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Background: Secreted frizzled-related protein 1 (SFRP1) inhibits Wnt signaling and is differentially
expressed in human hair dermal papilla cells (DPCs). However, the specific effect of SFRP1 on cell
function remains unclear. Telomerase reverse transcriptase (TERT) representing telomerase activity was
found highly active around the hair dermal papilla. TERT levels can be enhanced by activation of the Wnt
pathway in cancer cells and embryonic stem cells. Whether this regulatory mechanism is still present in
DPCs has not been studied so far.
Methods: In this study, DNA plasmids and siRNAs were constructed against the SFRP1 gene and trans-
fected into DPCs cultured in vitro. We detected the viability, proliferation, and migration of DPCs by
Calcein/PI fluorescence, CCK-8, trans-well, or cell scratch experiments, and the expression of potential
target genes was also determined through quantitative detection of RNA and protein.
Results: The results demonstrate a significant difference in SFRP1 levels from the control group, sug-
gesting successful transfection of the DNA plasmid and siRNA of SFRP1 into IDPCs. Also, SFRP1 regulates
the cell proliferation capacity of IDPCs and reduces their migration functions. The DPCs' living activity,
proliferation, and migration function exhibited a negative correlation with the level of SFRP1. SFPR1 also
inhibits the protein or RNA expression of b-catenin and TERT in DPCs.
Conclusion: It was proven that in human DPCs, different levels of SFRP1 change how cells work and
control Wnt/b-catenin signaling or telomerase activity. This means that blocking SFRP1 could become a
new way to treat hair loss diseases in the future.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice

nses/by-nc-nd/4.0/).
1. Introduction

Hair diseases are constantly evolving, and hair loss is one of the
major anxious and discussed issues. The psychological impact of
hair growth disorders can be severe. However, effective therapies to
promote hair growth are currently limited, so finding new thera-
peutic targets and measures is necessary.

Secreted frizzled-related protein 1 (SFRP1) belongs to the
secretory glycoprotein SFRP family, and has been identified to be a
physiologically important suppression of Wnt molecular activity
[1,2]. The Wnt/b-catenin signal is considered one of the most
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critical and important signals that control hair follicle (HF) forma-
tion and proliferation [3]. The expression of SFRP1 was also
detected in HFs, whose antagonists can effectively enhance ex vivo
hair growth [4]. Hair dermal papilla cells (DPCs) are specialized
fibroblasts that originate from dermal mesenchymal, which are
reservoirs of pluripotent stem cells and various factors, and HFs
signal primarily through DPCs [5,6]. In the previous study by our
research team, we found that the SFRP1 level in DPCs in androge-
netic alopecia (AGA) patients was significantly higher than in
normal people [7]. As AGA is an important component of non-
cicatricial alopecia, the increase in SFRP1 levels is consistent with
the previous conclusion that SFRP1 may inhibit hair growth [8].

There is evidence that telomerase activity plays a significant role
in the biology of HF [9]. As early as 1997, high telomerase activity
was detected concentrated in the bulb area of the HF during the
anagen phase, where DPCs are located [10]. Themain component of
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telomerase is telomerase reverse transcriptase (TERT), which adds
specific short repeating DNA sequences to the telomeres [11]. The
TERT determinant controls the activity of telomerase, so quantifi-
cation of TERT expression can be partly representative of telome-
rase activity [12]. Increasing TERT levels appears to be an effective
way to promote hair growth, according to recent studies [13,14].

During the year 2012, the research team led by Hoffmeyer made
a discovery and released a publication stating that the b-catenin
protein forms a connection with the TERT promoter, thereby
enhancing the expression and function of telomerase in mouse
embryonic stem cells and human cancer cells [15]. However, this
regulatory relationship has not been validated in human DPCs.
Research on hair regrowth is critical, thus it is important to inves-
tigate whether the regulation of DPC development by the Wnt in-
hibitor SFRP1 is connected with changing TERT levels. This is
something that should be investigated. SFRP1 is explored in this
study for its effects on cell survival, proliferation, and migration, as
well as its impacts on Wnt signal and TERT levels in DPCs. Specif-
ically, the study focuses on the development of DPCs.
2. Material and methods

2.1. DPC culture and IDPC construction

Hair follicles were extracted from the occipital scalp of a male
AGA patient who underwent hair transplantation surgery at the
Department of Dermatology, the First Affiliated Hospital of Nanjing
Medical University. The Clinical Research Ethics Committee of the
First Affiliated Hospital of NanjingMedical University has approved
this process (Approved No. 2019-SRFA-149).

The residue around the hair follicles was trimmed, and the
primary DPCs were isolated by 0.2 % collagenase and cultured in
Dulbecco's modified Eagle's medium (DMEM) with 20 % heat-
inactivated fetal bovine serum (FBS) and 1 % Penicillin-
streptomycin. The immortalized DPCs (IDPCs) were constructed
by the Newgainbio company, which provided the technology to
transfect primary DPCs with simian virus 40T (SV40T) antigen by
lentivirus to become IDPCs. DMEMwith 10 % FBS and 1 % Penicillin-
streptomycin was used to culture IDPCs at 37 �C in a 5 % CO2
environment. According to the literature, SV40T-transformed IDPCs
can proliferate and maintain the trait up to around passage 25 [16].
As a result, 10e15 generations of IDPCs were used in our experi-
ment. Furthermore, all IDPCs were stained with ALP to ensure their
hair-induced cellular properties because ALP activity is a critical
indicator of human DPC trichogenic inductivity.
2.2. SFRP1 plasmids and small interfering RNA (siRNA)

Through EcoRI and NotI sites, the amplified gene of interest
fragment is cloned onto the overexpression vector pcDNA3.1. The
overexpression plasmids of pcDNA3.1-SFRP1 and pcDNA3.1-NC
were purchased from Corues Biotechnology. High- performance
liquid chromatography was used to synthesize and purify double-
stranded siRNAs for the SFRP1 target gene (Gene Pharma). Se-
quences are listed as Table 1.
Table 1
Synthesis sequences were used for SFRP1 and negative control.

Name Sence

SFRP1 50-GAGAUGCUUAAGUGUG
Negative control mRNAs 50-UUCUCCGAACGUGUCA
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2.3. Cell transfection

IDPCs in 6-well plates or other types of plates were transfected
with SFRP1 plasmid and siRNA using Lipofectamine™ 3000 trans-
fection reagent (Invitrogen). The operation was carried out
following the manufacturer's protocol. All transfections were per-
formed 24 h after cell seeding, with a cell density of 70e90 %. The
incubated IDPCs were then collected, and the cell transfection ef-
ficiencywas analyzed from themRNA and protein levels by PCR and
Western blot test.
2.4. Calcein/PI cell viability assay

IDPCs were seeded at a density of 10� 104 cells/well on six-well
plates and set in an incubator for 24 h before SFRP1 plasmid and
siRNA transfection. After 48 h of transfection, a cell dead-and-die
staining assay was performed using a Calcein/PI Cell Viability
Assay Kit (C2015S, Beyotome) to assess the viability of IDPCs in
different intervention groups. Image J software was used to quan-
tify fluorescence images taken with an inverted fluorescence mi-
croscope (Olympus). Finally, a percentage of live cells (green)
versus dead cells (red) was used to represent cell viability as: cell
viability (%) ¼ number of live cells/(number of live cells þ number
of dead cells) � 100 [17].
2.5. Cell counting kit-8 assay

Cells were seeded at a density of 4000 cells/well in 96-well
plates. A cell counting kit-8 (CCK-8, C0038, Beyotime) was used
following the instructions provided by the merchant. From the
completion of transfection, add 10 ml of CCK-8 to 100 ml of medium
in the wells every 24 h and continue incubating for 3 h, testing the
optical density (OD) at 450 nmwith a microplate reader (Multiskan
FC). Cell proliferative viability (%) ¼ [(As-Ab)/(Ac-Ab)] � 100, As:
absorbance in the experimental group, Ab: absorbance in the blank
group, Ac: absorbance in the control group [18].
2.6. Trans-well assay

The cell trans-well assay is one of themethods used to assess the
migration capacity of IDPCs. After 24 h of cell serum starvation,
IDPCs underwent digestion and washing, and were resuspended to
a density of 1 � 105 cells/ml. 200 ml cell suspension (2 � 104 cells)
were seeded into the upper chamber of the 24-well trans-well
polycarbonate membrane cell culture inserted with an 8 mm pore
size (Corning). 600 ml DMEM containing 15 % FBS were added to the
lower chamber and allowed IDPCs to migrate in the incubator for
24 h. 4 % paraformaldehyde was used to fix the cells for 30 min,
then Crystal Violet Staining Solution (C0121, Beyotime) was used to
stain them, and the non-migrated cells were removed using cotton
swabs. Migrated IDPCs were observed and photographed under the
microscope (Olympus-CKX53). Image J software was used for spe-
cific count analysis.
Antisense

ACATT-30 50-UGUCACACUUAAGCAUCUCTT -30

CGUTT-30 50-ACGUGACACGUUCGGAGAATT-30
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2.7. Cell scratch assay

The scratch assay is another experiment that measures the
ability of cell migration. IDPCs were seeded in six-well plates at a
density of 2 � 105 cells/well. 48 h after transfection, serum was
removed from the medium, and the plates were scratched with the
tip of a 200 ml-sterile pipette. The scratched areawas photographed
under themicroscope (Olympus-CKX53) and analyzedwith Image J
software, and the width of the area was measured at 0, 12, and 24 h
after scratching. Cell migration rate is calculated by the following
formula: Migration rate (%) ¼ (initial scratch blank area - scratch
area at the time point)/initial scratch blank area � 100.

2.8. Quantitative real-time polymerase chain reaction (qPCR)

FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme) was
used following the manufacturer's instructions to extract RNA from
IDPCs 48 h after transfection. RNA concentration was determined
by amicroUV spectrophotometer (Nano-drop). A total of 1000 ng of
RNAwas reverse-transcribed into cDNA using the HiScript® II Q RT
SuperMix for qPCR kit (R222, Vazyme), and the final volume is
100 ml. The sequences of the primers are shown in Table 2, all
purchased from GenScript. qPCRwas performed using the 2� SYBR
Green qPCR Master Mix kit (Bimake) in a final reaction volume of
20 ml following the instruction [19,20].

2.9. Western blot assay

A lysis buffer containing 0.1 mM Phenylmethylsulfonyl fluoride
(PMSF; keyGENE BioTECH) was used to lyse IDPCs on ice 72 h after
transfection. By collecting the lysate, centrifuging and removing the
pellet, the protein concentration was determined separately using
the BCA protein assay kit (P0012, Beyotime). Bicolor SDS-PAGE
Sample Loading Buffer (1 � ) (P0296, Beyotime) was added to the
protein and heated at 95 �C for 5 min to denature. The extracted
proteins were isolated using a 10 % sodium dodecyl sulfate PAGE
(SDS-PAGE) gel, followed by transfer to nitrocellulose membranes.
Membranes were soaked in QuickBlock™ Western blocking buffer
(P0252, Beyotime) for 50 min, thenwashed three times with a TBS-
T buffer, and incubated overnight at 4 �C with primary antibodies
against b-actin (Servicebio), SFRP1 (Abcam), b-catenin (Cell
Signaling Technology) and TERT (Abcam). The next day, mem-
branes were washed with TBST again 3 times and treated with goat
anti-rabbit IgG (Proteintech) for at least 1 h. Reactive proteins were
visualized by Ultrasensitive ECL Chemiluminescent Substrate Kit
(Biosharp). Gel imaging system (ChemiDoc XRSþ, Bio-Rad) was
used for observation and photographing, and the images were
analyzed by image J software [21,22].

2.10. Statistical analysis

The experiment was repeated at least in triplicate. Data were
analyzed by Graphpad prism 8.0 software and were expressed as
mean ± standard deviation (SD). Specific data analysis was per-
formed by an unpaired t-test and a P value < 0.05 was considered
statistically significant.
Table 2
Primer sequences for qPCR.

Gene Forward primer (50e30)

SFRP1 GCCCGAGATGCTTAAGTGTG
b-catenin TGTACGAGCACATCAGGACA
TERT GTGCTACGGCGACATGGAGAAC
GAPDH TCGGAGTCAACGGATTTGGT
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3. Results

3.1. SFRP1 plasmids and siRNA were successfully transfected to
IDPCs

IDPCs were collected 48 h and 72 h after cell transfection, then
mRNA and protein levels were measured respectively. Among
them, the levels of SFRP1 were significantly different from the
control group in both mRNA (Fig. 1A and B) and protein (Fig. 1C and
D) expression, indicating that the DNA plasmid and siRNA of SFRP1
were successfully transfected into IDPCs.
3.2. SFRP1 regulates the viability of IDPCs

Calcein/PI staining is used as an assay for live or dead IDPCs. As
shown in the fluorescence images (Fig. 2A) and associated statis-
tical charts (Fig. 2B and C), compared with the respective control
groups, SFRP1 overexpression reduced cell viability and increased
cell death significantly. While after inhibiting SFRP1 expression by
siRNA, IDPCs’ survival rate increased. It can be concluded that the
expression level of SFRP1 can regulate the cell activity and viability
of IDPCs.
3.3. SFRP1 regulates the proliferation of IDPCs

The cell proliferation effects of IDPCs at different time points (0,
24, 48, 72 h after transfection) were tested by CCK-8 assay. Fig. 3
shows that there was no difference in cell proliferation activity
between the groups of IDPCs at the time of transfection. At 72 h
after transfection, the results of the CCK8 assay of IDPCs over-
expressing SFRP1 by plasmidswere significantly reduced compared
with the control group, namely the cell proliferation ability was
reduced. Conversely, the proliferation capacity of IDPCs that inhibit
SFRP1 by siRNA was significantly enhanced from 24 h after trans-
fection. Overall, SFRP1 regulates the cell proliferation capacity of
IDPCs.
3.4. SFRP1 regulates the migration of IDPCs

48 h after transfection, we measured the migration capacity of
IDPCs by trans-well and cell scratch assay. As shown in Fig. 4, the
trans-well experiment determined the number of migrated IDPCs
within 24 h, and this number in the SFRP1 overexpression group
was lower than that of the control group. However, the value was
significantly higher after inhibiting SFRP1 expression compared
with whose control. The results of the cell scratch assay are the
same. At both 12 h (Fig. 5A and B) and 24 h (Fig. 5AeC) time points,
the migration rate of IDPCs can be seen with corresponding
changes. Both experiments confirmed that SFRP1 reduces the
migration function of IDPCs, and inhibition of SFRP1 helps to
improve cell migration.
Reverse primer (50e30)

ACAGAGATGTTCAATGATGGCC
GGAATGGTATTGAGTCCTCGG
GTTGAAGGTGAGACTGGCTCTGATG
sTGAAGGGGTCATTGATGGCA



Fig. 1. Expression levels of SFRP1 mRNA and protein in IDPCs after transfection of SFRP1-specific DNA plasmids and siRNAs compared with the corresponding negative control. (A)
mRNA level of SFRP1 after pcDNA3.1-SFRP1 transfection; (B) mRNA level of SFRP1 after siRNA-SFRP1 transfection; (C) protein level of SFRP1 after pcDNA3.1-SFRP1 transfection; (D)
protein level of SFRP1 after siRNA-SFRP1 transfection. ****P＜0.0001, ***P＜0.001.

Fig. 2. IDPCs' cell viability assay presented by Calcein/PI staining. (A) Fluorescence images show that cells are live (green) or dead (red); (B) Comparison chart of live/dead IDPCs; (C)
Cell viability (proportion of live cells) count plot. ****P＜0.0001, **P＜0.01.
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3.5. SFRP1 negatively affects b-catenin and TERT expressions in
IDPCs

To explore whether SFRP1 affects b-catenin and TERT expres-
sion, the mRNA and protein levels of b-catenin and TERT in IDPCs
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were determined after transient transfection. As a result, SFRP1
overexpression significantly reduced mRNA b-catenin (Fig. 6A) and
TERT (Fig. 6B) compared to the negative control group. However,
when SFRP1 was specifically inhibited, the mRNA expression of b-
catenin (Fig. 6C) and TERT (Fig. 6D) in IDPCs was significantly



Fig. 3. The proliferative ability of IDPCs was determined by CCK-8 assay. ns: no significance, *P＜0.05, **P＜0.01.

Fig. 4. Trans-well migration of IDPCs. (A) The migrated IDPCs were stained by crystal violet and presented under the microscope; (B) Counting and analysis of migrating cells within
24 h. *P＜0.05.
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increased. Trends in detection results at the protein level were
consistent with mRNA results (Fig. 6EeJ). In addition, the corre-
sponding SFRP1 levels can be found in Fig. 1. These data further
confirm that SFRP1 negatively regulates the expression of b-catenin
and TERT levels in IDPCs, and inhibition of SFRP1 can reverse this
result.
4. Discussion

Today, regenerative medicine and therapy as well as drug novel
therapy has attracted the attention of scientist in different disease
[23,24]. SFRP1 is a gene belonging to the secreted glycoprotein SFRP
family found on chromosome 8p11.21 [25]. It has been established
that SFRP1 is a negative regulator of the Wnt pathway and plays a
tumor-suppressive role [25]. Wnt can induce cell response by
regulating cell activity, proliferation, migration, differentiation, and
other aspects mainly of cancer cells [26,27]. Furthermore, hair
growth is also facilitated by Wnt signaling in DPCs [28].

In this study, although the hair follicles and DPCs originated
from a patient with AGA, they were taken from the occipital scalp
anagen hair, which was considered normal hair rather than path-
ological. We used SV40T-transformed human IDPCs, which have
been shown to fully retain primary DPC properties and maintain
passage morphology [16]. ALP expression is a biomarker of DPC,
whose activity is closely related with the HF induction performance
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and hair growth promotion ability of DPCs [29]. The IDPCs used in
our experiments were ALP-active (Supplementary Material 1),
further indicating that they all retained their follicle inducing
properties. Changes in indicators based on initial levels are also
scientifically significant. The activity and proliferation of DPCs
determine their growth rate andmitotic index, and their effects can
indicate hair growth promotion or inhibition [30]. Previously, our
team's research has confirmed that SFRP1 is present in human DPCs
and its expression is significantly elevated in AGA patients [7].
Through a series of molecular experiments, we confirmed the
negative regulation effect of SFRP1 on the survival viability, pro-
liferation, and migration of DPCs after transient transfection of
plasmids. These cell properties were all enhanced reversely by
siRNA targeted inhibition of SFRP1, which means that the decrease
of SFRP1 in human DPCs showed better ability to promote cell
viability, proliferation, and migration.

b-catenin is the core component of the Wnt pathway, and its
level is generally used to quantify the activity of the Wnt pathway
[31]. The levels of b-catenin in DPCs were found to be negatively
correlated with the expression of SFRP1 in this experiment. Com-
bined with the results of the previous experiments on the function
of DPCs, the corresponding changes in the level of b-catenin are
also consistent with the revealed induced regulation of Wnt
signaling on some cancer cell function, indicating that this
conclusion is also applicable in DPCs [26]. As the hair dermal papilla



Fig. 5. The migration capacity of IDPCs analyzed by cell scratch experiment. (A) Microscopic images of the migration of IPDCs towards the center of the scratch at 0, 12, 24 h; Cell
migration rate obtained by scratch area difference analysis at (B) 12 h and (C) 24 h. ***P＜0.001, ****P＜0.0001.

Fig. 6. Expression levels of b-catenin and TERT mRNA and protein after transfection of SFRP1-specific DNA plasmids and siRNAs compared with the corresponding negative control.
(A) mRNA level of b-catenin after pcDNA3.1-SFRP1 transfection; (B) mRNA level of TERT after pcDNA3.1-SFRP1 transfection; (C) mRNA level of b-catenin after siRNA-SFRP1
transfection; (D) mRNA level of TERT after siRNA-SFRP1 transfection; (E, F, G) protein levels of b-catenin and TERT after pcDNA3.1-SFRP1 transfection; (H, I, J) protein levels of
b-catenin and TERT after siRNA-SFRP1 transfection. *P＜0.05, **P＜0.01, ***P＜0.001, ****P＜0.0001.
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is universally acknowledged as the signaling guide center for HF
growth and proliferation, it is not difficult to show that the SFRP1
166
expressed in it has a strong correlation with hair growth by regu-
lating Wnt/b-catenin signaling [32].



C. Wang, Y. Du, C. Lu et al. Regenerative Therapy 28 (2025) 161e168
HF aging is thought to be one of the causes of hair loss. Telo-
merase high activity was initially discovered in the bulb region at
the base of the human HF, where the dermal papilla is located [10].
Our previous literature review revealed that positive regulation of
telomerase or TERT levels helps to combat HF aging and promote
hair regeneration [33]. However, at present, there are relatively few
studies on the expression and role of telomerase in HFs, and further
molecular studies on upstream regulation of telomerase are very
scarce. As previously stated, the conclusion that the b-catenin
protein positively regulates telomerase activity in mouse intestinal
tumor models and human cancer cells has been confirmed [15].
Then, starting from the newly discovered Wnt regulator SFRP1 in
hair dermal papilla, our results found that SFRP1 has not only a
negative regulatory effect on b-catenin protein, but also a negative
regulatory relationship with the expression level of TERT. This will
further confirm that in human DPCs, there is a high probability of
the negative regulatory axis of 'SFRP1-Wnt/b-catenin signaling-
TERT', which is likely to be an important link in the hair growth
process and hair diseases such as AGA. The improvement of the
DPCs’ living viability, proliferation, and migration ability in exper-
iments after the inhibition of SFRP1, namely the activation of the
Wnt pathway, may also be related to the increase of TERT levels and
the improvement of cell anti-aging ability. But in any case, the
specific molecular mechanism of how telomerase regulates anti-
aging and regeneration of DPCs is also worthy of further research
and verification.

Since we have previously confirmed that the expression of
SFRP1 in the hair papilla of people with AGA is significantly
increased [7], combined with the results of this experimental
analysis, it is not difficult to believe that if such alopecia patients
can be treated according to SFRP1 targeting, there may be a chance
to fight HF aging and reverse hair loss, which will be a clinically
significant novel treatment plan.
5. Conclusion

SFRP1 was found higher in human hair papilla in AGA patients
than in the normal population. Through IDPCs cultured in vitro, we
found that after differential expression of SFRP1, the living viability,
proliferation, and migration functions of cells, as well as the levels
of Wnt pathway core protein b-catenin and telomerase core protein
TERT, all showed corresponding negative changes. Thus, the
negative role of SFRP1 in the growth of DPCs was revealed, and it
was believed that reduction of SFRP1 could improve the various
functions of human DPCs, activate the Wnt/b-catenin signaling
pathway, increase TERT expression or telomerase activity, play a
role in anti-aging of HFs, and promote hair growth. In short, inhi-
bition of the molecular target SFRP1, is expected to become a new
therapeutic direction for reversing hair loss represented by AGA.
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