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ABSTRACT: Asymmetric small interfering RNAs (asiRNAs) that
mediate RNA interference have been investigated for therapeutic

use in various tissues, including skin tissue. Androgenetic alopecia AR high AR low
(AGA) is caused by a combination of genetic factors, resulting in AR TRNA

sensitivity to dihydrotestosterone (DHT), which binds to the i;;’;;t_
androgen receptor (AR) to mediate a series of biomolecular /TGF,, ' v\ S

changes leading to hair loss. This study aimed to evaluate the & 10 =

therapeutic potential of a cell-penetrating, AR-targeting asiRNA 2 “wusavace-

(cp-asiAR) for AGA treatment, which was designed to silence the | &TGILF‘: X

AR gene. AGA mouse models were developed by stimulation with
DHT, and ex vivo human scalp tissues were also used for analysis.
Cp-asiAR-mediated changes in mRNA expression and protein
levels of AR were assessed along with the examination of
phenotypic improvements in mouse model of AGA. We also assessed downstream signaling associated with AR in primary
human dermal papilla (DP) cells. Several cp-asiARs were screened for selecting the optimal sequence of AR using cell lines in vitro. A
cholesterol-conjugated, chemically modified cp-asiAR candidate was optimized under passive uptake conditions in vitro. Intradermal
cp-asiAR injection efliciently reduced mRNA and protein levels corresponding to AR in mouse models. Moreover, cp-asiAR
injection promoted hair growth in mouse models with DHT-induced AGA. In ex vivo human hair follicle culture, the proportion of
telogen hair decreased, and the mean hair bulb diameter increased in the cp-asiAR-treated group. In isolated primary human DP
cells, AR expression was effectively downregulated by cp-asiAR. Furthermore, cp-asiAR attenuated DHT-mediated increases in
interleukin-6, transforming growth factor-£1, and dickkopf-1 levels. No significant toxicity was observed in DP cells after cp-asiAR
treatment. Cp-asiAR treatment showed effective downregulation of AR expression and prevention of DHT-mediated alterations in
the hair cycle and hair diameter, indicating its potential as a novel therapeutic option for AGA.
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1. INTRODUCTION for the conversion of free testosterone to DHT, systemic Sa-
reductase inhibitors have long been used to treat AGA and are
currently considered the standard treatment for AGA.
However, orally administered Sa-reductase inhibitors demon-
strate an increased risk of systemic adverse effects. Although
these Sa-reductase inhibitors are generally well tolerated,
patients with AGA are often reluctant to consume Sa-
reductase inhibitors, owing to the distress associated with the
possible adverse effects, such as sexual dysfunction and
gynecomastia.2 Moreover, treatment of female AGA is
complicated by the lack of indication for use of systemic Sa-

RNA interference (RNAi) is a biological phenomenon in
which a target gene is selectively silenced via sequence-specific
gene suppression. RNAI is mediated by intracellular delivery of
small interfering RNA (siRNA) that contains nucleotide
sequences complementary to the target messenger RNA
(mRNA). The binding of siRNA leads to cleavage and
subsequent degradation of mRNA, and both processes are
mediated by the cellular RNAi machinery. This highly specific
method of gene silencing represents a potential target for the
treatment of a wide range of medical conditions.'
Androgenetic alopecia (AGA) is the most common form of
hair loss in both men and women. Although the exact Received:  June 20, 2022
pathophysiology of AGA remains unknown, the key molecular Revised:  October 28, 2022
process in the development of AGA involves the binding of Accepted:  October 28, 2022
dihydrotestosterone (DHT) to the androgen receptor (AR) Published: November 10, 2022
present on the dermal papilla (DP) cells of genetically
susceptible individuals. Because Sa-reductase is responsible
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reductase inhibitors in women. Therefore, there is substantial
demands for a novel drug with a lower risk of systemic side
effects to treat AGA. Minoxidil is currently the only FDA-
approved topical agent for AGA. Although sufficient data are
available supporting the clinical efficacy of topical minoxidil, its
efficacy as monotherapy is seldom satisfactory in real world.
Furthermore, minoxidil’s mechanism of action has not been
fully elucidated, and whether minoxidil directly acts on the
DHT- and AR-driven pathological mechanism of AGA remains
unknown. Hence, novel therapeutic agents that affect AGA-
induced alterations in hair biology are being extensively
examined.

Theoretically, selective blockade of AR expression in the hair
follicles could be a promising strategy for the treatment of
AGA. Because this could be possible with the use of RNAi
technology and considering that a siRNA structure called
asymmetric siRNA (asiRNA) can significantly reduce the
nonspecific effects observed with conventional siRNAs, we
developed a cell-penetrating, AR-targeting asiRNA (cp-
asiAR).” In this study, we evaluated the therapeutic potential
of cp-asiAR for AGA, which was designed specifically to silence
AR gene expression in the hair follicle.

2. MATERIALS AND METHODS

2.1. In Vitro Validation of cp-asiRNA in T98G Cells.
T98G cells were cultured at a density of 25,000 cells/well in 24
well plates. Cp-asiAR and nontargeting control (NTC; cp-
asiRNA-targeting non-AR mRNA) were manufactured by OliX
US, Inc. and dissolved in PBS (>1 mg/mL) for treatment. In
the passive uptake experiment, the existing medium was
replaced by a cp-asiAR-containing medium. After 24 h
incubation with cp-asiAR, total RNA isolation, reverse
transcription, and qPCR were performed as described in the
quantitative polymerase chain reaction section below. Total
protein was isolated for western blotting analysis after 48 h.
Statistical significance was calculated using a t-test. In the
siRNA sequence screening experiments, RNAIMAX was used
for the transfection study following the manufacturer’s
instruction (Thermo Fisher Scientific, MA).

2.2. Cell Viability. Hair follicle dermal papilla cells
(HFDPC) were obtained from Cell Applications (602t-05a)
and cultivated in HFDPC Growth Medium (611-500; Cell
Applications, CA) at 37 °C in a humidified incubator
containing 5% CO,. All HFDPCs from the second to sixth
passages of subcultures were used for the experiments.
HFDPCs were seeded in a 6-well plate and then cultivated
at 37 °C in a humidified incubator containing 5% CO,. After
incubation overnight, the medium was replaced with Follicle
Dermal Papilla Cell Basal medium (C-26500; PromoCell,
Germany). After 24 h of culture, the cells were treated with the
indicated concentrations of cp-asiAR. Next, 100 uL of EZ-
Cytox (EZ-3000; DoGen, Korea) was added to each well,
followed by incubation for 30 min at 37 °C. The samples were
quantified by measuring optical density at 450 nm using an
ELISA reader.

2.3. Quantitative Polymerase Chain Reaction. Total
RNA was extracted using the Blood/Cultured Cell Total RNA
Mini Kit (FABRKO0O1; Favorgen, Austria) according to the
manufacturer’s instructions. The RNA sample was then used
for cDNA synthesis using RT&GO (RTRAG100; MPbio,
Korea) according to the manufacturer’s instructions. Next,
qPCR amplification was performed using the LightCycler 480
Real-Time PCR system (Roche, Switzerland); all samples were
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run in triplicates. The qPCR thermal cycling setting was as
follows: initial denaturation was performed at 95 °C for 10
min, followed by 45 cycles of amplification at 95 °C for 10 s,
60 °C for 10 s, and 72 °C for 10 s. Melting curve analysis was
carried out using a standard program at 95 °C for 5 s, cooling
to 65 °C for 1 min, followed by heating to 97 °C with five
acquisitions per degree increase. The specific primer sets used
for each gene were as follows:

Human AR (F: GGGGCTAGACTGCTCAACTG, R:
GCCAAGTTTTGGCTGAAGAG).

Human GAPDH (F: GTTGTCATGGATGACCTTGG,
R: CCCATCACCATCTTCCAGGA).

Human TUBA (F: GACCAAGCGTACCATCCA, R:
CACGTTTGGCATACATCAGG).

Mouse AR (F: AGCCCATCTATTTCCACACAC, R:
GAGGAATTTCCCCCAAGGCA).

Mouse RPL32 (F: CTGCCATCTGTTTTACGGCA,
R: ATCAGGATCTGGCCCTTGAAC).

2.4. Western Blotting Analysis. Cells were lysed in RIPA
buffer (EBA-1149; Elpis Biotech, Korea) supplemented with
protease inhibitor cocktail (complete Mini, 11852700; Roche).
Mouse skin biopsies were homogenized in RIPA buffer
(RO278; Sigma-Aldrich, MO) supplemented with protease
inhibitor cocktail (11836153001, Roche). Proteins in whole-
cell lysates were resolved using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene fluoride membranes. Subsequently, the membranes
were probed with primary antibodies against AR (Sc7305;
Santa Cruz, TX, or Ab133273; Abcam, UK), pS-catenin
(C9562; Cell Signaling, MA, USA), DKK-1 (Sc374574;
Santa Cruz), IL-6 (ab6672; Abcam), TGF- 1 (Ab92486;
Abcam), and f-actin (AS441; Sigma-Aldrich or Sc47778; Santa
Cruz), followed by incubation with horseradish peroxidase-
conjugated secondary antibody (SeraCare, Milford, MA).
Enhanced chemiluminescence was performed using ECL
solution (SuperSignal West Pico Plus chemiluminescent
substrate; Thermo Fisher Scientific).

2.5. Isolation and Culture of Human Hair Follicle
Samples. After approval by the Institutional Review Board of
Asan Medical Center (2020-0233), specimens were collected
from the transitional zone of balding from the balding or
nonbalding occipital scalps of twelve males and one female
undergoing surgical excision of benign cutaneous tumors.
Volunteers aged between 24 and 61 years were recruited. The
Institutional Review Board at Asan medical center approved all
of the procedures used in this study. Written informed consent
was obtained from all volunteers. Tissue samples containing
more than 80 hair follicles were cautiously dissected into single
hair follicles (the anagen stage). Dissected hair follicles were
cut individually into small pieces of approximately 2.5 mm in
length from the bottom of the DP and then treated with the
indicated concentration of reagents in Williams’ Medium E
(W1878; Sigma-Aldrich) containing 1X antibiotic-antimycotic
(15240062; Gibco, MA). They were incubated for 6 days at 37
°C in a humidified 5% CO, incubator. Thereafter, the medium
was refreshed 3 days after incubation.

2.6. Measurement of Human Hair Follicle Length and
Diameter. On day 3 and 6 of incubation, the hair follicle
length and diameter were measured. Photomicrographs of hair
follicles were captured under a microscope (SMZ800N; Nikon,
Japan), and the hair length and hair follicle diameter were
analyzed using the HKBasic 3.7 software (Koptic, Korea).

https://doi.org/10.1021/acs.molpharmaceut.2c00510
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2.7. In Vivo Efficacy of cp-asiAR in an AGA Mouse
Model. To test AR knockdown, mice (n = S for each group)
were injected with the indicated doses of cp-asiAR (0.125,
0.25, and 0.5 mg) via the dorsal back. For comparison,
phosphate-buffered saline was used as a vehicle. All injection
sites were 2 cm apart from each other to avoid interference.
The skin was sampled using an 8 mm biopsy punch on the day
of preparation. To test hair regrowth efficacy, mouse hair was
shaved using a small animal clipper and they were subsequently
treated with hair removal cream for one day (Day 0) before cp-
asiAR injection. DHT was subcutaneously injected daily at a
dose of 25 mg/kg during the experiment to mimic
androgenetic hair loss condition. Cp-asiAR was injected on
days 1, 8, and 15 at three sites on the mouse dorsal back.
Flutamide, a known inhibitor of AR, was used as a reference
and was subcutaneously injected daily at 100 mg/kg. The
dorsal back of the mice was imaged every week to assess hair
regrowth efficacy in the experimental group. At the end of the
experiment, regrown hair was collected and measured to
determine the microscale weight. The skin was sampled using
an 8 mm biopsy punch on the day of preparation. For
histological analysis, skin biopsy was fixed in formalin
overnight, processed, and embedded in parafiin. Tissue
sections (S um-thick) were stained with hematoxylin and
eosin and observed under a light microscope. Hair follicles
located in the dermis and subcutaneous layer were counted as
presumptive telogen and anagen, respectively. Seven-week-old
C57BL/6 mice were acclimated for 1 week in a mouse facility
in OliX and used for tests. All studies were approved by
Institutional Animal Care and Usage Committee (IACUC) in
OLiX.

2.8. Fluorescence In Situ Hybridization of AR in Hair
Follicles. Ex vivo human hair follicles were fixed in 4%
paraformaldehyde (PFA) for 4—6 h and embedded in freezing
medium (3801480; Leica). Ten-micron-thick frozen sections
were post-fixed with 4% PFA, acetylated, and hybridized with
the biotin-labeled AR riboprobe (1 ng/uL). Using streptavi-
din—HRP (Sp-3010-1; Vector Laboratories, CA) and tyramide
amplification kit (B40932; Invitrogen), AR mRNA was
detected under a fluorescence microscope. Fluorescence
intensity in the DP was quantitated using the Image] software
(v1.53, National Institutes of Health, MD). The DP area was
identified using a bright field channel image.

Templates for AR riboprobes synthesis were generated by
PCR using the T7 promoter-linked primer set (F: 5'-GCT
TAA GCA GCT CCG CTG ACC-3/, R: §'-CGA TGT TAA
TAC GAC TCA CTA TAG GGT GAA GTC GCT TTC
CTG GC-3') from the AR cDNA construct. In vitro
transcription with biotin labeling was performed following
the manufacturer’s instruction (10881767001 and
11685597910; Roche).

2.9. Statistical Analysis. IBM SPSS Statistics for
Windows, version 22 (IBM Corp., Armonk, NY) was used
for statistical analysis. All statistical analyses were performed
using Student’s t-test. Differences were considered statistically
significant if p < 0.05.

3. RESULTS

3.1. Inhibition of AR Expression by cp-asiAR under In
Vitro Conditions. To identify effective asiRNA candidates
with the most potent target gene-silencing effects, we screened
asiRNA library comprising 88 sequences designed to target the
AR transcript. To evaluate AR silencing in vitro, asiRNAs were
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synthesized and transfected into human AS49 cells with
sufficient basal expression of AR and screened for mRNA
knockdown efficacy. The most potent asiRNA was selected,
which showed robust knockdown efficacy at mRNA and
protein levels in independently repeated experiments (asiAR-
072 and 72 in Table S1 and Figure S1, respectively). Chemical
modifications were introduced to the selected asiRNA to
generate the cell-penetrating asiRNA (cp-asiRNAs). The final
candidate carried chemical modifications comprising choles-
terol conjugation at the 3'-end of the passenger strand,
phosphorothioate backbone modification, and 2’-O-methyl
and fluoro-modification of the ribose sugar on both strands
(Figure S2).

The resulting cp-asiAR showed dose-dependent reduction in
mRNA and protein levels of AR without the aid of a
transfection agent in human AS49 cells (Figure 1A). AR
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Figure 1. In vitro validation of the eflicacy of cell-penetrating, AR-
targeting asiRNA (cp-asiAR) knockdown. (A) AS49 cells were treated
with cp-asiARs at indicated concentrations by passive uptake. mRNA
levels of AR observed 24 h after treatment were normalized using
tubulin mRNA expression. AR mRNA levels relative to those of
vehicle control (VC) are presented as mean and standard deviation (n
= 6). AR protein levels at 48 h after treatment are shown below. /-
actin protein level was considered as a loading control. (B)
Knockdown efficacy was validated in T98G cells. Representative
images are shown. NTC denotes nontargeting control siRNA
treatment at a concentration of 10 uM. Statistical significance was
calculated using a t-test with VC (¥, p < 0.0S, **, p < 0.01, ***, p <
0.001).

nontargeting control cp-asiRNA did not reduce AR expression
at a concentration of 10 uM. The IC50 value of AR mRNA
knockdown was 0.732 uM (passive uptake, Figure S2).
Knockdown efficacy was additionally validated in the
independent AR-expressing human cell line T98G (Figure
1B). The IC50 value of AR mRNA knockdown was 0.735 uM.

3.2. Downregulation of AR Expression by Intradermal
Injection of cp-asiAR in a Mouse Model. Next, we
examined the knockdown efficacy of cp-asiAR in vivo. The AR
gene-silencing efficacy of cp-asiAR was determined after
intradermally injecting the mouse dorsal skin with different
doses. Cp-asiAR was injected at four different doses from 0.125
to 1.0 mg into the mouse skin, and after 24 h, skin biopsy
specimens were collected from the injection sites. Tissues were
subjected to quantitative reverse transcription-PCR (RT-
qPCR) analysis to assess the mRNA level of AR. The results
showed a potent dose-dependent silencing effect on AR in the
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mouse dorsal skin (Figure 2A). We also analyzed the AR
protein level in the tissue using western blotting. Similar to the
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Figure 2. In vivo validation of cp-asiAR KD efficacy. cp-asiAR was
intradermally injected into the dorsal skin of mice, and the mRNA
(A) or protein (B) level of AR in the injection site was measured after
24 h (n = 3). Protein level was quantitated using image analysis of
western blotting (B, inset). RPL32 and f-actin were used as
references for the relative mRNA and protein levels of AR,
respectively. (C) cp-asiAR was injected at three doses, and skin
biopsy was performed at the indicated times after injection. AR
protein level normalized by f-actin was measured in the biopsy tissue.
AR protein levels relative to the vehicle control are shown with the
standard deviations (n = 4). Statistical significance was calculated
using the t-test with the vehicle control (VC) (¥, p < 0.05; **, p <
0.01; *** p < 0.001).

mRNA level, the protein level was decreased to more than 50%
in a dose-dependent manner (Figure 2B).

siRNA inhibits gene expression through the formation of
RNA-induced silencing complex (RISC). We tested the
duration of the AR-silencing activity of cp-asiAR in mouse
dorsal skin by measuring the AR protein level after injection.
The silencing effect was maximal during the first week;
however, AR expression recovered slowly. A single 0.5 mg
injection of cp-asiAR significantly inhibited the AR protein
level by more than 50% for up to 3 weeks. At lower doses
(0.125 and 0.25 mg), the inhibition was significant for up to 2
weeks (Figures 2C and S3).

3.3. Therapeutic Efficacy of cp-asiAR in an AGA
Mouse Model. To verify the therapeutic effect of cp-asiAR on
AGA, the downregulation of the AR level was examined in an
AGA mouse model. The model was established via daily
treatment with low-dose DHT. Compared to normal mice,
DHT-treated mice exhibited slow hair recovery on the shaved
dorsal skin on day 21 after trimming (Figures 3A and S4). We
compared hair regrowth ability between the groups treated
with vehicle, cp-asiAR at three different doses, and flutamide (a
known AR inhibitor). Weekly injection of cp-asiAR at all tested
doses into the shaved dorsal skin of mice dramatically
improved hair regrowth to a similar level as that in the
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Figure 3. In vivo validation of cp-asiAR therapeutic efficacy in an AGA
mouse model. (A) All mice were injected daily with DHT (25 mg/kg)
during the entire experiment to mimic AGA-like hair loss conditions.
They were injected intraperitoneally with flutamide (200 mg/kg)
daily or intradermally at different doses of cp-asiAR on days 1, 8, and
15. On day 21, the mice were sacrificed, and hair regrowth was
imaged (top, n = 5). The dorsal skin was isolated for histology and
stained with H&E (bottom). Notable promotion of hair growth
caused by cp-asiAR treatment at all tested doses was observed on day
21. (B) Regrown hair was shaved and weighed using a microscale. cp-
asiAR treatment resulted in significant promotion of hair regrowth
compared with the vehicle control. The mean and standard deviation
are shown in the figure. (C) Presumptive anagen and telogen hair
follicles were quantified from the H&E, and the ratio is presented as
mean and standard deviation. Statistical significance was calculated
using a t-test with the vehicle control (*, p < 0.05; **, p < 0.01).

flutamide-treated group (n = S/group). We quantified the hair
regrowth activity by measuring the weight of regrown hair. The
weight of shaved hair increased significantly compared to that
in the vehicle-treated group (Figure 3B). Image analysis of
regrown hair area on day 15 also produced similar
quantification results (Figure SS). To further characterize the
hair cycle of the regrown hair, we performed hematoxylin and
eosin (H&E) staining on dorsal skin sections. Analysis of skin
histology showed distinguished hair follicles in the dermis
(presumptive telogen) and in the subcutaneous layers
(presumptive anagen). The ratio between presumptive anagen
versus presumptive telogen hair follicles was significantly
increased in all groups treated with cp-asiAR at all doses
(Figures 3C and S6).

We also verified the downregulation of AR protein levels in
flutamide- and cp-asiAR-treated groups (Figure S7).

3.4. Therapeutic Efficacy of cp-asiAR in Human Hair
Follicles. To validate the effect of cp-asiAR treatment in
human skin, the hair cycle and hair bulb thickness were
evaluated using ex vivo scalp tissues obtained from individuals
with AGA. Hair follicles isolated from scalp tissue were allowed
to undergo phase transition from anagen (plump or round
bulb) to telogen (elongated bulb and papilla dissociation) ex
vivo. DHT was added to the culture medium to mimic AR-rich
AGA conditions; this was followed by co-treatment with cp-
asiAR or flutamide. On day 6, a substantial increase in the
proportion of telogen hair was observed in the vehicle- and
DHT-treated groups (Figure 4A). Addition of 3 or 6 uM cp-
asiAR in the culture medium successfully prevented transition
to telogen. On day 3 and 6, little to no telogen hair was
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Figure 4. Ex vivo validation of cp-asiAR therapeutic efficacy in human hair follicles. Hair follicles were isolated from the human scalp and incubated
with DHT (100 nM) to mimic AGA-like hair loss conditions. (A) Each group of hair follicles was co-treated with flutamide or cp-asiAR at the
indicated doses and observed on days three and six after incubation (n = seven-nine/group). (Top) Images were obtained on day six, and telogen
hair was identified based on morphological characteristics as described previously.” Tapered, elongated bulb shape, and dissociation of very
compact papilla were considered as the key features of telogen hair. (Bottom) Hair follicles from each group were isolated on day two after
incubation. Frozen sections of the tissue were hybridized with the AR riboprobe to visualize the mRNA levels of AR in the hair follicle. (B)
Fluorescence intensity in the DP area was analyzed using Image], and the AR levels relative to the untreated control are presented as mean and
standard deviation. Statistical significance was calculated using a t-test with the vehicle control (**, p < 0.01; ***, p < 0.001). (C) Telogen ratio in
each treatment group was quantified based on the number of anagen and telogen hair follicles. Statistical significance was calculated using the Chi-
square test with the vehicle control. (D) Effect of cp-asiAR on the hair follicle diameter following DHT treatment. A total of 130 hair follicles from
13 patients (8 with AGA and S without AGA) were collected, and the hair follicle diameter was measured on days three and six after incubation
with the indicated treatment. Statistical significance was calculated using the t-test with the vehicle control of the same day (*, p < 0.05, **, p <

0.01, *#* p < 0.001).

observed in the cp-asiAR- or flutamide-treated group (Figure
4C). In terms of hair follicle diameter, hair treated with only
DHT was significantly thinner than that from the control on
day 6. This change was significantly mitigated by treatment
with either 12 uM cp-asiAR or 100 M flutamide (Figure 4D).

Because of the small size of human hair follicles, we could
not detect the repression of AR using RT-qPCR or western
blotting. We thus used an in situ hybridization method to
validate the knockdown efficacy of cp-asiAR in an ex vivo
condition. Using an AR cRNA probe, we detected the mRNA
expression of AR in tissue sections from vehicle- or cp-asiAR-
treated hair follicles. The mRNA expression of AR was
quantified using fluorescence in situ hybridization in the DP
area. DHT treatment significantly increased AR mRNA
expression in DP cell bodies to 230% of the control level,
whereas co-treatment with cp-asiAR or flutamide decreased the
expression level significantly to 15—50 or 66% of nontreat
control, respectively. (Figure 4A,B).

3.5. AR Knockdown and Alterations in Downstream
Signaling by cp-asiAR in Primary Human DP Cells. DP
cells are known to induce inflammatory cytokine production in
response to androgen, resulting in hair loss. Using
commercially available primary DP cells or DP cells isolated
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directly from a patient’s scalp, we tested the knockdown
efficacy of cp-asiAR on AR downstream signaling. DHT
increased the mRNA expression of AR in primary DP cells by
2-fold, whereas co-treatment with cp-asiAR reduced AR
mRNA expression in a dose-dependent manner (Figure SA).
Downregulation of AR protein expression was also demon-
strated using western blotting (Figure SB) and immunofluor-
escence staining (Figure S8). In addition, the expression levels
of various proteins implicated in the development of AGA
were assessed. The expression of dickkopf-1 (DKK-1),
interleukin (IL)-6, and transforming growth factor (TGF)-f1
showed a significant decrease at 48 h after co-treatment with
cp-asiAR, compared to that after vehicle control treatment.
To exclude the possibility that cp-asiAR-mediated toxicity
inhibited AR signaling, DP cell viability was measured with
different concentrations of cp-asiAR (Figure SC). DP cell
viability was not affected by cp-asiAR at all tested doses.

4. DISCUSSION

In this study, we evaluated the potential of cp-asiAR for the
treatment of AGA. We chose to employ RNAi because this
technique enables a highly specific silencing of the expression
of certain genes involved in the pathogenesis of a target
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Figure S. AR knockdown and downstream signaling inhibition in human DP cells. Primary human DP cells were cultured and incubated with DHT
to mimic AGA-like conditions. The cells were co-treated with flutamide or cp-asiAR at the indicated concentration. Statistical significance was
calculated using the t-test with the vehicle control (*, p < 0.05). (A) The mRNA level of AR was measured using qQPCR 24 h after treatment (n =
3). (B) Protein expression profile was obtained using western blotting 24 h after treatment. Treatment with cp-asiAR effectively downregulated the
expression of AR, dickkopf-1 (DKK-1), interleukin (IL)-6, and transforming growth factor (TGF)-f1. (C) Effects of cp-asiAR treatment on DP cell
viability were tested using the modified MTT assay. No significant decrease in DP cell viability was observed.

disease.” First, we demonstrated that cp-asiAR does not
negatively affect DP cell viability and that local injection of cp-
asiAR successfully silences AR expression in an animal model.
Moreover, cutaneous injection of cp-asiAR promoted hair
regrowth in DHT-treated mice. Our experiments using ex vivo
human scalp tissue also showed that cp-asiAR treatment
prevented the transition of hair follicles to the telogen phase in
response to DHT stimulation. Consequently, treatment with
cp-asiAR increased the hair diameter. Finally, silencing of AR
using cp-asiAR not only successfully downregulated AR
expression but also decreased the expression of IL-6, TGF-
1, and DKK-1.

Given that AR is a pivotal receptor in the pathogenesis of
AGA, local downregulation of AR expression can be an
important strategy to treat AGA. Systemic inhibition of AR
activity was found to be effective in AGA treatment in previous
clinical trials, but adverse effect limited the use of systemic
anti-androgen therapy.’ In contrast, local injection of cp-asiAR
makes it possible to maintain a high drug concentration in the
dermis of the bald area with minimal drug concentration in the
plasma and, hence, can be considered a treatment modality
that is both effective and safe. The stability test performed
using low concentrations of RNase showed gradual degrada-
tion of cp-asiAR within 16 h (Figure S9). Rapid degradation of
cp-asiAR in the plasma would minimize the systemic effect of
the treatment. Consistently, pharmacokinetic analysis showed
highly enriched cp-asiRNA in the skin for up to seven days but
a negligible amount of cp-asiAR in the plasma, liver, and
kidney (Table S2). Although RNAi is a powerful treatment
strategy with highly specific binding to a particular nucleotide
sequence, some off-target effects have been observed in
previous studies.” Owing to the nature of in vitro and ex vivo
studies, we were not able to assess the risk of off-target effects
of cp-asiAR in detail. However, our observation that cp-asiAR
did not impair DP cell viability supported the ability of cp-
asiAR to specifically inhibit AR without critical off-target
effects, which could potentially jeopardize cell viability.
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Hair miniaturization, which is a characteristic feature of
AGA, is known to be associated with an alteration in the hair
cycle. Shorter anagen cycles coupled with an increased
proportion of telogen hair characterize AGA-affected hair.”
The only FDA-approved topical drug for AGA, minoxidil, is
considered to function via either induction of anagen or
prolongation of the anagen hair cycle.” We found that with
changes in the hair cycle, AGA was successfully prevented by
treatment with cp-asiAR. The hair diameter may serve as an
indirect measure of the hair cycle because telogen hair is
thinner than anagen hair. In this study, significantly longer hair
diameter was observed after treatment with cp-asiAR. More-
over, actual promotion of hair growth by local injection of cp-
asiAR was observed in DHT-induced mice. The promotion of
hair growth has been widely used as an important indicator of
the therapeutic efficacy of drugs against AGA.'’ Collectively,
these findings suggest that the specific downregulation of AR
by cp-asiAR can effectively inhibit DHT-induced changes in
the hair.

The exact molecular mechanism involved in AGA remains
unknown. However, previous research has elucidated the role
of some key molecules, including TGF-f1, IL-6, and DKK-1."
These three molecules have been identified as androgen-
inducible mediators involved in the pathogenesis of AGA.
More specifically, TGF-f1 has been associated with the
induction of catagen, while IL-6 and DKK-1 are known to
inhibit hair elongation and eventual regression of hair
follicles.'> Changes in the expression of these molecules have
been used widely as surrogate markers of AGA treatment.
Thus, the decreased expression of TGF-f1, IL-6, and DKK-1
following treatment with cp-asiAR observed in this study
indicates successful blockade of androgen-triggered biological
responses, providing a molecular basis for the mechanism of
cp-asiAR-mediated AGA treatment.

Although we have shown that cp-asiAR can prevent DHT-
induced AGA in both in vivo and ex vivo tissues, certain
obstacles remain to be overcome before cp-asiAR can be used
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clinically. First, the induction of AGA solely relied on DHT
exposure. Despite the crucial role of DHT in the development
of AGA, other factors such as DP cell senescence also
contribute to AGA."> In fact, the serum levels of DHT and
other androgens decrease with age, but the prevalence of AGA
is much higher in the elderly than in the young population.
Thus, inhibition of DHT-induced changes in hair biology by
cp-asiAR may not be sufficient for treating AGA. Second, local
injection of cp-asiAR requires multiple injections to cover the
entire bald area. Thus, it is subject to general side effects of
local intradermal injection, such as bleeding, bruising, focal
infection, and pain. In addition, bolus injection may lead to
uneven therapeutic response in the injected area. To avoid
such problems, using a microneedle for injection can be
considered. Other possible routes of administration together
with the optimal concentration of cp-asiAR, which can
effectively treat AGA while minimizing side effects, need to
be explored. Therefore, future studies, including clinical trials,
are warranted to evaluate, in detail, the efficacy and safety of
cp-asiAR in the treatment of AGA.

5. CONCLUSIONS

This study demonstrated that treatment with the AR gene-
targeting cp-asiRNA effectively downregulated AR expression,
as well as its downstream signals implicated in AGA. We have
observed substantial promotion of hair regrowth after local
intradermal injection of cp-asiRNA in our animal study. Ex vivo
experiments using human scalp hair cultures revealed that cp-
asiRNA could prevent DHT-induced changes in the hair cycle
and hair diameter, which are key features of AGA. Therefore,
local cp-asiAR administration could be used as a novel
therapeutic option for AGA.
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