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Abstract 
 
Thrombocytopenia is a thrombopoietin (TPO)-related disorder with very limited treatment options, and can be life-
threatening. There are major problems with typical thrombopoietic agents targeting TPO signaling, so it is urgent to discover 
a novel TPO-independent mechanism involving thrombopoiesis and potential druggable targets. We developed a drug 
screening model by the multi-grained cascade forest (gcForest) algorithm and found that 3,8-di-O-methylellagic acid 2-
O-glucoside (DMAG) (10, 20 and 40 µM) promoted megakaryocyte differentiation in vitro. Subsequent investigations revealed 
that DMAG (40 mM) activated ERK1/2, HIF-1b and NF-E2. Inhibition of ERK1/2 blocked megakaryocyte differentiation and 
attenuated the upregulation of HIF-1b and NF-E2 induced by DMAG. Megakaryocyte differentiation induced by DMAG was 
inhibited via knockdown of NF-E2. In vivo studies showed that DMAG (5 mg/kg) accelerated platelet recovery and mega-
karyocyte differentiation in mice with thrombocytopenia. The platelet count of the DMAG-treated group recovered to al-
most 72% and 96% of the count in the control group at day 10 and 14, respectively. The platelet counts in the DMAG-treated 
group were almost 1.5- and 1.3-fold higher compared with those of the irradiated group at day 10 and 14, respectively. 
Moreover, DMAG (10, 25 and 50 mM) stimulated thrombopoiesis in zebrafish. DMAG (5 mg/kg) could also increase platelet 
levels in c-MPL knockout (c-MPL-/-) mice. In summary, we established a drug screening model through gcForest and dem-
onstrated that DMAG promotes megakaryocyte differentiation via the ERK/HIF1/NF-E2 pathway which, importantly, is in-
dependent of the classical TPO/c-MPL pathway. The present study may provide new insights into drug discovery for 
thrombopoiesis and TPO-independent regulation of thrombopoiesis, as well as a promising avenue for thrombocytopenia 
treatment.  
 

Introduction 
Platelets are crucial for hemostasis, thrombosis, the innate 
immune response, angiogenesis, inflammation and infec-
tion.1,2 Platelets are produced by megakaryocytes, which 
are derived from hematopoietic stem cells that undergo a 
continuous process of hematopoietic lineage differenti-
ation. The progress of megakaryocyte differentiation plays 

an essential role in the schedule and output of platelet 
production.3 During differentiation, megakaryocytes 
undergo endomitosis and cytoplasmic maturation, which 
results in increased ploidy, cell volume and surface area-
to-volume ratio and provides an extensive membrane sys-
tem for further platelet formation.3 The classical 
TPO/c-MPL signaling pathway is a major driver of mega-
karyocyte differentiation. TPO (thrombopoietin) binds to its 
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receptor, c-MPL, which induces phosphorylation of JAK2. 
Subsequently, JAK2 phosphorylates many downstream 
substrates, leading to the activation of multiple signaling 
pathways, including STAT3/STAT5, PI3K/AKT and 
MAPK/ERK. Finally, these activated signaling pathways in-
duce or repress the expression of several transcription fac-
tors, such as GATA1, RUNX1, NF-E2, AML1, FLI1 and TAL1, 
which further promote megakaryocyte differentiation and 
platelet formation.1,3  
Thrombocytopenia, a disorder of low platelet count, is 
caused by a variety of factors, including radiotherapy and 
chemotherapy used to treat cancers or tumors. Thrombo-
cytopenia has been a challenge in the clinic for a long time 
and can lead to abnormal bleeding, infection, poor prog-
nosis and even death.3-5 However, at present, there are still 
no approved agents for the rapid treatment of radiation- 
or chemotherapy-induced thrombocytopenia.5,6 Generally, 
platelet transfusion and non-specific drugs, including 
cytokines, hormones and immunosuppressants, are used 
to treat thrombocytopenia in the clinic. However, these 
treatments are usually associated with several harmful 
side-effects that limit their clinical use.7,8 Therefore, it is 
urgent to develop non-toxic and non-immunogenic re-
agents for the treatment of thrombocytopenia. At present, 
TPO-receptor agonists are the only effective treatment 
choices for patients with chronic thrombocytopenia who 
are unresponsive to steroids. However, these drugs may 
increase the risk of venous and arterial thrombosis, bone 
marrow (BM) fibrosis, acute myelogenous leukemia and 
liver toxicity.8 In addition, treatment with a TPO-receptor 
agonist is not an applicable option for patients who are 
refractory to these agonists or who have a complete loss 
of functional c-MPL.9-11 It is, therefore, imperative to de-
velop TPO-alternative therapeutic options to manage 
thrombocytopenia.  
At present, drug discovery still faces numerous challenges 
and problems, such as high cost, time consumption, off-
target delivery and low efficacy. The identification of suit-
able, bioactive drug molecules from millions of candidate 
compounds is extremely difficult and a disheartening part 
of the drug discovery and development process.12 For-
tunately, with rapid advancements in computational 
power, the blossoming of deep learning technology and 
the growth of drug-related data, various deep learning-
based methodologies have been successfully exploited in 
all steps of the drug discovery and development process, 
and can identify potential, active compounds in the vast 
realm of chemical space quickly and cheaply.13,14 As a pri-
mary branch of artificial intelligence, machine learning 
plays a crucial role in drug discovery and development and 
includes random forest, support vector machine, k-nearest 
neighbors, naïve Bayesian, artificial neural networks, prin-
cipal component analysis, and soon on.12 Deep learning is 
an important subfield of machine learning.12 Recently, a 

new machine learning method, deep forest or multi-
grained cascade forest (gcForest), has been proposed.15,16 
The gcForest algorithm is a combination of traditional ma-
chine learning algorithms and deep learning ideas, which 
shows a greater learning ability and estimation accuracy 
than any single algorithm. There is no doubt that in the 
near future, gcForest will provide an alternative avenue 
and will be in the spotlight for drug discovery.16   
To discover more effective agents for use in the treatment 
of thrombocytopenia, we developed a drug screening 
model based on the gcForest algorithm to predict active 
compounds. We then aimed to investigate the effects of 
3,8-di-O-methylellagic acid 2-O-glucoside (DMAG), a po-
tential active compound predicted by the drug screening 
model, on megakaryocyte differentiation and platelet 
formation, and to elucidate its mechanism of action 
against thrombocytopenia. Our findings could provide a 
new therapeutic approach to thrombocytopenia.  

Methods   
Measurement of megakaryocyte differentiation  
Cells incubated with DMAG (10, 20 and 40 mM) for 6 days 
were harvested and labeled with FITC-CD41 and PE-CD42b 
antibodies (Biolegend, San Diego, CA, USA) for 30 min on 
ice in the dark. The percentages of CD41+CD42b+ cells were 
evaluated by a BD FACSCanto II flow cytometer (BD Bio-
sciences, San Jose, CA, USA).  

Animals   
Specific pathogen-free Kunming (KM) mice and C57BL/6 
mice (8-10 weeks old, weighing 18-22 g) were purchased 
from Da-suo Biotechnology Limited (Chengdu, China). Tg 
(cd41:eGFP) transgenic zebrafish were obtained from the 
Chinese National Zebrafish Resource Center (Wuhan, 
China). All procedures involving mice and zebrafish were 
performed in compliance with the laboratory animal ethics 
committee of Southwest Medical University (License N. 
20211123-014).  

Construction of a model of carotid artery thrombosis  
A ferric chloride (FeCl3)-induced model of carotid arterial 
thrombus was constructed as described previously.17,18 

Briefly, the mice were administered normal saline, TPO 
(3,000 U/kg), or DMAG (5 mg/kg) daily after irradiation for 
10 days and then anesthetized by intraperitoneal injection 
of sodium pentobarbital (50 mg/kg). The common carotid 
arteries were exposed, and filter paper (3 × 1.0 mm) satu-
rated with 10% (w/v) FeCl3 was placed on top of the left 
carotid artery for 3 min to induce thrombosis. After re-
moval of the filter paper, the carotid artery was washed 
with phosphate-buffered saline. The blood flow was con-
tinuously monitored with a vascular flow probe using a 
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Transonic Model TS420 flowmeter (Transonic Systems, 
Ithaca, NY, USA) from the onset of the injury until stable 
occlusion occurred (defined as no flow for 120 min).  

Construction of the c-MPL knockout mouse model and 
treatment of the mice  
CRISPR/Cas9-mediated genome engineering19 was used to 
create a c-MPL knockout (c-MPL-/-) mouse model (C57BL/6 
mice). Considering that the c-MPL-201 transcript has 12 
exons, we designed two gRNA targeting the 5’ untranslated 
region and exon 12 to create a thorough knockout model. 
The gRNA were designed on crispr.mit.edu, and high-score 
gRNA were used. Cas9 and two gRNA were co-injected into 
fertilized eggs to produce the knockout mice. The pups 
were genotyped by polymerase chain reaction (PCR) fol-
lowed by sequence analysis. The c-MPL-/- mice were ran-
domly divided into two groups (6 males and 6 females in 
each group): the control group and the DMAG-treated 
group. The control group and DMAG-treated group were 
injected intraperitoneally with normal saline or DMAG (5 
mg/kg), respectively, for 14 days. Venous plexus blood was 
collected from the mouse eyes, and routine blood tests 
were then performed with an automatic blood cell ana-
lyzer. The sequences of the gRNA and PCR screening 
primers are listed in Online Supplementary Table S1.  

Statistical analysis   
All data are expressed as the mean ± standard deviation 
from at least three independent experiments. Statistical 
analysis of comparisons among the multiple groups was 
assessed by one-way analysis of variance (ANOVA) followed 
by the Tukey post-hoc test. Differences between two 
groups were analyzed using two-tailed Student t tests. A P 
value <0.05 was considered statistically significant.  

Results  
Construction of the drug screening model based on 
gcForest and prediction of active compounds   
Considering that traditional drug discovery in the labora-
tory is aimless, costly and ineffective, it would be of ex-
treme utility to build a drug screening model for 
high-throughput virtual screening of potential active com-
pounds before experimental verification. In the present 
study, we first developed a drug screening model through 
gcForest (Figure 1A). Of the six datasets, the dataset with 
an importance ratio of 50% showed the best prediction 
performance, with an area under the curve (AUC) value of 
0.78 (Figure 1C). The validation set containing two active 
and ten inactive compounds was then used as the input 
into the model, and the prediction accuracy of the model 
was 84.6%. Finally, a chemical library was used to predict 
active compounds through the drug screening model. The 

results showed that a natural compound, DMAG, exhibited 
a very high score of 0.79, indicating that DMAG might have 
high activity.  

DMAG dose-dependently induces megakaryocyte 
differentiation and maturation  
The activities of the potential active compounds predicted 
by the model were investigated in vitro. Excitingly, we 
found that DMAG (Online Supplementary Figure S1A), a 
natural product, had excellent activity in inducing mega-
karyocyte differentiation of HEL and Meg-01 cells (Figure 
2, Online Supplementary Figure S2). After treatment for 6 
days, we noted the appearance of numerous large mega-
karyocyte-like cells in the DMAG (10, 20 and 40 mM)-
treated HEL group but not in the control HEL group (Figure 
2A). Wright-Giemsa staining showed that DMAG signifi-
cantly increased the cell size and the number of nuclei in 
HEL cells (Figure 2B). After treatment for 6 days, flow cyto-
metry analysis showed that the expression of the mega-
karyocytic lineage-specific differentiation marker CD41 and 
maturation marker CD42b increased in a dose-dependent 
manner in the DMAG-treated groups (Figure 2C). 
A polyploid nucleus is a typical characteristic of mature 
megakaryocytes. The ploidy was readily validated by DAPI 
and phalloidin staining in the DMAG-treated group (Figure 
2D). Flow cytometry analysis also showed that DMAG 
markedly increased DNA ploidy in a dose-dependent 
manner in HEL cells (Figure 2E). A similar result was found 
in Meg-01 cells (Online Supplementary Figure S2). In addi-
tion, a lactate dehydrogenase assay was performed to de-
tect the cytotoxicity of DMAG. The results suggested that 
all concentrations of DMAG (10, 20 and 40 mM) had no 
cytotoxicity on HEL cells (Online Supplementary Figure 
S1B). These results demonstrate that DMAG is a safe in-
ducer of megakaryocyte differentiation and maturation.  

Stage- and time-specific activation of ERK1/2 and HIF-1β 
is involved in DMAG-induced megakaryocyte 
differentiation   
To investigate genomic changes related to the promoting 
effect of DMAG on megakaryocyte differentiation, we col-
lected cells from the control group and DMAG (40 mM)-
treated group and performed RNA sequencing. The 
transcriptome results showed that a total of 4,030 mRNA 
were differentially expressed (fold-change >2.0 and 
P<0.05). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis was applied to identify signaling 
pathways regulated by DMAG. The results demonstrated 
that the upregulated mRNA were significantly enriched in 
MAPK and HIF-1 signaling pathways (Figure 3A), which are 
closely related to megakaryocyte differentiation.1,20 Con-
versely, the downregulated mRNA were primarily associ-
ated with metabolic, Epstein-Barr virus infection and viral 
carcinogenesis pathways (Figure 3B). The KEGG pathway 
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analysis indicated that DMAG might promote megakaryo-
cyte differentiation through the MAPK and HIF-1 signaling 
pathways. We therefore first determined the expression of 
MEK and ERK1/2, and HIF-1a and HIF-1b, the key genes in-
volved in the MAPK and HIF-1 signaling pathways, respect-
ively. Our results showed that the phosphorylation of 
ERK1/2 and the expression of HIF-1b were continuously ac-
tivated by DMAG from day 1 to day 6 (Figure 3C, Online 
Supplementary Figure S3). Other known cellular signaling 
pathways related to megakaryocyte differentiation were 
also investigated. DMAG treatment had no obvious effects 
on the activation of the c-MPL, JAK2/STAT and PI3K/AKT 
signaling pathways (Figure 3C, Online Supplementary Fig-
ure S3). These results suggest that DMAG promotes mega-
karyocyte differentiation by activating ERK1/2 and HIF-1b.  

The effect of DMAG on the expression of transcription 
factors participating in megakaryocyte differentiation   
Several transcription factors drive megakaryocyte differ-
entiation and platelet formation.3 We thus examined the 
temporal expression pattern of NF-E2, GATA1, GATA2, FLI1, 
TAL1 and RUNX1 during DMAG-induced differentiation of 
HEL cells by quantitative real-time PCR. The results 
showed that the transcriptional level of NFE2 in the DMAG-
treated group was significantly higher than that in the con-
trol group from day 1 to day 6 (Figure 4A). The expression 
level of GATA1 in the DMAG-treated group was higher than 
that in the control group from day 2 to day 5 (Figure 4A). 
In contrast, RUNX1 expression in the DMAG-treated group 
was lower than that in the control group on days 1, 2, 3 
and 5 (Figure 4A). GATA2 expression in the DMAG-treated 

Figure 1. Construction of the drug screening model. (A) Flowchart for gcForest model construction. (B) Top 20 molecular de-
scriptors. (C) Receiver operator characteristic curves of importance ratios. AUC: area under the curve.

A

B
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group was higher than that in the control group at day 3 
and decreased at days 4 and 5 (Figure 4A). FLI1 expression 
in the DMAG-treated group was higher than that in the 
control group on day 4, becoming lower on day 5 and then 
higher again on day 6 (Figure 4A). There was no significant 
difference in TAL1 expression level between the DMAG-
treated group and the control group from day 1 to day 5 
(Figure 4A). The translational levels of these transcription 
factors were also determined. Consistent with the tran-
scriptional level, the translational level of NF-E2 in the 
DMAG-treated group was significantly higher than that in 
the control group from day 1 to day 6 (Figure 4B, Online 
Supplementary Figure S4). In contrast, the translational 
level of RUNX1 in the DMAG-treated group was lower than 
that in the control group on day 6 (Figure 4B, Online Sup-
plementary Figure S4). However, DMAG had no conspicu-
ous effect on the translational levels of GATA1, TAL1 and 
FOG1 (Figure 4B, Online Supplementary Figure S4). We 
further confirmed that DMAG treatment led to a dose-de-
pendent increase in the expression of NF-E2 at the trans-
lational level (Figure 4B, Online Supplementary Figure S4). 
Moreover, the increased expression of NF-E2 induced by 
DMAG in HEL and Meg-01 cells was confirmed by immu-
nofluorescence analysis (Online Supplementary Figure 
S5A).   
The microtubule cytoskeleton plays a crucial role in the 
proper maturation of megakaryocytes and proplatelet 
formation.21 We therefore determined the expression of b-
tubulin, a protein subunit of microtubules, and found that 
HEL and Meg-01 cells treated with different concentrations 
of DMAG showed remarkable increases in b-tubulin ex-
pression (Online Supplementary Figure S5B). Collectively, 
these data suggest that DMAG promotes megakaryocyte 
differentiation through activation of NF-E2 and is probably 
able to promote proplatelet formation by increasing b-
tubulin expression.  

DMAG promotes megakaryocyte differentiation in an 
ERK1/2-HIF-1β-NF-E2-dependent pathway   
Emerging evidence indicates that ERK is required for the 
transactivation activity of HIF-1 and that HIF-1 promotes 
the expression of NF-E2, which is closely related to hema-
topoietic regulation.22-25 To clarify how they mediated 

megakaryocyte differentiation induced by DMAG, a step-
by-step blocking strategy was performed. First, the 
ERK1/2-specific inhibitor SCH772984 was used to block 
the phosphorylation of ERK1/2. When the phosphorylation 
of ERK1/2 induced by DMAG was blocked, the expression 
of HIF-1b and NF-E2 was significantly inhibited (Figure 5A, 
Online Supplementary Figure S6), which indicated that 
phosphorylation of ERK1/2 induced by DMAG was respon-
sible for the activation of HIF-1b and NF-E2. Wright-Giemsa 
staining, DAPI and phalloidin staining and flow cytometry 
analysis further demonstrated that SCH772984 (10 mM) 
treatment interrupted the acceleration of megakaryocyte 
differentiation induced by DMAG (Figure 5B-D). We also 
found that megakaryocyte differentiation induced by 
DMAG was significantly inhibited when NF-E2 was knocked 
down by siRNA interference (Online Supplementary Figures 
S7 and S8). These data demonstrate that DMAG promotes 
megakaryocyte differentiation in an ERK1/2-HIF-1b-NF-E2-
dependent pathway.  

DMAG enhances platelet recovery in mice with 
thrombocytopenia and accelerates thrombopoiesis in 
zebrafish   
To investigate the potential therapeutic effect of DMAG in 
mice with thrombocytopenia induced by 4 Gy X-ray total 
body irradiation, KM mice were administered DMAG (5 
mg/kg) for 17 days after radiation (Figure 6A). As shown, 
peripheral platelet levels in all irradiated groups dropped 
to the nadir on day 7 (Figure 6B). However, the numbers of 
peripheral platelets on day 7 were higher in the groups ad-
ministered TPO or DMAG than in the irradiated group (Fig-
ure 6B). DMAG administration significantly increased the 
recovery of peripheral platelets in the irradiated mice from 
day 7 to day 14 (Figure 6B). The platelet counts of the 
DMAG-treated group recovered to almost 72% and 96% 
those of the control group at day 10 and day 14, respect-
ively (Figure 6B), while the platelet counts in the irradiated 
group were only approximately 50% and 75% of those in 
the control group at day 10 and day 14, respectively (Figure 
6B). There was no difference in the mean platelet volume 
between each group (Online Supplementary Figure S9A), 
which demonstrated that DMAG had no influence on mean 
platelet volume. There were no differences in the levels of 

Figure 2. DMAG promotes megakaryocyte differentiation and enhances the DNA ploidy of HEL cells. (A) Representative images 
of HEL cells treated with different concentrations of DMAG (10, 20 and 40 mM) for 6 days. Bars represent 100 mm. (B) Giemsa-
Wright staining of HEL cells treated with different concentrations of DMAG (10, 20 and 40 mM) for 6 days. Bars represent 25 mm. 
(C) Flow cytometry analysis of the expression of CD41 and CD42b after cells had been treated with different concentrations of 
DMAG (10, 20 and 40 mM) for 6 days. The histogram shows the percentage of CD41+CD42b+ cells for each group. (D) Phalloidin 
staining of HEL cells treated with different concentrations of DMAG (10, 20 and 40 mM) for 6 days. DAPI staining (blue) indicates 
nuclei, and TRITC phalloidin staining (red) of F-actin indicates the boundary of single cells. Bars represent 25 mm. (E) Flow cyto-
metry analysis of the DNA ploidy of HEL cells treated with different concentrations of DMAG (10, 20 and 40 mM) for 6 days. The 
histogram shows the percentages of DNA ploidy of the HEL cells treated with the different concentrations of DMAG. In (C) and 
(E), data are shown as the mean ± standard deviation from three independent experiments. **P<0.01, ***P<0.001, versus the 
corresponding control. DMAG: 3,8-di-O-methylellagic acid 2-O-glucoside; DAPI: 4',6-diamidino-2-phenylindole. 
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red or white blood cells between the TPO-treated, DMAG-
treated and irradiated groups at any of the tested time-
points (Figure 6B), indicating that DMAG had a specific 
effect on platelet recovery. To verify whether the effect of 
DMAG on platelet recovery was stable, DMAG administra-
tion was ceased on day 18 and the platelet level was moni-
tored sequentially. The platelet count of the DMAG-treated 
group was maintained at a normal level from day 19 to 25 
(Online Supplementary Figure S9B), indicating that the ef-
fect of DMAG on platelet recovery was stable and durable. 
DMAG administration clearly increased the BM nuclear cell 
count (Online Supplementary Figure S9C), indicating that 

DMAG could ameliorate irradiation-induced damage to BM 
nuclear cells or enhance their proliferation. The visceral 
indices of the spleen and thymus were examined and it 
was found that the thymus index was higher in the DMAG-
treated group than in the irradiated group (Online Supple-
mentary Figure S10), indicating that DMAG might be able 
to enhance immune function by alleviating thymus atrophy 
induced by irradiation.   
To investigate whether the increase in peripheral platelets 
induced by DMAG was due to facilitation of megakaryo-
poiesis, hematoxylin and eosin (H&E) staining was per-
formed and revealed that the numbers of megakaryocytes 

A B

C

Figure 3. DMAG activates the expression of ERK1/2 and HIF-1β. (A, B) Top 20 enriched KEGG pathways targeted by upregulated 
mRNA (A) and downregulated mRNA (B) induced by DMAG. (C) Western blot analysis of proteins related to megakaryocyte differ-
entiation after the cells were or were not treated with DMAG (40 mM) at the indicated times. All results are shown as the mean 
± standard deviation of three independent experiments. *P<0.05, **P<0.01, or indicated as not significant (ns) versus the cor-
responding control. DMAG: 3,8-di-O-methylellagic acid 2-O-glucoside; KEGG: Kyoto Encyclopedia of Genes and Genomes.
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in the BM and spleen were clearly increased after admin-
istration of DMAG for 10 days (Figure 6C-E). These data 
suggest that DMAG stimulation is conducive to in vivo pla-
telet recovery after radiation.   
To determine whether the platelets stimulated by DMAG 

administration were functional, we measured platelet 
function. A carotid artery thrombosis model was used to 
assess the effect of DMAG on thrombus formation after 
vascular injury. The results showed that the time required 
to form a thrombus that completely occluded the artery 

Figure 4. Effects of DMAG on the expression of transcription factors related to megakaryocyte differentiation. (A) Quantitative 
real-time polymerase chain reaction analysis of the expression of transcription factors involved in megakaryocyte differentiation 
after cells were or were not treated with DMAG (40 mM) for the indicated times. (B) Western blot detection of transcription factors 
related to megakaryocyte differentiation after the cells were or were not treated with DMAG (40 mM) for the indicated times or 
with different concentrations of DMAG (10, 20, 30 and 40 mM) for 3 days. Throughout, data are shown as the means ± standard 
deviations of three independent experiments. *P<0.05, **P<0.01, ***P<0.001, or indicated as not significant (ns) versus the cor-
responding control. DMAG: 3,8-di-O-methylellagic acid 2-O-glucoside.

A

B
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Figure 5. The ERK1/2-HIF-1β-NF-E2 signaling pathway is involved in DMAG-induced megakaryocyte differentiation. (A) Western 
blot analysis of ERK1/2 phosphorylation after HEL cells were pretreated with the ERK1/2 inhibitor SCH772984 (10 mM) followed 
by DMAG (40 mM) stimulation for 3 days. The histograms show the ratio of p-ERK/ERK, HIF-1b/b-actin and NF-E2/b-actin for each 
group. (B) Giemsa-Wright staining shows the effects of SCH772984 on DMAG (40 mM)-induced changes in cell morphology. Bars 
represent 25 mm. (C) Phalloidin staining shows the effects of SCH772984 on DMAG (40 mM)-induced multinuclear formation. Bars 
represent 25 mm. (D) Detection of the expression of CD41 and CD42b by flow cytometry indicates the effects of SCH772984 on 
DMAG (40 mM)-induced megakaryocyte differentiation. The histogram shows the percentage of CD41+CD42b+ cells for each group. 
In (A) and (D), data are shown as the mean ± standard deviation from three independent experiments. *P<0.05, **P<0.01, 
***P<0.001, versus the corresponding control. DMAG: 3,8-di-O-methylellagic acid 2-O-glucoside.

A

B

C

D
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after the initial arterial injury in the DMAG-treated group 
was significantly shorter than that in the irradiated group 
(Online Supplementary Figure S11A), suggesting that DMAG 
promoted thrombus formation in mice with thrombo-
cytopenia. Moreover, collagen-induced platelet aggregation 
was measured and showed that platelet aggregation was 
enhanced by DMAG administration (Online Supplementary 
Figure S11B). These results demonstrate that DMAG can re-
store platelet function in mice with thrombocytopenia.  
To further evaluate the potential of DMAG for clinical trans-
lation, we investigated the in vivo toxicity of DMAG. Levels 
of markers of cardiac function markers (creatine kinase, 
lactate acid dehydrogenase), hepatic function (alanine 
aminotransferase, aspartate aminotransferase) and renal 
function (creatinine, blood urea nitrogen) were determined 
after DMAG administration. There was no difference in cre-
atine kinase content between each group (Online Supple-
mentary Figure S12A), while the lactate dehydrogenase 
concentration in the DMAG-treated group was lower than 
that in the irradiated group (Online Supplementary Figure 
S12A), indicating that DMAG was beneficial to cardiac func-
tion. The levels of alanine and aspartate aminotransferases 
were not remarkable in any group (Online Supplementary 
Figure S12A), which suggested that DMAG had no effect on 
hepatic function. The creatinine and blood urea nitrogen 
levels in the control, TPO-treated and DMAG-treated 
groups were much lower than those in the irradiated group 
(Online Supplementary Figure S12A), indicating that DMAG 
was able to mitigate the renal toxicity induced by irradi-
ation. In addition, H&E staining showed that there were no 
significant differences in the major organs between the 
groups (Online Supplementary Figure S12B), suggesting that 
DMAG did not cause any significant systemic toxicity. The 
above data suggest that DMAG has no toxicity in vivo; in 
contrast, DMAG exhibits protective effects on the heart 

and kidney in thrombocytopenic mice. Taken together, 
these results demonstrate that DMAG has excellent thera-
peutic effects on mice with thrombocytopenia.  
The enhanced numbers of megakaryocytes in the DMAG-
treated group prompted us to investigate whether DMAG 
was able to promote the differentiation of hematopoietic 
progenitors into megakaryocytic progenitors and mega-
karyocytes in BM. Flow cytometry analysis showed that 
the proportions of c-Kit+CD41− (hematopoietic progenitors), 
c-Kit+CD41+ (megakaryocytic progenitors), and c-Kit−CD41+ 
(megakaryocytes) cells were significantly increased in the 
TPO- and DMAG-treated groups compared with the pro-
portions in the irradiated group (Online Supplementary Fig-
ure S13A). The results suggest that DMAG can trigger the 
production of megakaryocytes at different stages of mega-
karyopoiesis.  
The expression of the megakaryocyte-specific markers 
CD41 and CD61 was determined by flow cytometry. The re-
sults showed that the proportions of CD41+CD61+ cells in 
the BM and spleen were remarkably higher in the TPO- and 
DMAG-treated groups than in the irradiated group (Online 
Supplementary Figure S13B), which indicates that DMAG 
promoted BM and spleen megakaryocyte differentiation. 
Flow cytometry was further used to analyze the DNA con-
tents of BM megakaryocytes. As expected, the ploidy of 
BM megakaryocytes was significantly increased in the 
TPO- and DMAG-treated groups compared with the irradi-
ated group (Online Supplementary Figure S13C). The ex-
pression of the platelet activation marker CD62P (platelet 
surface P-selectin) was detected by flow cytometry. We 
found that BM cells of the TPO- and DMAG-treated groups 
contained significantly higher percentages of platelets 
(CD41+CD62P+) than those in the irradiated group (Online 
Supplementary Figure S13D). However, activated platelets 
(CD41−CD62P+) were almost undetectable in all groups 

Continued on following page.
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(Online Supplementary Figure S13D). These results indicate 
that DMAG accelerates thrombopoiesis in BM.  
Although DMAG did not exert a stimulatory effect on red 
blood cell recovery in peripheral blood, we still examined 
the expression of the erythrocyte surface marker Ter119 in 

BM cells. Unexpectedly, we found that the percentage of 
Ter119+ cells was higher in the DMAG-treated group than 
in the irradiated group (Online Supplementary Figure S14), 
indicating that DMAG was able to promote erythropoiesis 
in BM. Furthermore, immunohistochemical staining was 

Figure 6. DMAG administration counteracts radiation-induced thrombocytopenia in vivo. (A) Schematic diagram of DMAG ad-
ministration in KM mice with thrombocytopenia induced by irradiation. (B) Numbers of peripheral platelets, red blood cells and 
white blood cells in KM mice at the indicated times after injection of normal saline, thrombopoietin (3,000 U/kg), or DMAG (5 
mg/kg) daily after irradiation. (C, D) Staining with hematoxylin and eosin shows the megakaryocytes in bone marrow (C) and 
spleen (D) after mice were treated with normal saline, thrombopoietin (3,000 U/kg) or DMAG (5 mg/kg) for 10 days. Ten microscopy 
fields per sample were counted. The green circles mark the megakaryocytes. (E) The histogram shows the number of mega-
karyocytes in the bone marrow and spleen in each group. In (B) and (E), the data are shown as the mean ± standard deviation 
from three independent experiments. *P<0.05, **P<0.01, ***P<0.001, versus the irradiated group or corresponding control. KM: 
Kunming; IR: irradiation; DMAG: 3,8-di-O-methylellagic acid 2-O-glucoside; TPO: thrombopoietin; RBC: red blood cell; WBC: white 
blood cell; BM: bone marrow. 
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carried out to detect the expression of CD41 and NF-E2. 
The results showed that the numbers of CD41+ megakaryo-
cytes in the TPO- and DMAG-treated groups were higher 
than the number in the irradiated group (Online Supple-
mentary Figure S15A). Consistent with the findings of the 
in vitro experiments, NF-E2 expression in BM megakaryo-
cytes in the DMAG-treated groups was significantly higher 
than that in the irradiated group (Online Supplementary 
Figure S15A). Serum TPO concentrations were measured 
and showed that there was no significant difference in TPO 
levels between the irrdiated group and the DMAG-treated 
group (Online Supplementary Figure S15B), suggesting that 
DMAG does not influence TPO production. All these data 
indicate that DMAG rescues megakaryopoiesis, thereby ac-
celerating the production of platelets in irradiated mice.  
The effects of DMAG on thrombopoiesis were further ver-
ified in zebrafish. Tg (cd41:eGFP) transgenic zebrafish were 
treated with DMAG (10, 25 and 50 mM) at 3 days post-fer-
tilization (dpf). As expected, the overall numbers of 
cd41:eGFP thrombocytes at 5 dpf were significantly higher 
in all the DMAG-treated groups than in the control group 
(Figure 7A). The dorsal aorta, caudal hematopoietic tissue 
and tail regions were then carefully observed for cd41:eGFP 
thrombocytes. It was seen that the numbers of cd41:eGFP 
cells in all three regions of the DMAG (10, 25 and 50 mM)-
treated groups were remarkably higher than those of the 
control group (Figure 7B-D). These results demonstrate 
that DMAG significantly promotes thrombopoiesis in ze-
brafish.  

The effects of DMAG on megakaryopoiesis and 
thrombopoiesis are independent of TPO/c-MPL signaling   
To gain a deeper understanding of whether DMAG-induced 
megakaryopoiesis and thrombopoiesis depend on TPO/c-
MPL signaling in vivo, we used CRISPR/Cas9 technology to 
construct c-MPL-/- mice. We designed two sgRNA that 
could generate a 16 kb chromosomal deletion at the c-MPL 
locus in the mouse genome (Figure 8A, Online Supplemen-
tary Figure S16). After obtaining the c-MPL-/- mice, their pe-
ripheral platelet levels were measured, and they were 
found to have severely decreased numbers of platelets 
(Figure 8B). However, DMAG treatment significantly in-
creased the peripheral platelet level in c-MPL-/- mice on 
days 7 and 10 (Figure 8B). There were no differences in red 
or white blood cell counts between the groups (Figure 8B). 
H&E staining showed that DMAG-treated c-MPL-/- mice had 
more megakaryocytes in the BM and spleen than control 
c-MPL-/- mice (Figure 8C, D). Corresponding to the H&E 
staining results, flow cytometry analysis showed that 
CD41+ cells (megakaryocytes) were much more abundant 
in the BM and spleen of DMAG-treated c-MPL-/- mice than 
in control c-MPL-/- mice (Online Supplementary Figure 
S17A). Accordingly, the population of megakaryocytic pro-
genitors (c-Kit+CD41+) was significantly increased in DMAG-

treated c-MPL-/- mice compared to that in control c-MPL-

/- mice (Online Supplementary Figure S17B). Finally, the pla-
telet surface marker CD41+CD62P+ was measured by flow 
cytometry. The results showed that the number of pla-
telets (CD41+CD62P+) in the BM of c-MPL-/- mice was in-
creased after DMAG administration (Online Supplementary 
Figure S17C). Collectively, the above results indicate that 
DMAG is capable of functioning in a TPO-independent 
manner in promoting megakaryopoiesis and thrombopoie-
sis in vivo. 
We also investigated whether DMAG had a stimulatory ef-
fect on thrombopoiesis in normal mice. Normal C57BL/6 
mice were administered DMAG for 14 consecutive days, 
and hematologic parameters were measured. Interestingly, 
we found that DMAG treatment had no effects on periph-
eral platelet, red blood cell or white blood cell levels (On-
line Supplementary Figure S18A). Furthermore, H&E 
staining data demonstrated that the numbers of mega-
karyocytes in the BM and spleen were not different be-
tween the control and DMAG-treated groups (Online 
Supplementary Figure S18B, C). These data indicate that 
DMAG has a unique therapeutic effect on mice with 
thrombocytopenia.  

Discussion  
Thrombocytopenia is common finding in a multitude of 
conditions,3,5-7 and can sometimes be life-threatening be-
cause of bleeding complications, which in turn profoundly 
influence subsequent therapies for the diseases.26 How-
ever, there are few medical treatments available for 
thrombocytopenia. The discovery and development of a 
new drug is an extremely long and costly process, and the 
success rate is piteously low.13 It is, therefore, critical to 
develop new approaches that can substantially decrease 
costs and accelerate the drug discovery process. The 
adoption of machine learning approaches is ideally suited 
to do this. The application of machine learning in drug dis-
covery not only decreases the costs, labor and time 
required to find the ideal compounds from months or 
years to weeks but also increases the true positive rate 
to identify structurally novel compounds with the desired 
bioactivity from thousands of chemical compounds.12 In 
this study, we developed a drug screening model in hema-
topoiesis based on a novel gcForest algorithm and virtual 
screening of potential active compounds from a chemical 
library. Encouragingly, we found that a natural product, 
DMAG, not only significantly promoted megakaryocyte dif-
ferentiation and maturation in vitro but also stimulated 
platelet recovery in thrombocytopenic mice and the c-
MPL-/- mouse model, and promoted thrombopoiesis in ze-
brafish.  
In a previous study we demonstrated that DMAG can be 
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Figure 7. DMAG administration 
enhances thrombopoiesis in Tg 
(cd41:eGFP) transgenic zebra-
fish. (A-C) cd41:eGFP thrombo-
cytes in whole trunk (A), dorsal 
aorta (B), caudal hematopoietic 
tissue and tail regions (C) of 
control and DMAG (10, 25 and 
50 mM)-treated zebrafish. (D) 
Quantification of cd41:eGFP 
cells in the dorsal aorta, caudal 
hematopoietic tissue and tail 
regions in each group. The data 
are shown as the mean ± stan-
dard deviation from three inde-
pendent experiments. *P<0.05, 
**P<0.01, ***P<0.001, versus 
the corresponding control. 
DMAG: 3,8-di-O-methylellagic 
acid 2-O-glucoside; DA: dorsal 
aorta; CHT: caudal hemato-
poietic tissue. 
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separated from a traditional Chinese medicine Sangui-
sorba officinalis L.27 Sanguisorba officinalis L. is reported 
to possess hemostatic and anti-leukopenia activities,28 

and its active compounds are worthy of future study. 
Here, we demonstrated that DMAG continuously activated 
ERK1/2 and HIF-1b expression but did not activate TPO/c-
MPL signaling or its other downstream signaling pathways. 
Our results are consistent with previous reports that 
ERK1/2 is a key regulator of differentiation of megakaryo-
cytes and can act independently of TPO signaling.29-32 HIF-
1a is a positive regulator of megakaryocyte maturation and 
platelet formation.21 Previous studies have demonstrated 
that HIF-1b is crucial for hematopoiesis.33-35 However, its 

role in megakaryocyte differentiation and platelet forma-
tion is largely unknown. Here, we did not find any change 
in HIF-1a expression between the control and DMAG-
treated groups, whereas the expression of HIF-1b was 
continuously activated by DMAG. We assume that the 
continuous activation of HIF-1b is advantageous to the 
formation of fully active HIF-1, thereby enhancing the ex-
pression of genes related to megakaryocyte differenti-
ation.  
We determined the expression of transcription factors in-
volved in megakaryocyte differentiation and platelet pro-
duction and found that NF-E2 was continuously activated 
by DMAG in a concentration-dependent manner. Studies 

Continued on following page.
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have shown that NF-E2 is essential for megakaryocyte dif-
ferentiation and maturation, proplatelet formation and 
platelet release, independently of the actions of TPO.36-39 
We also found that the expression of b-tubulin was sig-
nificantly enhanced by DMAG in a dose-dependent 
manner. Tubulin is the major component of microtubules, 
consisting of a-tubulin and b-tubulin.40 b1-tubulin (TUBB1) 
is the major b-tubulin isoform that is essential for mega-
karyocyte maturation and proplatelet formation.41-43 It has 
been revealed that b1-tubulin is one of the targets of NF-
E2. The function of b1-tubulin in platelet biogenesis is de-
pendent on NF-E2.44 In our study, the enhanced 
expression of b-tubulin induced by DMAG may have been 
mediated by NF-E2, which could be conducive to propla-
telet formation. Through treatment with the ERK1/2-spe-
cific inhibitor SCH772984, we found that the upregulation 
of HIF-1b and NF-E2 induced by DMAG was blocked. The 
results indicated that ERK1/2 is located upstream of HIF-
1b and NF-E2. These results are consistent with previous 
reports that ERK is able to regulate HIF-1 transactivation 
activity and stability and that HIF-1a upregulates the ex-
pression of NF-E2 to promote hematopoiesis. In addition, 
the expression of NF-E2 is upregulated in polycythemic 
patients with augmented HIF signaling.25 These findings 
indicate that NF-E2 may be a target of HIF-1. Therefore, 
an ERK1/2-HIF-1b-NF-E2-dependent pathway may me-
diate the effects of DMAG on megakaryocyte differenti-
ation.  
The therapeutic action of DMAG on thrombocytopenic 
mice highlights the importance of a strategy of inducing 
megakaryocyte differentiation for the treatment of 
thrombocytopenia, a strategy that could be considered a 
type of “autotransfusion” of platelets from already exist-
ing megakaryocytes in BM. In this study we found that 
platelet counts in irradiated mice decreased to the lo-
west level at day 7 after irradiation. The platelet counts 
in the groups of mice exposed to irradiation, TPO or DMAG 
were only 34%, 61% and 49%, respectively. of the platelet 
count of the control group, but the platelet count in the 
DMAG-treated group was 47% more than that in the ir-
radiated group. The platelet counts recovered gradually 
from day 7 to day 14. The platelet counts in the DMAG-
treated group recovered to almost 72% and 96% of those 

in the control group at day 10 and 14, respectively. Never-
theless, the platelet counts in the irradiated group were 
only 50% and 75% of those in the control group at day 10 
and 14, respectively. The platelet counts in the DMAG-
treated group were almost 1.5- and 1.3-fold higher than 
those in the irradiated group at day 10 and 14, respect-
ively. These data demonstrate that DMAG has an excellent 
ability to stimulate platelet recovery after radiation-in-
duced damage. Moreover, DMAG was able to enhance 
megakaryopoiesis and thrombopoiesis in c-MPL-/- mice 
although it did not restore platelet counts to normal 
levels. The results indicate that DMAG promotes mega-
karyocyte differentiation and platelet formation in a TPO-
independent manner, or at least in part in a 
TPO-independent manner. Previous studies have demon-
strated that although knockout of TPO or c-MPL causes 
severe thrombocytopenia, the knockout mice are still 
able to produce a small but sufficient number of platelets 
to ensure their normal existence and show no symptoms 
of spontaneous hemorrhage.45 TPO can stimulate mega-
karyocyte formation but cannot shorten the maturation 
time of these cells in vivo.46 In addition, humans who have 
completely lost the function of c-MPL still have a certain 
number of platelets, indicating that patients without 
TPO/c-MPL signaling do possess some ability to produce 
platelets.10 Recent studies have revealed that an inflam-
matory cytokine, chemokine ligand 5 (CCL5, RANTES), 
promotes megakaryocyte maturation and proplatelet 
formation in a CCR5-dependent manner and enhances 
platelet levels in response to physiological stress.47 Tai-
suke et al.48 showed that an activated form of tyrosyl-
tRNA synthetase (YRSACT) enhances megakaryopoiesis and 
platelet production in a TPO-independent manner. Rayko 
et al.49 reported that iron deficiency increases mega-
karyocyte differentiation and platelet counts indepen-
dently of TPO. Wang et al.30-32,50 demonstrated that several 
hormones, including human growth hormone, norepi-
nephrine, epinephrine, melatonin, as well as insulin-like 
growth factor-1, promote megakaryocyte differentiation, 
proplatelet formation, or platelet production in a TPO-in-
dependent manner. These findings and our study suggest 
that alternative mediators exist and seem able to com-
pensate for the function of TPO when TPO/c-MPL signal-

Figure 8. DMAG administration promotes megakaryopoiesis and thrombopoiesis in the c-MPL-/- mouse model. (A) Schematic of 
the construction of the c-MPL-/- mouse model. The blue shears represent sgRNA regions (total size: 14.72 kb). The red line indicates 
the genomic region of the mouse c-MPL locus. The gray lines represent untranslated regions. The yellow rectangles mark 12 
exons of c-MPL. F1, R1 and R2 show the primers used to identify the genotypes of the pups by polymerase chain reaction. (B) 
Numbers of peripheral platelets, red blood cells and white blood cells in c-MPL-/- mice at the indicated times after administration 
of normal saline or DMAG (5 mg/kg) daily for 14 consecutive days. (C, D) Hematoxylin and eosin staining shows the distribution 
of megakaryocytes in the bone marrow (C) and spleen (D) of the control and DMAG-treated groups injected with normal saline 
or DMAG (5 mg/kg) for 10 consecutive days. Bars represent 100 mm (top) and 50 mm (bottom). Ten microscopy fields per sample 
were counted. The green circles mark the megakaryocytes. The histogram shows the number of megakaryocytes in the bone 
marrow (C) and spleen (D) in each group. In (B-D), the data are shown as the mean ± standard deviation from three independent 
experiments. *P<0.05, **P<0.01, versus the corresponding control. DMAG: 3,8-di-O-methylellagic acid 2-O-glucoside; RBC: red 
blood cell; WBC: white blood cells; BM: bone marrow.
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ing is lost or that they and TPO may act synergistically in 
regulating megakaryocyte differentiation and platelet 
formation.  
The influence of DMAG in normal mice was investigated. 
Interestingly, we found that DMAG had no effect on pe-
ripheral platelet count or megakaryocyte number in BM in 
normal mice, indicating that DMAG does not influence 
thrombopoiesis when the platelet count is normal. We hy-
pothesize that the TPO/c-MPL signaling pathway may have 
a predominant function in regulating megakaryocyte dif-
ferentiation and thrombopoiesis under normal conditions. 
When the TPO/c-MPL signaling pathway is disrupted, the 
function of the TPO-independent signaling pathway in-
duced by DMAG may stand out. The unique therapeutic 
action of DMAG in pathological conditions may circumvent 
a risk of thrombosis.  
Because DMAG promotes megakaryocyte differentiation 
and platelet formation in a TPO-independent manner, it 
has the potential for use to treat thrombocytopenia in pa-
tients who are unresponsive to TPO-receptor agonists or 
have a complete loss of functional c-MPL. Moreover, be-
cause of distinct mechanisms of action, the combined ap-
plication of DMAG with TPO-receptor agonists may have 
a better therapeutic effect than a single drug in patients 
with thrombocytopenia. Collectively, the results of our 
study demonstrate that DMAG, derived from Sanguisorba 
officinalis L., stimulates megakaryocyte differentiation and 
platelet formation through the ERK1/2-HIF-1b-NF-E2 
pathway, which is independent of the TPO signaling path-
way (Online Supplementary Figure S19). Our findings pro-
vide new insights into alternative treatment options for 
treating thrombocytopenia.  
In summary, our study is the first to establish a drug 
screening model in hematopoiesis using the gcForest al-
gorithm and demonstrates that DMAG significantly pro-
motes megakaryocyte differentiation and platelet 
formation. Mechanistically, the action of DMAG involves 
the TPO-independent ERK/HIF-1/NF-E2 signaling path-
way. Our study shows the therapeutic utility of DMAG for 
thrombocytopenia and provides a new approach for 
high-throughput drug screening and the treatment of 
hematologic diseases by targeting TPO-independent sig-
naling.  
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