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A B S T R A C T

Fibroblast growth factor (FGF2) is reported to affect the proliferation, differentiation, and survival abilities of
stem cells. In this study, we hypothesize that FGF2 might promote the differentiation of hair follicle stem cell
(HFSCs) into endothelial cells (ECs), in a manner dependent on STAT5 activation. We first treated human HFSCs
with recombinant human FGF2 to determine the involvement of FGF2 in the differentiation of HFSCs. Then the
expression of EC-specific markers including von Willebrand factor (vWF), VE-cadherin, CD31, FLT-1, KDR and
Tie2 was evaluated using immunofluorescence and flow cytometry, while the expression of HFSC-specific
markers such as K15, K19, Lgr5, Sox9 and Lhx2 was determined by flow cytometry. Next, in vitro tube formation
was performed to confirm the function of FGF2, and low-density lipoprotein (LDL) uptake by ECs and HFSCs was
studied by Dil-acetylated LDL assay. In addition, we transduced FGF2-treated HFSCs with constitutive-active or
dominant-negative STAT5A adenovirus vectors. FGF2 up-regulated the expression of EC-specific markers, and
promoted the differentiation of HFSCs into ECs, tube formation and LDL uptake. The phosphorylated STAT5 was
translocated into the nucleus of HFSCs after FGF2 treatment, but this translocation was blocked by the dominant-
negative STAT5A mutant. FGF2 increased the differentiation potential through the activation of STAT5 in vivo.
Taken together, we find that FGF2 promotes the differentiation of HFSCs into ECs via activated STAT5, which
gives a new perspective on the role of FGF2 in the development of ischemic vascular disease.

1. Introduction

Hair follicle stem cells (HFSCs) originate from the early committed
placode epithelium prior to appearance of the bulge (Woo and Oro,
2011). HFSCs are identified as one of the effective donor cell sources for
regenerative medicine because of their strong proliferation ability and
multipotency (Zhang et al., 2016). Owing to their excellent prolifera-
tion and growth potential, HFSCs have been indicated as a feasible
source to induce re-epithelialization and dermal structural regenera-
tion, which are beneficial for skin wound healing (Heidari et al., 2016).
As shown in a previous study, the bulge region-derived HFSCs can be
differentiated into various cell types, including hair follicle structures,
interfollicular epidermis and corneal epithelial cells (Call et al., 2018).
Furthermore, HFSCs can be differentiated into vascular endothelial cells
(ECs), thereby inducing angiogenesis, which may come to represent a
significant breakthrough in the treatment of ischemic diseases (Quan
et al., 2017).

Fibroblast growth factors (FGFs) form a family consisting of 18
mammalian fibroblast growth factors, which modulate a plethora of
development processes, tissue homeostasis, and metabolic activity, and
which present therapeutic targets due to their mitogenic and cytopro-
tective functions as well as angiogenic potential (Beenken and
Mohammadi, 2009; Goetz and Mohammadi, 2013). The FGF family
member fibroblast growth factor 2 (FGF2), also known as basic fibro-
blast growth factor (bFGF), can act as a differentiation inducer and
regulatory factor for neural repair to stimulate proliferation and dif-
ferentiation of neural stem cells (Grigg et al., 2019). Moreover, it is
reported that vascular endothelial growth factor (VEGF) and FGFs can
together enhance the potential that human HFSCs to differentiate into
ECs (Xu et al., 2014). FGF2 has the property of acting as an inducer of
angiogenesis (Seo et al., 2016). Interestingly, FGF2 transmits its signals
by binding to its receptor FGFR1, thus promoting differentiation, pro-
liferation, and migration of ECs (Chamorro-Jorganes et al., 2014).
Therefore, we proposed a hypothesis that FGF2 is likely to stimulate
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differentiation of HFSCs into ECs.
Signal transducer and activator of transcription (STAT) proteins

play a dual role as signal transduction molecules in the cytoplasm and
as transcription factors, acting upon translocation to the nuclear com-
partment (Gianti and Zauhar, 2015). Signal transducer and activator of
transcription-3 (STAT3), a downstream factor of FGFs, plays a sig-
nificant role in cell-cycle progression and differentiation (Nichane
et al., 2010). An earlier study suggested that STAT5 activation is of vital
importance to maintain leukemic stem cells (Tam et al., 2013). Besides,
STAT5 activation induced by FGF2 and FGF8b in mouse brain ECs has
been previously reported to stimulate EC migration and invasion (Yang
et al., 2012). In the current study, we intended to investigate how the
differentiation of HFSCs into ECs is regulated by FGF2, finding STAT5
activation is required for FGF2-mediated differentiation. Thus, we have
described a novel role for FGF2 in controlling differentiation of HFSCs
into ECs and the underlying involvement of STAT5.

2. Materials and methods

2.1. Ethics statement

The animal experiments were performed in strict accordance with
the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was approved
by the Animal Ethics Committee of The First Affiliated Hospital of
Zhengzhou University.

2.2. Cell culture and treatment

Human HFSCs (hHFSCs) and human umbilical vein endothelial cells
(hUVECs) were both purchased from Beijing Jing-Meng Stem Cell
Technology Co., Ltd. (Beijing, China). HFSCs were cultured in minimum
essential medium (MEM; Sigma-Aldrich, St Louis, MO, USA) containing
10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) or en-
dothelial cell growth medium-2 (EGM-2; Lonza, Walkersville, MD, USA)
containing 2% FBS, namely basal medium (BM). The cells were allo-
cated into a mock group (hHFSCs cultured with MEM), BM group
(negative control group, hHFSCs cultured with BM), EC group (positive
control group, hUVECs cultured with BM), and FGF2 group (hHFSCs
cultured with BM supplemented with FGF2). In the FGF2 group, the BM
was supplemented with 10 ng/mL recombinant human FGF2 (Sigma-
Aldrich, St. Louis, MO, USA). All the cells were cultured in a humidified
environment with 5% CO2 at 37 °C. The medium was changed every
two days, and after seven days, the cell morphology was observed using
an optical microscope (Nikon, Tokyo, Japan).

2.3. Adenoviral vector construction and infection

pRK-mSTAT5AHS-Flag, which contains a constitutive-active
STAT5A mutant (STAT5A-CA), and pRK-mSTAT5A713-Flag, which
contains a dominant-negative STAT5A mutant (STAT5A-DN), were
obtained from the Fred Hutchinson Cancer Research Center (Seattle,
WA, USA). Both Flag-tagged STAT5A mutants were subcloned sepa-
rately into the pDNR-1r vector (Clon-tech Laboratories, Inc., PaloAlto,
CA, USA) to construct pDNR-1r-mSTAT5AHS-Flag and pDNR-1r-
mSTAT5A713-Flag plasmids. Recombinant Adeno-X-viral DNAs were
produced with the two STAT5A plasmids and the Cre BD Adeno-X LP
vector using the Adeno-XTM Adenoviral Expression System 2 (Becton
Dickinson, Franklin Lakes, NJ, USA). Then, the recombinant adenovirus
plasmid was transfected into 293 cells using the FuGene6 reagent
(Roche, Basle, Switzerland). HFSCs were inoculated into 10-cm culture
dishes (5×105 cells/well), and infected with the adenovirus. HFSCs
contained recombinant human FGF2 after infection for 24 h. The HFSCs
were assigned into FGF2 + STAT5A-CA group (where HFSCs were
transduced with recombinant pRKmSTAT5AHSFlag vector for 24 h
before treatment with FGF2), FGF2 + STAT5A -DN group (where

HFSCs were transduced with recombinant pRKmSTAT5A713Flag vector
for 24 h before treatment with FGF2), and FGF2 + NC group (where
HFSCs were transduced with empty adenovirus vector as control for
24 h before treatment with FGF2). The infection efficiency was mea-
sured by Western blot analysis (Yang et al., 2009).

2.4. In vitro tube formation assay

The tube formation assay was conducted according to prior proce-
dures, with some modifications (Kim et al., 2015). Cells were suspended
in the medium containing 2% FBS and seeded in 24-well plates con-
taining ice-cold Matrigel solution (Phenol Red-Free; BD Biosciences,
USA) at an initial density of 1.5× 105 cells/1 mL/well. Cell attachment
was achieved through pre-incubation at 37 °C for 30min. Then, the
tube formation was monitored in real time with a cell recorder (Na-
noEntek, Seoul, Korea).

2.5. Dil-acetylated LDL

To evaluate LDL uptake, cells were incubated with diluted acety-
lated LDL-conjugated Dil-acetylated LDL (10 μg/mL; Molecular Probes,
Biomedical Technologies, Stoughton, MA, USA). After being washed
three times with probe-free medium, cells were incorporated with
fluorochrome-labelled LDL and observed under a microscope (Eclipse
E400 Epi-Fluorescence Microscope; Nikon, Japan).

2.6. Immunofluorescence

Cells or tissue sections were washed with phosphate buffered saline
(PBS). After PBS washing, the cells were fixed in 4% paraformaldehyde
for 15min. Subsequently, the cells were permeabilized with 0.1%
Triton X-100 for 10min. After final PBS washing, the cells were cul-
tured with 3% bovine serum albumin (BSA) for 30min. After incuba-
tion with primary antibodies against vWF (ab6994, 1:400), VE-cadherin
(ab33168, 1:1000), CD31 (ab28364, 1:20), STAT5 (ab16276, 1:1000),
p-STAT5 (ab98338, 1:1000), K15 (ab62335, 1:500) for 24 h at 4 °C, the
cells were washed three times with PBS. All antibodies used above were
purchased from Abcam Inc. (Cambridge, MA, UK). We then applied
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit sec-
ondary antibody (Millipore, Billerica, MA, USA). The nuclei were
stained with propidium iodide, and the fluorescence intensity was vi-
sualized under a fluorescence microscope (Nikon, Tokyo, Japan), with
the cells not exposed to primary antibody serving as controls.

2.7. Flow cytometry

Forty-eight hours after transfection, the cells were collected and
centrifuged at 500×g for 5min in an Allegra 64R centrifuge (Beckman
Coulter, Brea, CA, USA). The pellet was resuspended in PBS/1% BSA.
Afterwards, the cells were probed with antibodies against vWF
(ab6994, 1:1000), VE-cadherin (ab166715, 1:400), CD31 (ab32457,
1:100), FLT-1 (ab9540), KDR (ab2349), Tie2 (ab24859), K15
(ab80522), K19 (ab52625), Lgr5 (ab75732), Sox9 (ab185230) and
Lhx2 (ab140614) respectively on a shaking table (Thermo Scientific,
Logan, UT, USA) at room temperature for 30min. All antibodies were
purchased from Abcam Inc. (Cambridge, MA, UK). The cells were then
incubated with FITC-conjugated secondary antibody in PBS/1% BSA on
the shaking table at room temperature for 30min. Non-specific staining
was determined using FITC-conjugated isotype-matched im-
munoglobulin (IgG). Fluorescence was detected using a flow cytometer
(Becton Dickinson, San Jose, CA, USA) and data were analyzed using a
CellQuest software (Becton Dickinson, San Jose, CA, USA).

2.8. RNA isolation and quantitation

In this study, 24 h after transfection, the total RNA was extracted
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with Trizol kit (Invitrogen, Carlsbad, CA, USA), and 20 μL portions were
reversely transcribed into cDNA using a reverse transcription kit
(RR047A, Takara, Kyoto, Japan). Subsequently, PCR was conducted
using the SYBR Premix EX Taq kit (RR420A, Takara) on a real-time
fluorescence quantitative PCR instrument (ABI7500, ABI, Foster City,
CA, USA). The primers for von Willebrand factor (vWF), VE-cadherin,
CD31, STAT5 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were synthesized by Sangon Biotech Co., Ltd. (Shanghai,
China) (Table 1). With GAPDH as an internal reference, the fold
changes were calculated by the relative quantification (2−ΔΔCt method)
(Ayuk et al., 2016).

2.9. Western blot assay

In this study, 48 h after transfection, the cells or mouse tissue sec-
tions were lysed on ice for 10min. The protein was quantified by a
bicinchoninic acid (BCA) quantitative kit (MultiSciences Biotech Co.,
Ltd., Hangzhou, Zhejiang, China). After that, the proteins were sepa-
rated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to the nitrocellulose membrane, and blocked
with 5% BSA in Tris-buffered saline with Tween-20 (TBST) for 60min,
and incubated with primary antibodies at 4 °C overnight. The primary
antibodies included STAT5 (ab16276, 1:1000), p-STAT5 (ab32364,
1:1000), Flag (ab106146, 1:1000) and H3 (ab1791, 1:5000). After
TBST washing, the membrane was incubated with secondary antibody,
horseradish peroxidase-conjugated goat anti-rabbit IgG H & L (ab6721,
1:2000) at room temperature for 2 h. All the above antibodies were
purchased from Abcam Inc. (Cambridge, MA, USA). Next, the mem-
brane was washed three times with TBST (20min each time), followed
by the luminescence reaction with a chemiluminescence (ECL) fluor-
escent detection kit. The relative protein expression was expressed as
the ratio of the gray value of the target protein band to that of the
internal control protein band using the Quantity One software.

2.10. Preparation of nuclear fractions

Cells were washed two times with cold PBS and then placed into
fresh PBS. The cells were then washed rapidly with hypotonic buffer
containing 10mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic
acid (HEPES; pH=7.9), 1.5 mM MgCl2, 10mM KCl, 0.2mM phe-
nylmethanesulfonyl fluoride (PMSF), and 0.5mM dithiothreitol (DTT).
Next, the precipitate was resuspended in 500 μL of fresh hypotonic
buffer and allowed to swell on ice for 30min. After homogenization in a
Dounce homogenizer, nuclei were collected by centrifugation at
3300×g for 15min. After being washed with fresh hypotonic buffer,
the nuclei were lysed and the expression of STAT5 and the phosphor-
ylation level of STAT5 in the nucleus were tested by Western blot assay.

2.11. Animal experiments and grouping

A total of 48 BALB/C mice (aged 4–6 weeks and weighing
25 ± 3 g) were purchased from Laboratory Animal Research Center of
Zhengzhou University (Zhengzhou, China). The mice were assigned
into six groups (eight mice per group), including a blank group (without
treatment), heparin group (injected with 0.0025 units/mL heparin),
FGE2 group (injected with 20 ng/mL FGF2 and 0.0025 units/mL he-
parin), FGF2 + NC group (injected with 20 ng/mL FGF2 and HFSCs
transduced with empty adenovirus vector), FGF2 + STAT5A-CA group
(injected with 20 ng/mL FGF2 and HFSCs overexpressing
pRKmSTAT5AHSFlag), and the FGF2 + STAT5A-DN group (injected
with 20 ng/mL FGF2 and HFSCs overexpressing
pRKmSTAT5A713Flag). Growth factor-reduced Matrigel (Becton
Dickinson, San Jose, CA, USA) was adjusted to a concentration of
6.5 mg/mL with MEM, and mixed with 20 ng/mL FGF2 and 0.0025
units/mL heparin. Approximately 1 × 105 HFSCs infected with ade-
novirus vectors were then resuspended in 50 μL of PBS, and then ad-
ministered to the mice subcutaneously (Lee et al., 2008). The Matrigel
mixture (0.7 mL) was injected under the skin of the flank of the mice
with a 21-G needle and permitted to solidify. Seven days later, the mice
were euthanized with 3% pentobarbital sodium (No. P3761, Sigma-
Aldrich, St Louis, MO, USA), and the Matrigel plugs and surrounding
tissues were excised. The tissues were fixed in 10% neutral buffered
paraformaldehyde. Paraffin-embedded tissues were sliced for im-
munohistochemistry.

2.12. Immunohistochemistry

The paraffin-embedded slices were placed in 3% H2O2 for 10min
and washed 3 times with distilled water (3 min each time). Next, the
antigen was retrieved under high-pressure for 3min, cooled down to
room temperature in a water-bath, and then rinsed two times with
0.01M PBS (pH=7.4) (3 min each time). After being blocked with
10% normal goat serum blocking solution (CWbiotech, Ltd., Beijing,
China) at room temperature for 20min, the slices were incubated with
the primary antibodies against STAT5 (ab227687, 1:100), vWF
(ab6994, 1:200), VE-cadherin (ab232880, 1:100), CD31 (ab28364,
1:50), K15 (ab62335, 1:100) at 4 °C overnight. After being rinsed 3
times with PBS (3min each time), the slices were incubated with biotin-
labelled secondary antibody IgG (ab6566, 1:500) at 37 °C for 30min.
All antibodies used were purchased from Abcam Inc. (Cambridge, MA,
USA). Afterwards, the slices were developed by 3mL of diamino-
benzidine (DAB; DA1010, Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China) for 5–10min. The slices were then dehydrated in
an ethanol series, cleared by xylene, and sealed with a neutral gum.
Five fields were randomly selected from each slice for observation. Cell
staining intensity scores ranged from 0 to 3 (no coloration, 0 points;
light yellow, 1 point; brownish yellow, 2 points; tan, 3 points); the
percentage of positive cells was scored from 0 to 4 (no positive-stained
cell, 0 points;< 10%, 1 point; 10%–50%, 2 points,; 50%–80%, 3
points;> 80%, 4 points). Expression of each protein was represented by
the total score of immunohistochemical staining, which was the pro-
duct of the positive rate of staining cell score multiplied by the staining
intensity score.

2.13. Statistical analysis

Statistical analysis was conducted using the SPSS 22.0 statistical
software (IBM Corp, Armonk, NY, USA). The test of normal distribution
and homogeneity of variance confirmed that all data conformed with
the normal distribution. Measurement data in normal distribution were
expressed as mean ± standard deviation. The comparison among
multiple groups was analyzed by one-way analysis of variance
(ANOVA), followed by a post hoc test. The data at different time points
were compared by ANOVA with repeated measurement. A p < 0.05

Table 1
Primer sequences for RT-qPCR.

Target gene Primer sequence

vWF F: 5′-TGAAGTATGCGGGCAGCC-3
R: 5′-GCGGTCGATCTTGCTGAAG-3′

VE-cadherin F: 5′-GCCAGGTATGAGATCGTGGT-3′
R: 5′-GTGTCTTCAGGCACGACAAA-3′

CD31 F: 5′-CCTGCGGTATTCAAAGACAA-3′
R: 5′-GGACATTTCCACTGGCATCT-3′

STAT5 F: 5′-GCAGAGTCCGTGACAGAGG-3′
R: 5′-CCACAGGTAGGGACAGAGTCT-3′

GAPDH F: 5′-GGAGCGAGATCCCTCCAAAAT-3′
R: 5′-GGCTGTTGTCATACTTCTCATGG-3′

Note: RT-qPCR, reverse transcription quantitative polymerase chain reaction;
vWF, von willebrand factor; STAT5, Signal transducer and activator of tran-
scription 5; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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indicated that the difference was statistically significant.

3. Results

3.1. FGF2 promotes the differentiation of HFSCs into ECs

To explore the effect of FGF2 on the differentiation of HFSCs, HFSCs
were treated with 10 nmol/L FGF2 and the morphology was observed
seven days later, when the hUVECs of the EC group presented in cob-
blestone shapes. There was no marked difference in cell morphology
between the mock group and the BM group, while the morphology of
HFSCs in the FGF2 group was similar to that in the EC group (Fig. 1A).
Immunofluorescence was conducted to determine expression of EC-
specific markers, including vWF, VE-cadherin and CD31, none of which
could be detected in the mock group. There was no noticeable differ-
ence in the EC-specific markers in the BM group compared with the
mock group, while their expression was significantly upregulated in the
FGF2 group, and to an even greater extent in the EC group (Fig. 1B). To
confirm further the differentiation ability of HFSCs, we measured the
expressions of vWF, VE-cadherin, CD31 FLT-1, KDR and Tie2 by flow

cytometry. This consistently showed no obvious expression of the EC-
specific markers in the mock group. Relative the mock group, there was
no significant difference in the BM group (p > 0.05), while the ex-
pression of EC-specific markers in the FGF2 group was significantly up-
regulated (p < 0.05), and to a greater extent in the EC group
(p < 0.01) (Fig. 1C–D). Flow cytometry showed that the expression of
HFSC specific markers K15, K19, Lgr5, Sox9, and Lhx2 did not differ
between the mock group and the BM group (p > 0.05), while the ex-
pression of HFSCs-specific markers was significantly down-regulated in
the FGF2 group (p < 0.05) and to a greater extent in the EC group
(p < 0.01) (Fig. 1E–F). The tube formation assay showed that tube-like
structures formed only in the EC and FGF2 groups (p < 0.01). Fur-
thermore, the EC and macrophage property of Dil-acetylated LDL up-
take (Costa et al., 2013) was absent in the mock and BM groups, while
Dil-acetylated LDL uptake was distinctly observed in the EC and FGF
groups (Fig. 1H). Taken together, FGF2 treatment promoted the dif-
ferentiation of HFSCs into ECs, tube formation and Dil-acetylated LDL
uptake.

Fig. 1. The differentiation of HFSCs into ECs is facilitated by FGF2. Cell morphology of HFSCs with or without FGF2 treatment, with hUVECs as control (× 200) (A).
Immunofluorescence staining to detect the expression of EC-specific markers, vWF, VE-cadherin and CD31 in HFSCs with or without FGF2 treatment, with hUVECs as
control (× 400) (B). The expression of EC specific markers, vWF, ve-cadherin, CD31, FLT-1, KDR and Tie2 in HFSCs with or without FGF2 treatment, with hUVECs as
control assessed by flow cytometry (C–D). The expression of human HFSCs specific markers, K15, K19, Lgr5, Sox9 and Lhx2 determined using flow cytometry (E–F).
In vitro tube formation assay (scale bar = 500 μm) (G). Dil-acetylated LDL uptake assay (scale bar = 20 μm) (H). *p < 0.05 vs. the mock group. Statistical data were
measurement data described as mean ± standard deviation. The comparisons among multiple groups were performed by one-way analysis of variance, and the
experiment was repeated three times. HFSCs, human hair follicle stem cells; ECs, endothelial cells; FGF2, fibroblast growth factor 2; vWF, von Willebrand factor.
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3.2. FGF2 induces STAT5 phosphorylation and nuclear translocation of
phosphorylated STAT5 in HFSCs

After treatment with FGF2, the expression of STAT5 was measured
by RT-qPCR, and expression of STAT5 and the extent of its phosphor-
ylation were determined by Western blot analysis. As depicted in
Fig. 2A–B, there were no notable differences in STAT5 mRNA and
protein expression among the mock, BM and FGF2 groups (p > 0.05).
Neither was there any significant difference in STAT5 phosphorylation
level between the mock and BM groups (p > 0.05). In comparison with
the mock group, the phosphorylation level of STAT5 in the FGF2 group
was significantly increased (p < 0.05), and at the 10th min, the extent
of STAT5 phosphorylation induced by FGF2 reached its peak value
(Fig. 2B). These results indicated that FGF2 can increase the extent of
STAT5 phosphorylation in HFSCs.

STAT phosphorylation is necessary but not sufficient for STAT ac-
tivation. STAT must translocate to the nucleus to function as a tran-
scription factor, which can then activate downstream signaling
(Eswarakumar et al., 2005). Therefore, we examined the presence of
phosphorylated STAT5 in the nucleus in response to FGF2 treatment by
Western blot analysis. We found that FGF2 treatment significantly in-
creased the level of phosphorylated STAT5 in the nucleus (p < 0.05)
(Fig. 2C). Finally, we measured the subcellular localization of phos-
phorylated STAT5 by immunofluorescence, which showed that phos-
phorylated STAT5 in the mock and BM groups was mainly localized in
the cytoplasm, while phosphorylated STAT5 in the FGF2 group was
mainly located in the nucleus (Fig. 2D). As a result, we conclude that
FGF2 treatment led to nuclear translocation of phosphorylated STAT5

protein in HFSCs.

3.3. STAT5 is required for the differentiation of HFSCs promoted by FGF2

To examine the effect of STAT5 on FGF2-induced differentiation of
HFSCs, HFSCs overexpressing STAT5A-CA (constitutive-active STAT5
mutant) or STAT5A-DN (dominant-negative STAT5 mutant) were
treated by FGF2. Western blot analysis (Fig. 3A) showed that STAT5
protein expression was significantly enriched after HFSCs transduced
with adenovirus vectors harboring STAT5A-CA (constitutive-active
STAT5 mutant) or STAT5A-DN (dominant-negative STAT5 mutant)
(p < 0.5), thus showing that these adenovirus vectors were success-
fully transduced into HFSCs. To immunostaining, as shown in Fig. 3B,
phosphorylated STAT5 was distributed in the nucleus in the
FGF2 + NV and FGF2 + STAT5A-CA groups, but was not visualized in
the cells in the FGF2 + STAT5A-DN group, indicating that STAT5A-DN
can block the nuclear translocation of STAT5 under FGF2 treatment.

Then, immunofluorescence studies showed that expression of the
vWF, VE-cadherin and CD31 was remarkably elevated in FGF2 + NC
group in contrast to the mock group (p < 0.05). However, when
compared with the FGF2 + NC group, the expression of vWF, VE-
cadherin and CD31 was increased in the FGF2 + STAT5-CA group but
decreased in the FGF2 + STAT5-DN group (p < 0.05) (Fig. 3C).
Meanwhile, flow cytometry showed that expression of the EC specific
markers vWF, VE-cadherin, CD31, FLT-1, KDR and Tie2 was sig-
nificantly higher in the FGF2 + NC group than in the mock group. In
comparison with FGF2 + NC group, the marker expression was up-
regulated in HFSCs overexpressing STAT5A-CA upon treatment with

Fig. 2. FGF2 promotes STAT5 phosphorylation and induces nuclear translocation of phosphorylated STAT5 protein in HFSCs. The mRNA level of STAT5 after
treatment with FGF2 measured by RT-qPCR (A). The protein level of STAT5 and the extent of STAT5 phosphorylation after treatment with FGF2 assessed by Western
blot analysis (B). The extent of STAT5 phosphorylation in the nucleus and cytoplasm assessed by Western blot analysis (C). Immunofluorescence assay to detect the
localization of p-STAT5 in HFSCs treated with FGF2 ( × 400, scale bar = 25 μm) (D). *p < 0.05 vs. the mock group. Statistical data were measurement data
described as mean ± standard deviation. The comparisons among multiple groups were performed by one-way analysis of variance, and the experiment was
repeated three times. FGF2, fibroblast growth factor 2; STAT5, signal transducers and activators of transcription 5; HFSCs, human hair follicle stem cells; RT-qPCR,
reverse transcription quantitative polymerase chain reaction.
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FGF2, but down-regulated in the similarly treated HFSCs over-
expressing STAT5A-DN (p < 0.05) (Fig. 3D). Flow cytometry studies
also showed that expression of HFSCs specific markers including K15,
K19, Lgr5, Sox9 and Lhx2, was lower in the FGF2 + NC group than that
in the mock group (p < 0.05). Compared with the FGF2 + NC group,
the expression of the HFSCs specific markers was down-regulated in
HFSCs overexpressing STAT5A-CA upon treatment of FGF2, but up-
regulated in the similarly treated HFSCs overexpressing STAT5A-DN
(p < 0.05) (Fig. 3E).

The in vitro tube formation assay did not reveal tube formation in
the mock group. However, in contrast to the FGF2 + NC group, tube
formation was conspicuous in the FGF2 + STAT5-CA group
(p < 0.01), but less so in the FGF2 + STAT5-DN group (Fig. 3F). The
dil-acetylated LDL uptake assay failed to detect uptake in the mock
group, whereas Dil-acetylated LDL uptake was higher in the FGF2
+STAT5-CA group, but lower in the FGF2 + STAT5-DN group com-
pared to that in the FGF2 + NC group (Fig. 3F). We conclude that
activation of STAT5 is required in for differentiation of HFSCs and in

vitro tube formation induced by FGF2.

3.4. FGF2 promotes in vivo differentiation of HFSCs into EC

We conducted animal experiments to explore further the in vivo role
of FGF2 in promoting the differentiation of HFSCs.
Immunofluorescence staining showed similar expression of the EC-
specific markers, vWF, VE-cadherin, and CD31 (Fig. 4A) in the heparin
and blank groups, while that was dramatically higher in the FGF2 group
than in the blank group. The expression of HFSC-specific marker K15 in
mouse tissue was significantly down-regulated in the FGF2 group when
compared with that in the blank group (Fig. 4B). These results indicate
that FGF2 promotes the differentiation of HFSCs into ECs in vivo.

3.5. The differentiation of HFSCs into ECs promoted by FGF2 is dependent
on the activation of STAT5 in vivo

The requirement of STAT5 in FGF2-induced differentiation of HFSCs

Fig. 3. STAT5 is necessary for the differentiation of HFSCs. Infection efficiency of the adenovirus vectors determined by Western blot assay (A). Immunofluorescence
to examine the distribution of p-STAT5 in HFSCs overexpressing STAT5A-CA or STAT5A-DN (×400) (B). Immunofluorescence staining to detect EC-specific
markers, vWF, VE-cadherin and CD31 in HFSCs overexpressing STAT5A-CA or STAT5A-DN (×400) (C). The expression of EC-specific markers vWF, VE-cadherin,
CD31, FLT-1, KDR and Tie2 in HFSCs overexpressing STAT5A-CA or STAT5A-DN as detected by flow cytometry (D). The expression of the human HFSCs specific
markers K15, K19, Lgr5, Sox9 and Lhx2 determined using flow cytometry (E). In vitro tube formation assay (scale bar = 500 μm) (F). Dil-acetylated LDL uptake assay
(scale bar = 20 μm) (G). *p < 0.5 vs. the mock group; #p < 0.5 vs. the FGF2 + NC group. Statistical data were measurement data described as mean ± standard
deviation. The comparisons among multiple groups were performed by one-way analysis of variance, and the experiment was repeated three times. STAT5, signal
transducers and activators of transcription 5; HFSCs, human hair follicle stem cells; ECs, endothelial cells; vWF, von Willebrand factor; FGF2, fibroblast growth factor
2; NC, negative control.
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was further analyzed in vivo in mice with subcutaneous injection with
hHFSCs overexpressing STAT5A-CA or STAT5A-DN. The infection effi-
ciency measured by Western blot analysis (Fig. 5A) showed dramati-
cally elevated STAT5 expression in the FGF2 + STAT5A-CA and
FGF2 + STAT5A-DN groups compared with that in the FGF2 + NC
group (p < 0.05), suggesting that adenovirus vector transduction in
both groups was successful. Then, immunohistochemical analysis in
mouse tissue sections (Fig. 5B) showed significantly up-regulated
STAT5 phosphorylation in the FGF2 + STAT5A-CA group compared
with the FGF2 + NC group (p < 0.05), while that in the
FGF2 + STAT5A-DN group was markedly down-regulated (p < 0.05).
Next, immunohistochemistry for WF, VE-cadherin and CD31 (Fig. 5C)
displayed that in comparison with the FGF2 + NC group, the expres-
sion of those EC-specific markers was significantly elevated in the
FGF2 + STAT5A-CA group (p < 0.05), but reduced in the
FGF2 + STAT5A-DN group (p < 0.05). Finally, immunohistochemical
analysis showed down-regulated expression of the HFSC-specific
marker K15 in the FGF2 + STAT5A-CA group (p < 0.05), but upre-
gulated in the FGF2 + STAT5A-DN group as compared to the
FGF2 + NC group (p < 0.05) (Fig. 5D). Moreover, examination of the
resected Matrigel samples showed that angiogenesis was promoted in
the FGF2 + STAT5-CA group, while the weakest angiogenic ability was
found in the FGF2 + STAT5-DN group, as compared with that in the
FGF2 + NC group (Fig. 5E). In conclusion, differentiation of HFSCs into
ECs induced by FGF2 might rely on the activity of STAT5 in vivo.

4. Discussion

HFSCs have a substantial potential for applications in tissue en-
gineering and regenerative medicine due to their easy accessibility
along with the broad capacity for differentiation that they possess
(Mistriotis and Andreadis, 2013). HFSCs are more likely to differentiate
into ECs upon exposure to VEGF and FGF2 (bEGF) (Xu et al., 2014). It

has been well documented that FGF2 is an extracellular matrix com-
ponent required for supporting EC growth and promoting the formation
of differentiated capillary tubes (Kinner et al., 2002). FGF2-mediated
signaling is critical for the proliferation of hemangioblasts and thus
positively regulates hematopoietic development. Several lines of evi-
dence have indicated that FGF2 stimulates VEGF expression in ECs
(Hyytiainen et al., 2004). The absence of FGF2 signaling leads to the
loss of adherent and tight junctions, increased vascular leakiness, and
disassembly of the existing vasculature. In this study, we focused on the
mechanism underlying FGF2 modulation of the differentiation of HFSCs
into ECs, both in murine models and in cultured hHFSCs. Our results
support the proposition that recombinant human FGF2 contributes to
enhanced HFSC differentiation. Additionally, we found the activation of
STAT5 to be triggered in the differentiation process of HFSCs into ECs
as induced by FGF2. Once in the nucleus, the phosphorylated STAT5
dimers bind to STAT5 responsive elements, modulating transcription of
specific sets of genes. Upregulation of gene expression by STAT5 dimers
has been observed for genes implicated in controlled cell growth and
division, or cell proliferation.

One important finding in our study is that FGF2 promoted the dif-
ferentiation of HFSCs into ECs. Here, we made use of vWF,VE-cadherin
and CD31, which are widely recognized EC markers (Doan et al., 2014;
Volz et al., 2017). In keeping with the present results, a previous study
had demonstrated that FGF2 (bEGF) likewise induced their expression
in hHFSCs (Zhang et al., 2014). K15 is known as one of the most dis-
tinctive molecular markers for HFSCs (Purba et al., 2014), and is used
as a transit-amplifying cell marker related to the process of transfor-
mation of HFSCs to transit-amplifying cells (Shen et al., 2017). We
propose that FGF2 could be developed as a biomarker for HFSC dif-
ferentiation, given its role reported in a bioinformatics analysis as a
regulator of differentiation of induced pluripotent stem cells toward
hepatocytes (Lin et al., 2018). To sum up, the elevation in vWF, VE-
cadherin and CD31 expression and reduction in K15 expression to-
gether suggest that FGF2 greatly contributed to the differentiation of
HFSCs into ECs.

Another finding of our study was that in HFSCs, FGF2 induces the
phosphorylation as well as nuclear translocation of STAT5. Previous
studies show that treatment with FGF21, another member of the FGF
family, extensively down-regulated the expression of growth factors
such as PDGF, VEGF and CTGF by reducing the extent of STAT5
phosphorylation (Li et al., 2017). Besides, a tyrosine kinase growth
factor receptor, FGFR-2, interacts with STAT-5 in the nuclei of breast
cancer cells, in a manner correlating with the cytoplasmic and/or nu-
clear localization of STAT-5 (May et al., 2016). Moreover, other evi-
dence supports that the differentiation of HFSCs into ECs promoted by
FGF2 depends on the activation of STAT5 through overexpressing
constitutively active STAT5 or dominant-negative STAT5 in HFSCs. A a
member of the transcription factor family, STAT5 is a crucial modulator
of cell differentiation and growth (Gianti and Zauhar, 2015). A previous
study has shown that activated STATs could bind to particular DNA
sequences in the promoter regions of different genes related to pro-
liferation, differentiation and cell survival, that is to say, STAT5 could
be functional when activated (Rondanin et al., 2014). The phosphory-
lated STAT5 hypersensitive response is related to a number of high-
incidence diseases and signaling-related mutations (Padron et al.,
2013). Various lines of evidence suggest that activation of STAT5 serves
as a mesenchymal switch to induce anagen entry in the process of hair
follicle cycling (Legrand et al., 2016). Furthermore, STAT5 activation
promoted proliferation of intestinal epithelial stem cells (IESCs), and
constitutively active STAT5 could facilitate LGR5+ IESC self-renewal in
both mouse and human stem cells (Gilbert et al., 2015). Partially con-
sistent with results of our study, STAT5 was activated in response to
FGF2 in mouse microvascular ECs and was confirmed to be an essential
mediator for FGF-induced angiogenesis (Yang et al., 2009). Our murine
model further supported the involvement of STAT5 activation in the
FGF2-induced HFSC differentiation in vivo. All of these showed the

Fig. 4. The differentiation of HFSCs into ECs in mice is promoted by FGF2.
Immunofluorescence staining of EC-specific markers, vWF, VE-cadherin and
CD31 in mice injected with Heparin or FGF2 (× 400) (A). Immunofluorescence
staining of HFSC-specific marker K15 in mice injected with Heparin or FGF2
(× 400) (B). The experiment was repeated 3 times. ECs, endothelial cells;
FGF2, fibroblast growth factor 2; HFSCs, hair follicle stem cells.
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activation of STAT5 related to hair follicle and was of vital importance
to the stem cells activities. It is reasonable to suppose that activation of
STAT5 could contribute to the differentiation of HFSCs. However,
STAT3 activation resulted in consumption of HF keratinocyte stem cells
(KSC) together with proliferation stem cells, which indicated a sig-
nificant role of STAT3 in the maintenance of KSCs (Rao et al., 2015). It
remains a new and attractive research topic to verify which variants of
STATs mediate response to FGF2.

In conclusion, FGF2 could promote the differentiation of HFSCs into
ECs, entailing a phosphorylation level and nuclear translocation of
HFSCs are increased in HFSCs. We expect that FGF2 presents a pro-
mising therapeutic target in studies of HFSC transplantation for treating
various ischemic vascular diseases.
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