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Abstract 

Rationale: Tanshinone, a type of diterpenes derived from salvia miltiorrhiza, is a particularly promising 
herbal medicine compound for the treatment of cancers including acute myeloid leukemia (AML). 
However, the therapeutic function and the underlying mechanism of Tanshinone in AML are not clear, 
and the toxic effect of Tanshinone limits its clinical application. 
Methods: Our work utilizes human leukemia cell lines, zebrafish transgenics and xenograft models to 
study the cellular and molecular mechanisms of how Tanshinone affects normal and abnormal 
hematopoiesis. WISH, Sudan Black and O-Dianisidine Staining were used to determine the expression of 
hematopoietic genes on zebrafish embryos. RNA-seq analysis showed that differential expression genes 
and enrichment gene signature with Tan I treatment. The surface plasmon resonance (SPR) method was 
used with a BIAcore T200 (GE Healthcare) to measure the binding affinities of Tan I. In vitro 
methyltransferase assay was performed to verify Tan I inhibits the histone enzymatic activity of the PRC2 
complex. ChIP-qPCR assay was used to determine the H3K27me3 level of EZH2 target genes. 
Results: We found that Tanshinone I (Tan I), one of the Tanshinones, can inhibit the proliferation of 
human leukemia cells in vitro and in the xenograft zebrafish model, as well as the normal and malignant 
definitive hematopoiesis in zebrafish. Mechanistic studies illustrate that Tan I regulates normal and 
malignant hematopoiesis through direct binding to EZH2, a well-known histone H3K27 
methyltransferase, and inhibiting PRC2 enzymatic activity. Furthermore, we identified MMP9 and ABCG2 
as two possible downstream genes of Tan I’s effects on EZH2. 
Conclusions: Together, this study confirmed that Tan I is a novel EZH2 inhibitor and suggested MMP9 
and ABCG2 as two potential therapeutic targets for myeloid malignant diseases. 

Key words: Tanshinone I, hematopoiesis, leukemia, EZH2, H3K27me3 

 
Ivyspring  

International Publisher 



Theranostics 2021, Vol. 11, Issue 14 
 

 
http://www.thno.org 

6892 

Introduction 
Epigenetic regulations play essential roles in 

both physiological and pathological processes. The 
specificity, reversibility, and dynamics of these 
controls make them ideal drug targets [1]. One of the 
epigenetic regulators, histone lysine methyl-
transferase Enhancer of Zeste Homologue 2 (EZH2), is 
an enzymatic component of Polycomb repressive 
complex 2 (PRC2). It mediates transcriptional 
silencing through histone H3 lysine 27 methylation 
[2]. EZH2 has been shown to play a pivotal role in 
both physiological functions and the pathogenesis of 
many cancers, including several types of leukemia [3]. 
In the mouse model, the deletion of Ezh2 leads to 
insufficient expansion of Hematopoietic Stem Cells 
(HSCs) and defective erythropoiesis in the fetal liver. 
The Ezh2-deficient mouse embryos died because of 
anemia [4]. Methyltransferase EZH2 and demethylase 
JMJD3 antagonistically modulate HSCs activation by 
regulation Bambi, Cdkn1a and Gadd45 [5]. 
Overexpression of EZH2 results in the 
myeloproliferative disorder in mice, and has been 
shown to be associated with aggressiveness and 
metastasis of different types of human cancers such as 
prostate cancer, breast cancer, bladder cancer and 
melanoma [6-10]. A recent study also identified the 
context-specific roles of EZH2 in Acute Myeloid 
Leukemia (AML) [11, 12], which is a rapidly 
progressive and poor-prognosis malignancy arising 
from hematopoietic stem cells. In this case, the 
therapeutic potential of targeting EZH2 has received 
considerable attention in leukemia/cancer 
management. 

In recent years, natural products gained much 
attention in cancer therapy, many herbal medicinal 
products have been proved to have the function of 
anti-cancer [13]. For example, Vibsanine A induces 
myeloid leukemia cell differentiation by activating 
PKC signaling [14]. Hyperforin promotes apoptosis of 
cancer cells from various solid tumors and 
hematological malignancies, including B-cell chronic 
lymphocytic leukemia [15]. Ingredients and 
compounds from natural herbs are huge drug 
resources, and the growing studies of their 
pharmacological mechanism will provide a better 
research foundation for the development of therapies. 

Dan-shen (Salvia miltiorrhiza Bunge) is one of the 
most popular herbal remedies in China and several 
other Asian countries. The extracts of Dan-shen have 
been widely used for clinical treatment of coronary 
heart diseases, cerebral ischemia and early cirrhosis 
[16]. Tanshinones are the major lipophilic ingredients 
of Dan-shen and have been shown to have diverse 
pharmacological activities including anti- 
inflammation, anti-oxidation and anti-cancer [17, 18]. 

Among the main Tanshinones, Cryptotanshinone 
(CPT) inhibits the proliferation of mouse hepatoma 
cells and activates adaptive antitumor immune 
defenses [19]. Tanshinone IIA could induce G1/G0 
arrest, cell differentiation and apoptosis in human 
leukemia cell lines [20]. Although Tanshinones’ 
anti-cancer potentials have been more and more 
recognized, the molecular mechanism has not been 
well elucidated; mainly the molecular target of 
Tanshinone is still not well addressed. 

In this study, we first looked at the toxicity and 
induced phenotype of five main ingredients of 
Dan-Shen in the zebrafish model. We then focused on 
one with the least toxicity but have significant effects 
on hematopoiesis, Tanshinone I (Tan I). Both human 
leukemia cell lines and zebrafish myeloid 
malignancies and xenograft models were utilized to 
study the pharmacological function and mechanisms 
of Tan I. We found that Tan I can inhibit both normal 
and malignant hematopoiesis by binding directly to 
EZH2 and subsequent repression of the histone 
H3K27 methyltransferase activity of PRC2 complex. 
Furthermore, we noticed that two known EZH2 
downstream genes, MMP9 and ABCG2 are both 
up-regulated by Tan I treatment. The overexpression 
of these two genes in the human leukemia cell line can 
induce apoptosis and differentiation, suggesting the 
potential of these two genes for serving as novel 
targets for anti-leukemia therapies. 

Materials and methods 
Zebrafish lines and Reagents 

Zebrafish are raised and maintained at 28.5 °C 
and on a 14 h light/10 h dark cycle at zebrafish core 
facilities of Zhejiang University School of Medicine. 
Transgenic lines Tg(fli1:EGFP) [21], Tg(lyz:EGFP) [22], 
Tg(c-mybhyper:GFP) [23], Tg(lyz:EGFP);pu.1G242D [24], 
and Tg(hsp70l:ezh2:CG) [25] were used in this study. 

Tan I (T5330, Sigma-Aldrich), Tan IIA (T2906, 
Target Mol), Cpt (T2814, Target Mol), mmp9 inhibitor 
Mmp9-I (444278, Sigma-Aldrich), and ABCG2 
inhibitor ko143 (K2144, Sigma-Aldrich) were 
dissolved in DMSO. 

WISH, Sudan Black and O-Dianisidine Staining 
All WISH (Whole-mount In situ Hybridization) 

staining was performed with antisense digoxigenin- 
labeled RNA probes as previously described [26]. 
Sudan Black and O-Dianisidine staining was 
performed as described previously [27, 28]. 

Cell culture and Lentivirus transduction 
HL-60 and NB4 cell lines were obtained from 

Cell Bank of Shanghai Institute of Hematology and 
cultured in RPMI-1640 medium (Invitrogen 
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Corporation) supplemented with 10% FBS (Gibco- 
BRL) in 5% CO2 and humidified atmosphere at 37 °C. 

Lentiviruses expressing MMP9-GFP and control 
GFP, ABCG2-mCherry and control mCherry were 
obtained from Genechem (Shanghai, China), and the 
infection of lentivirus on the NB4 cells was performed 
as described previously [29]. Leukemia cells were 
counted and spin-infected with lentiviral particles, 
then cells were washed with PBS 12 h after infection. 
GFP+ or mCherry+ cells were isolated by FACS after 
three days and sorted again after five days. 

Flow cytometry analysis and cell sorting 
All antibodies were purchased from BD 

PharMingen: PE-conjugated CD11b and APC- 
conjugated Annexin V. Total cells were Fc-blocked 
and stained with indicated combinations of antibodies 
for 30 min on ice, then washed three times and 
resuspended in 1% FBS/PBS. For apoptosis analysis, 
cells were resuspended with binding buffer and 
stained with Annexin V and 7-AAD for 15 min at 25 
°C in the dark. The flow cytometric data were 
collected on a BD Calibur flow cytometer and 
analyzed using FlowJo software or Summit software. 
For the fluorescence-activated cell sorting (FACS), 
GFP+ or mCherry+ cells were sorted out by a cell 
sorter BD FACSAriaTM (BD Biosciences). 

Zebrafish xenograft model 
Human NB4 or HL-60 cells were transplanted 

into 30 hpf (hours post-fertilization) zebrafish 
embryos as reported previously [30] with minor 
modifications: 3×106 cells/mL of HL-60 or NB4 cells 
were collected and stained with DiI, then 200-300 cells 
were injected into 30 hpf dechorionated zebrafish 
embryos. After injection, embryos were incubated in 
37 °C incubator and screened for positive fluorescence 
cells in the caudal hematopoietic tissue (CHT) after 24 
h of the transplantation. Fluorescence cells were 
counted and analyzed using Image J. 

RT-qPCR and RNA-seq 
Total RNAs were extracted using Trizol. RNA 

was reverse transcribed using Prime Script™ RT 
reagent Kit with gDNA Eraser (Perfect Real Time) Kit 
(RR047A, Takara). SYBR® Premix Ex Taq™ II (Tli 
RNase H Plus) (RR820A, Takara) was used for the 
real-time qPCR analysis, with a CFX-Touch detection 
system (Bio-rad). β-actin was used as an internal 
control. Primer sequences are available in 
Supplementary Table S1. 

72 hpf Tg(c-mybhyper:GFP) zebrafish embryos and 
NB4 cells treated with DMSO or Tan I were collected 
for RNA sequencing. Library construction and 
sequencing were completed by Novogene (Novogene 

Bioinformatics Technology Co., Ltd, Beijing, China). 
Paired-end sequencing (Novaseq6000, 150-bp reads) 
was performed. The sequencing reads were aligned to 
the zebrafish GRCz11 genome and human GRCh38 
genome separately using STAR (https://github. 
com/alexdobin/STAR), and reads mapped to 
multiple genomic locations were removed. Gene 
expression counts for each sample were calculated by 
feature Counts [31]. Differential expression analysis 
was performed by DESeq2 package (https://github. 
com/mikelove/DESeq2). Zebrafish and human 
homolog genes were identified using NCBI 
HomoloGene database (https://www.ncbi.nlm.nih. 
gov/homologene/). Transcription expression 
heatmap was performed by gplots (https://github. 
com/talgalili/gplots). GSEA (gene set enrichment 
analysis) was performed with GSEA software 
(http://software.broadinstitute.org/gsea/downloads
.jsp). All the RNA-seq raw data have been deposited 
in Gene Expression Omnibus (GEO) database under 
the accession numbers GSE155572 and GSE155573. 

Morpholinos injection and heat shock 
Morpholino Oligonucleotides (MOs) were 

purchased from Gene-Tools (https://www.gene- 
tools.com/). The sequences of MOs used in this study 
are following: mmp9 translation-blocking MO: 
5’-CGCCAGGACTCCAAGTCTCATTTTG-3’; abcg2d 
translation-blocking MO: 5’-AAGACAGCATTGTCA 
GGCATCTTCT-3’. All MOs were injected into 
embryos at one-cell stage. 

Tg(hsp70l:ezh2:CG) dechorionated embryos at 30 
hpf stage were placed in 15 mL Falcon centrifuge 
tubes and incubated at 37 °C or 28.5 °C (control 
group) water bath for 1 h, then the embryos were 
transferred back to dishes and incubate at 28.5 °C in 
the incubator. 

Western blotting 
The protein of zebrafish embryos (72 hpf; 

Tg(c-mybhyper:GFP) treated with DMSO and Tan I were 
extracted in RIPA (P0013B, Beyotime Biotechnology) 
containing 0.3% SDS and protease inhibitor cocktails 
(04693116001, Roche). Histone H3 was used as 
protein-loading controls. 

Affinity measurement 
The Surface Plasmon Resonance (SPR) method 

was used with a BIAcore T200 (GE Healthcare) to 
measure the binding affinities. Zebrafish EZH2(Detai 
Bio) or SUZ12(Detai Bio) was diluted in sodium 
acetate solution (pH 5.0) with a final concentration of 
50 μg/mL. EZH2 or SUZ12 was immobilized on a 
CM5 sensor chip (GE Healthcare) by amine coupling 
to reach target densities of 12000 resonance units 
(RU). Immobilized EZH2 or SUZ12 was used to 
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capture the chemical compound. Human EED 
(ProSpec-Tany) was diluted in sodium acetate 
solution (pH 5.0) with a final concentration of 200 
μg/mL. EED was immobilized on a CM5 sensor chip 
(GE Healthcare) by amine coupling to reach target 
densities of 9100 resonance units (RU). The running 
buffer contained PBS-T (10 mM sodium phosphate, 
150 mM NaCl, 0.005% Tween-20, pH 7.4) and 2% 
DMSO. Data were recorded at 25 °C. 

Then injected 7 concentrations of the Tan I (0.78 
µM, 1.56 µM, 3.125 µM, 6.25 µM, 12.5 µM, 25 µM, 50 
µM) at a flow rate of 30 μL/min, the contact time was 
2 min for EZH2 and SUZ12 and 2.5 min for EED, 
respectively. The dissociation time was 2 min for 
EZH2 and SUZ12 and 5 min for EED, respectively. 
EPZ6438 (0.78 µM, 1.56 µM, 3.125 µM, 6.25 µM, 12.5 
µM, 25 µM) was monitored as positive control. A 
blank immobilization was performed for one of the 
sensor chip surfaces to use for correction of the 
binding response. Sensorgrams were analyzed using 
the Igor Pro version 6.1 (WaveMatrix). 

In vitro methyltransferase assay 
A 0.28 μg wild type PRC2 complex (31387, 

Active Motif, Japan) was mixed with different 
concentrations of Tan I (2% DMSO as the control) in 
HMT buffer (50 mM Tris-HCl (pH 8.8), 0.02% Triton 
X-100, 2 mM MgCl2, 1 mM dithiothreitol), followed by 
pre-incubation at 30 °C for 30 min. The reaction 
mixtures were then added 0.2 μg recombinant 
histones H3.3 (M2507S, NEB, USA) or Hela core 
histones (53501, Active Motif, Japan) and 2 μL of 3.2 
mM SAM (S-adenosyl-Lmethionine SAM B9003S, 
NEB, USA), followed by methylation reactions at 
30 °C for 60 min. The final reaction mixtures were 
separated by 15% sodium dodecyl sulfate 
(SDS)-PAGE, and subjected to western blot analysis. 

Chromatin immunoprecipitation (ChIP) 
ChIP assays for NB4 cells and zebrafish embryos 

were performed essentially as previously described 
[29, 32] with minor modifications. Briefly, cells were 
harvested and crosslinked with 1% formaldehyde for 
10 min at room temperature. After sonication, the 
soluble chromatins were incubated with the following 
antibodies separately: anti-H3K27me3 (ab6002, 
Abcam); anti-EZH2 (ab3748, Abcam) or control IgG 
(ab172730, Abcam). Chromatin immunocomplexes 
were then precipitated with protein G (Millipore, 
16-662). The immunoprecipitated complex was 
washed, and DNA was extracted and purified by 
QIAquick PCR Purification Kit (Qiagen). EZH2 
ChIP-seq data for human LNCaP cells were obtained 
from GEO series GSE107780. ChIP-seq data were 
processed by Cistrome analysis pipeline and loaded 

to University of California–Santa Cruz genome 
browsers for visualization [33]. ChIP DNA was 
analyzed by qPCR using specific primers, and the 
data were normalized by input DNA. The results 
were derived from three independent experiments. 
The primers used for ChIP-qPCR are listed in 
Supplementary Table S1. 

Statistics analysis 
Data are expressed as mean ± SEM. Differences 

between the control and each treatment of antagonists 
were assessed by t-test analysis of variance using 
GraphPad Prism version 7.0 software. Differences 
with p < 0.05 were considered statistically significant. 

Results 
Tan I can inhibit normal and malignant 
definitive hematopoiesis in zebrafish embryos 

The major ingredients of Salvia miltiorrhiza 
include lipid-soluble Tanshinones such as Tanshinone 
I (Tan I), Tanshinone IIA (Tan IIA) and 
Cryptotanshinone (Cpt), et.al, and water-soluble 
phenolic acids such as Salvianolic acid B, Danshensu 
and Rosmrinic acid, et.al [18]. To examine the toxicity 
and treatment phenotypes using the zebrafish system, 
we tested the survival rate, morphology, vasculature 
and blood cells with the treatments of different 
ingredients at various concentrations in wild type and 
transgenic zebrafish (Figure S1). We found that 
water-soluble phenolic acids Salvianolic acid B and 
Danshensu have no obvious effect on treated 
zebrafish embryos. Instead, all lipid-soluble 
Tanshinones induced various degrees of 
developmental defects in the zebrafish embryo. 
Compared to Tan IIA and Cpt, Tan I treatment had 
the lowest fatality rate even at high concentrations 
(Figure S1A). For example, 30 μM Tan I treatment did 
not affect the embryonic vasculature (Figure S1B) but 
leads to an obvious decrease of the granulocytes in the 
72 hpf embryos, showing by both Sudan Black B (SB) 
staining and lyz EGFP+ cells in Tg(lyz:EGFP) 
transgenic zebrafish (Figure S1C-D). We also 
evaluated the effect of Tanshinones on primitive 
hematopoiesis by whole mount in situ hybridization 
(WISH) of scl, gata1 [34] and hbαe1 [35] at either 20 hpf 
or 30 hpf following the treatment of the wild type 
zebrafish embryos with Tan I, Tan IIA and Cpt 
starting at 12 hpf (Figure S2). However, we didn’t 
observe any obvious difference between the 
Tanshinones treated and DMSO treated embryos, 
suggesting a potential role of Tan I in the definitive 
hematopoiesis but not primitive hematopoiesis. In the 
following studies, we focused on the effects of Tan I 
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on normal and malignant definitive hematopoiesis 
and explored its mechanisms. 

To confirm the effect of Tan I on zebrafish 
definitive hematopoiesis, we treated the wild type 
and Tg(lyz:EGFP) transgenic zebrafish with 60 μM 
Tan I at 30 hpf and analyzed phenotypes at 72 hpf by 
Sudan Black staining, WISH and fluorescent 
microscopy. We found that Tan I can dramatically 
reduce the definitive hematopoietic stem/progenitor 
cells (HSPCs) number shown by WISH of c-myb [36] 
(Figure 1C) as well as the myelopoiesis shown by SB 
staining (Figure 1A), lyz EGFP+ cells (Figure 1B) and 
WISH of lyz [37] (Figure 1C). But there was only some 
minor impact on the erythrocytes shown by WISH of 
hbae1 and O-Dianisidin staining (Figure 1C). 

To further test if the inhibitory effect of Tan I 
exhibited in malignant hematopoiesis, we used a high 
concentration of Tan I to treat two previously 
reported zebrafish leukemia models, c-MYB 
hyperactive (c-mybhyper) zebrafish [23] and pu.1 
hypomorphic (pu.1G242D) zebrafish [24]. Both models 
were shown to have abnormal expansion of 
myelopoiesis and respond to chemotherapy agents. 
We found that the embryos were morphologically 
normal after Tan I treatment, but compared to the 
DMSO group, the Tan I treatment led to a dramatic 
decrease of the c-myb GFP+ cells in c-mybhyper fish 
(Figure 2A) and lyz EGFP+ cells in pu.1G242D zebrafish 
(Figure 2B), indicating an inhibitory effect of Tan I on 
malignant hematopoiesis. To confirm such effect at a 
molecular level, WISH of c-myb, lyz, hbαe1 and 

O-Dianisidin staining were performed in treated 
embryos of the two transgenics. Consistent with the 
effects observed in wild type embryos, Tan I 
treatment could largely restrict the expression of 
c-myb and lyz. Again, it had only minor effects on 
erythrocytes, in both c-mybhyper fish (Figure 2C) and 
pu.1G242D fish (Figure 2D). 

Tan I inhibits human leukemia cell growth in 
vitro and in the xenograft zebrafish model 

The above in vivo results in zebrafish models 
suggested that Tan I could be a potential drug for 
treating leukemia. Therefore, we further tested this 
hypothesis in two human leukemia cell lines: HL-60 
(M2, C-Myc amplification) cells [38] and NB4 (M3, 
PML-RARa+) cells [20]. As measured by the 
percentages of the apoptotic Annexin V+ cells and the 
differentiated CD11b+ myeloid cells, Tan I treatment 
significantly induced leukemic apoptosis and myeloid 
differentiation in both cell lines, which also exhibited 
a dose-dependent effect according to the 
concentration of Tan I (Figure 3A-H). 

Xenograft models are one of the gold standards 
for assessing the pre-clinical efficacy of cancer drugs. 
In recent years, due to its rapid growth, easy of 
imaging and the ability to perform large numbers of 
transplantations, zebrafish xenograft approaches 
where human cancer cells were transplanted into 
embryos at larval stages gained lots of attention [39]. 
To further test the potential of Tan I as a drug for 
treating leukemia, we transplanted HL-60 cells and 

 

 
Figure 1. Tan I treatment leads to a decrease of definitive hematopoiesis in zebrafish. (A) Sudan Black staining of Caudal hematopoietic tissue (CHT) regions of the 
DMSO or Tan I treated embryos at 72 hpf. (B) Fluorescent images of CHT regions (the framed region of whole embryos in the right bottom) of the Tg(lyz:EGFP) zebrafish 
embryos at 72 hpf treated with DMSO or Tan I. (C) Images of the embryos treated with DMSO or Tan I WISH analyzed with c-myb, lyz, hbαe1 probes or stained with 
O-Dianisidine. Scale bars: 200 µm. 
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NB4 cells into the yolk of zebrafish embryos at 30 hpf, 
and treated the xenografted embryos with DMSO or 
Tan I at 24 h after the transplantation (Figure 3I). We 
found that both HL-60 and NB4 cells could enter 
circulation and home to the CHT region of zebrafish 
embryos (Figure 3J, L), although HL-60 cells survived 
well in the CHT, the NB4 cell number dropped more 
quickly during the embryonic development. 
Compared to DMSO, Tan I treatment significantly 
reduced the grafted cell number in the CHT region 
over time in both the zebrafish xenograft models 
(Figure 3K-M). 

Tan I binds directly to EZH2 and inhibits PCR2 
enzymatic activity 

To explore the mechanism of how Tan I inhibits 
malignant hematopoiesis at the gene expression level, 
we performed RNA-sequencing (RNA-seq) analysis 
both in the NB4 cells and in the c-mybhyper fish after the 
treatment of DMSO or Tan I. We found that 376 genes 

were differentially expressed between DMSO and Tan 
I treatment in the NB4 cells and 1882 differentially 
expressed genes in c-mybhyper fish embryos (p value 
≤0.05, |log2 fold change| ≥ 0.25) (Figure 4A). 
Consistent with the observation above, the gene set 
enrichment analysis (GSEA) revealed negative 
enrichment for the gene signature associated with 
leukemia stem cell as well as hematopoietic stem cell 
and progenitor, and positive enrichment for the gene 
signature associated with apoptosis and myeloid 
differentiation in Tan I-treated NB4 cells (Figure 4B-E, 
Figure S3A-B), and the representative gene 
expression was validated by qPCR assay (Figure 4F). 
In the differentially expressed genes of the NB4 cells 
and the c-mybhyper fish embryos, there were 34/37 
(three of the human genes have two homologs each in 
zebrafish) overlapped genes between human cells and 
zebrafish (Figure 4A). Among these genes, two of 
them caught our attention, MMP9 and ABCG2, whose 
ectopic expression were reported to result in the 

 

 
Figure 2. Tan I treatment can inhibit the expanded myelopoiesis in c-myb hyperactive and pu.1G242D zebrafish. (A) Fluorescent images of Tg(c-mybhyper:GFP) 
zebrafish embryos with DMSO or Tan I treatments. (B) Fluorescent images of Tg(lyz:EGFP);pu.1G242D zebrafish embryos treated with DMSO or Tan I. (C) Images of 
Tg(c-mybhyper:GFP) embryos treated with DMSO or Tan I by -c-myb, lyz, and hbαe1 WISH and O-dianisidine staining. (D) Images of Tg(lyz:EGFP);pu.1G242D embryos treated with 
DMSO or Tan I evaluated by c-myb, lyz, and hbαe1 WISH or O-dianisidine staining. All treatments were continuously starting from 30 hpf. Embryos in all images were at 72 hpf 
of development. Scale bars: 200 µm. 
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defects in hematopoiesis [40-43], were both 
up-regulated by Tan I treatment (Figure 4G-H, Figure 
S3C). Interestingly, both of them were under the 
regulation of EZH2 through the histone H3K27 
methylation [40,44]. Therefore, we hypothesized that 
the inhibitory function of Tan I on hematopoiesis 
might work through epigenetic mechanisms, possibly 
by regulating histone methylation. To test this 
hypothesis, we measured the histone H3K4, H3K9, 
H3K36 and H3K27 methylation levels in zebrafish 

embryos after Tan I treatment by western blotting. We 
found that compared to DMSO, Tan I treatment led to 
a significant decrease of the H3K27me3, H3K27me2 
also was slightly reduced by Tan I treatment, but 
there was no noticeable change in other histone 
methylations (Figure S4 and Figure 5A-B). 
Importantly, we also found that Tan I had no impact 
on EZH2 RNA and protein expression levels (Figure 
S3C-D). 

 

 
Figure 3. Tan I inhibits the proliferation of human leukemia cell lines in vitro and in the zebrafish xenograft model. (A-D) Flow cytometric analyses of Annexin 
V and 7-AAD staining after treatments of HL-60 (A, B) or NB4 (C, D) cells with DMSO or the indicated concentrations of Tan I for 3 days. (E-H) Flow cytometric analyses of 
CD11b expression after treatments of HL-60 (E, F) or NB4 (G, H) cells with DMSO or the indicated concentrations of Tan I for 3 days. (I) Cartoon illustrating steps of the 
embryonic zebrafish xenograft assay, hpi (hours post-injection), hpt (hours post-treatment). (J) Fluorescent images of HL-60-cell grafted zebrafish embryos at indicated times post 
transplantation with DMSO or Tan I treatments. (K) Statistic analysis of HL-60 cell number in the CHT regions of images in panel J, Error bars represent standard error of means 
(SEM). (L) Fluorescent images of NB4-cell grafted zebrafish embryos at indicated times post transplantation with DMSO or Tan I treatments. (M) Statistic analysis of NB4 cell 
number in the CHT regions of embryos shown in panel L, Error bars represent standard error of means (SEM). Scale bars: 200 µm.\ 
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Figure 4. Transcriptomic analysis of Tan I-treated human leukemia cell line and zebrafish. (A) Venn diagram showing the numbers of differentially expressed genes 
between DMSO and Tan I treated NB4 cell (blue) or Tg(c-mybhyper:GFP) zebrafish (orange), the overlapped gene number also shown (three of the human genes have two homologs 
each in zebrafish). (B-E) GSEA (Gene Set Enrichment Analysis) of the expressing profile of NB4 cells treated with DMSO or Tan I using a leukemia stem cell-associated 
upregulated signature (B), a hematopoietic stem cell and progenitor-associated signature (C), an apoptosis-associated signature (D) and a myeloid differentiation-associated 
upregulated signature (E). (F) RT-qPCR assay on the mRNA levels of a number of genes after treatments of NB4 cells with DMSO or 10 µM Tan I for 3 days. (G-H) Heatmap 
of 36 differentially expressed genes between DMSO and Tan I treatment in both human NB4 cell (G) and Tg(c-mybhyper:GFP) zebrafish (H). 

 

Histone H3K27me3 is mainly regulated by the 
PRC2 complex in which EZH2 is the main catalytic 
subunit. To test whether the decrease of H3K27me3 
level caused by Tan I was due to the direct inhibition 
on EZH2, we carried out surface plasmon resonance 
(SPR) assay and found that the Tan I could directly 
bind to EZH2 protein fixed on the surface of the 
sensor chip and this binding follows a concentration- 
dependent manner (Figure 5C-D). We determined the 

KD of Tan I binding to be 29.379 μM, which was 
consistent with the concentration range we employed 
in the in vitro and in vivo experiments. Compared to 
EPZ6438 (a reported EZH2 inhibitor), Tan I showed 
more strongly binding to EZH2 (Figure S5A). 
Meanwhile, we also tested whether Tan I can bind to 
the EED or SUZ12 protein (another component of 
PRC2 complex). Interestingly, SPR assay showed that 
Tan I binds with a much higher affinity (29 μM) 
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(Figure 5C) to zEZH2 than to human EED (hEED) and 
hardly binds to zSUZ12 proteins, because the KD of 
Tan I binding to hEED is 94.475 μM (Figure S5B), 
while zSUZ12a and zSUZ12b are 1518 μM and 762 μM 
(Figure S5C-E). These results suggested that Tan I 
could directly bind to PRC2 complex, but have higher 
affinity to EZH2 protein. 

To further verify whether this binding resulted 
in inhibition of the histone enzymatic activity of the 
PRC2 complex, in vitro methyltransferase assay was 
performed. The recombinant PRC2 complex 

displayed the substrate specificity for histone H3K27 
but not H3K36. Independent of the EZH2 protein 
level, 5 μM Tan I was sufficient to block 
PRC2-mediated methylation on H3K27 using H3.3 in 
vitro (Figure 5E-F). Similar results were presented that 
10 μM Tan I could strongly block PRC2-mediated 
methylation on H3K27me3 using HeLa core histones 
in vitro (Figure S5F). Together, these results illustrated 
that Tan I was a bona fide inhibitor of the PRC2 
complex by directly binding to EZH2, which is 
consistent with the results from previous report [45]. 

 

 
Figure 5. Tan I binds to EZH2 directly and inhibit PCR2 enzyme activity. (A-B) c-mybhyper zebrafish embryos were treated with DMSO or indicated concentrations of 
Tan I. The histone H3K27me1, me2, me3 levels were measured by western blotting, total histone H3 was used as the control. (B) is the quantification of the western blotting. 
(C-D) SPR analysis of the binding between EZH2 and Tan I at different concentrations. The open bar in (D) indicated the duration of Tan I perfusion in SPR. (E-F) In vitro inhibition 
of PRC2 complex activities by Tan I. In detail, the indicated proteins (0.28 μg of the PRC2 complex and 0.2 µg of histone H3) were mixed with Tan I and SAM. The reaction 
products were separated by 15% SDS-PAGE and analyzed by western blotting using antibodies against histone H3K27me1, me2, me3, H3K36me2, histone H3, and EZH2. 
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Figure 6. Tan I affects the H3K27me3 modifications at the regulatory regions of the EZH2 downstream genes. (A-B) GSEA of the expression profile of NB4 
cells treated with DMSO or Tan I using a histone H3K27me3-associated signature “BENPORATH_H3K27ME3” (A) and an EZH2 target genes-associated signature 
“LU_EZH2_TARGETS_UP (M2139)” (B). (C) Genome browser track representing the binding sites of EZH2 at MMP9 gene locus in human LNCaP cells. (D-F) ChIP-qPCR assay 
of H3K27me3 (D), EZH2 (E) or IgG (F) occupancy at MMP9 gene locus in NB4 cells treated with DMSO or 10 µM Tan I for 3 days. (G) Genome browser track representing the 
binding sites of EZH2 at ABCG2 gene locus in human LNCaP cells. (H-J) ChIP-qPCR assay of H3K27me3 (H), EZH2 (I) or IgG (J) occupancy at the ABCG2 gene locus in NB4 cells 
treated with DMSO or 10 µM Tan I for 3 days. (K) Horizontal lines with Arabic numeral 1 to 2 indicate the regions at the mmp9 gene locus amplified by qPCR in zebrafish ChIP 
assay. (L-M) ChIP-qPCR assay for H3K27me3 (L) or IgG (M) occupancy at the mmp9 gene locus in zebrafish embryos treated with DMSO or 60 µM Tan I for 3 days. (N) 
Horizontal lines with Arabic numeral 1 to 2 indicate the regions at the abcg2d gene locus amplified by qPCR in zebrafish ChIP assay. (O-P) ChIP-qPCR assay for H3K27me3 (O) 
or IgG (P) occupancy at the abcg2d gene locus in zebrafish embryos treated with DMSO or 60 µM Tan I for 3 days. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01. 
All results are from three independent experiments. 

 

Tan I inhibits malignant hematopoiesis 
through the inhibition of EZH2 activity and up 
regulation of EZH2 downstream genes MMP9 
and ABCG2 

EZH2 is a histone H3K27-specific methyl-
transferase. Tan I could directly bind to EZH2 and 

inhibit EZH2-mediated methylation of H3K27, we 
expected that the H3K27me3 level at the regulatory 
regions of direct target genes would decrease after 
Tan I treatment. As expected, GSEA revealed a 
negative enrichment for the gene signatures 
associated with the H3K27me3 in Tan I-treated NB4 
cells (Figure 6A). Besides, GSEA exhibited enrichment 
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of EZH2-bound targets in Tan I-treated NB4 cells 
(Figure 6B). The above results suggested that the 
up-regulation of MMP9 and ABCG2 by Tan I 
treatment might be due to the decrease of the PRC2 
mediated H3K27me3 methylation. To validate this 
hypothesis, we performed Chromatin Immuno-
precipitation-qPCR (ChIP-qPCR) assay both in the 
NB4 cell line and in the c-mybhyper zebrafish embryos. 
We found that Tan I treatment significantly reduced 
the H3K27me3 level at the regulatory regions of both 
MMP9 and ABCG2 in the NB4 cells. Interestingly, the 
EZH2 binding of these regions was increased upon 
Tan I treatment. This increase could be explained by a 
feedback compensation of the H3K27me3 reduction 
(Figure 6C-J). A similar result was also observed in 
zebrafish. Tan I treatment led to a significant decrease 
of H3K27me3 level in both the mmp9 and abcg2d 
regulatory regions (Figure 6K-P). 

To further investigate whether the hematopoietic 
inhibition of Tan I was through inhibition of EZH2 
and its downstream genes mmp9 and abcg2, we firstly 
used a previously reported heat-shock promotor 
driven ezh2 overexpression transgenic zebrafish 
(Tg(hsp70l:ezh2:CG)) [25] to rescue the phenotype 
induced by Tan I. We found that after heat shock for 1 
h at 37 °C, the c-myb GFP+ cell number of most (2/3) 
Tan I-treated embryo can be recovered (Figure 7A). In 
addition, as the expression of mmp9 and abcg2d are 
up-regulated by Tan I treatment, knockdown of those 
two genes may rescue the Tan I induced a decrease of 
c-myb GFP+ cells. To validate this hypothesis, we 
injected mmp9 and abcg2d morpholino separately or 
together into the c-mybhyper zebrafish embryos, and 
then treat them with 60 μM of Tan I. We found that 
knockdown of mmp9 and abcg2d can partially rescue 
the c-myb GFP+ cell number (Figure 7B). We also used 
the inhibitors of these two genes to rescue the Tan I 
induced phenotype, although the inhibitors can 
somehow rescue the decreasing of c-myb GFP+ cell 
number induced by the treatment of Tan I at 30 μM 
(Figure S6), they were not adequate to rescue the Tan 
I induced phenotypes at 60 μM. 

To investigate the function of MMP9 and ABCG2 
in human leukemia cells, we overexpressed these two 
genes in the NB4 cells. The overexpression of both 
genes leads to increased apoptosis of the NB4 cells, 
interestingly, ABCG2 overexpression can induce the 
myeloid differentiation of NB4 cells, but MMP9 
overexpression cannot (Figure 7C-H), suggesting that 
ABCG2 may also be involved in other signaling 
pathway to restrict malignant myelopoiesis. 

Discussion 
Although Tanshinones’ anti-cancer activities 

have been shown before [18], the unclear mechanisms 

of the pharmacodynamics limit their clinical 
applications. Here we demonstrated that Tan I, one of 
the major Tanshinones, is a novel EZH2 inhibitor, and 
could repress both normal and malignant 
hematopoiesis in vitro and in vivo. 

EZH2 is a key modulator of the balance between 
HSC self-renewal and differentiation. We found that 
normal hematopoiesis is severely affected in Tan 
I-treated zebrafish embryos, as evidenced by the 
reduction of the numbers of HSPCs and myeloid cells 
in zebrafish. Our results are consistent with a 
previous study that that Ezh2-deficient mice lead to 
insufficient expansion of HSPCs in fetal liver [4]. In 
addition to its involvement in normal hematopoiesis, 
EZH2 as either an oncogene or tumor suppressor in 
various hematological malignancies [46, 47]. It acts as 
a tumor suppressor in MDS and T-cell acute 
lymphoblastic leukemia (T-ALL), while also acts as an 
oncogene in AML and diffuse large B-cell lymphomas 
(DLBCL) [47]. In DLBCL, EZH2 inhibition induces 
B-cell differentiation and maturation by promoting 
BLIMP1 expression [48, 49]. Moreover, EZH2 
inhibition reduces leukemia stem cells and enhances 
myeloid differentiation in AML [50]. Consistently, we 
found that Tan I treatment restricts the transcriptional 
program of leukemia stem cell and promotes myeloid 
differentiation in AML cells. These observations 
implicate the existence of complex and diverse 
function of EZH2 on stem cell self-renewal, 
differentiation and proliferation, whose dysregulation 
contributes to the carcinogenesis in a cancer cell 
type-dependent manner. 

We found that Tan I treatment could inhibit the 
definitive hematopoiesis of zebrafish but had no effect 
on primitive hematopoiesis, there was no obvious 
change of the overall morphology and vasculature 
either. These results indicated that, at least in the 
zebrafish embryo, the phenotypes induced by the Tan 
I treatment was specifically restricted in the 
hematopoietic system. Then we tested the therapeutic 
function of Tan I using published hematopoietic 
malignant zebrafish models, human leukemia cell 
lines and zebrafish xenograft models. All these 
studies showed that Tan I could effectively inhibit 
malignant hematopoiesis and leukemia cell growth. 
Mechanistic studies showed that Tan I treatment 
resulted in the up-regulation of MMP9 and ABCG2, 
two genes that were reported to be associated with 
hematopoiesis and under the regulation of EZH2. 
Importantly, we found that Tan I could directly bind 
to EZH2 and inhibit PRC2 complex activity, and the 
global H3K27me3 of zebrafish dramatically reduces 
after Tan I treatment. In addition, the phenotypes 
induced by Tan I could be partially rescued by both 
up-regulation of EZH2 and down-regulation of mmp9 
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and abcg2 in zebrafish. We also demonstrated that 
overexpression of MMP9 and ABCG2 in the leukemia 
cell line could induce apoptosis and differentiation, 

indicating that these two genes could be potential 
targets for AML therapy. 

 

 
Figure 7. Rescue experiment in zebrafish and overexpression experiment in the human leukemia cell line by ezh2 or its downstream genes mmp9 or 
abcg2. (A) Rescue Tan I induced phenotype by overexpression of ezh2 in the zebrafish embryo. Fluorescent images of c-myb GFP+ cells in Tg(c-mybhyper:GFP) and 
Tg(hsp70l:ezh2:CG) double transgenic zebrafish embryos, with DMSO or Tan I treatments and with or without a 37 °C heat shock for 1h, as indicated. dpf (days post-fertilization) 
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(B) Rescue Tan I induced phenotype by knockdown of mmp9 and abcg2 in the zebrafish embryo. Fluorescent images of c-myb GFP+ cells in Tg(c-mybhyper:GFP) transgenic zebrafish 
embryos. As indicated, mmp9 and abcg2d morpholino was injected separately or together in DMSO or Tan I treated embryos. (C-E) Overexpression MMP9 in NB4 cells. 
RT-qPCR analyses of MMP9 mRNA level on the established NB4 cells transduced with an empty vector or MMP9-expressing vector (C). Flow cytometric analyses of Annexin 
V/7-AAD staining (D) and CD11b expression (E) in control or MMP9-overexpressed NB4 cells; (F-H) Overexpression of ABCG2 in NB4 cells. RT-qPCR analyses of ABCG2 
mRNA level on the established NB4 cells transduced with empty vector or ABCG2-expressing vector (F). Flow cytometric analyses of Annexin V/7-AAD staining (G) and CD11b 
expression (H) in control or ABCG2-overexpressed NB4 cells. Scale bars: 200 µm. 

 
Epigenetic regulations are dynamic and 

reversible processes that are critical in the 
establishment of normal cellular and developmental 
program, and aberrant epigenetic changes can lead to 
various human diseases like cancers [51]. EZH2 is one 
of the most important epigenetic regulators which has 
been shown to be involved in multiple types of 
cancer. EZH2 inhibitors have drawn great attention to 
pharmaceutical research [3]. Our work showed that 
targeting EZH2 can effectively suppress leukemia cell 
growth both in vitro and in vivo, but at the same time, 
we also notice that it has negative impacts on 
physiological functions such as normal 
hematopoiesis. This suggests that in the clinical 
application, the use of the EZH2 inhibitor should be 
carefully controlled and monitored, especially paying 
attention to its side effects on the hematopoietic 
system. 

Tanshinone is one of the many ingredients from 
the valuable traditional Chinese herbs library, its 
therapeutic function has long been recognized. Our 
work utilized cell lines and animal models to 
elucidate the mechanisms of its pharmacological 
function. Our findings would provide information for 
better clinical application of Tanshinone I. However, 
there are remaining questions such as what is the 
binding site of Tan I to EZH2 protein, how the 
specificity of this binding is achieved, what are the 
differences and similarities between different 
Tanshinones as their chemical structural formula are 
similar, and is Tan I effective in other types of cancer 
cells? Further studies are still needed to address those 
questions. 

Supplementary Material  
Supplementary figures and tables. 
http://www.thno.org/v11p6891s1.pdf  

Acknowledgements 
We thank Dr. Peng-Xu Qian, Dr. Ying-Li Han, 

Dr. Naren and Dr. Ying Gu at Zhejiang University for 
providing leukemia cell lines, we thank Dr. Ting Zhou 
at Shanghai Jiao-Tong University School of Medicine 
for helpful discussion. 

Funding 
This work was supported by grants from the 

Chinese National Key Research and Development 
Project (2018YFC1003203, 2019YFA0802402), the Key 

Laboratory of Adult Stem Cell Translational Research, 
Chinese Academy of Medical Sciences/Center for 
Tissue Engineering and Stem Cell Research, Guizhou 
Medical University (2017PT31042, 2019PT310013), the 
National Scientific Foundation of China (31970757, 
31741092, 31741067, 31800990, 31972883 and 
81900148), the Zhejiang Provincial Natural Science 
Foundation of China (LR20C050002) and the Shanghai 
Rising-Star Program (20QC1400100). 

Author contributions 
YH, SHY, and PFX designed research; YH, SHY, 

WXZ, DW, JBL, YHW, YFW and YC performed 
research; TC analyzed RNA-seq data; YH, SHY, YZ, 
FY, HCH and PFX wrote the manuscript; YW, LPS 
and XJS discussed the results and commented on the 
manuscript; all authors reviewed the manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Arrowsmith CH, Bountra C, Fish PV, Lee K, Schapira M. Epigenetic protein 

families: a new frontier for drug discovery. Nat Rev Drug Discov. 
2012;11(5):384-400. 

2. Cao R, Wang L, Wang H, Xia L, Hediye EB, Paul T, et al. Role of histone H3 
lysine 27 methylation in polycomb-group silencing. Science. 2002;298(5595): 
1039-43. 

3. Kim KH, Roberts CW. Targeting EZH2 in cancer. Nat Med. 2016;22(2):128-34. 
4. Mochizuki-Kashio M, Mishima Y, Miyagi S, Negishi M, Saraya A, Konuma T, 

et al. Dependency on the polycomb gene Ezh2 distinguishes fetal from adult 
hematopoietic stem cells. Blood. 2011;118(25):6553-61. 

5. Jiang Y, Xiang C, Zhong F, Zhang Y, Wang L, Zhao Y, et al. Histone H3K27 
methyltransferase EZH2 and demethylase JMJD3 regulate hepatic stellate cells 
activation and liver fibrosis. Theranostics. 2021;11(1):361-78. 

6. Cebria F, Kobayashi C, Umesono Y, Nakazawa M, Mineta K, Ikeo K, et al. 
FGFR-related gene nou-darake restricts brain tissues to the head region of 
planarians. Nature. 2002;419(6907):620-4. 

7. Adrian PB, Diego P, Maria C, Elena P, Elena C, Kristian H. EZH2 is 
downstream of the pRB-E2F pathway, essential for proliferation and amplied 
in cancer. The EMBO Journal. 2003;22(20):5323-35. 

8. Bachmann IM, Halvorsen OJ, Collett K, Stefansson IM, Straume O, Haukaas 
SA, et al. EZH2 expression is associated with high proliferation rate and 
aggressive tumor subgroups in cutaneous melanoma and cancers of the 
endometrium, prostate, and breast. J Clin Oncol. 2006;24(2):268-73. 

9. Sauvageau M, Sauvageau G. Polycomb group proteins: multi-faceted 
regulators of somatic stem cells and cancer. Cell Stem Cell. 2010;7(3):299-313. 

10. Yin H, Wang Y, Wu Y, Zhang X, Zhang X, Liu J, et al. EZH2-mediated 
epigenetic silencing of miR-29/miR-30 targets LOXL4 and contributes to 
tumorigenesis, metastasis, and immune microenvironment remodeling in 
breast cancer. Theranostics. 2020;10(19):8494-512. 

11. Basheer F, Giotopoulos G, Meduri E, Yun H, Mazan M, Sasca D, et al. 
Contrasting requirements during disease evolution identify EZH2 as a 
therapeutic target in AML. J Exp Med. 2019;216(4):966-81. 

12. Skoda RC, Schwaller J. Dual roles of EZH2 in acute myeloid leukemia. J Exp 
Med. 2019;216(4):725-7. 

13. Siveen KS, Uddin S, Mohammad RM. Targeting acute myeloid leukemia stem 
cell signaling by natural products. Mol Cancer. 2017;16(1):13. 

14. Yu ZY, Xiao H, Wang LM, Shen X, Jing Y, Wang L, et al. Natural product 
vibsanin a induces differentiation of myeloid leukemia cells through PKC 
activation. Cancer Res. 2016;76(9):2698-709. 



Theranostics 2021, Vol. 11, Issue 14 
 

 
http://www.thno.org 

6904 

15. Quiney C, Billard C, Salanoubat C, Fourneron JD, Kolb JP. Hyperforin, a new 
lead compound against the progression of cancer and leukemia? Leukemia. 
2006;20(9):1519-25. 

16. Wang X, Yang Y, Liu X, Gao X. Pharmacological properties of tanshinones, the 
natural products from Salvia miltiorrhiza. Adv Pharmacol. 2020;87:43-70. 

17. Cai HD, Su SL, Li Y, Zhu Z, Guo J, Zhu Y, et al. Simultaneous determination of 
four tanshinones by UPLC-TQ/MS and their pharmacokinetic application 
after administration of single ethanol extract of danshen combined with water 
extract in normal and adenine-induced chronic renal failure rats. Molecules. 
2016;21(12):1630. 

18. Chen X, Guo J, Bao J, Lu J, Wang Y. The anticancer properties of Salvia 
miltiorrhiza Bunge (Danshen): a systematic review. Med Res Rev. 
2014;34(4):768-94. 

19. Han Z, Liu S, Lin H, Trivett AL, Hannifin S, Yang D, et al. Inhibition of murine 
hepatoma tumor growth by cryptotanshinone involves TLR7-dependent 
activation of macrophages and induction of adaptive antitumor immune 
defenses. Cancer Immunol Immunother. 2019;68(7):1073-85. 

20. Wang L, Zhou GB, Liu P, Song JH, Liang Y, Yan XJ, et al. Dissection of 
mechanisms of chinese medicinal formula realgar-indigo naturalis as an 
effective treatment for promyelocytic leukemia. PNAS. 2008;105(12):4826–31. 

21. Lawson ND, Weinstein BM. In vivo imaging of embryonic vascular 
development using transgenic zebrafish. Dev Biol. 2002;248(2):307-18. 

22. Zhang Y, Bai XT, Zhu KY, Jin Y, Deng M, Le HY, et al. In vivo interstitial 
migration of primitive macrophages mediated by JNK-matrix 
metalloproteinase 13 signaling in response to acute injury. J Immunol. 
2008;181(3):2155-64. 

23. Liu W, Wu M, Huang Z, Lian J, Chen J, Wang T, et al. c-myb hyperactivity 
leads to myeloid and lymphoid malignancies in zebrafish. Leukemia. 
2017;31(1):222-33. 

24. Sun J, Liu W, Li L, Chen J, Wu M, Zhang Y, et al. Suppression of pu.1 function 
results in expanded myelopoiesis in zebrafish. Leukemia. 2013;27(9):1913-7. 

25. Zhong Y, Ye Q, Chen C, Wang M, Wang H. Ezh2 promotes clock function and 
hematopoiesis independent of histone methyltransferase activity in zebrafish. 
Nucleic Acids Res. 2018;46(7):3382-99. 

26. Thisse B, Thisse C. In situ hybridization on whole-mount zebrafish embryos 
and young larvae. Methods Mol Biol. 2014;1211:53-67. 

27. Dorothe´e LG, Michael JR, Emma CG, Emi M, Karima K, Vale´ rie B, et al. 
Origins and unconventional behavior of neutrophils in developing zebrafish. 
Blood. 2008;111(1):132-41. 

28. Kafina MD, Paw BH. Using the Zebrafish as an Approach to Examine the 
Mechanisms of Vertebrate Erythropoiesis. In: Joyce AL, Ed. Erythropoiesis. 
USA: Springer Nature; 2018: 28-32. 

29. Yu SH, Zhu KY, Chen J, Liu XZ, Xu PF, Zhang W, et al. JMJD3 facilitates 
C/EBPbeta-centered transcriptional program to exert oncorepressor activity in 
AML. Nat Commun. 2018;9(1):3369. 

30. Konantz M, Müller JS, Lengerke C. Zebrafish xenografts for the in vivo analysis 
of healthy and malignant human hematopoietic cells. In: Gerd K, Patrick W, 
Ed. Stem Cell Mobilization. Germany: Springer Nature; 2019: 205-17. 

31. Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose 
program for assigning sequence reads to genomic features. Bioinformatics. 
2014;30(7):923-30. 

32. Yu SH, Zhu KY, Zhang F, Wang J, Yuan H, Chen Y, et al. The histone 
demethylase Jmjd3 regulates zebrafish myeloid development by promoting 
spi1 expression. Biochim Biophys Acta Gene Regul Mech. 2018;1861(2):106-16. 

33. Mei S, Qin Q, Wu Q, Sun H, Zheng R, Zang C, et al. Cistrome Data Browser: a 
data portal for ChIP-Seq and chromatin accessibility data in human and 
mouse. Nucleic Acids Res. 2017;45(D1):D658-D62. 

34. Liu TX, Rhodes J, Deng M, Hsu K, Radomska HS, Kanki JP, et al. 
Dominant-interfering C/EBPalpha stimulates primitive erythropoiesis in 
zebrafish. Exp Hematol. 2007;35(2):230-9. 

35. Quinkertz A, Campos-Ortega JA. A new beta-globin gene from the zebrafish, 
betaE1, and its pattern of transcription during embryogenesis. Dev Genes 
Evol. 1999;209(2):126-31. 

36. Thompson MA, Ransom DG, Pratt SJ, MacLennan H, Kieran MW, Detrich 
HW, et al. The cloche and spadetail genes differentially affect hematopoiesis 
and vasculogenesis. Dev Biol. 1998;197(2):248-69. 

37. Liu F, Wen Z. Cloning and expression pattern of the lysozyme C gene in 
zebrafish. Mech Dev. 2002;113(1):69-72. 

38. Liu JJ, Wu HH, Chen TH, Leung W, Liang YC. 15,16-Dihydrotanshinone I 
from the functional food salvia miltiorrhiza exhibits anticancer activity in 
human HL-60 leukemia cells: in vitro and in vivo Studies. Int J Mol Sci. 
2015;16(8):19387-400. 

39. Xiao J, Glasgow E, Agarwal S. Zebrafish xenografts for drug discovery and 
personalized medicine. Trends Cancer. 2020;6(7):569-579. 

40. Neo WH, Booth CAG, Azzoni E, Chi L, Delgado-Olguin P, de Bruijn M, et al. 
Cell-extrinsic hematopoietic impact of Ezh2 inactivation in fetal liver 
endothelial cells. Blood. 2018;131(20):2223-34. 

41. Zhang L, Zhao SQ, Zhu YF. Long noncoding RNA growth arrest-specific 
transcript 5 alleviates renal fibrosis in diabetic nephropathy by 
downregulating matrix metalloproteinase 9 through recruitment of enhancer 
of zeste homolog 2. Faseb Journal. 2020;34(2):2703-14. 

42. Kawabata KC, Hayashi Y, Inoue D, Meguro H, Sakurai H, Fukuyama T, et al. 
High expression of ABCG2 induced by EZH2 disruption has pivotal roles in 
MDS pathogenesis. Leukemia. 2018;32(2):419-28. 

43. Ahmed F, Arseni N, Glimm H, Hiddemann W, Buske C, Feuring-Buske M. 
Constitutive expression of the ATP-binding cassette transporter ABCG2 
enhances the growth potential of early human hematopoietic progenitors. 
Stem Cells. 2008;26(3):810-8. 

44. Delgado-Olguin P, Dang LT, He D, Thomas S, Chi L, Sukonnik T, et al. 
Ezh2-mediated repression of a transcriptional pathway upstream of Mmp9 
maintains integrity of the developing vasculature. Development. 
2014;141(23):4610-7. 

45. Woo J, Kim HY, Byun BJ, Chae CH, Lee JY, Ryu SY, et al. Biological evaluation 
of tanshindiols as EZH2 histone methyltransferase inhibitors. Bioorg Med 
Chem Lett. 2014;24(11):2486-92. 

46. Safaei S, Baradaran B, Hagh MF, Alivand MR, Talebi M, Gharibi T, et al. 
Double sword role of EZH2 in leukemia. Biomed Pharmacother. 
2018;98:626-35. 

47. Sashida G, Iwama A. Multifaceted role of the polycomb-group gene EZH2 in 
hematological malignancies. Int J Hematol. 2017;105(1):23-30. 

48. Brach D, Johnston-Blackwell D, Drew A, Lingaraj T, Motwani V, Warholic 
NM, et al. EZH2 Inhibition by Tazemetostat Results in Altered Dependency on 
B-cell Activation Signaling in DLBCL. Mol Cancer Ther. 2017;16(11):2586-97. 

49. Caganova M, Carrisi C, Varano G, Mainoldi F, Zanardi F, Germain PL, et al. 
Germinal center dysregulation by histone methyltransferase EZH2 promotes 
lymphomagenesis. J Clin Invest. 2013;123(12):5009-22. 

50. Tanaka S, Miyagi S, Sashida G, Chiba T, Yuan J, Mochizuki-Kashio M, et al. 
Ezh2 augments leukemogenicity by reinforcing differentiation blockage in 
acute myeloid leukemia. Blood. 2012;120(5):1107-17. 

51. Cherblanc F, Chapman-Rothe N, Brown R, Fuchter MJ. Current limitations 
and future opportunities for epigenetic therapies. Future Med Chem. 
2012;4(4):425-46. 


