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ARTICLE INFO ABSTRACT
Keywords: Background: Non-peptide thrombopoietin receptor (TPOR) agonists are promising therapies for the mitigation
Megakaryocytes differentiation and treatment of thrombocytopenia. However, only few agents are available as safe and effective for stimulating

Machine learning
Thrombocytopoiesis
3,4,3'-tri-o-methylellagic acid
Sanguisorba officinalis
Thrombopoietin receptor

platelet production for thrombocytopenic patients in the clinic.

Purpose: This study aimed to develop a novel small molecule TPOR agonist and investigate its underlying
regulation of function in megakaryocytes (MKs) differentiation and thrombopoiesis.

Methods: A potential active compound that promotes MKs differentiation and thrombopoiesis was obtained by
machine learning (ML). Meanwhile, the effect was verified in zebrafish model, HEL and Meg-01 cells. Next, the
key regulatory target was identified by Drug Affinity Responsive Target Stabilization Assay (DARTS), Cellular
Thermal Shift Assay (CETSA), and molecular simulation experiments. After that, RNA-sequencing (RNA-seq) was
used to further confirm the associated pathways and evaluate the gene expression induced during MK differ-
entiation. In vivo, irradiation (IR) mice, C57BL/6N-TPOR®™!%Y38¢! (Tpor”") mice were constructed by CRISPR/
Cas9 technology to examine the therapeutic effect of TMEA on thrombocytopenia.

Results: A natural chemical-structure small molecule TMEA was predicted to be a potential active compound
based on ML. Obvious phenotypes of MKs differentiation were observed by TMEA induction in zebrafish model
and TMEA could increase co-expression of CD41/CD42b, DNA content, and promote polyploidization and
maturation of MKs in HEL and Meg-01 cells. Mechanically, TMEA could bind with TPOR protein and further
regulate the PI3K/AKT/mTOR/P70S6K and MEK/ERK signal pathways. In vivo, TMEA evidently promoted
platelet regeneration in mice with radiation-induced thrombocytopenia but had no effect on Tpor”~ and C57BL/6
(WT) mice.

Conclusion: TMEA could serve as a novel TPOR agonist to promote MKs differentiation and thrombopoiesis via
mTOR and ERK signaling and could potentially be created as a promising new drug to treat thrombocytopenia.

Abbreviations: Al, Artificial intelligence; CETSA, Cellular Thermal Shift Assay; DARTS, Drug Affinity Responsive Target Stabilization Assay; DAPI, 4’, 6-diamidino-
2-phenylindole dihydrochloride; MKs, Megakaryocytes; ML, Machine learning; MD, Molecular dynamics; MM/GBSA, Molecular mechanics/Generalized born surface
are; PBS, Phosphate buffered saline; PDB, Protein Database Bank; qRT-PCR, Quantitative reverse transcription-polymerase chain reaction; RMSD, Root-mean-square
deviation; TPO, Thrombopoietin; TPOR, Non-peptide thrombopoietin receptor; TMEA, 3,4,3'-Tri-O-methylellagic acid; SD, Standard deviation; VMD, Visual Mo-
lecular Dynamicsa.
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Introduction

Thrombocytopenia, as a longstanding clinical dilemma, is the pri-
mary cause of bleeding (Aster et al., 2009; Xu et al., 2020). Thrombo-
cytopenia has been implicated in diverse physiological and
pathophysiological processes, including various inflammations and
innate immune responses, especially for the risk of excess bleeding
(Khan et al., 2020; Nicolai et al., 2019). Despite the fact that platelet
transfusion is a powerful approach for severe thrombocytopenia, but it
may cause severe hematogenous infections and immune reactions
(Desborough et al., 2016; Levy et al., 2018). Hematopoietic stem cells
undergo a series of developmental steps that result in the release of
platelets from mature MKs. These processes include the proliferation of
megakaryocyte progenitor cells, their differentiation, and their maturity
into functional platelets (Bianchi et al., 2016). In order to treat clinical
thrombocytopenia, increasing platelet production has been proved to be
a successful method. Recently, a new therapy is mainly focused on
increasing circulation of thrombopoietin (TPO) levels or stimulating
TPOR, thereby increasing platelet production (Bussel et al., 2019; Li and
Zheng, 2014). The activity of a TPOR agonist is similar to that of
endogenous TPO, which can boost platelet counts and minimize the
requirement for platelet transfusion (Chou and Mulloy, 2011; Ghanima
et al., 2019; Ikeda and Miyakawa, 2009; Michel M, 2020). Therefore,
TPOR agonists have been developed as promising therapies for relieving
and treating thrombocytopenia.

Since the purification of TPO in 1994, TPOR agonists had undergone
2 generations of development and renewal as the peptide and non-
peptide forms (Nakamura et al., 2006; Stasi et al., 2010). Although the
first generation TPOR agonists, such as thTPO and PEG-rHuMGDF,
could elevate platelets, the potential immunogenicity of the patients
hindered their widespread clinical application (Kuter, 2007; Kuter and
Begley, 2002). To overcome this deficiency, the second generation of
agents were developed, mainly including peptide and non-peptide mi-
metics (Stasi et al., 2010). Unfortunately, the peptide mimetics must be
administered intravenously or subcutaneously and displayed potential
risk of side effects, which limited their therapeutic effect and clinical
application (Frederickson S, 2006). Furthermore, new oral non-peptides
of TPO mimetics are currently clinically available for the treatment of
thrombocytopenia (Koehrer et al., 2010). Recent data showed that 5
TPOR agonists have been approved for clinical treatment of thrombo-
cytopenia worldwide, including 3 non-peptides of TPOR agonists (ava-
trombopag, lusutrombopag, and eltrombopag) and 2 peptides of TPOR
agonists (romiplostim and rhTPO) (lkeda and Miyakawa, 2009; Xie
et al., 2018a). Consideration of only few drugs are available for stimu-
lating platelet production with manageable adverse reactions in clinic,
there is still an urgent need to discover and develop novel small mole-
cule TPOR agonists for alleviating thrombocytopenia with less or no
significant side effects.

Functional evidence has demonstrated that TPOR could be activated
by binding its ligand TPO, followed by the activation of its downstream
signaling pathways, including STAT3/5, AKT, and ERK signaling path-
ways (Chou and Mulloy, 2011; de Sauvage et al., 1994). Indeed,
PI3K/AKT and MEK/ERK signaling pathways have been confirmed for
their role in direct or indirect involvement in MKs proliferation, differ-
entiation, maturation and platelet production (Chen et al., 2020). The
activation of P70S6K by mTOR regulates the cell growth, which is vital
for ribosome biogenesis and translational processes (Guglielmelli et al.,
2011). Specially, the fate of hematopoiesis and MKs differentiation is
largely orchestrated by a variety of transcription factors, such as NF-E2,
FLI-1, and GATA-1 (Elagib et al., 2003; Songdej and Rao, 2017).
Nevertheless, the aforementioned networks regulated MKs differentia-
tion and platelet formation have not been systematically investigated.
Therefore, there is a compelling demand to further study the molecular
mechanisms of TPOR agonists in the treatment of thrombopoiesis.

Traditional Chinese herbal medicine was considered a gold mine for
the development of new treatments for various diseases, due to its
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miraculous effects (Yao et al., 2019). Presently, the clinical treatment
with traditional Chinese medicine holds great potentials, especially
complex diseases such as the treatment of hematological diseases.
However, because of the diversity of the compositions in traditional
Chinese medicine, making it difficult to explore which component plays
a significant role. Faced with the low success rate of traditional
screening technologies and the increasing R&D costs, recently, new drug
screening technologies are imminent and more efficient and accurate
platforms have emerged as the times require. With the improvement of
computing power and the availability of big data, artificial intelligence
(AI) technology, especially machine learning and deep learning, is one
of the popular application directions in virtual drug screening (Prihoda
et al.,, 2021). As a high-performance Al technology, machine learning
with low cost in a short time could conceivably help to discover latent
targets, confirm hits, and identify the effect of drugs (Elbadawi et al.,
2020).

Here, we developed new robust and reliable models for screening
compounds, with confirmed efficacy on promoting MKs differentiation
and platelet production, and identified the TPOR as a novel and direct
target for TMEA. TMEA, an ellagic acid, is isolated from the roots of
traditional Chinese herb (Sanguisorba Officinalis L.) with hemostatic ef-
fects. Sanguisorba Officinalis L. has been widely used in clinic to treat
various blood disorders in clinic, including hematemesis, epistaxis,
hemorrhage, and hemorrhoids with bleeding, etc (Li et al., 2020; Su
et al., 2019). We previously found that Sanguisorba officinalis L. had a
definite curative effect on leukopenia, and significantly elevated the
levels of platelets and red blood cells (Zhu et al., 2020). Further study
demonstrated that the saponins extracted from Sanguisorba officinalis L.
promoted the proliferation of bone marrow cells and enhanced platelets
in mice (Chen et al., 2017). Moreover, we found that 2 ellagic acids
isolated from the roots of Sanguisorba officinalis L. could promote pro-
liferation of hematopoietic progenitor cells and MKs differentiation
(Yan and Guo, 2004). Although the hematopoietic effect of ellagic acid is
emerging, the underlying effect on promoting platelet production and
especial mechanisms in the regulation of MKs differentiation and
thrombopoiesis is still unknown.

By identification the activity in vitro and zebrafish model, we
demonstrated that TMEA could promote platelet production. Mechani-
cally, TMEA obviously promoted MKs polyploidization and maturation
via targeting TPOR, thereby regulating the PI3K/AKT/mTOR/P70S6K
and MEK/ERK signaling pathways. Furthermore, in vivo studies
demonstrated TMEA evidently facilitated platelet recovery in mice with
thrombocytopenia but had no effect on C57BL/6N-TPORS™I¢vagen
(Tpor'/ ) and C57BL/6 (WT) mice. Our findings revealed that TMEA as a
novel chemical-structure TPOR agonist promotes megakaryopoiesis and
thrombopoiesis, which may provide new insights into the treatment of
thrombocytopenia.

Materials and methods
Construction of ML-based drug screening models

The model structure diagram is presented in Fig. 1A. Firstly, we
collected 41 small molecule compounds with MKs differentiation-
promoting activity and 695 inactive small molecule compounds. Then
2 active and 10 inactive small molecule compounds were randomly
selected from the compound library as test sets, and the remaining 724
small molecule compounds were used as training sets. Next, molecular
descriptors were calculated using RDKit (http://www.rdkit.org). With
RDKit calculations, we got 200 molecular descriptors for each com-
pound. Molecular descriptors contain a variety of molecular properties,
such as quantum electrodynamics (qed), molecular weight (MolWt),
RingCount, LabuteASA, and BertzCT, among others. The Synthetic Mi-
nority Oversampling Technique (SMOTE) is used to balance the positive
and negative of the samples. The active compound changed from 41 to
665, the inactive compound from 695 to 685, and the ratio of active to
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inactive compound from 1:16.95 to 1:1.03. The molecular descriptors
are then sorted using the Gini index, which is done by scoring each
molecular descriptor using a random forest in RStudio, sorting the mo-
lecular descriptors of the 724 small molecule compounds in the training
set from highest to lowest based on the size of the descriptor scores.
Taking the molecular descriptor scores in the top 50%, 60%, 70%, 80%,
90%, and 100% of the total score, and generated 6 datasets. Finally,
these 6 datasets were entered into the support vector machine model,
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and the optimal dataset was selected to train the support vector machine
model and validate and predict the activity of the compound.

The prediction three-dimensional (3D) structure of TPOR and assessment

In brief, the amino acid sequence of TPOR was obtained from Uni-
Prot database and then used Iterative Threading Assembly Refinement
(I-TASSER) server to obtain 3D structure prediction (Singh et al., 2016).
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Fig. 1. Model construction of drug discovery and the authentication of active natural compounds. (A) Virtual Filter Flowchart. (B) ROC curves for different

percentages of scores.
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Next, the 3D conformation with the smallest absolute value of C-core
was chosen for its protein sequence with good confidence level. Then,
3D structure was further assessed by SWISS-MODEL working space in
automatic  modeling  pattern  (http://swissmodel.expasy.org/w
orkspace/). Predicted 3D structure was saved as PDB format. The
structure of TMEA was downloaded from the RCSB protein data bank
(Institute for Quantitative Biomedicine at Rutgers, Piscataway, NJ,
USA). Subsequently, the optimized structure of TPOR obtained was
added hydrogen atoms, adding charge and minimizing energy, and the
binding modes and scores between TMEA and TPOR protein were
evaluated using AutoDock 4.0 software. The structures were visualized
by applying PyMol (Delano Scientific LLC, South San Francisco, CA)

DARTS

After culturation, Meg-01 cells were collected and split on ice with
RIPA lysis buffer for 15 min. Centrifuge at 12,000 rpm for 15 min to
obtain supernatant, and the protein concentration was tested using
Bradford reagent and diluted to 5 mg/ml, then treated with TMEA or
DMSO for 1 h at room temperature. Following this, pronase was
appended various dilutions (1:600, 1:1200 and 1:1800) and incubation
for 10 min at 40 °C. Then, put 5 x loading buffer into sample and boil at
95 °C for 10 min. The sample proteins were analyzed by Western
blotting.

CETSA

For CETSA experiments, Meg-01 cells were lysed by the above
method. Then, the cell lysates were separated into two groups, one
group was cultured with the DMSO as the control group and the other
group was cultured with TMEA for 1 h as the TMEA-treated group (at 25
°C). Then, the lysates of both groups were divided into equal portions,
and then heated at successively higher temperatures (37-72 °C) for 4
min. After boiling for 10 min, Western blot assays were taken to analyze
the abundance levels of TPOR protein.

Zebrafish

TG (itga2b: EGFP) (also referred to as CD41: GFP) (Svoboda et al.,
2014) zebrafish was selected in this experiment. Zebrafish were housed
at 28.5 °C and kept on a 14 h light/10 h dark cycle at zebrafish core
facilities of Southwest Medical University. Zebrafish mating, grading
and rearing according to IACUC guidelines (Chiang et al., 2021;
Grabher et al., 2011).

Study of thrombocytes in TG (itga2b: EGFP) transgenic zebrafish

After 3 days post fertilization (dpf) was suppressed by 0.05 pM
Phenylthiourea (PTU), Tg (itga2b: EGFP) were placed under a confocal
laser scanning microscope (TCS SP8; Leica, Wetzlar, Germany) to screen
the positive zebrafish embryos with normal development and green
fluorescence of platelets in blood circulation. The screened embryos
were placed in a 6-well culture plate containing various drug concen-
trations or blank control (80 embryos in 8 ml of solution per well) group.
After covering the fresh-keeping film, ventilated the hole on the fresh-
keeping film, cultured in an incubation room (27-29 °C). To keep the
embryos healthy, the state was observed every day and pick out the dead
embryo in time. After 5 dpf, the Tg (itga2b: EGFP) zebrafish were fixed
at 4 °C overnight with 4% paraformaldehyde and CD41: GFP™ cells were
examined by TCS SP8.

Observation of cells morphology
The morphology of HEL and Meg-01 cells was observed on days 8

and 12, and three randomly visual fields of each well were captured
under a Nikon microscope (Nikon Corporation, Tokyo, Japan).
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Meanwhile, cells were respectively harvested and resuspended in
phosphate buffered saline (PBS) and swelled with 0.075 M KCl solution,
then fixation was performed with fixed solution (methanol: glacial
acetic acid = 3:1). Cell suspension was placed dropwise on slides and
stained with fresh Giemsa solution for 8 min. After that, the multinu-
cleated MKs were captured by microscope.

Phalloidin staining

After 8 and 12 days of intervention, HEL and Meg-01 cells were
harvested and fixed with 4% paraformaldehyde and dehydrated by pre-
cooled acetone (—20 °C) for 15 min. Afterwards, the cells were colored
with rhodamine-phalloidin (100 nM) for 1 h and restrained with 4/, 6-
diamidino-2-phenylindole dihydrochloride (DAPI) for 5 min. Finally,
the anti-fluorescence quencher was adopted to mount and visualize
using fluorescence microscope (Leica Microsystems GmbH, Germany).
Excitation was performed with 560 nm laser for phalloidin and DAPI at
405 nm.

Analysis of differentiation and DNA content

To determine the differentiation potency of TMEA, HEL and Meg-01
cells were collected on day 12 and stained with megakaryocytic markers
FITC-anti-CD41 and PE-anti-CD42b (eBioscience, San Diego, USA) for
25 min at 4 °C according to the manufacturer’s note, then unpacked by
BD FACSVerse™ flow cytometer (BD Biosciences, San Jose, CA, USA).
For DNA content determination, the cells were fixed with 70% ethanol
precooled at 4 °C for at least 2 h, then incubated with 100 pl RNase at 37
°C for 30 min, followed by addition of 400 pl propidium iodide at 4 °C
for 30 min in the dark, and then immediately collected for flow
cytometry. Data were analyzed by FlowJo 7.6 software (FlowJo LLC.,
Ashland, OR, USA). Additionally, cells were separated and fixed with
paraformaldehyde, stained with DAPI, and cell cycle and DNA content
were evaluated by Acapella high content imaging and analysis software
(Perkin Elmer, Woodbridge, ON, Canada).

Immunofluorescence staining

To investigate the nuclear translocation of transcription factors
affecting MKs differentiation, cells were processed for immunofluores-
cence staining. The cells were attached to coverslips after experimental
treatment for 12 days in total, which were fixed with 10% para-
formaldehyde for 20 min, washed twice with PBS, and then per-
meabilized with 0.2% Triton X-100 for 10 min, and closed with 5% BSA
for 60 min. The coverslips were followed by incubating with primary
GATA-1/NF-E2/p1-tubulin antibody (1:200) overnight at 4 °C and
stained with FITC-conjugated goat anti-Rabbit IgG secondary antibody
and then added secondary FITC labeled goat anti-rabbit antibodies
(1:200; Zhongshan Golden Bridge Biotechnology, Beijing, China) for 60
min, and counterstained with DAPI for 5 min. The slides were washed
and analyzed under a fluorescence microscope with fluorescence
detection excitation wavelengths (A ex) were performed as follows: A ex
= 470 nm for FITC and A ex = 405 nm for DAPI, respectively.

Transmission electron microscope

After TMEA (10 pM) treatment for 14 days, Meg-01 cells were
collected and performed in 0.5% glutaraldehyde, and then fixed with 3%
glutaraldehyde fixative. Ultrathin sections (50 nm) were observed and
imaged under a JEM-1400PLUS transmission electron microscope (JEOL
Ltd., Tokyo, Japan).

Quantitative reverse transcription-polymerase chain reaction (qQRT-PCR)

Gene expression analysis was detected by qRT-PCR. First, we
collected TMEA-intervened cells, extracted total RNA using TRIzol
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reagent (Invitrogen, CA, USA) and used reverse transcription Kkits
(Invitrogen, CA, USA) according to the manufacturer’s directions, 1 pug
of RNA was reverse transcribed into cDNA. Primers were designed by
Primer Library and Primer-Blast. The primers were designed by Primer
bank and Primer-Blast. Subsequently, qRT-PCR amplification was per-
formed using SYBR® Green Master Mix (TIANGEN Biotechnology, Bei-
jing, China), and each sample was performed with three replicates. The
religious expression levels of target genes were determined by normal-
izing the response threshold cycle (Ct) values of targeted genes to the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The primer sequences are shown in Supplementary Table 2.

RNA-sequencing

HEL cells were incubated with TMEA (10 uM) for 4 days, approxi-
mately 5 x 10° cells were collected and dissolved in 1 ml TRIzol reagent
and quickly freezing in liquid nitrogen. Sample integrity assessment
(Agilent, Walterbronn, Germany), library preparation and RNA-
sequencing were performed on Illumina Hiseq 2500 platform (Illu-
mina, San Diego, CA, USA) to be sequenced on the Novogene Bioinfor-
matics Institute (Novogene Biotech Co., Ltd., Beijing, China) to generate
150 bp paired-end (PE150) reads. Use the free online platform (https://
magic.novogene.com) to carry out analysis of the data.

Western blotting analysis

Western blotting analysis as described previously (Teng et al., 2020).
Briefly, HEL cells were harvested on days 4, 8 and 12 after treatment
with TMEA, and washed with PBS and then subjected to lysis for 15 min
on ice with RIPA lysis buffer (Cell Signaling Technology, Beverly, MA,
USA) which contained a mixture of protease inhibitor cocktail without
EDTA (TargetMol, Shanghai, China). The supernatants were gathered
after being centrifuged at 12,000 rpm for 10 min at 4 °C, and protein
concentrations were measured using the Quick Start™ Bradford 1x Dye
Reagent (Bio-Rad, Hercules, CA, USA). Meanwhile, the supernatants
were then mixed with 5x loading buffer then heated at 95 °C for 10 min.
Subsequently, the samples were briefly loaded on SDS-PAGE gels and
then transferred onto PVDF membranes (Pall Life Sciences, Massachu-
setts, US). After that, they were closed with 5% skim milk powder in
PBST for 1 h and incubated with primary antibodies (1:1000) overnight
at 4 °C, then with appropriate secondary antibodies. The intensity of
protein bands was observed using UltraSignal™ ECL Western blotting
detection reagents (4A Biotech Co., Ltd, Beijing, China) and quantified
by ImageJ software (National Institutes of Health, Bethesda, MD, USA).
In addition, the proportion of gray value of the target protein band over
that of B-actin was indicated as the relative expression level of target
protein.

Animal experiments

Kunming mice, aged 6-8 weeks, were used in the animal experiment
and purchased from Dashuo Company (Dasuo Biological Technology
Co., LTD, Chengdu, Sichuan, China), C57BL/6N-TPOR™Icvagen
(TPOR”") mice and C57BL/6 (WT) mice were bought from Cyagen
Biosciences Company (Cyagen Biosciences Inc., Guangzhou, Guang-
dong, China). Kunming mice were treated with 4 Gy total body irradi-
ation (IR) by a medical linear accelerator (Precise accelerator, Elekta,
Sweden), and were selected randomly into six groups: normal mice
treated with saline, IR mice treated with saline, TPO (3000 U/kg), and
TMEA (2.5, 5, 10 mg/kg), respectively. The Tpor”~ and WT mice were
separated into three groups: saline, TPO (3000 U/kg), and TMEA (10
mg/kg). The committee for the use of animal care at Southwest Medical
University, Luzhou, China, approved the experimental methods for all
animal care in this experiment (No. 20170306).
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Platelet counts and organ value analysis in mice

The mice were injected intraperitoneally for 14 days. Blood was
obtained from the orbital venous plexus on the specified days, and
platelets were analyzed by a multi-parameter automatic hematology
analyzer (Sysmex XT-2000iV, Kobe, Japan). After recovery to normal
platelets level, mice were killed by cervical dislocation and vital organs
were carefully extracted and weighed.

Statistical analysis

Statistics were performed using GraphPad Prism software version 8.0
(San Diego, CA, USA). One-way and Two-way analysis of variance
(ANOVA) were performed to examine statistical differences. At mini-
mum three individual experiments were taken in this subject, and the
outcomes were presented as mean + standard deviation (SD). Data with
statistical meaningfulness was set at p < 0.05.

Results

Drug screening model construction based on support vector machine and
virtual screening of active natural chemicals

In this study, SVM was employed to build drug screening models
(Fig. 1A). For the SVM model, the prediction score for each molecule is
between 0 and 1, and the model decision is made with the threshold 0.5.
The molecule showing a score above the 0.5 threshold was identified as
an active compound. After obtaining 6 datasets (Fig. 1B), the 6 datasets
were entered into the SVM model, and the optimal model was selected
for the next experiment. First evaluating the predictive performance of
these training sets, we found that the dataset with a score of 90% gave
the model the best predictive performance, and when the support vector
machine’s C = 10 and y = 5.6, its area under the curve (AUC) value
reached 0.967. To further validate the performance of the model, a test
set containing 2 active compounds and 10 inactive compounds was fed
into the model. The results showed that the prediction accuracy of the
model is 100%. Finally, the model was used to predict the activity of
1968 compounds in the Discovery Probe FDA-approved Drug Library,
with 87 compounds having biological activity that promoted MK dif-
ferentiation or platelet production. Among them, the predicted score of
TMEA was 0.549847, which was active.

The identification of TMEA

Sanguisorba officinalis L. was used to separate and extract TMEA ac-
cording to previous studies (Bai et al., 2019; Yan and Guo, 2004). The
data were shown by UHPLC-QTOF-MS/MS and NMR chromatograms in
Supplementary Fig. 1, which was consistent with those of the previous
reports of TMEA. Through further separation, purification and identifi-
cation, the structure of TMEA is 3,3 °, 4 *-O-trimethylellagic acid and the
molecular formula is C17H120g. Meanwhile, the purity of TMEA was
determined to be above 98.35% based on a peak area normalization
method detected by LC analysis.

TMEA directly targets TPOR

To investigate whether TMEA interacts specially with the TPOR to
promote MKs differentiation, we explored molecular docking analysis.
The results showed that TMEA directly interacted with TPOR through
four hydrogen bonds with good docking score (Fig. 2A), suggesting that
TMEA may interact directly with TPOR. Then, DARTS assay was
employed to verify the potential protein target in thrombopoiesis. We
observed that a concentration-dependent increase in the stability of
TPOR against pronase after treatment with TMEA but not DMSO
(Fig. 2B-C). To obtain further evidence for the targeting of TMEA to
TPOR, the CETSA experiment was performed. As seen in Fig. 2D, the
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solution were added into the control and TMEA (200 pM) intervention groups at 40 °C for 10 min. TMEA treatment led to an enhanced stability of TPOR protein (B).
After treating both groups with protease (1:1000) for 10 min, the DARTS results showed that the stability of TPOR became more stable with increasing doses of TMEA
(C). (D) CETSA analysis of TPOR degradation damage by different temperatures. n = 3, mean + SD. Statistical contrasts were subjected to one-way ANOVA with

Turkey’s multiple-comparisons test. ***p < 0.001 vs. the indicated group.
addition of TMEA to heat-denatured Meg-01 cells lysates led to the
stabilization of TPOR at various temperatures. Collectively, these in-
formation taken together showed that TMEA is specifically targeting
TPOR.

TMEA promotes MKs differentiation

Compared with cell and mouse models, zebrafish exhibited high
throughput, drug delivery, biology and target, and has become the used
widely and core technologies for drug candidate discovery. We discov-
ered that TG (itga2b: EGFP) placed in various concentrations of TMEA

medicines dramatically increased the number of GFP™ cells at 5 dpf,
which represent HSPCs and platelets (Fig. 3A), indicating that TMEA
grows HSPCs and thrombocytes in zebrafish embryos. To evaluate the
effect of TMEA on MKs differentiation, the cytotoxicity of TMEA was
initially evaluated in HEL and Meg-01 cells by LDH assay. As shown in
supplementary Fig. 2A, TMEA up to 20 uM exhibited only minimal
cytotoxicity against the cells at days 4, 8, and 12. Therefore, we selected
10 and 20 pM of TMEA for the subsequent in vitro study (Byrne et al.,
2020). Additionally, the cells started to proliferate on day 4 and TMEA
inhibited the growth of HEL and Meg-01 cells (Supplementary Fig. 2B).
TMEA (10 and 20 uM) and PKC412 (150 nM, a known megakaryocytic
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developing zebrafish embryo. CD41: GFP™ cells in 5 dpf zebrafish embryos were placed in drug concentration groups or blank control. (B-C) The effects of TMEA and
PKC412 on cells size and morphological variations. The cells were randomly examined at visual fields of each well under a Nikon microscope. Magnification: 200x,
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0.001 vs. the control.
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differentiation inducer as positive control (Huang et al., 2009,) signifi-
cantly increased the number of large-sized MKs on days 8 and 12
(Fig. 2B-C), but only few cells with size increases were observed under a
microscope on day 4 in previous exploration. Furthermore, the
nuclear-to-cytoplasm ratio, large-sized cells, and deeply-stained multi-
lobulated nuclei were obviously increased by Giemsa staining
(Fig. 2D-E). The data suggest that TMEA could promote MKs
differentiation.

TMEA induces MKs-typical differentiation and polyploidization

CD41 and CD42b are specific surface antigens of MKs, and DNA
ploidy is an indispensable indicator for MKs maturation. Therefore, we
further determined the action of TMEA on the co-expression of CD41/
CD42b and DNA content compared to that of PKC412 in HEL and Meg-
01 cells on day 12 by flow cytometry. TMEA and PKC412 obviously
increased the percentage of CD417CD42b%cells (Fig. 4A), and the pop-
ulation of > 4 N DNA content (Fig. 4B). Similarly, TMEA markedly
increased the fraction of polyploid cells and decreased the proportion of
depolyploidized cells in HEL and Meg-01 cells by high-content imaging
analysis (Fig. 4C-D).

The process of MKs maturation was accompanied by polyploidiza-
tion of the nucleus and release of cytoplasm-specific particles (Kosoff
et al., 2015). To evaluate the effect of TMEA-induced polyploidization,
the actin cytoskeleton was visualized by phalloidin staining. Multinu-
cleated actin ring formation was clearly observed following TMEA and
PKC412 treatment in HEL and Meg-01 cells on day 8 (Fig. 5A), and
polylobulated nuclei cells with dilated cytoplasm were more prominent
on day 12 (Fig. 5B). The data indicate that TMEA could promote poly-
ploidization and maturation of MKs.

TMEA induces the mRNA expression and nuclear translocation of NF-E2
and GATA-1

Transcription factors including NF-E2, FLI-1, RUNX1 and GATA-1
play a pivotal role in mediating the specification, differentiation of MKs
and platelet production (Maroni, 2019; Szalai et al., 2006). Therefore,
we investigated the mRNA expressions of NF-E2, FLI-1, RUNX1 and
GATA-1 and nuclear translocations of NE-E2 and GATA-1 in HEL and
Meg-01 cells. The results showed TMEA (10 uM) significantly
up-regulated the mRNA expressions of NF-E2, FLI-1, RUNX1 and GATA-1
(Fig. 5C-D). Moreover, TMEA (10 and 20 uM) and PKC412 (150 nM)
induced significant accumulation of NF-E2 and GATA-1 in the nuclei
with bright fluorescence, which was stronger than that in the cytoplasm
(Fig. 5E-F). The data suggest that TMEA could promote the mRNA
expression and nuclear translocation of the related transcription factors
to induce MKs maturation and platelet production.

TMEA regulates the mTOR and ERK pathways

To study the molecular mechanism by that TMEA promotes MKs
differentiation, the mRNA expressions were analyzed by RNA-
sequencing technology. The levels of gene expression were distin-
guishable between TMEA and the control (Fig. 6A). A total of 4595
mRNAs were aberrantly expressed including 2415 up-regulated and
2180 down-regulated after TMEA treatment (Fig. 6B), which were
significantly enriched in biological processes (BPs), cellular components
(CCs), and molecular functions (MFs) (Fig. 6D). In addition, MKs-
associated signaling pathways (JAK-STAT, PI3K-AKT-mTOR, and
MAPK) were obviously enriched by KEGG analysis (Fig. 6C). Taken
together, these data indicate that TMEA has the potential for the regu-
lation of MKs-affiliated proteins. Next, we investigated the effect of
TMEA on signaling pathways involved with MKs differentiation. We
found that TMEA significantly increased the phosphorylation of PI3K,
AKT, mTOR, P70S6K, MEK and ERK in HEL cells on days 8 and 12
(Fig. 6E), implying that TMEA activates the PI3K/AKT/mTOR/P70S6K

Phytomedicine 110 (2023) 154637

and MEK/ERK signaling pathways. Furthermore, pretreatment with
LY294002 (a PI3K inhibitor) for 6 h, then TMEA-induced for 6 days in
the presence of LY294002, significantly restrained the expression of
PI3K, AKT, mTOR, and P70S6K in HEL cells (Fig. 6F). Similarly, U0126
(an ERK1/2 inhibitor) also blocked the effects of TMEA on the expres-
sions of ERK and NF-E2 proteins (Fig. 6G). Then, Molecular docking was
performed to prove whether TMEA binds to MKs-associated proteins
such as PI3K, AKT, mTOR, MEK, and ERK or not. The hydrogen bonds
between TMEA and MKs-associated proteins could be clearly observed
with high docking combination scores (Supplementary Fig. 3A and
Table 3). The binding free energy (AGbind) < -20 kcal/mol and corre-
sponding energy components were depicted in Supplementary Table 4.
Furthermore, the root-mean-square deviation (RMSD) of TMEA fluctu-
ated near 0.5 A, and the proteins and complexes kept stable (Supple-
mentary Fig. 3B). The root-mean-square fluctuation (RMSF) of these
proteins was low (Supplementary Fig. 3C), and the visual molecular
dynamic trajectories were displayed in Supplementary material (Videos
1-6). The data indicate that TMEA could regulate MKs-associated pro-
teins. These information are identical with the data of KEGG analysis
and proved that TMEA could activate the mTOR and ERK signaling
pathways.

TMEA facilitates the formation of proplatelet and platelet

It is known that activation of TPOR triggers the expression of tran-
scription factors that take part in the megakaryocytic pathways, thereby
promoting platelet production (Szalai et al., 2006). In the present study,
TMEA obviously up-regulated the phosphorylation levels of STAT3,
STATS5, GATA-1 and NF-E2 (Fig. 7A). Rac/Cdc42 is crucial for platelet
production, particularly for the regulation of microtubule dynamics
(Pleines et al., 2013). TMEA significantly increased the levels of phos-
phorylated Rac/Cdc42, TPOR, and p1-tubulin in HEL cells (Fig. 7B-C).
Furthermore, the cytoplasm of protruded filaments, nuclear fluores-
cence and MKs polyploid were significantly increased in HEL and
Meg-01 cells by the imaging of p1-tubulin-labeled platelet as green color
(Fig. 7D), indicating the typical features of proplatelet formation
(Patel-Hett et al., 2008; Thon and Italiano, 2012). Moreover, TMEA
induced the typical morphological changes of platelet including mem-
brane architecture and numerous granules (Fig. 7E). These results sug-
gest that TMEA might facilitate the development of MKs into
proplatelets and platelets.

TMEA accelerates platelet recovery in IR mice in vivo

Platelets are derived from specialized precursor cells, MKs, which
reside in bone marrow (Sim et al., 2016). Therefore, we tested the in-
fluence of TMEA on promoting platelet production in mice with severe
thrombocytopenia brought on by 4 Gy IR (Fig. 8A). TMEA and TPO were
efficacious in promoting platelet production and resumption in IR mice
(Fig. 8C). In addition, a progressive recovery of white blood cells was
also found in IR mice administrated with TMEA (5 and 10 mg/kg)
(Supplementary Fig. 4B). However, no significant difference was found
in red blood cell counts (Supplementary Fig. 4C). Additionally, the body
weights of mice were relatively constant during 14 days administration
of TMEA or TPO (Fig. 6D). Interestingly, the ratio of liver to body weight
(liver index) was higher after TPO or TMEA administration than that of
saline injection (control) in IR mice (Supplementary Fig. 4A, 2D), sug-
gesting that TMEA and TPO may have protective effects on the liver
following IR-induced injury (Kim and Jung, 2017). Furthermore, we
found that TMEA markedly elevated the expression of TPOR protein
(Supplementary Fig. 4 G). The data indicate that TMEA could promote
platelet production and recovery as well as protect against liver damage
in IR mice.
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vs. the control; *p < 0.05, **p < 0.01, and ***p
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< 0.001 vs. TMEA alone. n = 3, mean =+ SD. Statistical comparisons were performed using ANOVA test.



X. Jiang et al. Phytomedicine 110 (2023) 154637

A 201 . . 159 ¢+ Ctl + TMEA (10 pM)
Day 4 Day 8 Day 12 Ctrl :::E: (;z "::) O -+ TMEA (20 uM)
TMEA(M) Cwl 10 20 Cul 10 20 Cul 10 20 LE- A % HE .
- — - — = zg" .; 2 1.0 .
p-STAT3 4 : i 53
; o S 2 10 . i 3
P 3 & £« ki - T
STAT3 |4 4 ii“'ﬂ ﬁ ﬁ ﬂ 550'5 &l
2 Day 4 Day 8 Day 12 Day 4 Day 8 Day 12
STATS ’ : 41+ Cml - TMEA(OuM) 57+ Cuwl - TMEA (10
. - 57 - « T M)
s N TMEA (20 pM) . - TMEA QO M)
S € s
GATA-1 2 z
£s,] z
B4 2
NEE2 | g S B N N S AR GO
351 E
= = - — &
B-actin 2 3 3 g 3 ﬁ n ﬂ -
T T T
Day4 Day8 Day 12 Day4 Day$ Day 12
B Day 4 Day 8 Day 12
TMEA@M) Cul 10 20 Cul 10 20 Cul 10 20
r - - — - 159« Cul - TMEA (10 pM) 259 . cul - TMEA (10 M)
- ; £ « TMEAQ0pM) Y + TMEA (20 pM
p-Rac/Cded2 | - <% @u YRS R @0
22, v 2% - -
g2 2215
2 o 2
£ g 05 iz 1.0
ﬂﬂﬁ 11T jliiim
B-actin | . 0. T rl T T 0. T T T
Day4 Day 8 Day 12 Day 4 Day 8 Day 12
C Day 4 Day § Day 12 59 . Ctl - TMEA (10 pM)
= « TMEA (20 pM) s
TMEA (WM) Cul 10 20 Ctul 10 20 Cul 10 20 3% 47 .
R
Bi1-tubulin | ".j.--‘i' 22
B-actin " vt e 2 5;1_ ﬁ ﬂ
T T
Day 4 Day 8 Day 12
D HEL Meg-01 .2 2.09
Control TMEA (10 uM) TMEA (20 pM) PKC412 (150 nM) Control TMEA (10 uM) TMEA (20 uM) PKC412 (150 nM) E_
z
H
E £
E H
2 |
a &
£
k]
&

Control 10 20 PKC412
TMEA (uM) (150 nM)

Day 12
DAPI

Merge

Relative Fyy_qupin/Fpapi ratio
=
i

Control 10 20 PKC412
TMEA (M) (150 nM)

Fig. 7. TMEA up-regulates the expressions of transcription factors and promotes proplatelet and platelet formation. (A) The protein levels of transcription
factors p-STAT3, STAT3, p-STAT5, STATS, GATA-1, and NF-E2. (B) The expressions of proplatelet-related proteins p-Rac/Cdc42, Rac/Cdc42 and TPOR in HEL cells
following treatment with TMEA (10 and 20 uM) for 4, 8 and 12 days. (C-D) Representative immunoblot and immunofluorescence images of proplatelet production-
related proteins (p1-tublin). Excitation wavelength: 470 nm for FITC and 405 nm for DAPI, Magnification: 400x, Scale bar: 50 pm. (E) Images of Meg-01 cells treated
with TMEA (10 uM) on day 14 under a transmission electron microscopy; Magnification: 20,000%, Scale bar: 1 pm, N: nucleus. n = 3, mean + SD. Statistics were
determined by one-way ANOVA with Dunnett’s and two-way ANOVA with Tukey’s multiple comparisons test, *p < 0.05, **p < 0.01, and ***p < 0.001 vs.
the control.

12



X. Jiang et al. Phytomedicine 110 (2023) 154637

A B
TPOR" or WT
2 ! ! ! !! II 0 3 7 10 T
I I I I l Days | I I I | Days
TMEA I = ~ = ~ ~
njection o Y
Analysis EMEAnicction Analysis
C 2000 Normal+Sali IR+TMEA (2.5 mg/kg) D
- ° ormal+Saline id .5 mg/kg, "
o IR+Saline «  IR+TMEA (5 mg/kg) C ermattSaline CReIMuA g-i‘g‘;ﬁg“)g)
_ o IR+TPO (3000 U/kg) e IR+TMEA (10 mg/kg) 404 ¢ TR0 G U . IRAIMEA (10 gy
s -
S 1500 # - .
X * ) .
g I o #HE st *-1*f %IJ 354 . . 4 .l
#i#
E IPPER 1 - T N REESE
2 1000 . . ] . . . .
) Kkk .
: S R 2. 30- ]
= 8 . = .o . <ML
D * [=] . =
g * © . [~ 1 3 .
&~ 500 25+
0 T T T 20 T T T T
1} 3 7 10 14 0 3 7 o 10 14
Days post irradiation Days post irradiation
E F
4007 *  TPOR™+Saline 4077+ TPOR™+saline
*  TPOR+TPO (3000 U/kg) *  TPOR™+TPO (3000 U/kg)

°  TPOR+TMEA (10 mg/kg) *  TPOR'+TMEA (10 mg/kg)
300

200 * |3 T

100 1 N :

Platelet counts (><109/L)
o = i
Body weight (g)
— ')
S S
] ]
e "
____  eleg
e e
. eigS
e e
e
I
e
e e
e

0 T T T T T 0-
0 3 7 10 14 0 3 7 10 14
G Days post administration H Days post administration
—°  Wr+Sali - .
4000790 rreo o g 2671 Ve s v
= °  WT+TMEA (10 mg/kg) . o WI+TMEA (10 mg/kg)
=)} P - o
= 3000 i % = 24 . : .
g [ %‘J 22_ . I °
= 2000 * K] . .
ol B [ .
§ O > 20 pe E
21 = y 0 ° M M
£ 1000 2 84 . "
m L]
0 T T T T T 16 T T T T T
0 3 7 10 14 0 3 7 10 14
Days post administration Days post administration
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TMEA make no difference on platelet generation in TPOR”~ and WT mice

To study whether TMEA-induced MKs differentiation and platelet
formation are associated with the TPO/TPOR signal or not, we evaluated
the effect of TMEA on platelet production and compared to that of TPO
in Tpor’”" and WT mice (Fig. 8B). TMEA did not change the level of
platelets in Tpor”~ and WT mice (Fig. 8E-G). However, TPO increased
platelet production for 2-fold in wild type mice, but had no effect on
Tpor”” mice. Moreover, the body weight and organ index were relatively
constant without significant changes in all groups (Fig. 8F-H, and Sup-
plementary Fig. 4E-F). The results indicated that TMEA facilitates
platelet production via activating the TPO/TPOR signaling.

Discussion

Traditional therapy of thrombocytopenia was to reduce platelet
destruction or transfusion of platelets (Portielje et al., 2001). Since
platelet transfusion caused various adverse reactions, stimulating
platelets formation is the potential strategy in clinic (Cantoni et al.,
2015). The TPOR could mediate the signaling functions of TPO in
regulating MKs differentiation and platelet production (Chou and Mul-
loy, 2011). Therefore, the research and development of targeted
small-molecule TPOR agonists has been an alternative approach to treat
thrombocytopenia. So far, only 3 oral nonpeptide TPOR agonists such as
avatrombopag, lusutrombopag, and eltrombopag are considered as
attractive drugs to treat thrombocytopenia (Bussel et al., 2014; Gha-
nima et al., 2019; Michel M, 2020). Compared with peptides, non-
peptide agonists of TPOR have better oral bioavailability and extremely
low probability of inducing immune response (Jenkins et al., 2007;
Nakamura, 2008; Nogami et al., 2008). Here, we find TMEA from San-
guisorba Officinalis L., as a novel chemical-structure TPOR agonist that
promotes MKs differentiation and thrombopoiesis.

Firstly, we developed a more efficient and accurate SVM construct
drug screening model, a supervised machine learning technique algo-
rithm, to gain natural compounds with hematopoietic activity. Inter-
estingly, we obtained a novel-structure compound, TMEA, has biological
activity to promote MKs differentiation or thrombopoiesis from tradi-
tional Chinese medicine for the first time. Secondly, consideration that
the function of TPOR agonists mimics the action of endogenous TPO,
which can increase platelet production. We further examined whether
TMEA served as a TPOR agonist to promote platelet production. Ac-
cording to our molecular docking analysis, we found that TMEA might
have interaction with TPOR protein. DARTS is a marker free compound
identification method based on the change of protein proteolytic sus-
ceptibility (Lomenick et al., 2009). CETSA is an unbiased cell-based
method, which aims to the thermal stability of protein induced by
compounds, as to verify the interaction between compounds and cell
protein targets (Molina et al., 2013). TMEA markedly protected TPOR
protein against degradation and increased the thermal stability that
further verified the protein is the target of TMEA, as evidenced by a good
molecular interaction network, indicating that TMEA could activate
TPOR to regulate MKs differentiation.

Furthermore, compared with mouse models, the combined advan-
tages of in vivo complexity and in vitro high-throughput screening con-
venience of zebrafish make it a prominent vertebrate model for research
in various fields including developmental biology, toxicology and drug
discovery. Previous study showed that they constructed TG (CD41:
EGFP) zebrafish and explored the activation of lysophosphatidic acid
receptor 3 to inhibit megakaryocyte production (Lin et al., 2018).
Consistent with these reports, in this assay, by examining the CD41:
GFP™ cells in zebrafish embryos, we observed as a candidate drug
observing that TMEA expanded HSPCs and thrombocytes. Not only, in
vivo experiment, we combined IR and Tpor”~ mice to jointly verify the
efficacy of TMEA in promoting platelet formation.

Additionally, previous study has reported that the TPO activates
TPOR to trigger intracellular signaling cascades including the STAT,
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AKT, and ERK pathways, thereby contributing to MKs differentiation
and thrombocytopoiesis (Basson, 2012). Likewise, through
RNA-sequencing analysis and further validation, we demonstrated that
the potential effect of TMEA on the signaling pathways associated with
differentiation, and displayed that TMEA can activate the JAK-STAT,
PI3BK-AKT-mTOR and MAPK signaling pathways, which has been
shown to promote thrombopoiesis (Wang et al., 2022; Woods et al.,
2019; Xie et al., 2018b). Notably, we found that TMEA increased the
expression of TPOR, indicating that TMEA activated TPOR with similar
kinetics to TPO. Most importantly, a profound inhibition of proteins was
found in PI3K and ERK signaling pathways. Therefore, TMEA regulates
MKs differentiation via the mTOR and ERK signaling pathways, as
similar molecular mechanism (activating TPOR receptor), but structur-
ally different to TPO. Interestingly, we also demonstrated that TMEA has
a good binding affinity with above target proteins (PI3K, AKT, mTOR,
MEK, ERK1/2) by molecular docking and dynamics simulation. How-
ever, we did not analyze the detailed interaction of TMEA with these
proteins, and it needs to be further investigated.

We demonstrated that TMEA as a novel chemically structured small
molecule TPOR agonist could activate TPOR signaling, further promoted
MKs differentiation and platelet production through modulating mTOR
and ERK signaling pathways (Fig. 9). However, TMEA did not trigger an
unexpected severe excessive increase of platelet level in the normal body
of mice. The arguments for this conclusion still worthy of consideration
and further exploration. And the demonstration of in vitro mechanisms
still requires extensive biological replication, such as direct Drug-target
binding (such as SPR, surface plasmon resonance), as well as the
development of other cellular models (such as human CD34 hemato-
poietic progenitor cells).

Conclusion

In conclusion, our study proves that Sanguisorba Officinalis L.-derived
TMEA is a novel TPOR agonist that significantly promotes megakaryo-
cytes differentiation in vitro without toxicity, facilitates the production
of zebrafish GFP:CD41" cells, and platelet recovery in radiation-injured
mice, but not in TPOR”" mice. Combined with our target validation
experiments on the promotion of MKs differentiation by TMEA, we
conclude that Sanguisorba Officinalis L.-derived TMEA, as a novel TPOR
agonist, can activate the PI3K/Akt/mTOR and MEK/ERK signaling
pathways to promote MKs differentiation and platelet production.

b PIatoletT
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| \
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Fig. 9. Schematic illustration of the TMEA-induced signaling pathways in
modulating megakaryocytes differentiation and platelets production via acti-
vating TPOR. TMEA could bind with TPOR protein and regulate the PI3K/AKT/
mTOR/P70S6K and MEK/ERK signal pathways, further increasing the expres-
sion of transcription factors, thereby stimulating platelets production.
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