'.) Check for updates

Received: 8 August 2020 | Accepted: 7 January 2021

DOI: 10.1111/jth.15252

ORIGINAL ARTICLE

jth

Photobiomodulation therapy for thrombocytopenia by
upregulating thrombopoietin expression via the ROS-
dependent Src/ERK/STATS3 signaling pathway

Qiuhong Wang!? | Haocai Chang?? | QiShen'? | Yonghuali? | Da Xing!?

MOE Key Laboratory of Laser Life
Science & Institute of Laser Life Science,
College of Biophotonics, South China
Normal University, Guangzhou, China

2Guangdong Provincial Key Laboratory
of Laser Life Science, College of
Biophotonics, South China Normal
University, Guangzhou, China

Correspondence

Da Xing, MOE Key Laboratory of Laser
Life Science & Institute of Laser Life
Science, College of Biophotonics, South
China Normal University, 55 Zhongshan
Avenue West, Tianhe District, Guangzhou
510631, China.

Email: xingda@scnu.edu.cn

Funding information

The Science and Technology Program
of Guangzhou, Grant/Award Number:
2019050001; National Natural Science
Foundation of China, Grant/Award
Number: 61361160414, 62005085 and
31470072; The science and technology
project of Guangzhou, Grant/Award
Number: 201805010002; The Science
and Technology Planning Project of
Guangdong Province (Guangdong-Hong
Kong Joint Innovation Project), China,
Grant/Award Number: 2014B050504009

1 | INTRODUCTION

Abstract

Background: Chemotherapy-induced thrombocytopenia (CIT) can increase the risk
of bleeding, which may delay or prevent the administration of anticancer treatment
schedules. Photobiomodulation therapy (PBMT), a non-invasive physical treatment,
has been proposed to improve thrombocytopenia; however, its underlying regulatory
mechanism is not fully understood.

Obijective: To further investigate the mechanism of thrombopoietin (TPO) in mega-
karyocytopoiesis and thrombopoiesis.

Methods: Multiple approaches such as western blotting, cell transfection, flow cy-
tometry, and animal studies were utilized to explore the effect and mechanism of
PBMT on thrombopoiesis.

Results: PBMT prevented a severe drop in platelet count by increasing platelet pro-
duction, and then ameliorated CIT. Mechanistically, PBMT significantly upregulated
hepatic TPO expression in a thrombocytopenic mouse model, which promoted mega-
karyocytopoiesis and thrombopoiesis. The levels of TPO mRNA and protein increased
by PBMT via the Src/ERK/STAT3 signaling pathway in hepatic cells. Furthermore, the
generation of the reactive oxygen species was responsible for PBMT-induced activa-
tion of Src and its downstream target effects.

Conclusions: Our research suggests that PBMT is a promising therapeutic strategy for
the treatment of CIT.
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in different degrees of blood cytopenias.?® In addition to increas-

Thrombocytopenia is a common complication in cancer patients
receiving chemotherapy, and leads to life-threatening conse-
quences.! Myelosuppression is considered to be the main cause of

chemotherapy-induced thrombocytopenia (CIT), which can result

Manuscript handled by: Katsue Suzuki-Inoue

Final decision: Katsue Suzuki-Inoue, 07 January 2021

© 2021 International Society on Thrombosis and Haemostasis

ing the risk of bleeding, CIT may also limit the dose intensity of
chemotherapy and the effectiveness of cancer treatment. In recent
decades, considerable progress has been made in the development
of therapeutic agents for the treatment of CIT.* Thrombopoietic
agents, including recombinant human interleukin-11 (rhIL-11), re-
combinant human thrombopoietin (rhTPO), and thrombopoietin

(TPO) receptor agonists eltrombopag or romiplostim,5 can increase
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platelet production by stimulating megakaryocyte maturation, but
these are often accompanied by serious side effects such as fatigue,
fever, and muscle and joint pain, thereby limiting their clinical ap-
plications.® Therefore, in the treatment of thrombocytopenia, an ef-
fective and safe modality that promotes platelet production remains
an urgent and unmet medical need.

Thrombopoietin, a glycoprotein predominantly produced by liver
cells,” is the primary regulator of platelet production by promoting
the survival, proliferation, and differentiation of megakaryocytes.8
The TPO receptor, also known as c-mpl, is expressed on CD34*
cells, megakaryocytes, platelets, and endothelial cells. The receptor
changes its conformation upon binding to TPO, subsequently ac-
tivating a number of signal transduction pathways such as MAPK,
P13 K-AKT, and JAK-STAT that promote the survival, proliferation,
and polyploidization of megakaryocytes.9 It has been reported that
administration of TPO to mice significantly increased the number
of megakaryocytes in bone marrow and elevated platelet levels by
four- to six-fold.!® Moreover, platelet counts were reduced by ap-
proximately 90% in TPO-deficient mice compared to wild-type
mice,'! indicating that TPO plays an important role in regulating
megakaryocytopoiesis and thrombopoiesis. Therefore, increasing
the production of platelets by upregulating TPO expression may be
an important strategy for ameliorating thrombocytopenia.

Photobiomodulation therapy (PBMT) has recently been consid-
ered as a therapeutic advancement to induce non-thermo-related
biological events such as enhancing cell survival and prolifera-

tion,12’13 14,15

accelerating wound healing, and regulating neuronal
functions.'®!” Zhang et al. reported that PBMT could protect mega-
karyocytes from mitochondrial injury and apoptosis, bolster mega-
karyocytes maturation, and then ameliorate thrombocytopenia.*®*’
However, the mechanisms of PBMT on thrombopoiesis are poorly
understood. As a drug-free and noninvasive physical treatment, a
growing body of experimental and clinical studies has shown that
PBMT could induce a series of complex signaling events, which were
triggered by reactive oxygen species (ROS), the main contributing
factor of PBMT treatment.?%2? Currently, the biological mechanism
of these effects is still not fully understood by researchers.

In this study, we show, for the first time, that PBMT increases plate-
let production and ameliorates CIT by upregulating hepatic TPO ex-
pression, which is transcriptionally regulated via the activated Src/ERK/
STATS3 signaling pathway. Moreover, ROS generation is essential for the
activation of Src and its downstream signaling pathways. These find-
ings provide further evidence for PBMT as a novel therapeutic strategy

for the control of CIT progression by targeting TPO production.

2 | METHODS
2.1 | Antibodies and reagents
The following reagents were used: H,DCFDA (10 uM), actinomycin

D (Act D, 2 ug/ml), N-acetyl-L-cysteine (NAC, 250 uM), thiazole or-
ange (TO, 0.1 mg/ml), RNase, 4'6-diamidino-2-phenylindole (DAPI),

Essentials

e Photobiomodulation therapy (PBMT) increases plate-
let production and then ameliorates chemotherapy-
induced thrombocytopenia (CIT).

e PBMT upregulates hepatic thrombopoietin (TPO) ex-
pression via the activated Src/ERK/STAT3 signaling
pathway.

e Reactive oxygen species are responsible for PBMT-
induced activation of Src and its downstream target
effects.

e PBMT may be a promising avenue for the treatment of
CIT.

fibrinogen and 5-fluorouracil (5-FU) and were purchased from Sigma-
Aldrich. Phalloidin and propidium iodide (Pl) were purchased from
Beyotime Institute of Biotechnology. PP1 (5 uM), PD98059 (10 uM),
and AG490 (50 uM) were purchased from Med Chem Express (MCE).
Primary and secondary antibodies, their sources, and the concentra-

tions used are listed in Table S1 in supporting information.

2.2 | Mice

Female C57BL/6 mice (7-8 weeks) were purchased from the Animal
Laboratory Center of Southern Medical University. The mice were
maintained in a 12-h light/dark cycle. For CIT, mice were treated
once by intraperitoneal injection of 5-FU at a dose of 150 mg/kg
body weight.??>?3 During the experiment, PBMT was given once
daily for three consecutive days starting at 6 h after 5-FU injection.
For in vivo ROS-scavenging experiments, mice were treated with
NAC (100 mg/kg) 2 days before 5-FU injection. NAC was injected
intraperitoneally every day 1 h before PBMT.?42>

This study was performed in accordance with the Guide for the
Care and Use of Laboratory Animals (Institute of Laboratory Animal
Resources, Commission on Life Sciences, National Research Council).
All mice studies were approved by the Institutional Animal Care and
Use Committee of South China Normal University (Guangzhou,
China).

2.3 | Cell culture

The human megakaryoblastic cells (MEG-01) were kindly provided
by Dr Wai Ho Tang (Institute of Pediatrics, Guangzhou Women and
Children's Medical Center, China) and cultured in RPMI 1640 me-
dium supplemented with 4.5% L-glutamine and 10% FBS (fetal bo-
vine serum). Human hepatocarcinoma HepG2 cells were maintained
in Dulbecco's modified Eagle's medium, containing 10% FBS, penicil-
lin (100 U/ml), and streptomycin (100 pug/ml). Cells were incubated at
37°C in a humidified incubator (5% CO, and 95% air).
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2.4 | PBMT treatment in vivo and in vitro

For the cell experiments, cells were serum-starved overnight and
thenirradiated with a 635-nm semiconductor laser (NL-FBA-2.0-635,
nLight Photonics Corporation) and/or treated with different chemi-
cals. Throughout each of the experiments, the cells were kept either
in a complete dark or very dim environment, except when exposed
to laser irradiation, to minimize the interference of ambient light.
The whole process was conducted at room temperature.

In the animal experiments, to receive the same dose of laser in
the liver, the actual power of the laser after penetrating the skin and
abdominal cavity into the liver was measured and calculated. The
mice were restrained in a specially designed holder after abdomi-
nal hair removal and their abdomens were directly irradiated in a
vertical irradiation direction from bottom to top with the 635-nm
semiconductor laser. The area of laser irradiation to the abdomen of
the mice was 2.5 cm x 1 cm, which completely covered the liver of
the mice. The rate loss of laser intensity through the mice abdominal
wall was approximately 5.823 times.?° The power density of PBMT
was 43.88 mW/cm?, with a total exposure time of 10 min to obtain
an energy density of 23.292 J/em?, which corresponds to a dose of
4 J/em? reaching the liver. The control group was maintained in a
specially designed stent for the same amount of time as the irradi-
ated group, but the laser source was not activated (sham irradiation).

2.5 | Platelet count

Platelet counts were determined by an automatic blood cell ana-
lyzer (HF-3800, Kang Yu Medical). About 10-30 pul of peripheral
blood from mice were collected into ethylenediaminetetraacetic
acid (EDTA)-coated tubes and immediately mixed. In this part, whole
blood was used without any dilution, and results were excluded in

cases in which there was clotting in the sample.

2.6 | MEG-01 ploidy analysis

MEG-01 cells were collected, washed thrice with phosphate-buffered
saline (PBS), and centrifuged for 5 min at 100 g at 4°C. The pellets were
resuspended in 75% ethanol overnight at 4°C. Afterward, the cells were
washed with PBS and centrifuged at 100 g for 5 min at 4°C. The pellets
were resuspended in PBS and treated with RNase (5 pg/ml, 30 min,
37°C) and then stained with PI (10 pg/ml, 30 min, 4°C). Samples were
examined with a BD FACSCanto Il flow cytometer (Becton Dickinson)

and analyzed using FCS Express software (De Novo Software).

2.7 | Platelet production assay

Platelet production (reticulated platelets [RPs]) was measured by

flow cytometry as previously described.?’” Briefly, a small amount
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of whole blood was collected from the tail vein and placed in anti-
coagulant. Whole blood (10 pl) was incubated with 3 ul APC-CD61
and 90 pl of PBS for 30 min in the dark at room temperature. After
incubation, 500 pul TO (0.1 mg/ml) was added and incubated again for
30 min under the same conditions. Platelets were recognized by ana-
lyzing size (forward scatter), granularity (side scatter), and specific
membrane antigens (CD61). We used platelet population as a gate
to detect RPs using flow cytometry and TO-positive platelets were

considered reticulated.

2.8 | Platelet-like particle analysis

MEG-01-derived platelet-like particles (PLPs) were isolated by
sequential centrifugation (150 g, 10 min; 500 g 10 min; 1000 g
10 min) of MEG-01 cell supernatants under different treatment
conditions. PLPs were identified by their size, granulation, and
capacity to bind anti-CD41 using normal human platelets from
peripheral blood as control.?®?° For human blood platelet iso-
lation, whole blood was obtained from donors and with South
China Normal University Institutional Review Board approval
(SCNU-BIP-2020-003). Platelets were obtained by centrifugation
as previously described.®® Informed consent was obtained from
all donors in accordance with the Declaration of Helsinki. MEG-
01-derived PLPs and peripheral blood platelets were stained with
fluorescein isothiocyanate (FITC)-CD41 antibody and detected by

flow cytometry.

2.9 | Analysis of proplatelet formation

To analyze proplatelet formation (PPF), first, MEG-01 cells from
different treatment groups were harvested and plated onto
fibrinogen-coated coverslips in 12-well plates. Then, the cells
were fixed in 4% paraformaldehyde, permeabilized with 0.2%
Triton X-100, blocked with 5% bovine serum albumin (BSA), and
stained with p-tubulin antibody, phalloidin, and DAPI. MEG-01
cells extending proplatelets were identified as cells extending
long filamentous structures ending with platelet-sized tips.31’32
Images were captured using confocal microscopy (LSM880 META;
Carl Zeiss Microlmaging), and the number of MEG-01 cells pro-
ducing proplatelets was determined using Zeiss Zen Blue Edition

Software (Carl Zeiss Microlmaging).

2.10 | Tail bleeding time

Non-anesthetized mice were placed in a restraining device, and tails
were transected at 5 mm from the tip. The tails were immersed in
pre-warmed PBS at 37°C, and the time from severing to cessation
of bleeding was recorded as bleeding time. If bleeding did not cease,

then observation would be stopped at 120 s.
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2.11 | Western blot analysis

Western blotting was performed following our previous descrip-
tion with some modifications.®® Briefly, cells were lysed in cold
lysis buffer, protein samples (60 pg) were separated by sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to a polyvinylidene difluoride membrane (Millipore).
The membranes were washed with Tris-buffered saline with 0.1%
Tween-20 (TBST) thrice, blocked with 5% skim milk, and then in-
cubated with the primary antibodies overnight at 4°C. Afterward,
the membranes were washed with TBST thrice and incubated
with fluorescent secondary antibody for 2 h at room temperature.
Detection was performed using the Odyssey Infrared Imaging
System (LI-COR, Biosciences). The intensity of the western blot
signals was quantified using ImageJ software (National Institutes
of Health). The results of densitometry analyses are presented as
the ratio of protein/B-tubulin protein; and are compared to con-
trols and normalized to 1.

212 | Flow cytometry analysis

The femur and tibia were collected from mice, and marrow was
flushed out with PBS. A single-cell suspension was prepared
through individual 74 pm cell strainer and washed thrice in PBS.
Cells were lysed in ammonium-chloride-potassium (ACK) lysis
buffer to remove red blood cells and then centrifuged for 5 min at
800 g at 4°C. The pellets were resuspended in 100 pl of PBS con-
taining FITC-CD41 and PE-CDé61 antibodies. Cells were stained at
room temperature for 30 min in the dark. The number of mega-
karyocytes in bone marrow was determined by gating for both
CD41/61 positivity, and the cell population was analyzed by flow
cytometry.

Bone marrow cells of mice in different treatment groups were
incubated with FITC-CD41 antibody for 30 min at room tempera-
ture, then treated with RNase and Pl. The DNA content of CD41"
megakaryocytes was quantified by flow cytometry and analyzed

using FCS Express software.

2.13 | Immunofluorescence

After treatment under different experimental conditions, the
cells were fixed in 4% paraformaldehyde for 15 min, followed
by permeabilization in 0.2% Triton X-100 for 30 min. The cells
were incubated with 5% BSA for 1 h at 37°C to block unspecific
binding and incubated overnight at 4°C with primary antibod-
ies. The cells were washed with PBS and then incubated with
fluorescent secondary antibodies for 2 h. After three additional
washes with PBS, the slides were mounted and analyzed by con-

focal microscopy.

2.14 | mRNA extraction and quantitative real-time
polymerase chain reaction

The total RNA was isolated from the liver of mice or HepG2 cells
using RNAiso Plus (TaKaRa, D9108A). Primers (Table S2 in sup-
porting information) were designed and synthesized by Invitrogen.
The ReverTra Ace quantitative polymerase chain reaction (QPCR)
RT Master Mix with gDNA Remover (Toyobo, FSQ-301) was used
to synthesize cDNA. Quantitative real-time PCR was performed
using the SYBR-Green qPCR Super Mixture (Takara, RR820A) on
a Real-Time Detection System (BioRad). The amount of cDNA was
normalized to the intensity of the PCR products of GAPDH. All the
amplified products were observed using the Quantity One software

(Bio-Rad). gPCR was performed in triplicate.

2.15 | Bone marrow histology

Mice femurs were fixed in 4% paraformaldehyde, decalcified, and
dehydrated. Tissues were embedded in paraffin, sectioned, and
stained with hematoxylin and eosin (H&E). The morphology of the
bone marrow was assessed by light microscopy (Leica DMLB, Leica).
Megakaryocytes were counted throughout the whole slice of the
samples.

2.16 | SiRNA-mediated gene silencing

For siRNA-mediated gene silencing, we used STAT3-specific siRNA
(Table S3 in supporting information).2* All siRNAs were synthesized
by GenePharma. Cells were transfected specific siRNA oligonucleo-
tides using Lipofectamine 3000. HepG2 cells were harvested 48 h
after transfection and subjected to western blot analysis using anti-
TPO antibody.

2.17 | Imaging analysis of living cells

To visualize living cells, HepG2 cells were transfected with STAT3-
yellow fluorescent protein (YFP). After 48 h expression, the nuclei
were stained with DAPI. Using confocal microscopy, we imaged the
distribution pattern of STAT3-YFP and DAPI simultaneously after
PBMT. Cells were also maintained at 37°C and 5% CO, during imag-

ing within the culture chamber.

2.18 | Measurement of TPO levels

Plasma TPO levels of mice and supernatant TPO levels of HepG2
cells were measured using the Mice Thrombopoietin Quantiken
ELISA kit and Human Thrombopoietin Quantiken ELISA kit (Wuhan
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FIGURE 1 Photobiomodulation therapy (PBMT) alleviates 5-fluorouracil (5-FU)-induced thrombocytopenia in mice. A, Platelet counts
were measured daily at 4 h after PBMT by automatic blood cell analyzer. B, Tail bleeding time was examined on day 4. C, Percentage of
reticulated platelets was determined as CD61/TO-positive signals by flow cytometry on day 3. D, The number of megakaryocytes in bone
marrow from femur and tibia was measured by flow cytometry. E, Ploidy analysis of CD41" megakaryocytes in bone marrow from femur and
tibia. Cells were stained with fluorescein isothiocyanate (FITC)-CD41 antibody and propidium iodide, followed by flow cytometric analysis of
DNA content. Data are presented as mean * standard error of the mean. n = 8 animals per group. *P < .05; **P < .01, ***P < .001
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Colorful-Gene Biological Technology) respectively, which were both

in accordance with the manufacturer's instructions.

2.19 | Intracellular ROS assay

Laser scanning confocal microscopy was used to assess intracellu-
lar ROS generation.®® HepG2 cells were cultured in confocal dishes
with corresponding treatment. When cells reached 70% to 80%
confluency, these were washed with PBS and loaded with 10 uM
H,DCFDA for 30 min at 37°C. Finally, the cells were washed with
PBS and imaged using an LSM 510 confocal microscope (Carl Zeiss).

Intracellular ROS levels were also measured by flow cytometry.®®
Cells were washed thrice with PBS and incubated with H,DCFDA
for 30 min at 37°C. Subsequently, cells were washed with PBS, tryp-
sinized, and resuspended in PBS solution. Total intracellular fluores-
cence intensity was measured for 10,000 cells from each sample by
flow cytometry.

2.20 | Statistical analysis

All assays were repeated independently at least thrice. Statistical
analyses were performed using one-way analysis of variance to
compare more than two groups or Student's t-test to compare two
groups of independent samples. All quantitative data were pre-
sented as mean * standard error of the mean (SEM). Differences

with p < .05 were deemed statistically significant.

3 | RESULTS

3.1 | PBMT alleviates 5-FU--induced
thrombocytopenia in mice

As aremedy commonly used in oncology, 5-FU exhibits high toxicity
that can result in severe myelosuppression and thrombocytopenia.®’
To investigate the thrombopoietic effects of PBMT, a mouse model
of CIT was created by injecting 5-FU once at a dose of 150 mg/kg
body weight. The mice were treated with 4 J/cm? PBMT after 5-FU

injection 6 h, and PBMT treatment was continued for 2 days. The

level of circulating platelets in mice markedly decreased after ad-
ministration of 5-FU (Figure 1A). PBMT accelerated the recovery
in platelet count in the presence of 5-FU. Moreover, bleeding time
was approximately two-fold longer in mice on day 4 after 5-FU in-
jection, but PBMT could significantly shorten tail bleeding time in
thrombocytopenic mice (Figure 1B). To further determine whether
platelet production increased in PBMT-treated thrombocytopenic
mice, the number of RPs was measured using TO staining.3®% The
percentage of RPs was approximately 1.5-fold higher in the blood of
PBMT-treated thrombocytopenic mice than in non-treated throm-
bocytopenic mice (Figure 1C). These results showed that PBMT
increased the production of platelets in 5-FU--induced thrombocy-
topenic mice.

Platelets are produced from megakaryocytes residing in bone
marrow. Thus, we investigated the number and ploidy of mega-
karyocytes in bone marrow. We used a semiconductor laser to di-
rectly irradiate the abdomen of thrombocytopenic mice, and the
number of megakaryocytes in bone marrow from femur and tibia
was determined by flow cytometry. As expected, the number of
megakaryocytes in the bone marrow of thrombocytopenic mice sig-
nificantly increased after PBMT treatment (Figure 1D). Additionally,
H&E staining of mouse bone marrow paraffin sections revealed
the same results (Figure S1 in supporting information), which fur-
ther supported the above conclusion. Then, we examined whether
PBMT could promote bone marrow megakaryocyte maturation in
thrombocytopenic mice, and the results showed that the proportion
of 264 N megakaryocytes in bone marrow increased in the PBMT-
treated group compared to the non-treated thrombocytopenic mice
group (Figure 1E), suggesting that PBMT significantly promoted
polyploidization of megakaryocytes in the bone marrow of throm-
bocytopenic mice, thus boosting platelet production. Overall, these
findings confirmed that PBMT effectively promoted megakaryocy-

topoiesis and thrombopoiesis.

3.2 | PBMT upregulates TPO expression both
in vivo and in vitro

Previous studies have shown that TPO could support the survival
and development of megakaryocyte progenitor cells, induce mega-
karyocyte maturation, and promote platelet production both in

FIGURE 2 Photobiomodulation therapy (PBMT) upregulates thrombopoietin (TPO) expression in vivo and in vitro. A-C, Mice were
injected with 5-fluorouracil (5-FU; 150 mg/kg) on day 0. PBMT was given daily for three consecutive days starting at 6 h after 5-FU
injection. Control mice received saline only (n = 6). Hepatic thrombopoietin (TPO) expression and secretion were detected by western

blot (A) and ELISA (B) in thrombocytopenic mice with or without PBMT. Representative immunofluorescence images of TPO (red) in the
livers of different groups of mice (C). 4'6-diamidino-2-phenylindole (DAPI) staining was used to visualize nuclei. Scale bar: 100 pm. D-E,
Representative western blot assays to investigate the time- (D) and dose-dependent effects (E) of PBMT on TPO expression in HepG2 cells.
F, TPO expression in HepG2 cells after PBMT treatment was assessed by ELISA. G-1, HepG2 cells with or without PBMT were co-cultured
with MEG-01 cells for 4 d. G, The ploidy of MEG-01 cells was determined by staining with propidium iodide, followed by flow cytometric
analysis of DNA content. H, MEG-01 cells in different treatment groups were cultured on fibrinogen-coated glass slides for 18 h and stained
with p-tubulin (green), F-actin (phalloidin, red), and DAPI (blue). Scale bar: 50 pm. I, The number of platelet-like particles (CD41") produced by
MEG-01 cells was determined by flow cytometry. Data are presented as mean + standard error of the mean. *P < .05; **P < .01
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vivo®® and in vitro.** TPO is mainly secreted by hepatocytes into the
blood. To clarify the effects of PBMT on TPO expression in vivo, we
first assessed the mMRNA and protein expression levels of hepatic
TPO in mice from different treatment groups. gPCR and western
blot analysis of the liver homogenate samples demonstrated that he-
patic TPO mRNA (Figure S2A in supporting information) and protein
expression levels (Figure 2A) in thrombocytopenic mice significantly
increased after PBMT treatment. Additionally, plasma TPO levels
dramatically increased in thrombocytopenic mice after treatment
with PBMT (Figure 2B), and similar results were obtained by im-
munofluorescence staining (Figure 2C). These results indicated that
PBMT upregulated hepatic TPO expression in vivo, which increased
the level of TPO in the blood.

In vitro, we further examined the expression of TPO in HepG2
cells, and the results showed that the TPO mRNA (Figure S2B) and
protein levels (Figure 2D,E) also significantly increased after 4 J/cm?
PBMT treatment. Moreover, the upregulation of TPO expression and
secretion in HepG2 cells caused by PBMT was further demonstrated
by immunofluorescence (Figure S2C), flow cytometry (Figure S2D),
and ELISA (Figure 2F). These results strongly indicated that PBMT
could upregulate TPO expression and secretion in vitro.

To further investigate the effects of PBMT-induced upregula-
tion of TPO on megakaryocytes, HepG2 cells with or without PBMT
were co-cultured with MEG-01 cells for 4 days. Our results indicated
that ploidy (Figure 2G), PPF (Figure 2H), and PLP (Figure 2I) produc-
tion in MEG-01 cells significantly increased after co-culturing with
PBMT-treated HepG2 cells. However, their increase was almost
entirely inhibited after treatment with TPO-neutralizing antibody.
These results suggested that upregulation of TPO by PBMT induced
polyploidization, PPF, and platelet production in MEG-01 cells.

3.3 | Activating STAT3 is responsible for PBMT-
induced upregulation of TPO

Next, we investigated whether PBMT-upregulated TPO expression
was due to new mRNA synthesis. Act D, as a pharmacological inhibitor
of transcription, was employed. We found that mRNA expression of
TPO increased in HepG2 cells after PBMT treatment, but the increase
of TPO mRNA levels was significantly inhibited after preincubation
with Act D (Figure 3A), suggesting that TPO transcription contributed
to the increase in TPO protein level that was induced by PBMT.
STAT3 has been reported to participate in the expression of TPO,
ultimately promoting platelet production.*?*® Thus, we examined
whether PBMT could activate STAT3 to regulate TPO expression in

HepG2 cells. First, we monitored changes in STAT3 in the subcel-
lular localization under PBMT. HepG2 cells were transfected with
STAT3-YFP. After 48 h expression, the nuclei were stained with
DAPI and the dynamics of STAT3-YFP in positive transfected cells
were assessed by confocal microscopy. The results showed that
PBMT caused a 1.8-fold increase in STAT3 nuclear fluorescence in-
tensities within 150 min, compared to the control cells (Figure 3B
and Figure S3A in supporting information), thereby revealing PBMT-
induced nuclear translocation of STAT3. This result was further
confirmed in HepG2 cells by immunofluorescence using p-STAT3
antibody (Figure 3C). Meanwhile, we determined the extent of p-
STAT3 staining in HepG2 cells by flow cytometry and the results
showed that the fluorescence intensity of p-STAT3 significantly in-
creased after PBMT treatment (Figure S3B). The phosphorylation
level of STAT3 in the nucleus also increased after PBMT (Figure 3D).
These findings showed that PBMT activated STAT3 and promoted
STATS3 translocation to the nucleus.

To further investigate whether PBMT-induced STAT3 activa-
tion regulates TPO expression, HepG2 cells were pretreated with
Stattic (a specific inhibitor of STAT3) before PBMT treatment. The
result showed that pretreatment of HepG2 cells with Stattic signifi-
cantly inhibited the increases induced by PBMT in STAT3 phosphor-
ylation and TPO expression (Figure 3E). Furthermore, HepG2 cells
were transfected with STAT3 siRNA, which revealed that knocking
down STAT3 antagonized the PBMT-induced upregulation of TPO
(Figure 3F). All these results suggested that activating STAT3 is re-
sponsible for PBMT-induced upregulation of TPO.

3.4 | PBMT activates STAT3 via the Src/
ERK pathway

To identify the kinases activated by PBMT that are responsible for
STAT3 activation in HepG2 cells, we studied the effect of specific
inhibitors of these signaling pathways: PD98059, PP1, and AG490
(for MEK/ERKS, Src, and JAK, respectively) using western blot as-
says. The results showed that PBMT increased the phosphorylation
level of STAT3 in HepG2 cells, which was reversed by pretreatment
with PD98059 and PP1, but not AG490 (Figure 4A).

To further confirm that ERK and Src were involved in PBMT-
induced STAT3 activation, western blot assays were performed to
examine the effects of ERK and Src activation on STAT3 phosphor-
ylation in response to PBMT in HepG2 cells. The protein levels of
p-Src, p-ERK, p-STAT3, and TPO significantly increased in HepG2

cells after PBMT treatment (Figure 4B,C). However, preincubation of

FIGURE 3 Activated STAT3 is responsible for photobiomodulation therapy (PBMT)-induced upregulation of thrombopoietin (TPO).

A, TPO mRNA levels in HepG2 cells stimulated by PBMT in the presence of Act D (2 pg/ml) were assessed by quantitative polymerase

chain reaction. B, Representative time-series images of HepG2 cells expressing STAT3-YFP with or without PBMT treatment. Staining

with 4'6-diamidino-2-phenylindole (DAPI) to visualize nuclei. Scale bar: 5 pm. C, Representative immunofluorescence images of p-

STAT3 in HepG2 cells. Staining with DAPI to visualize nuclei. Scale bar: 10 pm. D, Representative western blot assay to investigate the
phosphorylation levels of STAT3 in nuclear (Nuc) and cytoplasm (Cyto) lysates of HepG2 cells after PBMT. E-F, Western blot analysis of TPO
expression in PBMT-treated HepG2 cells after treatment with Stattic (5 uM) (E) and STAT3 siRNA (F). Data are presented as mean + standard

error of the mean. *P < .05; **P < .01
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FIGURE 4 Photobiomodulation therapy (PBMT) activates STAT3 via the Src/ERK pathway. A, Representative western blot assay of
STAT3 phosphorylation in HepG2 cells after treatment with PBMT in the presence of PP1 (5 uM), PD98059 (10 uM), and AG490 (50 pM).
B-C, Western blot analysis was performed to detect the levels of p-STAT3 and thrombopoietin after treatment with PBMT in the presence
of PD98059 (B) and PP1 (C). D, Representative western blot assay for detecting the levels of p-Src in PBMT-treated HepG2 cells after
treatment with PD98059. E, Representative western blot assay for detecting the levels of p-ERK in HepG2 cells after treatment with PBMT
in the presence of PP1. Data are presented as mean + standard error of the mean. **P < .01
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PD98059 and PP1 to inhibit ERK and Src, respectively, both resulted
in a decrease in STAT3 phosphorylation and TPO expression, sug-
gesting that ERK and Src are involved in PBMT-induced upregulation
of TPO expression. Western blot assays were further performed to
investigate the relationship between ERK and Src in HepG2 cells
after PBMT treatment. We found that when HepG2 cells were pre-
incubated with PD98059, the phosphorylation level of Src did not
change after PBMT treatment (Figure 4D). However, inhibition of Src
by treatment with PP1 before PBMT resulted in decreased phos-
phorylation levels of ERK (Figure 4E), indicating that Src is located
upstream of ERK in PBMT-treated HepG2 cells. These results show
that PBMT activates the Src/ERK/STAT3 pathway to upregulate

TPO expression.

3.5 | PBMT-induced Src/ERK activation is
dependent on the generation of ROS

It has been suggested that the production of ROS is responsible for
the biostimulative effect of PBMT.** Thus, we explored whether
PBMT increased the generation of ROS in HepG2 cells. HepG2 cells
were monitored by measuring changes in fluorescence caused by
oxidation of intracellular H,DCFDA (nonfluorescent) to DCF (fluo-
rescent), whose fluorescence intensity indicates the relative level of
ROS production. We found that the level of intracellular ROS appar-
ently increased in HepG2 cells after PBMT treatment, but ROS scav-
enger NAC inhibited the PBMT-induced increase in ROS (Figure 5A).
These results were further confirmed by flow cytometry analysis
(Figure 5B). To further investigate whether ROS are indispensable for
Src activation, we pretreated HepG2 cells for 1 h with NAC before
PBMT. The results showed that administration of NAC inhibited Src,
ERK, and STAT3 activation and prevented the increase in TPO pro-
tein levels in PBMT-treated HepG2 cells (Figure 5C). These results
were also confirmed by immunofluorescence staining with p-STAT3
and TPO antibodies in HepG2 cells (Figure 5D and Figure S4A,B in
supporting information).

To directly demonstrate that PBMT induced an increase in
TPO expression via an ROS-dependent signaling pathway in vivo,
we administrated NAC to mice 2 days before 5-FU injection. We
found that the phosphorylation levels of ERK, Src, and STAT3 and
the expression of TPO significantly increased in thrombocytope-
nic mice after PBMT treatment, but administration of NAC inhib-
ited these PBMT-induced effects (Figure 5E). Furthermore, plasma
TPO contents and hepatic TPO mRNA levels dramatically decreased
after NAC application to PBMT-treated thrombocytopenic mice
(Figure 5F and Figure S4C), and similar results were obtained by
immunofluorescence staining (Figure S4D). We also found that the
increase in the number of RPs in PBMT-treated thrombocytopenic
mice decreased after treatment with NAC (Figure 5G). Together,
these findings show that the ROS-dependent Src/ERK/STAT3 sig-
naling pathway induced by PBMT triggers TPO expression, thereby
increasing platelet production.

jtj“ | 2039
4 | DISCUSSION

To the best of our knowledge, this is the first time that PBMT has
been found to promote thrombopoiesis through upregulating TPO
expression. We demonstrated that the beneficial effects of PBMT
are correlated with its ability to induce intracellular ROS genera-
tion and activate the Src/ERK/STAT3 signaling pathway, leading
to upregulated TPO expression and enhanced platelet production.
Therefore, understanding the mechanism and functional signifi-
cance of PBMT may provide a safe and effective therapeutic strat-
egy for CIT.

PBMT is a non-thermal form of irradiation using light in the vis-
ible to near-infrared range and has been used clinically to promote

hair growth*

and reduce pain and inflammation in various patholo-
gies.46 Moreover, recent reports have suggested that PBMT could
promote the maturation of megakaryocytes and increase platelet
production.*®* This raised our interest to explore the potential pro-
tective mechanisms of PBMT in patients with thrombocytopenia.

As expected, we found that PBMT significantly increased pe-
ripheral platelet counts and reduced tail bleeding time in thrombo-
cytopenic mice. All platelet counts in mice returned to their normal
range on day 7; the increase was regarded as a compensatory re-
sponse to the decrease in platelet count. Moreover, the number and
ploidy of bone marrow megakaryocytes significantly increased in
PBMT-treated thrombocytopenic mice. Therefore, PBMT may have
high clinical relevance. What is the reason for the increase in the
number and ploidy of megakaryocytes after PBMT treatment? Some
reports have shown that TPO promotes the differentiation and mat-
uration of megakaryocytes.**® Based on these findings, we hypoth-
esized that PBMT upregulates the expression of TPO, which in turn
promotes megakaryocytopoiesis and increases platelet production.
Our results supported this hypothesis in that the expression of TPO
significantly increased in vivo and in vitro after PBMT treatment.
Further in vitro studies demonstrated that upregulation of TPO by
PBMT induced polyploidization, PPF, and platelet production in
MEG-01 cells. However, the increase in MEG-01 cell ploidy, PPF,
and PLPs counts was significantly inhibited by anti-TPO neutralizing
antibodies. These results indicate that PBMT promotes platelet pro-
duction by upregulating hepatic TPO expression, thereby ameliorat-
ing thrombocytopenia.

Previous research has shown that STAT3 is involved in regulat-
ing TPO synthesis, thereby regulating platelet production.*? To in-
vestigate whether PBMT could activate STAT3 and the relationship
between STAT3 and TPO in HepG2 cells under PBMT treatment,
we first examined the effect of PBMT on STAT3 by live cell imag-
ing, immunofluorescence, and western blot assays. As expected, we
confirmed that PBMT promoted the translocation of STAT3 to the
nucleus. These findings suggest that the effects of PBMT on TPO
may be attributable to STAT3 phosphorylation. Our results sup-
ported this hypothesis because both pharmacological inhibition and
knockdown of STAT3 could block PBMT-mediated upregulation of
TPO expression.
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FIGURE 5 Photobiomodulation therapy (PBMT)-induced Src/ERK activation is dependent on the generation of ROS. A-B, ROS
generation in H2DCFDA labeling HepG2 cells with indicated treatments was assessed by confocal microscopy (A) and flow cytometry

(B). C, Western bolt analysis of p-Src, p-ERK, p-STAT3, and thrombopoietin (TPO) levels in PBMT-treated HepG2 cells after treatment

with N-acetyl-L-cysteine (NAC). D, Representative immunofluorescent images of p-STAT3 in HepG2 cells under the indicated treatments.
Staining with 4'6-diamidino-2-phenylindole to visualize nuclei. Scale bar: 10 um. E-G, Mice were treated daily with 100 mg/kg NAC 2 days
before 5-fluorouracil (5-FU) injection (n = 6). After 5-FU injection, PBMT was given daily for three consecutive days. E, Western blot
analysis of total liver lysates in mice of different treatment groups on day 3. F, Hepatic TPO secretion of mice in different treatment groups
was detected by ELISA. G, Percentage of reticulated platelets was determined as CD61/TO-positive signals on day 3 in different mouse
treatment groups by flow cytometry. Data are presented as mean + standard error of the mean. *P < .05; **P < .01

Although STAT3 can be activated by ERK, Src, and JAK,*>4%50 the
present study found that inhibition of ERK and Src activity suppressed
PBMT-induced STAT3 phosphorylation in HepG2 cells. We also found
the activation of ERK in HepG2 cells caused by PBMT was prevented
after treatment with PP1. The results indicated that PBMT-induced
nuclear translocation of STAT3 is mediated by the Src/ERK pathway.
How could Src activate the ERK signaling pathway? It has been re-
ported that activated c-Src can phosphorylate Shc on tyrosines to pro-
vide docking sites for downstream signaling proteins.>! In particular,
tyrosine-phosphorylated Shc can recruit Grb2/SOS through associ-
ation between the Grb2 SH2 domain and Shc phosphotyrosine resi-
dues,’? thereby resulting in the activation of the ERK pathway.

How could PBMT activate the Src/ERK/STAT3 signaling path-
way? Previous reports have indicated that PBMT causes an increase
in intracellular ROS levels, which in turn activates Src. The activa-
tion of Src by ROS can be explained by the ability of ROS to oxidize
thiol groups or inactivate protein tyrosine phosphatases (PTPs) of
Src.>3%4 ROS can upregulate intracellular protein tyrosine phosphor-
ylation through the specific oxidation of cysteine SH groups on pro-
tein tyrosine kinases in Src, resulting in a conformational change that
is necessary for Src activation.”” In addition to direct oxidation, ROS
can also mediate the inactivation of PTPases, thereby changing the
equilibrium and resulting in the activation of downstream signaling
pathways.>®

What is the mechanism of ROS generation caused by PBMT?
It has been widely reported that after PBMT treatment, light is ab-
sorbed by endogenous chromophores (porphyrins or cytochromes)
that are predominantly located in the plasma membrane, lysosomes,
or mitochondria, and the excitation of intracellular chromophores
leads to the generation of ROS.%*°7%8 ROSs act as common second-
ary messengers that play important roles in light signal transduction
pathways.”” We confirmed that PBMT could increase intracellular
ROS levels in HepG2 cells and pretreatment with NAC significantly
attenuated the activation of Src, ERK, and STAT3, indicating that
PBMT-induced activation of Src, ERK, and STAT3 is ROS-dependent.

Overall, the current investigation demonstrated that PBMT up-
regulates the expression of TPO via a ROS-dependent Src/ERK/
STAT3 pathway in hepatic cells, thereby increasing platelet produc-
tion and ameliorating CIT. Importantly, the upregulation of TPO ex-
pression by PBMT is likely an important step for ameliorating CIT.
PBMT may be a promising avenue for the treatment of CIT, and
elucidating the regulatory mechanism of photobiomodulation may
provide a therapeutic strategy for controlling the progression of

thrombocytopenia. It is worth noting that this modality is not in-
tended to replace platelet transfusion to control bleeding, but rather
to greatly reduce the need for platelet transfusion and prevent

thrombocytopenia.
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