, USA) and expressed as the mean + SEM. Statistical analysis of
difference was carried out by Student’s t-test. All graphs were generated using Microsoft
Excel. Differences are considered significant at p < 0.05.

Acknowledgments

We thank Dr. Richard J. Gilbertson and the St Jude Children’s Research Hospital f for CD133-CreeRT?
(Pram.ZC'L) mice. This work was supported by NIAMS R03 AR062788-01 (Y.Z.) and Institutional Clinical and
Translational Science Award, NIH/NCRR Grant Number UL1RR026314.

Abbreviation
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AP (Alpl) alkaline phosphatase
HFSCs hair follicle stem cells

rTA reverse tetracycline-controlled transactivator
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Figure 1. Generation and expansion of AN-B-catenin-expressing CD133+ DP cells in in vitro
hydrogel culture

A. Overview of fetO-CtnnbI™N transgenic construct. B. Scheme of mouse induction, skin
biology, isolation of CD133+ DP cells and hydrogel culture. C. Representative flow
cytometry plots showing a unique CD133+ DP cell population labeled by an APC-conjugate
anti-CD133 antibody (n=6). D. Comparison of 3-catenin expression between CD133+ DP
cells isolated from CD133-CreER'2; Rosa-rtTA, tetO-CtnnbI™N mice and control
littermates of genotype Rosa-rtTA, tetO-CtnnbI™N or CD133-CreERZ; Rosa-rtTA by qPCR
(n=6). E. Representative pictures showing spheroids in hydrogel at day 1, 7 and 14. Upper
panels: control CD133+ DP cells; lower panels: AN-B-catenin-expressing CD133+ DP cells
from CD133-CreER'?: Rosa-rtTA; tetO-CtnnbI™N mice (n=6). F. Comparison of numbers
of spheroids formed by AN-B-catenin-expressing and control CD133+ DP cells counted in
each field under an inverted microscope (10x). At least 5 random fields were picked to count
for each well (n=3). G. Sizes of spheroids formed by CD133+ DP cells in hydrogel were
measured using ImagelJ. At least 30 spheroids formed by control or -catenin-expressing
CD133+ DP cells were measured and averaged. Relative size difference was calculated by
setting control spheroid size to 1.

FEBS J. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhou et al.

(9]

Relative expression level

Relative expression level

3.5

2.5

1.5

0.5

3.5

2.5

1.5

0.5 1

Control CD133-CreER"?; Rosa-rtTA; B
tetO-Ctnnb 12N
~ S
>
5 5
a o
P=0.035 P=0.6886 P=0.0101 18 -
1.6 6 1'6 |
:'4 1 51 14
2 o] 12
1 1]
0.8 - 3 08 -
0.6 - ] 0.6 -
I | 2
0.4 0.4
0.2 1 B 02
L, 0 - 0- 0
p-catenin Corin Alpl
P=0.0356 2.5 1 P=001457 P=0.05452
2.5 25
2 5 2
1.5 1 15 15
11 o 1 1
I I
0.5 0.5 0.5
0 - 0 0
CcD133 Sox2 Alx3
CD133-CreERT?; Rosa-rtTA B8 CD133-CreERT™; Rosa-ItTA; tetO-Ctnnb 12N

Page 16
Control CD133-CreER™%; Rosa-rtTA;
tetO-Ctnnb1AN
P=0.3902 P=0.02368 P=0.029
9 -
8
7] 2.5
I 6 | 2
51 15 |
4-
3 i d
2
11 & 0.5 -
0
Itga8 Bmp6 Wnt5a
P=0.04202 2 P=0.8439 = P=0.0418
1.5 41
3
1
I 2
0.5 1 I
0 0
Alx4 SA1004 Fgf10

Figure 2. Upregulated expression of dermal papilla signature genes in AN-B-catenin-expressing

CD133+ DP cells in hydrogel culture

A. AP staining of cultured spheroids formed by control (left) and AN-pB-catenin-expressing
(right) CD133+ DP cells in hydrogel at day 7. B. AP staining of cultured spheroids formed
by control (left) and AN-B-catenin-expressing (right) CD133+ DP cells in hydrogel at day
14. C. Quantitative real-time PCR analysis of expression of DP signature genes, including -
catenin (CtnnbI), Corin, CD133, AP (A/p)), Integrin a8 (/tga8), Sox2, Bmp6, Wnt5a, Alx3,

Alx4, S100A4, Fgf10. The Y-axis represents fold change in expression with the level in

control set to 1 (n=6).
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Figure 3. AN-B-catenin-expressing CD133+ DP cells induce accelerated hair growth in
reconstituted skin

A. Schematic representation of hair reconstitution assays. Spheroids were released by
disaggregating hydrogels and dissociated to release CD133+ DP cells. Same number of
control or B-catenin-expressing CD133+ DP cells mixed with P2 dermal cells and epidermal
cells was grafted onto nude mice and observed for hair follicle formation, respectively. B.
Appearance of newly formed hairs at day 10 and day 21 after grafting. Upper panels: control
group containing normal CD133+ DP cells; lower panels: CD133-CreER'?; Rosa-rtTA;
tetO-CtnnbI®N group containing B-catenin-expressing CD133+ DP cells (n=5). Skin
biopsies from hair bearing wound area of mice grafted with CD133-CreER™Z, Rosa-rtTA,
tetO-CtnnbI®N DP cells (D) or control CD133+ DP cells (C) were stained with H&E and
photographed at indicated stages. Scale bars: 100 um. E. Hair follicle numbers in
reconstituted skin formed by either control and -catenin-expressing CD133+ DP cells were
counted in each field after H&E staining. At least 3 random fields were selected and counted
for each reconstituted skin sample (n=3). F. Hair follicles at different anagen stages were
counted on H&E stained reconstituted skin samples according to the classification system
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published previously (1). At least 3 random fields were picked and counted for each
reconstituted skin sample (n=3).
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Figure 4. Activation of B-catenin signaling in CD133+ DP cells accelerates hair follicle growth
5-um-thick paraffin slides from reconstituted skin at day 21 were processed for

immunofluorescent staining of following markers: K14 for basal epidermis (control: A;
mutant: E), K10 for suprabasal epidermis (control: B; mutant F), K15 for hair follicle stem
cells and secondary hair germ (control: C; mutant G), AE13 for hair keratins (control: D;
mutant: H), Gata3 for inner root sheath (control: I; mutant: M), Sox 9 for outer root sheath
(control: J; mutant: N), Versican for anagen DP (control: K; mutant: O) and Sox2 (control:
L; mutant: P). Sections were nuclear counterstained with DAPI (blue). Images shown are
representative of at least three replicates. Scale bars: 200 pm.
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Figure 5. AN-B-catenin-expressing CD133+ DP cells lead to increased proliferation and
differentiation in newly formed hair follicles in reconstituted skin

Expression of BrdU (red) and Lef1 (red) was examined on skin samples collected from hair
bearing reconstituted skin at day 21 of both the CD133-CreER™?; Rosa-rtTA, tetO-
CtnnbI®N group (C, D) and control group (A, B). At least five mice were analyzed for each
group. Scale bars: 200 um.

FEBS J. Author manuscript; available in PMC 2017 August 01.



	Abstract
	INTRODUCTION
	RESULT
	β-catenin signaling promotes clonal growth of CD133+ DP cells and preserves their DP characteristics in vitro
	Activation of β-catenin signaling in CD133+ DP cells promotes hair follicle neogenesis and accelerates hair growth in reconstituted skin
	Accelerated hair growth in reconstituted skin containing β-catenin-expressing CD133+ DP cells is associated with increased matrix cell proliferation

	DISCUSSION
	MATERIAL AND METHODS
	Mice
	Isolation of CD133+ DP cells
	DP Cell culture
	Quantitative real-time PCR
	Skin reconstitution assay
	Histology and immunohistochemistry
	Statistical analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

