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Unlike the epidermis, which regenerates continually, hair
follicles anchored in the subcutis periodically regenerate by
spontaneous repetitive cycles of growth (anagen), degenera-
tion (catagen), and rest (telogen). The loss of hair follicles
in response to injuries or pathologies such as alopecia endan-
gers certain inherent functions of the skin. Thus, it is of inter-
est to understand mechanisms underlying follicular regenera-
tion in adults. In this work, a phytochemical rich in the
natural vitamin E tocotrienol (TRF) served as a productive
tool to unveil a novel epidermal pathway of hair follicular
regeneration. Topical TRF application markedly induced
epidermal hair follicle development akin to that during fetal
skin development. This was observed in the skin of healthy
as well as diabetic mice, which are known to be resistant to
anagen hair cycling. TRF suppressed epidermal E-cadherin
followed by 4-fold induction of b-catenin and its nuclear
translocation. Nuclear b-catenin interacted with Tcf3. Such
sequestration of Tcf3 from its otherwise known function to
repress pluripotent factors induced the plasticity factors
Oct4, Sox9, Klf4, c-Myc, and Nanog. Pharmacological in-
hibition of b-catenin arrested anagen hair cycling by TRF.
This work reports epidermal E-cadherin/b-catenin as a novel
pathway capable of inducing developmental folliculogenesis
in the adult skin.
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INTRODUCTION
Mammalian hair follicles harbor a multipotent stem cell niche of
diverse developmental origin that continuously self-renew, differen-
tiate, regulate hair growth, and contribute to skin homeostasis. Hair
follicle neogenesis may also replenish the stem cell pool for skin
rejuvenation and regenerative healing.1 Post-natal hair follicles
regenerate periodically by spontaneous cycle of growth (anagen),
apoptosis-driven regression (catagen), and relative quiescence (telo-
gen).2 Developmentally, hair follicle morphogenesis takes place
during the late embryonic and early neonatal periods.3,4 It begins
with the formation of a small cluster of epithelial placodes that is
marked by the expression of cytokeratin 17 and Lgr6.5,6 However,
de novo formation of hair follicles is typically not observed in adults,
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except during wound-induced activation of the epidermal Wnt/
b-catenin pathway.7–9

Our previous works recognized tocotrienol as a potent neuroprotec-
tive agent.10–14 Compared to the widely known form of vitamin E
tocopherol, tocotrienol has a similar phenolic head. However, instead
of saturated phytyl tail in tocopherol, tocotrienol has an isoprenoid
tail.15 During studies testing the effect of tocotrienol on peripheral
neuropathy, we were struck by an unexpected observation that
murine skin topically treated with tocotrienol showed more robust
hair growth. Although there is anecdotal evidence reported in the
literature claiming improvement of hair growth in humans by
tocotrienol,16 the underlying mechanisms remain elusive. Thus, the
objective of the present study was to unveil the mechanism of toco-
trienol-induced hair folliculogenesis in the adult skin.
RESULTS
Induction of Anagen Hair Cycling in Skin

Topical application of tocotrienol-rich fraction (TRF) on depilated
murine dorsal skin induced anagen hair growth, as detected by skin
color change from pink to black (Figure 1A). Higher magnification
images using Dermascope (Cyberderm) showed thick, black hair
shafts of anagen hairs in the TRF-treated group, compared to the
telogenhairs of the corresponding placebo (PBO) group at day 21 (Fig-
ure 1B). H&E staining revealed a significant increase in the number of
anagen hair follicles extending deep into subcutaneous fat following
TRF treatment (Figures 1C and S1A). Enumeration of hair follicles
showed significant increase in the number of anagen hair follicles at
days 7, 14, and 21 following TRF treatment (Figure 1C). Anagen tran-
sition in leptin-receptor-deficient db/dbmice is known to be retarded,
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Figure 1. Induction of Epidermal Anagen Hair Cycling in Skin

(A) Photomicrographs of mouse dorsal skin at day 7 and day 21 showing induction

of anagen hair cycling in TRF-treated shaved skin. (B) Dermascopic images from

insets in (A) of the dorsal mouse skin at day 7 and day 21. TRF induced anagen hair

on day 21. (C) Photomicrograph of formalin-fixed, paraffin-embedded H&E-stained

sections showing more anagen hair follicles with dermal papillae reaching the

subcutaneous fat layer in TRF-treated sections at day 21. Scale bars, 500 mm. Inset:

close-up of a hair follicle with outer root sheath (ORS), inner root sheath (IRS), cortex

(C), and medulla (M). Hair follicles were quantified from H&E-stained sections. Data

are mean ± SD (n = 6). *p < 0.001.
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compared to wild-type (WT) mice17 (Figure S1B). To study the effect
of TRF on anagen hair cycling in db/db mice, TRF was applied on de-
pilated dorsal skin of db/db mice for 21 days. While the PBO mouse
group remained in telogen phase, as noted by the pink color of the dor-
sal skin, TRF-treated mice showed induction of anagen, as evident by
the black color of dorsal skin at day 21 (Figure S1C). Histomorpho-
metric quantitation of the number of anagen hair follicles in db/db
mice showed a significant increase in the TRF group, compared with
the corresponding PBO group, where the hair follicles remained in
telogen phase (Figure S1D).
Developmental Hair Folliculogenesis in the Adult Skin

LGR6, a fetal stem cell marker, is abundant in fetal murine skin
(Figure 2A). TRF induced LGR6 in the adult skin (Figure 2A). Char-
acteristic features of hair follicle development, such as “placode,”
“hair germ,” “hair peg” and “bulbous peg,” were evident in murine
fetal skin (embryos on day 18.5 of gestation [E18.5]) (Figure 2B).
Such characteristics were not shared by the adult skin. However,
topical TRF application for 7 days resulted in the manifestation of
the above mentioned fetal characteristics of hair follicular develop-
ment in the adult skin (Figure 2C).

Epidermal Keratinocyte Proliferation

While sharply minimized in homeostatic adult skin, active cell prolif-
eration is a hallmark characteristic of developing fetal skin.18 Topical
application of TRF stimulated skin cell proliferation, as detected in
repTOPmitoIRE mice using an in vivo imaging system (IVIS)
(Figure 3A). This observation was substantiated by immunohisto-
chemical studies demonstrating the presence of Ki67+ cells in the
epidermis and hair follicles (Figure 3B). Such keratinocyte prolifera-
tion caused by topical TRF application resulted in epidermal thick-
ening (Figure 3C).

Epidermal Junctional Protein Expression in Hair

Folliculogenesis

Of the five junctional proteins studied—i.e., claudin, occludins, ZO-1,
ZO-2, and E-cadherin—topical TRF treatment significantly decreased
the expression of claudin, ZO-2, and E-cadherin expression (Fig-
ure 4A). No such change was observed in ZO-1 and occludin (Fig-
ure S2A). Consistent with its effect on suppressing the above
mentioned three junctional proteins, topical TRF treatment partly
compromised skin barrier function (Figure 4B). In vitro studies
with human keratinocytes (HaCaT cells) showed that exposure to
pure tocotrienol causes a sharp decrease in membrane E-cadherin
expression associated with nuclear translocation of b-catenin (Fig-
ure 4C). Such nuclear translocation of b-catenin was also observed
when HaCaT cells were exposed to TRF (Figure S2B).

Inducible b-Catenin Expression and Nuclear Translocation

In developmental folliculogenesis, b-catenin represents a major
signaling hub.19 In keratinocytes of developing fetal skin, activated
b-catenin is primarily localized in the nucleus (Figure S3A). Topical
application of TRF on adult murine skin resulted in potent induction
and activation of epidermal b-catenin, as manifested by higher
expression and nuclear translocation (Figures 5A, 5B, and S3B).
Such observation, akin to the fetal phenotype, is in contrast with
what is typically observed in the resting adult skin (Figure S3B). In
human keratinocytes, knockdown of E-cadherin caused the translo-
cation of membrane and cytosolic b-catenin to the nucleus (Fig-
ure S3C). In the nucleus, b-catenin directly interacted with the
transcription factor 3 (Tcf3) (Figures 5C and S3D–S3F). Tcf3 is
known to repress pluripotency factors.20 Functional significance of
observed b-catenin-Tcf3 binding and sequestration of Tcf3 following
TRF treatment was defined by the observation demonstrating
elevated levels of skin-specific pluripotency factors KLF4, c-MYC,
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Figure 2. Developmental Hair Folliculogenesis

(A) LGR6 and CD34 immunostaining counterstained with

nuclear DAPI. Upper panel: LGR6 (green) and CD34 (red)

in fetal skin. Scale bar, 100 mm. Bottom panel: Adult skin.

Scale bars, 50 mm. Epidermal and dermal junction is

marked by white dashed lines. Fluorescence is plotted as

relative florescence units (RFUs). Data are mean ± SD

(n = 3). yp < 0.01. (B) H&E-stained section showing

development of hair follicle from the fetal skin epidermis.

Scale bar, 50 mm. (C) TRF treatment on adult skin showed

morphological characteristics similar to those of murine

fetal skin. Schematic diagrams are shown in the left-hand

panels, while actual regions are marked with dashed lines

in the H&E-stained sections in the right-hand panels.

Scale bars, 50 mm. The number of “hair germ” and “hair

peg” features were quantified from H&E-stained sections

and expressed graphically (n = 6). nd, not detected.
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and NANOG21 in epidermal cells (Figure S3G). Gene expression data
from laser-captured epidermis (Figure S3H) revealed that TRF-
induced binding of b-catenin with Tcf3 resulted in the upregulation
of sox9, oct4, and lgr6 (Figure S3I). Furthermore, immunohistochem-
ical analyses showed robust expression of SOX9, OCT4, K17, and K15
in the TRF-treated adult murine epidermis (Figures 5D and S3J).

Significance of b-Catenin-Tcf3 Interaction in the Induction of

Pluripotency

A fluorescein amidite (FAM)-labeled oligodeoxynucleotide construct,
based onTcf3 binding consensus sequence as described previously,22,23

was used as a decoy to circumvent transactivation caused by the b-cat-
enin-Tcf3 complex. Negative-control oligodeoxynucleotides with
2504 Molecular Therapy Vol. 25 No 11 November 2017
eight-basemismatch served as scrambled control
(Figure 6A). This strategy was based on the
competition of b-catenin-bound Tcf3, under
conditions of tocotrienol treatment, to bind to
endogenous target sequence in the presence of
exogenous abundant Tcf3 decoy (Figure 6B). In
the presence of the aforementioned decoy
double-stranded oligonucleotide, the induction
of stemness, as well as pluripotency factors in
response to tocotrienol treatment, was markedly
blunted. Quantitative immunocytochemistry
(ICC) results for SOX9, OCT4, K17, and K15
are shown in Figure 6C. Additionally, findings
on the expression of KLF4, c-MYC, and
NANOG in human keratinocytes are presented
as supplemental data (Figures S4A and S4B).

Pharmacological Inhibition of Inducible

Anagen Hair Cycling

The significance of b-catenin in TRF-induced
anagen hair cycling in adult murine skin was
tested using IWR-1, a pharmacological inhibi-
tor of b-catenin (Figure S4C). Topical pre-treat-
ment of the murine adult skin with IWR-1 (Figure S5A) significantly
decreased the number of anagen hair follicles induced by topical TRF
application (Figure S5B). Such observation was associated with the
finding that IWR-1 is also capable of eliminating the effect of TRF
on stimulating keratinocyte proliferation (Figure S5C). Topical
IWR-1 pre-treatment was effective in degrading epidermal b-catenin
(Figure 7A). Interestingly, IWR-1 pre-treatment did not influence the
lowering of E-cadherin in response to TRF (Figure 7B). Thus, the abil-
ity of topical TRF treatment to induce epidermal proliferation and
hair folliculogenesis in the adult skin was significantly impaired by
IWR-1 (Figures S5B and S5C). This observation suggests that, in
the pathway of TRF-induced folliculogenesis, E-cadherin resides up-
stream of b-catenin (Figure 7C).



Figure 3. Keratinocyte Proliferation in Hair

Folliculogenesis

(A) IVIS image from repTOPmitoIRE showing cell prolif-

eration in animals treated with TRF or placebo (PBO) on

days 7 and 21. (B) Immunohistochemical localization of

Ki67 in paraffin sections of mouse skin showing the

abundance of Ki67+ cells in mice treated (days 7 and 21)

with TRF compared to PBO. Scale bars, 50 mm. Ki67+ cells

were quantified and plotted graphically. Data are mean ±

SD (n = 3) xp < 0.05; yp < 0.01. (C) Photomicrograph of

H&E-stained paraffin sections showing epidermal thick-

ening in mice treated (days 7 and 21) with TRF. The dermal

and epidermal junctions are each marked by a dashed

line. Scale bars, 20 mm. Epidermal thickness was quanti-

fied and plotted graphically. Data are mean ± SD (n = 4).

*p < 0.001.
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DISCUSSION
Hair follicles serve multiple critical functions.2,24 They undergo cyclic
transformations between phases of rapid growth (anagen), apoptosis-
driven regression (catagen), and relative quiescence (telogen). With
every cycle, the hair follicle regenerates itself. The result is
daughter-cell populations, which are derived from resident epithelial,
neural, and mesenchymal stem cells.25,26 In adults, during each cycle,
a new hair shaft is formed, and the old hair is eventually shed mostly
by an actively regulated exogen.2 In the adult skin, generation of the
new hair shaft depends on the activation of hair-specific epithelial
stem cells that are harbored in the bulge region of the hair follicle
epithelium. Development of hair follicles during fetal skin morpho-
Molecula
genesis is preceded by active epidermal cell pro-
liferation.27 Although the processes of adult hair
follicle and fetal hair follicle formation have
several contrasting features, it is evident that
the adult skin may acquire plasticity by activa-
tion of key signaling molecules such as
b-catenin.28

b-Catenin has emerged as a key signaling hub
for hair follicle formation in both adult and fetal
states. Transient b-catenin activation advances
telogen to anagen.29 Within epidermal kerati-
nocytes, b-catenin is localized in three major
compartments: the plasma membrane, the
cytoplasm, and the nucleus.30 The b-catenin
signaling pathway is evolutionarily conserved.31

Nuclear translocation followed by subsequent
binding to repressor transcription factor Tcf3 as-
signs the function of transcriptional activators to
b-catenin.32,33 Epithelial integrity during adult
skin homeostasis is achieved by the binding of
b-catenin with E-cadherin in the plasma mem-
brane.34 Such membrane binding with the intra-
cellular domain of E-cadherin30 restrains the
function of b-catenin as transcriptional acti-
vator. Thus, E-cadherin plays a critical role in the stabilization and
in determining the function of b-catenin.34 This work reports the first
evidence demonstrating that conditions resulting in the loss of mem-
brane E-cadherin may release and activate b-catenin. Interestingly,
such form of b-catenin activation was achieved by the topical appli-
cation of a phytochemical. Pure tocotrienol, the seed form of natural
vitamin E, which is a major component of TRF,10,15 markedly
depleted membrane E-cadherin, releasing b-catenin for nuclear
translocation. Under such conditions, nuclear b-catenin binds to
Tcf3, blocking its repressive action on cell plasticity factors.35 As a
result, cell stemness and pluripotency were induced. Such effect of to-
cotrienol was blunted in the presence of a decoy oligonucleotide
r Therapy Vol. 25 No 11 November 2017 2505
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Figure 4. Epidermal Junctional Proteins in Murine

Skin Folliculogenesis

(A) TRF lowered (day 21) the expression of claudin (green),

ZO-2 (red), and E-cadherin (green) inmurine skin. Sections

were counterstained with DAPI. Dermal-epidermal junc-

tion is indicated by dashed white line. Scale bars, 20 mm.

Abundance of junctional proteins in (A) were quantified

and expressed graphically as mean ± SD (n = 6). xp < 0.05;
yp < 0.01; *p < 0.001. (B) Trans-epidermal water loss

(TEWL) was measured from the dorsal skin of mice after

topical application of TRF or PBO for 21 days. Data are

mean ± SD (n = 6). yp < 0.01. (C) Keratinocytes (HaCaT

cells) treated with pure tocotrienol (1 mM, 24 hr) showed

lower expression of E-cadherin (red) in the cell membrane

and increased nuclear translocation of b-catenin (green).

Scale bars, 20 mm.
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designed to limit the binding of Tcf3 to its endogenous consensus
sites, establishing the withdrawal of Tcf3 as transcription factor as a
central mechanism responsible for tocotrienol action.

In vivo studies showed that TRF application decreased junctional
protein E-cadherin in the skin. Released from the membrane, b-cat-
enin becomes available for nuclear translocation. This process can be
intercepted by the degradation of cytosolic b-catenin by the pharma-
cological inhibitor IWR-1.36 Thus, TRF-induced mobilization of
b-catenin did not influence the Tcf3 function in the presence of
IWR-1. This observation demonstrates that the effect of TRF on
2506 Molecular Therapy Vol. 25 No 11 November 2017
hair follicle formation is dependent on loss of
E-cadherin and activation of b-catenin. The
study of TRF function helped to elucidate a
novel b-catenin pathway that relies on the loss
of upstream E-cadherin for its activation.
Epithelial placodes, characteristic of the murine
embryonic hair follicle development, invaginate
to give rise to the germ by E15.5, the peg by
E17.5, and the bulbous peg by E18.5.3 This
work reports the first evidence of placode, hair
peg, and hair germ during the course of adult
hair folliculogenesis. Once the bud proliferates,
it encases the dermal papilla and further differ-
entiates to form the hair shaft.37

Diabetic complications include impaired induc-
tion of anagen.17,38 Leptin, an adiponectin, also
acts as anagen inducer.39 Leptin receptor is
highly expressed in dermal cells, including the
dermal papilla that is critical for hair follicle
morphogenesis.38 During hair follicle develop-
ment, dermal papillae are formed by epithelial
condensate to form mature dermal papillae.40

This work shows that it is possible to induce
anagen under diabetic conditions. This observa-
tion supports the contention that TRF, the
inducer of anagen in the diabetic skin, acts upstream of dermal papilla
formation to induce anagen. Given that dermal papilla formation is
necessary for the induction of anagen in the adult skin, our observa-
tion leads to the notion that TRF induces anagen in the diabetic skin
via a pathway akin to that during fetal skin development. Such
pathway involves the activation of b-catenin and the formation of
placode.3,41

The post-natal skin does not generate any new hair follicles.42 Thus,
growth of hair follicles in the adult skin relies on the hair follicular
regeneration process contributed by the stem cell niche of existing



Figure 5. Induction of b-Catenin and Nuclear

Translocation

(A) TRF-induced (day 21) b-catenin (green) in murine

epidermis. Counterstained with DAPI (blue). Scale bars,

50 mm. Fluorescence intensity was plotted graphically.

Data are mean ± SD (n = 3). xp < 0.05. (B) Confocal mi-

croscopy showing TRF-induced translocation (day 21) of

b-catenin into the nucleus. Counterstained with DAPI.

Dermal (der) and epidermal junction indicated by a white

dashed line. Scale bars, 10 mm. (C) Proximity ligation

assay (PLA) showed b-catenin-Tcf3 co-localization in the

nucleus in TRF treated adult skin. Scale bars, 10 mm. (D)

Robust expression of SOX9, OCT4, K15, and K17 in TRF-

treated (day 21) adult skin epidermis. The arrowhead in-

dicates positive signals: red for DAB staining and white for

fluorescent staining. Scale bars, 20 mm.
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follicles.43 To serve this purpose, and for the maintenance of
epidermis, reservoirs of multipotent epithelial stem cells are set
aside at the base of the hair follicle “bulge.”44,45 Follicle stem cells
are activated at the telogen-to-anagen transition to initiate a new
round of hair growth. Hair follicular stem cells undergo multiple
sessions of activity, during which hair and skin regeneration oc-
curs.46 Hair follicles are a major contributor to the overall stem
cell pool of the adult skin.43 Thus, follicular growth in the adult
skin may markedly enhance stem cell abundance in this largest or-
gan of the body. A rapidly growing body of evidence directly impli-
cates follicular stem cells in skin functions such as turnover and
Molecular
maintenance of the adult skin, management
of age-related complications, improved tissue
repair, and protection against UV damage. It
is, therefore, plausible that substantial induc-
tion of hair follicles in the adult skin by TRF
will influence skin function and fate as it relates
to the aforementioned conditions and compli-
cations, as well as their derivatives such as sun-
burn, melanoma, and psoriasis.

Both murine and human hair follicles have com-
parable cell types that undergo repetitive cycles of
active growth (anagen), regression (catagen), and
quiescence (telogen).2,47–49 However, one of the
major differences between human and murine
hair follicles is that, in themouse skin, the anagen
phase lasts for only 2–3 weeks, whereas in hu-
mans, it lasts for several years.50–52 Consistent
with the finding of our work, Beoy et al. reported
induction of hair growth by TRF in humans.16

TRF represents a rich, natural source of tocotrie-
nol that is readily accessible and generally recog-
nized as safe by the Food and Drug Administra-
tion (FDA; GRN no. 307). It is, thus, well suited
for human intervention. Therefore, all in vivo
studies in this work were conducted using TRF.
An emphasis on elucidating the mechanistic underpinnings of how
TRF-induced anagen hair cycling necessitated the study of pure a-to-
cotrienol, a major component of TRF, in all in vitro experiments.

In summary, this work presents first evidence, on a number of fronts,
demonstrating that it is possible to induce anagen hair follicle devel-
opment in the adult skin via a pathway akin to that during fetal skin
development. Such a pathway, inducible by topical phytochemical
treatment, is capable of inducing follicular growth in the adult dia-
betic skin, which is otherwise known to be refractory to the induction
of anagen. Downregulation of epithelial E-cadherin is recognized as a
Therapy Vol. 25 No 11 November 2017 2507
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Figure 6. b-Catenin-Tcf3 Interaction in Induction of

Pluripotency

(A) Design of FAM-labeled TCF decoy and eight-base

mismatch scramble control. (B) Theoretical scheme of Tcf3

decoy strategy. (i) Normal b-catenin signaling. b-catenin/

Tcf3 complex binding facilitates gene expression. (ii)

b-catenin may preferentially bind to the Tcf3 decoy region,

which competitively inhibits target gene activation. (C)

ExpressionofSOX9,OCT4,K17, andK15 inTcf3 scramble

(0.1 mM) and decoy (0.1 mM) transfected cells after pure

tocotrienol treatment (1 mM, 24 hr). The arrowhead in-

dicates positive signals. Scale bars, 50mm. (D) The number

of positive cells per field was quantified and plotted

graphically.Dataaremean±SD (n=3). xp<0.05; yp<0.01.
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trigger for b-catenin activation, which sequesters Tcf3, unleashing
hair follicular regeneration. Beyond its role in the growth of hair,
hair follicles serve as stem cell reservoirs that may influence numerous
aspects of skin function and complication. Thus, novel strategies to
induce follicular proliferation in the adult skin are likely to have a
wide range of implications in preserving and restoring skin function.

MATERIALS AND METHODS
Animal and Experimental Design

Male C57BL/6 mice were obtained fromHarlan Laboratory. Male mice
homozygous (BKS.Cg-m+/+ Leprdb/J or db/db; stock no 000642) for
spontaneous mutation of the leptin receptor (Leprdb) were obtained
from Jackson Laboratory. Male repTOP mitoIRE mice were obtained
from Charles River Laboratories. These mice have a luciferase reporter
2508 Molecular Therapy Vol. 25 No 11 November 2017
taggedwith the cyclinB2promoter.Thus, admin-
istration of luciferin at a dose of 100 mg/kg body
weight i.p. (intraperitoneally) produces biolumi-
nescence from any proliferating cell of the
body.53 All animals were 7–8 weeks old at the
start of the experiment. All animal studies were
performed in accordance with protocols
approved by the Laboratory Animal Care and
Use Committee of The Ohio State University.

TRF was obtained from commercially available
Tocovid SupraBio capsules.54 Each capsule
contains Tocomin 50%, which typically pro-
vides 61.52 mg d-alpha-tocotrienol, 112.80 mg
d-gamma-tocotrienol, 25.68 mg d-delta-toco-
trienol, 91.60 IU d-alpha-tocopherol, 51.28 mg
plant squalene, 20.48 mg phytosterol complex,
and 360.00 mg phytocarotenoid complex. Thus,
each capsule contains 144.86 mM of d-alpha-to-
cotrienol. In the placebo, the tocotrienol was re-
placed by soya oil. For in vitro experiments, pure
tocotrienol was provided by Excelvite.

Mice were randomly (http://www.random.
org) divided into different groups, as indi-
cated in the corresponding figure legends. The dorsal skin was
shaved, and hair was depilated using Nair 2 days before
experiments. TRF, or its PBO, was applied topically at a dose of
5 mg/cm2 skin, thrice per week. During the procedure, mice
were anesthetized by low-dose isoflurane inhalation. Digital photo-
graphs were collected (Canon PowerShot S6 and Dermascope from
Dino-Lite Pro II). In some experiments, to inhibit b-catenin
expression, IWR-1 (Sigma; I0161) was used. A 10% DMSO stock
IWR-1 solution was prepared and diluted with glycerol to a final
concentration of 2 mg/0.5 cm2 skin. This solution was applied
topically on the dorsal skin of C57BL/6 mice at a dose of
12.5 mL/0.5 cm2 skin for 4 consecutive days of IWR-1 or vehicle,
followed by 7 consecutive days of IWR-1 or vehicle for 1 hr under
occlusive dressing (Tegaderm, 3M). Such inhibitor treatment was

http://www.random.org
http://www.random.org


Figure 7. b-Catenin Inhibition Arrested Inducible

Anagen Hair Cycling

(A) IWR-1, a b-catenin inhibitor, significantly attenuated

TRF-induced epidermal b-catenin (green) expression in

the adult skin. Counterstained with DAPI (blue). Scale

bars, 500 mm. b-Catenin signal was quantified and plotted

graphically. Data are mean ± SD (n = 3; yp < 0.01). The

dermal (der) and epidermal junctions are marked by a

dashed line in the inset pictures. Scale bars, 20 mm. (B)

IWR-1 inhibited TRF-induced translocation of b-catenin to

the nucleus. Scale bar, 50 mm. (C) Proposed schematic

diagram of TRF-induced hair folliculogenesis.

www.moleculartherapy.org
followed by topical TRF or PBO application, as indicated in figure
legends.

In Vivo Imaging

Fifteen minutes before imaging, the repTOPmitoIRE mice were in-
jected intraperitoneally with the potassium salt of beetle luciferin.53

The animals were imaged under anesthesia using the IVIS Lumina
II optical imaging system, and the overlay images were made using
Living Image software.

Detection of Anagen Induction

Promotion of hair growth was evaluated by observing the skin color,
which is indicative of the telogen-to-anagen conversion.50 Skin
was collected, and 8-mm formalin-fixed paraffin-embedded skin sec-
tions were deparaffinized and stained with H&E. Mosaic images at
Molecular
20� were collected using the Axio Scan.Z1 slide
scanner (Zeiss Microscopy). From histological
characterization of the sections, anagen follicles
in dermis and subcutis layers were enumerated.

Cell and Cell Culture

Immortalized human keratinocytes (HaCaT
cells) were grown in low-glucose DMEM (Life
Technologies), as described previously.55 Cells
were maintained in a standard culture incubator
with humidified air containing 5% CO2 at 37�C.

Synthesis of Tcf3 Decoy and Control

Double-Stranded Oligodeoxynucleotides

Tcf3 decoy and control double-stranded oligo-
deoxynucleotideswere prepared as described pre-
viously.22Briefly, FAM-labeledphosphorothioate
oligodeoxynucleotides were synthesized and
purified by Sigma-Aldrich. The oligonucleotide
sequences used were the following: Tcf3 decoy
sense, 50- 6FAM-CCGGGCTTTGATCTTTGC-30;
Tcf3 decoy anti-sense, 50-6FAM-GCAAAGAT-
CAAAGCCCGG-30; Tcf3 scramble sense, 50-
6FAM-CCGGGTCAGTTCTTTTGC-30; and Tcf3
scramble anti-sense, 50-6FAM-GCAAAAGAAC
TGACCCGG-30. Double-stranded oligodeoxy-
nucleotides were prepared by dissolving sense and antisense oligo-
deoxynucleotides in TE buffer (Integrated DNA Technologies) at a
concentration of 1 mmol/L. Each sense-antisense pair was annealed
by heating at 95�C for 10 min. The reaction mixture was then allowed
to cool to room temperature.

Transfection of siRNA and Double-Stranded

Oligodeoxynucleotides

DharmaFECT 1 transfection reagent was used to transfect HaCaT
cells with ON-TARGETplus siRNA (small interfering RNA) for
E-cadherin (Dharmacon), as described previously.56 Cells were
re-seeded onto chamber slides 48 hr after transfection. Next,
cells were fixed after 24 hr or 72 hr after transfection. Double-
stranded oligodeoxynucleotides were transfected to HaCaT cells
using Lipofectamine LTX with Plus Reagent (Invitrogen), as
Therapy Vol. 25 No 11 November 2017 2509
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described previously.11 Cells were processed for ICC 48 hr after
transfection.11

Trans-epidermal Water Loss

DermaLab TEWL Probe (cyberDERM) was used to measure the
trans-epidermal water loss (TEWL) from the skin, as described previ-
ously.57 TEWL was expressed as (gm�2hr�1).

In Situ Proximity Ligation Assay

Proximity ligation assay (PLA) was performed as described previ-
ously using the Sigma Duolink In Situ Red Starter Kit Goat/Rabbit
(DUO92105) following the manufacturer’s instructions, except that
the incubation time was prolonged to 90 min.58 The assay was per-
formed using rabbit Tcf3 (Abcam, ab69999; 1:50) and mouse b-cate-
nin (Abcam, ab22656; 1:200) antibodies. Slides were imaged using an
Olympus FV 1000 spectral confocal microscope.

Laser Capture Microdissection of the Epidermis

Laser capture microdissection (LCM) was performed using a laser
microdissection system from PALM Technologies, containing a
PALM MicroBeam and RoboStage for high-throughput sample
collection and a PALM RoboMover (PALM Robo software, v2.2) as
described previously.59 For epidermal LCM, sections were stained
with hematoxylin for 30 s, subsequently washed with DEPC-H2O,
and dehydrated in ethanol. The epidermis was identified based on
the histology. Epidermal tissue elements were typically cut and
captured under a 20� ocular lens. Samples were catapulted into
25 mL of cell direct lysis extraction buffer (Invitrogen). Approximately
100,000 mm2 of tissue area was captured into each cap, and the extract
was then held at �80�C for further analyses.

Real-Time qPCR

For mRNA expression studies, total cDNA synthesis was achieved
using the SuperScript Vilo cDNASynthesis Kit (Invitrogen). The tran-
script levels of Oct4, Sox9, and LGR6 were assessed by real-time PCR
using SYBR Green-I (Applied Biosystems). GAPDH served as house-
keeping control. The following primer sets were used: m_GAPDH
F, 50-ATGACCACAGTCCATGCCATCACT-30; m_GAPDH R,
50- TGTTGAAGTCGCAGGAGACAACCT-30; m_Oct4 F, 50-TGGA
TCCTCGAACCTGGCTA-30; m_Oct4 R, 50-CTCAGGCTGCAA
AGTCTCCA-30; m_Sox9 F, 50-CCCCATCGACTTCCGCGACG-30;
m_Sox9 R, 50-TGGGTGCGGTGCTGCTGATG-30; m_LGR6 F,
50-CGTCGGTGCTGCTGCTCACA-30; and m_LGR6 R, 50-CGGCC
ACCACCAGGAAGCAG-30.

Immunoprecipitation and Immunoblots

HaCaT cells (0.5 � 106 cells per well) were seeded in six-well plates
and treated with either 1 mM tocotrienol (TCT) or an equivalent vol-
ume of ethanol for 24 hr. Immunoprecipitation and subsequent im-
munoblots were performed as described previously.11 Briefly, the
nuclear fractions from the cells were extracted (Signosis Nuclear
Extraction Kit, SK001), and 100 mg pooled nuclear extract was incu-
bated with 500 ng b-catenin antibody (Abcam; ab32571) overnight at
4�C and then incubated at 4�C with 30 mL anti-rabbit IgG beads
2510 Molecular Therapy Vol. 25 No 11 November 2017
(TrueBlot Ig IP Beads; eBioscience). Immunoprecipitated complexes
were washed four times with lysis buffer (centrifugation at 1000� g at
4�C for 5 min), recovered in 25 mL 4� Laemmli buffer with 50 mM
fresh DTT, and boiled for 10 min. Next, equal volumes of samples
were loaded onto SDS-PAGE gel and immunoblotted.

Histology, Immunohistochemistry, and ICC

Histology of skin was performed from 8-mm-thick paraffin sections
after staining with H&E. Immunostainings of Ki67 (Abcam, ab15580;
1:400), LGR6 (Abcam, ab126747; 1:100), CD34 (Abcam, ab8158;
1:200), OCT4 (Abcam, ab19857; 1:200), SOX9 (Abcam, ab185230;
1:1,000), KLF4 (Abcam; ab151733, 1:200), c-MYC (Abcam; ab32072,
1:200), NANOG (Abcam; ab80892, 1:200), K17 (Abcam, ab53707;
1:100), K15 (Abcam, ab52816; 1:100), claudin (Invitrogen, RB9209P;
1:200), occludin (Invitrogen, 711500; 1:200), ZO-1 (Invitrogen,
617300; 1:200), ZO-2 (Invitrogen, 389100; 1:200), E-cadherin (Life
Technologies, 131900; 1:200), and b-catenin (Abcam, ab22656;
1:200) were performed on paraffin and cryosections of skin sample us-
ing specific antibodies as indicated.57 For ICC, cells were fixed with cell
fixation buffer (eBioscience; 00-8222-49) and stained for respective an-
tibodies. Specificity of the antibodies was validated using rabbit isotype
control (Abcam, ab27478; 1:400), rat isotype control (Abcam, ab18412;
1:200), andmouse isotype control (Abcam, ab18443; 1:200) (Figure S6).
Briefly, optimal cutting temperature (OCT)-embedded tissues were
cryosectioned (10 mm), fixed with cold acetone, blocked with 10%
normal goat serum, and incubated with specific antibodies overnight
at 4�C. Signal was visualized by subsequent incubation with either
biotinylated-tagged (for 3,30-diaminobenzidine [DAB] staining) or
fluorescence-tagged appropriate secondary antibodies (Alexa 488-
tagged a-mouse, 1:200; Alexa 568-tagged a-mouse, 1:200; Alexa
488-tagged a-rabbit, 1:200; Alexa 568-tagged a-rabbit, 1:200; Alexa
568-tagged a-rat, 1:200).

Statistical Analyses

Data are expressed as mean ± SD of at least four to six animals per
group, as indicated in the figure legends. Significance between
two groups was tested using Student’s t test (two-tailed). A value of
p < 0.05 was considered statistically significant. Significant responses
(p < 0.05) are marked by symbols (y, x, *), and their corresponding
p values are provided in the figure legends.
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