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Abstract 

Background The previous studies have revealed that abnormal RNA-binding protein Musashi-2 (MSI2) expression 
is associated with cancer progression through post-transcriptional mechanisms, however mechanistic details of this 
regulation in acute myeloid leukemia (AML) still remain unclear. Our study aimed to explore the relationship between 
microRNA-143 (miR-143) and MSI2 and to clarify their clinical significance, biological function and mechanism.

Methods Abnormal expression of miR-143 and MSI2 were evaluated in bone marrow samples from AML patients 
by quantitative real time-PCR. Effects of miR-143 on regulating MSI2 expression were investigated using luciferase 
reporter assay. Functional roles of MSI2 and miR-143 on AML cell proliferation and migration were determined by 
CCK-8 assay, colony formation, and transwell assays in vitro and in mouse subcutaneous xenograft and orthotopic 
transplantation models in vivo. RNA immunoprecipitation, RNA stability measurement and Western blotting were 
performed to assess the effects of MSI2 on AML.

Results We found that MSI2 was significantly overexpressed in AML and exerted its role of promoting AML cell 
growth by targeting DLL1 and thereby activating Notch signaling pathway. Moreover, we found that MSI2 bound to 
Snail1 transcript and inhibited its degradation, which in turn upregulated the expression of matrix metalloproteinases. 
We also found that MSI2 targeting miR-143 is downregulated in AML. In the AML xenograft mouse model, overexpres-
sion of MSI2 recapitulated its leukemia-promoting effects, and overexpression of miR-143 partially attenuated tumor 
growth and prevented metastasis. Notably, low expression of miR-143, and high expression of MSI2 were associated 
with poor prognosis in AML patients.

Conclusions Our data demonstrate that MSI2 exerts its malignant properties via DLL1/Notch1 cascade and the 
Snail1/MMPs axes in AML, and upregulation of miR-143 may be a potential therapeutic approach for AML.
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Background
Acute myeloid leukemia (AML) is a heterogenous 
hematological malignancy characterized by inhibited 
differentiation and uncontrolled proliferation of hemat-
opoietic stem/progenitor cells (HSPC). It is the most 
common leukemia in adults with the 5 year relative sur-
vival rate up to 29.5% [1]. While the genetic and epige-
netic mechanisms of AML are being studied in depth, it 
is not yet mechanistically defined how post-transcrip-
tional regulation of messenger RNA (mRNA) contrib-
utes to leukemia progression [2, 3].

Musashi (Msi) gene family encodes a group of RNA-
binding proteins (RBPs) that post‐transcriptionally 
regulates mRNA processing by binding to recognition 
motifs located in the 3’ untranslated regions (UTRs) 
of target mRNAs [3, 4]. In mammals, two homo-
logues of the MSI protein, MSI1 and MSI2, are highly 
expressed in stem cell compartments and aggressive 
tumors, including hematological malignancies [5–8], 
as they are emerging as regulators for mRNA stability 
and translation of proteins involved in essential onco-
genic signaling pathways [9–13]. Accumulating data 
have confirmed that high expression of Msi2 mRNA 
is associated with poor prognosis in AML, as patients 
with as low as 1% of total bone marrow cells expressing 
elevated MSI2 levels still have a short survival [14, 15]. 
Therefore MSI2 can be regarded as a hematopoietic 
oncogene with prognostic value.

Extramedullary AML sometimes involves the central 
nervous system and other solid organs, which is com-
monly associated with the former French-American-
British (FAB) subtypes of AML-M5 [16]. Accordingly, 
increasing evidence supports the involvement of epi-
thelial-mesenchymal transition (EMT) in hematologic 
diseases, enabling cancer cells to acquire migratory, inva-
sive, and stem-like properties [17–20]. It is well known 
that one of the major triggering events of EMT is the 
activation of EMT-transcription factors, such as Snail1, 
an important transcription factor involved in EMT and 
invasion by decreasing the expression of E-cadherin and 
increasing matrix metalloproteinase (MMPs) [18, 21]. 
Although multiple RNA binding proteins and microR-
NAs (miRNAs) have been reported to promote EMT 
progression in solid tumors [22, 23], the roles and the 
underlying mechanisms of these post-transcriptional 
regulators have not been intensively investigated in medi-
ating extramedullary metastasis of AML.

The miRNAs are a class of endogenous small non-cod-
ing RNAs that regulate their cognate mRNA transcripts 
at the translation level, in consequence playing impor-
tant roles in cellular signaling cascades [24]. MiR-143 has 
been studied extensively for its role in neoplastic path-
ways in epithelial cell malignancies [25–27]. However, 

the role of miR-143 in hematological tumors has rarely 
been characterized.

Here, our mechanistic studies revealed that MSI2 
activated the Notch signaling pathway and metastasis-
related pathway through post-transcriptional upregula-
tion of DLL1 and Snail1, thereby promoting AML cell 
proliferation and migration in  vitro and accelerating 
AML progression in vivo. Further experiments validated 
that miR-143 could directly bind to MSI2 and enforced 
expression of miR-143 via intratumoral delivery had been 
shown to reduce the growth of AML xenografts in vivo.

Methods
Cell lines and primary AML cells
Human AML cell lines HL-60, HEL, THP-1 and KG-1α 
were acquired from ATCC. Primary AML cells were 
obtained from bone marrow (BM) aspirates of 58 newly 
diagnosed AML patients and the leukemia blasts were 
enriched by CD34 Diamond Microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany). BM aspirates from 
14 healthy donors served as negative control. All of these 
participants were from the First Affiliated Hospital of 
Wenzhou Medical University between January 1, 2019 
and December 31, 2021 (Additional file 2: Table S1). Par-
ticipant consent and approval were obtained from the 
Institutional Ethics Review Committee of the First Affili-
ated Hospital of Wenzhou Medical University for the use 
of human samples.

Quantitative real‑time PCR for gene expression assay
AML cells were transfected with siRNAs or 
miRNA mimic (GenePharma, Shanghai, CN) using 
 Lipofectamine® RNAiMAX Reagent (Invitrogen, CA, 
USA) and then identified by quantitative polymerase 
chain reaction (qPCR) analysis. The sequences of siRNAs 
and miRNAs were shown in Additional file  1: Table  S2. 
Total RNA was extracted from AML cells using TRIzol 
(Sigma, MO, USA) and further transcribed into cDNA 
using  PrimeScript™ RT Master Mix (Perfect Real Time) 
(Takara, Japan). Then, the cDNA was amplified using TB 
 Green® Premix Ex Taq II (Takara) on a 7500 Real-Time 
PCR System (Applied Biosystems, Foster City, CA, USA). 
MiR-143 was determined using Hairpin-it™ microRNA 
and U6 snRNA Normalization RT-PCR Quantitation 
Kit (GenePharma). The mRNA levels of protein-coding 
genes were normalized to GAPDH endogenous control 
and calculated according to the Pfaffl method [28]. Prim-
ers (Sangon Biotech, Shanghai, CN) were shown in Addi-
tional file 1: Table S3.

Cell viability and colony formation assay
Cells transfected with siRNAs or miRNA mimic were 
seeded at a density of 5 ×  103/well in 96-well plates for 0, 
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24, 48, 72, 96 h. Cell viability was detected by Cell Count-
ing Kit-8 (CCK-8; MedChemExpress, Shanghai, CN) 
assay and the absorbance at 450 nm was read on a Syn-
ergy H1 microplate reader (BioTek, Shoreline, WA, USA). 
After transfection as described above for 24 h, cells were 
plated into complete methylcellulose-based medium con-
taining hIL-3, hGM-CSF and hSCF  (MethoCult™ H4534 
Classic Without EPO; STEMCELL Technologies, Cam-
bridge, MA, USA) to assess their clonogenic capacity. 
Localized clusters of ≥ 50 cells were counted as colonies 
after 7–14 d. Then, the wells were washed twice with PBS 
and cells were counted manually.

Cell migration and invasion assays
Transfected AML cells (1 ×  105 cells/well) were sus-
pended in 200 µl serum-free medium and seeded in the 
top chambers with or without matrigel coated, and 600 µl 
complete medium containing 20% FBS was added to the 
bottom chambers as a chemoattractant. After 24 h, cells 
penetrating into the bottom chamber were captured 
using a IX53 fluorescence microscope (Olympus, Tokyo, 
Japan). In matrigel invasion assays, cells in the bottom 
chambers were fixed, stained with crystal violet and 
photographed.

Apoptosis assay
At 48 h post-transfection, AML cells were collected and 
subjected to apoptosis analysis using the Annexin V/pro-
pidium iodide (PI) dual staining assay (MultiSciences, 
Hangzhou, CN) on a Navios flow cytometer (Beckman 
coulter, Miami, FL, USA). Data were analyzed using 
FlowJo v10 (BD, Ashland, OR, USA).

Western blotting assay
At 72  h post-transfection, AML cells were harvested 
and lysed immediately using RIPA Lysis Buffer (Sigma-
Aldrich, St.Louis, MO, USA) supplemented with pro-
tease inhibitor phenylmethanesulfonylfluoride  fluoride 
(PMSF; Beyotime, Shanghai, CN). Then the protein 
was determined using antibodies against MSI2 (Clone: 
EP1305Y, Abcam, Cambridge, UK), DLL1 (Cat#20230-
1-AP, Proteintech, Wuhan, CN), HES1 (Clone: D6P2U, 
Cell Signaling Technology (CST), Beverly, MA, 
USA), cleaved NOTCH1 (Clone: (D1E11)  XP®, CST), 
NANOG (Cat#A3232, ABclonal, Wuhan, CN), OCT4 
(Cat#A7920, ABclonal), SOX2 (Cat#A0561, ABclonal), 
SNAIL1 (Clone: C15D3, CST), MMP2 (Clone: D4M2N, 
CST), MMP9 (Clone: (D6O3H)  XP®, CST), β-actin 
(Cat#AF7018, Effinity) and GAPDH (Cat#60004-1-1  g, 
Proteintech), at 1/1,000 dilution for incubation over-
night at 4  °C, respectively. The chemiluminescence was 
detected using Fluor Chem E (ProteinSimple, USA) and 

the quantification of the blots was analyzed with Image J 
software (NIH, Bethesda, MD, USA).

RNA immunoprecipitation (RIP)
1 ×  107 Lenti-MSI2 vector-transfecting HEL (MSI2-
OE. HEL) cells were collected and treated with lysis 
buffer (RNA immunoprecipitation kit, Geneseed Bio-
tech, Guangzhou, CN) containing 1% protease inhibitor 
and 1% RNase inhibitor. 10% lysis supernatant served 
as Input, and 45% lysis supernatant was incubated in 
immunoprecipitation reactions with 5 μg MSI2 antibody 
bound to magnetic beads (named Anti-MSI2), and 45% 
lysis supernatant was incubated with 5 μg IgG antibody 
(Clone: DA1E, CST) bound to magnetic beads as isotype 
control (named IgG). RNA was extracted and detected by 
qRT-PCR as described previously [29].

RNA‑stability measurements
AML cells were treated with actinomycin D (Meilunbio, 
Dalian, CN) at a final concentration of 5 mg/mL for 0.5, 
1, 1.5, 2 or 3  h and harvested for total RNA extraction. 
Then, the mRNA expression levels of DLL1 and Snail1 
were detected using qRT-PCR to analyze their mRNA 
half-life as described previously [30].

Animal models
Male 4–6  weeks old NOG mice (NOD.Cg-PrkdcscidIl-
2rgtm1Sug/JicCrl) and male 4–6  weeks old BALB/c-Nu 
mice were purchased from Charles River (Beijing, CN) 
and bred under SPF conditions in the Laboratory Ani-
mal Center of the First Affiliated Hospital of Wenzhou 
Medical University. NOG mice were injected intrave-
nously with 5 ×  106 MSI2-OE. HEL cells or NC. HEL cells 
to establish orthotopic AML xenograft model (N = 10 
mice per group, 6 mice were used for analysis of survival, 
and another 4 mice were sacrificed 4 weeks after tumor 
inoculation for analysis of AML progression). As the sub-
cutaneous tumor xenograft model is easy to dynamically 
observe the growth status of tumor, the subcutaneous 
AML xenograft model was built. For BALB/c-Nu mice, 
cyclophosphamide (CPA; Macklin, Shanghai, CN) at 
80 mg/kg was administered intraperitoneally (i.p.) before 
tumor inoculation. Then a total of 5 ×  106 MSI2-OE. HEL 
cells per mouse were subcutaneously (s.c.) injected into 
BALB/c-Nu mice with Matrigel matrix (#356234, Corn-
ing, Corning, NY, USA) at equal volume, while another 
group of mice were injected s.c. with 5 ×  106 NC. HEL 
cells. When the tumor size reached about 150–200  mm3, 
mice were grouped randomly (N = 7 mice per group) and 
treated with 3 nmol micrOFFTM agomir-143 or agomir-
NC (Sequences shown in Additional file  1: Table  S2) 
intratumorally every three days for two weeks. Tumor 
volume was recorded every three days and calculated: 
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length × (width)2 × 0.5. All of mouse experiments have 
been approved by the Laboratory Animal Ethics Com-
mittee of the First Affiliated Hospital of Wenzhou Medi-
cal University and have been performed in accordance 
with relevant institutions and national guidelines and 
regulations.

Statistical analysis
Data were analyzed as mean ± SD from at least three 
independent replicates with the level of significance 
defined as P < 0.05. The t-test was carried out to compare 
between two groups, and a one-way ANOVA followed 
by post-hoc test was used to determine the difference 
between multiple groups. Statistical analyses were per-
formed using GraphPad Prism 8.0 (GraphPad software, 
San Diego, CA, USA).

Results
MiR‑143 is lowly expressed in AML and inhibits its 
development
It has been reported that miR-143, as a tumor suppressor, 
has low expression in a variety of malignant tumors and is 
closely related to the occurrence, development and prog-
nosis of malignant tumors [31–33]. A heatmap of miR-
NAs was generated from a GEO dataset (GSE142699) to 
show that the expression level of miR‐143 was downregu-
lated markedly in newly diagnosed AML patients com-
pared to healthy donors (Fig.  1A), as well as the results 
shown in our cohort (Fig. 1B, C). And patients with low 
miR-143 level had shorter overall survival (OS) than 
those with high miR-143 level (Fig. 1D).

We then transfected AML cells with miR-143 to 
explore its biological effects (Additional file 1: Fig. S1A). 
CCK-8 assays showed that miR-143 mimic suppressed 
the proliferation of AML cell lines HEL and HL-60 
(Fig. 1E and Additional file 1: Fig. S1B). Moreover, clono-
genic capacity was markedly impaired in miR-143-trans-
fected AML cell lines including HEL, HL-60, and KG-1α, 

as well as  CD34+ primary AML cells from patients 
(Fig. 1F and Additional file 1: Fig. S1C). Further molecu-
lar mechanism found that cancer stemness-related pro-
teins including NANOG, OCT4, SOX2 were dramatically 
downregulated (Fig. 1G and Additional file 1: Fig. S1D). 
Flow cytometry analysis showed that more apoptosis 
(Fig.  1H and Additional file  1: Fig. S1E) occurred in all 
miR-143-transfected AML cells tested, whereas the cell 
cycle distribution was almost unaffected (Additional 
file 1: Fig. S2A, B). Additionally, transwell assay revealed 
that treatment with miR-143 mimic obviously attenuated 
the migration of AML cell lines including HEL, HL-60 
and THP-1 (Fig. 1I, J and Additional file 1: Fig. S2C).

To further confirm the role of miR-143 in AML, 
we also constitutively overexpressed miR-143 in HEL 
(MiR143-OE. HEL) cells (Additional file 1: Fig. S3A, B). 
MiR143-OE.HEL cells had slower proliferation, impaired 
clonogenic capability, and obvious downregulation of 
cancer stemness-related proteins compared to NC.HEL 
cells (Additional file 1: Fig. S3C–F). Meanwhile, MiR143-
OE. HEL cells were more prone to apoptosis than NC. 
HEL cells (Additional file 1: Fig. S3G). In the subcutane-
ous xenograft mouse model, tumors grew more slowly as 
they grew larger in the MiR143-OE. HEL group (Fig. 1K, 
L). Taken together, our data unraveled that miR-143 
was lowly expressed and exerted various biological roles 
including inhibiting the proliferation and clonogenic 
capability and promoting apoptosis in AML.

MiR‑143 directly binds to MSI2
To gain insight into the mechanism of action of miR-143 
in AML, we used five online bioinformatics databases 
and found that MSI2 mRNA was predicted to have a 
binding site with miR-143-3p (Fig. 2A). Further analysis 
using publicly available algorithms predicted that miR-
143 might be a potential regulator of MSI2 (Fig.  2B). 
The 3′UTR of MSI2 mRNA containing the possible 
miR‐143 binding sites was cloned into a reporter plas-
mid. The luciferase activity of wild-type pMIR-MSI2 was 

(See figure on next page.)
Fig. 1 MiR-143 is lowly expressed in AML and inhibits the development of AML. A Heatmap of miRNAs (Top 25 of upregulated miRNAs and Top 
25 of downregulated miRNAs) in peripheral blood of newly diagnosed cytogenetically normal AML patients (AML; N = 12) and normal healthy 
donors (HD; N = 12) from a GEO Dataset (GSE142699). Hsa-miR-143-3p was marked with the red box. (B) Relative expression of miR-143 was 
determined in BM aspirates from healthy donors (N = 14) and newly diagnosed AML patients (N = 58). C Relative expression of miR-143 was further 
exhibited in different FAB subtypes. D AML patients were divided into the miR-143 high expression group (≥ 1.863e-4, N = 45) and low expression 
group (< 1.863e-4, N = 13) according to the optimal cutoff value (1.863e-4) for risk score and the OS of the patients was analyzed (P = 0.0073). (E) 
Comparison of cell proliferation in HEL cells transfected with miR-143 or miR-NC mimic by CCK-8 assay. F Colony formation in HEL cells decreased 
after the transfection of miR-143 mimic. Representative images of colonies (left panel) and statistical analysis diagrams of colony number and 
cell number in various AML cell lines and patient blast cells were shown (right panel), scale bar = 100 μm. (G) Cancer stemness-related proteins in 
HEL cells transfected with miR-143 or miR-NC mimic were determined by Western blotting. H Apoptosis of HEL cells and blasts from Patient#055 
transfected with miR-143 or miR-NC mimic was assessed by Annexin V and PI staining. I Cell migration in EGFP-labeled HEL cells transfected with 
miR-143 or miR-NC mimic was detected by transwell assay and observed by fluorescence microscope, scale bar = 200 μm. J Migration of different 
AML cells was illustrated by counting cells from lower chambers. (K, L) BALB/c-Nu mice were subcutaneously transplanted with 3 ×  106 MiR143-OE. 
HEL or NC. HEL cells to establish xenograft AML model. The tumor growth was measured via tumor volume, N = 4. Data are expressed as mean ± SD 
(error bars). * P < 0.05, ** P < 0.01 and ***P < 0.001, t-test
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Fig. 1 (See legend on previous page.)
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suppressed after cotransfection with miR-143 in KG1α 
cells, and the suppression of luciferase activity could be 
abrogated when the binding sites were mutated (Fig. 2C).

Moreover, we extracted MSI2 gene expression data in 
standardized pan-cancer dataset and analyzed the dif-
ference between normal and tumor samples (Fig.  2D), 
as well as the relationship between gene expression and 
prognosis in each tumor (Fig.  2E). We found that MSI2 
gene was overexpressed in AML, leading to a poor prog-
nosis. Furthermore, differentially expressed genes (DEGs) 
from GEO Datasets (GSE22775) were identified, of which 
250 genes were upregulated and 371 genes were down-
regulated when AML cell lines were treated with MSI2 
shRNA (Fig.  2F).  And GO pathway analyses identified 

enriched pathways in DEGs,  including cell activation, 
migration, apoptosis and proliferation (Fig.  2G). There-
fore, these data suggest that MSI2 is a direct target gene 
of miR-143 in AML.

MSI2 is overexpressed in AML and facilitates 
leukemogenesis
Then we verified that MSI2 mRNA level in newly diag-
nosed AML patients was higher than that in healthy 
donors (Fig. 3A, B). Moreover, patients with higher level 
of MSI2 had a trend of shorter OS than those with lower 
level of MSI2 (Fig. 3C), indicating that MSI2 is an onco-
gene in human AML. To identify the functional charac-
terization of MSI2, siRNAs were designed to knock down 

Fig. 2 MiR-143 directly binds to MSI2 (A) Five bioinformatics prediction softwares (miRWalk, miRDB, TarBase, TargetScan, and microT-CDS) were 
used to select three target genes (MSI2, VASH1 and GATM) that could be interacted with hsa-miR-143-3p. (B) Schematic illustration showed 
complementation in the regions of the 3′UTR of MSI2 mRNA (#1: positions 18-24, #2:173-179 and #3:180-187) to the mature miR-143. Colored (red 
and blue) sequences of three sites indicated the predicted binding sites for miR-143. The nucleotide sequence of the mutated site was shown 
in green. (C) Luciferase activities were determined in KG-1α cells co-transfected with miR-143 or miR-NC mimic and wild-type or mutant-type 
pMIR-MSI2 vectors to verify the predictive miR-143 binding sites in the 3′UTR of MSI2. (D) MSI2 expression between normal and tumor samples in 
log2(x + 0.001) transform from the UCSC database (TCGA, TARGET, and GTEx) was analyzed via Unpaired Wilcoxon Rank Sum and Signed Rank Tests. 
(E) Relationship between MSI2 expression and prognosis in each tumor was analyzed by Cox proportional hazards regression model established 
by coxph function of the R package survival via Log-rank test. (F) Volcano map of DEGs in GSE22775 (upregulated genes were marked in red and 
downregulated genes were marked in green). (G) GO pathway analysis (biological processes) was performed on 621 DEGs
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MSI2 (Additional file 1: Fig. S4A). AML cells transiently 
transfected with siR-MSI2 proliferated more slowly as 
the concentration of siRNA increased (Additional file 1: 
Fig. S4B, C) and the treatment time prolonged (Fig. 3D). 
Moreover, silencing of MSI2 significantly impaired the 
clonogenic capacity (Fig.  3E and Additional file  1: Fig. 
S4D) and accelerated apoptosis (Additional file  1: Fig. 
S4E) in three AML cell lines including KG-1α, HL-60, 
HEL, as well as primary AML cells. On the contrary, 
forced expression of MSI2 led to a significant increase of 
cell proliferation, colony formation and a decrease of cell 
apoptosis in HEL cells (Additional file 1: Fig. S5A–F). In 
brief, MSI2 contributed to the maintenance of stemness 
in AML cells and thereby promoted leukemogenesis.

Positive feedback regulation of MSI2/DLL1/Notch1 
signaling for AML development and maintenance
HITS-CLIP previously showed that DLL1 might be a 
direct downstream target of MSI2, which can regulate 
the self-renewal and differentiation of hematopoietic 
stem cells by activating Notch signaling [15]. Our RIP-
PCR test showed a 1.46-fold higher level of DLL1 mRNA 
in lysis supernatant from MSI2-OE. HEL cells incubated 
with anti-MSI2 antibody compared to that with anti-IgG 
antibody, indicating that MSI2 as a RBP has a close inter-
action with DLL1 mRNA (Fig. 3F). And the overexpres-
sion of MSI2 caused an increase in the half-life of DLL1 
transcripts (Fig. 3G). Furthermore, we identified that the 
expression level of MSI2 was positively correlated with 
that of HES1, a downstream target of Notch1 signaling 
with a trend towards worse prognosis (Fig. 3H, I).

So, we next explored whether MSI2 functions through 
the Notch1 signaling pathway. We observed that the 
key factors of Notch1 signaling pathway and cancer 
stemness-related proteins were downregulated when 
MSI2 is silenced (Fig.  3J) and upregulated when it is 
overexpressed (Additional file  1: Fig. S5G). In KG-1α 

cells, overexpression of DLL1 could partially reverse the 
biological effect caused by knockdown of MSI2 through 
restoring the expression levels of the key factors of 
Notch1 signaling pathway and cancer stemness-related 
proteins (Fig. 3K and Additional file 1: Fig. S5H). In addi-
tion, the clonogenic capacity was significantly increased 
in DLL1 vector transfecting KG-1α cells, but it was weak-
ened after MSI2 silencing (Fig.  3L). Conclusively, these 
data suggest that MSI2 regulates the clonogenic capacity 
of AML cells by DLL1/Notch1 signaling.

MSI2 regulates AML cell migration 
through post‑transcriptional control of Snail1
As GO pathway analyses showing the identified enriched 
pathways including cell migration in DEGs that was asso-
ciated with downregulation of MSI2 (Fig. 2G), transwell 
assays were performed to determine the roles of MSI2 on 
migration. We observed that less migration occurred in 
AML cells transfected with siR-MSI2 (Fig. 4A and Addi-
tional file 1: Fig. S6A), while overexpression of MSI2 pro-
moted the migratory and invasive abilities of HEL cells 
(Fig. 4B).

Then, RIP followed by qRT-PCR was conducted to 
explore migration-related proteins downstream of MSI2. 
The expression level of Snail1 was 3.65-fold higher than 
the control, indicating that the MSI2 could physically 
bind to Snail1 mRNA (Fig. 4C and Additional file 1: Fig. 
S6B). And we made time-course RNA decay curves for 
Snail1 mRNA and found that the half-life of Snail1 tran-
scripts was longer in MSI2-OE. HEL cells than that in 
NC. HEL cells (Fig. 4D), showing that MSI2 functioned 
to stabilize the Snail1 mRNA. Accordingly, we selected 
common downstream proteins regulated by Snail1 and 
identified that the expression level of MSI2 was positively 
correlated with that of MMP2 in AML patients (Fig. 4E), 
with the findings that MMP2 was overexpressed in AML 
(Additional file 1: Fig. S6C, D) and had a poor prognosis 

(See figure on next page.)
Fig. 3 MSI2 is overexpressed in AML and facilitates leukemogenesis (A) Relative expression of MSI2 mRNA was determined in BM aspirates from 
healthy donors (N = 14) and newly diagnosed AML patients (N = 58). (B) Relative expression of MSI2 mRNA was exhibited in different FAB subtypes. 
(C) AML patients were divided into the MSI2 high expression group (≥ 11.861, N = 21) and low expression group (< 11.861, N = 37) according to the 
optimal cutoff value (11.861) for risk score and the OS of the patients was observed (P = 0.05). (D) Effect of MSI2 knockdown using siRNAs on the cell 
growth was detected in HEL cells by CCK-8 assay. (E) The clonogenic capacity of KG-1α, HL-60, HEL cells and patient AML blasts was weakened after 
siR-MSI2 transfection. (F) Agarose gel electrophoresis (left panel) and RIP-PCR (right panel) were used to test the interaction between MSI2 protein 
and DLL1 mRNA. *P < 0.05 vs. IgG. (G) Half-life  (t1/2) of DLL1 transcripts in MSI2-OE. HEL and NC. HEL cells were shown in exponential regression 
curves (left panel) and statistical analysis diagram (right panel). (H) Relative expression of MSI2 and HES1 mRNA was determined in BM aspirates 
from healthy donors (N = 14) and newly diagnosed AML patients (N = 58). Correlation between MSI2 mRNA expression and HES1 mRNA expression 
was assessed (P < 0.001, R = 0.47, N = 72). (I) AML patients were divided into the HES1 high expression group (≥ 0.062, N = 22) and low expression 
group (< 0.062, N = 36) according to the optimal cutoff value (0.062) for risk score and the OS of the patients was observed (P = 0.14). (J) Core 
components of Notch1 signaling including NOTCH1 ligand (DLL1), cleaved NOTCH1 (c-NOTCH1) and HES1, and cancer stemness-related proteins 
including NANOG, OCT4 and SOX2 were determined in HEL and HL-60 cells transfected with siR-MSI2 or siR-NC by western blot. (K) Key factors of 
Notch1 signaling pathway and cancer stemness-related proteins were determined in Lenti- DLL1 vector- or Lenti- Control vector-transfecting KG-1α 
cells after the transfection with siR-MSI2 or siR-NC. (L) Colony formation was performed in Lenti- DLL1 vector- or Lenti- Control vector-transfecting 
KG-1α cells after the transfection with siR-MSI2 or siR-NC. Representative plots (above) and statistical analysis diagram (below) were illustrated. Data 
are expressed as mean ± SD (error bars). * P < 0.05, ** P < 0.01 and ***P < 0.001, t-test
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in AML patients excluding acute promyelocytic leuke-
mia (Fig. 4F). Consistently, we observed obvious upregu-
lation of Snail1, MMP2 and MMP9 protein followed by 
the overexpression of MSI2 (Fig. 4G and Additional file 1: 
Fig. S6E).

Additionally, we established an in vivo xenograft model 
to further validate the effect of MSI2 in accelerating 
metastasis. Compared with the control group, NOG mice 
intravenously injected with MSI2-OE. HEL cells devel-
oped paralysis earlier (Additional file  1: Fig. S7A) and 
had a shorter survival (Fig.  4H) with more white blood 
cells and less red blood cells (Additional file 1: Fig. S7B, 
C). As shown in Fig.  4I, more nodules appeared on the 
livers of MSI2-OE. HEL group mice, leading to a heavier 
liver weight (Fig.  4J). Based on the above phenomenon, 
we took the liver, spleen and bone marrow from mice and 
found that more human antigens were expressed in the 
MSI2-OE. HEL group (Fig. 4K–M and Additional file 1: 
Fig. S7D–G, S8), indicating that overexpression of MSI2 
can promote hematopoietic tumor cells to infiltrate into 
other organs and tissues.

MSI2 activity is negatively modulated by miR‑143 in vitro
To determine whether miR-143 works as a tumor sup-
pressor to reverse the carcinogenic effects of MSI2, 
western blotting assays were performed to verify that 
the expression of key factors of Notch1 signaling path-
way were affected negatively by miR-143 mimic in HEL 
and HL-60 cells, as well as migration-relative proteins in 
MiR-143 vector-transfecting HEL cells (Fig. 5A–C).

Moreover, we found that MSI2-OE. HEL cells grew 
faster than NC. HEL cells, but their proliferation slowed 
down when miR-143 was upregulated (Fig.  5D). And 
miR-143 inhibited MSI2’s role of promoting colony 
formation and maintaining stemness in MSI2-vector-
transfecting HEL and KG-1α cells (Fig.  5E, Additional 

file 1: Fig. S9A, B), as well as reversing the anti-apoptotic 
effect of MSI2 (Fig. 5F). Identically, reduced protein lev-
els were shown in MSI2-overexpressing AML cells when 
they were transfected with miR-143, indicating that miR-
143 to some extent prevented MSI2 from activating the 
Notch1 signaling pathway and cancer stemness-related 
genes (Fig. 5G and Additional file 1: Fig. S9C–E), and it 
also partially reversed the expression of migration-related 
proteins regulated by MSI2 (Fig. 5H and Additional file 1: 
Fig. S9F).

MiR‑143 inhibits the carcinogenic effect of MSI2 in vivo
To investigate whether miR-143 exerts an inhibitory 
effect on MSI2’s promoting leukemia progression in vivo, 
subcutaneous xenograft AML mouse model was estab-
lished and treated intratumorally with agomir-143 for 
preventing tumor growth. We found that tumor grew 
faster in the MSI2-OE. HEL group than those in the NC. 
HEL group (Fig.  6A). And 33  days after tumor inocula-
tion, each group of mice was euthanized and their tumor, 
liver, spleen and BM were dissected. We found that larger 
sizes and heavier weights of tumor (Fig. 6B, C) and spleen 
and liver (Fig.  6D–F) appeared in the MSI2-OE. HEL 
group. Those results revealed the oncogenic role of MSI2 
in  vivo. On the other hand, the tumor growth in either 
MSI2-OE. HEL group or NC. HEL group was partially 
inhibited in the treatment with agomir-143, as well as 
size and weight of spleen and liver (Fig. 6A–F).

To assess and compare the degree of AML infiltration 
between these groups, BM and spleen tissues from mice 
were ground for analysis. As expected, Wright—Giemsa 
of BM smears revealed that there were more blasts and 
differentiating myeloids/monocytes in the MSI2-OE. 
HEL group (Fig.  6G, H). Consistently, flow cytometric 
analysis and IHC showed that the expression of human 
antigens in BM, and spleen was higher in the MSI2-OE. 

Fig. 4 MSI2 exerts the metastatic properties in AML. A Cell migration in EGFP-labeled HEL cells transfected with siR-MSI2 or siR-NC was detected by 
transwell assay. Representative pictures (left panel) from three independent experiments were observed by fluorescence microscope and statistical 
analysis diagram (right panel) was illustrated by counting cells from lower chambers, scale bar = 200 μm. B Cell migration and invasion increased in 
MSI2-OE. HEL cells compared to those in NC. HEL cells. Cells from lower chambers of transwell were counted and stained with crystal violet, scale 
bar = 200 μm. Representative pictures (left panel) and statistical analysis diagram (right panel) were illustrated. C Agarose gel electrophoresis (left 
panel) and RIP-PCR (right panel) were used to test the interaction between the MSI2 protein and Snail1 mRNA. *P < 0.05 vs. IgG. D Snail1 mRNA 
stability curves (left panel) were plotted as qRT-PCR expression with time in NC. HEL and MSI2-OE. HEL cells. Half-life  (t1/2) was calculated from the 
stability curves in statistical analysis diagram (right panel). E Relative levels of MSI2 and MMP2 mRNA were determined in BM aspirates from healthy 
donors (N = 14) and newly diagnosed AML patients (N = 58). Correlation between MSI2 mRNA expression and MMP2 mRNA expression was assessed 
(P = 0.01, R = 0.30, N = 72). F AML patients (excluding AML-M3 subtype) were divided into the MMP2 high expression group (≥ 1.563, N = 11) and low 
expression group (< 1.563, N = 29) according to the optimal cutoff value (1.563) for risk score and the OS of the patients was observed (P = 0.0074). 
(G) Expression of MSI2 and tumor metastasis-associated proteins in Lenti- MSI2 vector- or Lenti- Control vector-transfecting HEL cells. H NOG mice 
were intravenously transplanted with 5.0 ×  106 NC.HEL or MSI2-OE. HEL cells. Kaplan–Meier survival curve was shown, P = 0.0204, N = 6, log-rank test. 
I Nodules (red arrow) appeared on the livers from two groups of mice. (J) Liver weight (left panel) and spleen weight (right panel) from two groups 
of mice were measured. N = 4, t-test. K Relative mean fluorescence intensity (MFI) of CD235a and CD45 in liver (left panel) and bone marrow (right 
panel) from two groups of mice. L, M Expression of Ki67 in liver (L) and spleen (M) was detected by IHC. Representative pictures (left panel) and 
statistical analysis diagram (right panel) were illustrated. Data are expressed as mean ± SD (error bars). * P < 0.05, ** P < 0.01 and ***P < 0.001, t-test

(See figure on next page.)
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Fig. 5 MSI2 activity is negatively modulated by miR-143 in vitro (A) Key factors of Notch1 signaling pathway were determined in HEL and 
HL-60 cells transfected with miR-143 or miR-NC mimic. (B, C) Key factors of Notch1 signaling pathway (B) and tumor metastasis-associated 
proteins (C) were measured in Lenti- MiR-143 vector- or Lenti-Control vector-transfecting HEL cells. (D) Cell growth of MSI2-OE. HEL and NC. HEL 
cells transfected with miR-143 or miR-NC mimic was analyzed by CCK-8 assay. (E) Clonogenic capacity of Lenti-MSI2 vector- or Lenti-Control 
vector-transfecting HEL cells after the transfection with miR-143 or miR-NC mimic. Representative pictures (above) and statistical analysis diagram 
(below) were illustrated, scale bar = 200 μm. (F) Apoptosis in Lenti-MSI2 vector- or Lenti-Control vector-transfecting HEL cells transfected with 
miR-143 or miR-NC mimic. (G, H) Expression of MSI2, key factors of Notch1 signaling pathway and cancer stemness-related proteins (G) and tumor 
metastasis-associated proteins (H) were shown in Lenti-MSI2 vector- or Lenti-Control vector-transfecting HEL cells transfected with miR-143 or 
miR-NC mimic. Data are expressed as mean ± SD (error bars). * P < 0.05, ** P < 0.01 and ***P < 0.001, t-test
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Fig. 6 MiR-143 inhibits the carcinogenic effect of MSI2 in vivo (A) BALB/c-Nu mice were subcutaneously inoculated with 5 ×  106 MSI2-OE. HEL cells 
or NC. HEL cells to establish xenograft AML model, and then treated intratumorally with micrOFFTM agomir-143 or agomir-NC. Tumor volumes from 
each group of mice were recorded regularly, N = 7. (B) Tumors from four groups of mice were presented respectively, N = 7. (C) Tumor weights were 
recorded, N = 7. (D–F) Spleens and livers from four groups of mice were presented (D), and spleen weight (E) and liver weight (F) were measured, 
N = 4. (G) Representative Wright-Giemsa staining of bone marrow cells from each group of mice at the end point, scale bar = 20 μm. (H) Proportion 
of bone marrow cells, including blasts, differentiating myeloids/monocytes, differentiated myeloids/monocytes and lymphocytes. (I) Relative MFI of 
CD45, CD36 and CD235a in bone marrow (left panel) and spleen (right panel) from each group of mice. (J) Expression of CD45 in spleen from each 
group of mice was detected by IHC. Data are expressed as mean ± SD (error bars). * P < 0.05, ** P < 0.01 and ***P < 0.001, t-test
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HEL group (Fig.  6I, J, Additional file  1: Fig. S10, 11), 
indicating that the subcutaneous tumor inoculated with 
MSI2-OE. HEL cells invaded and infiltrated into BM and 
spleen tissues, which further proved that MSI2 promoted 
the leukemia progression in  vivo. Moreover, human 
CD45 in BM or spleen expressed slightly lower in the 
agomir-143-treated group than those in the agomir-NC-
treated group, illustrating that miR-143 partially inhib-
ited tumor growth and metastasis in vivo. Taken together, 
these data suggest that miR-143 inhibits the carcinogenic 
effect of MSI2 in AML.

Discussion
RBPs, a group of proteins that participate in the for-
mation of ribonucleoprotein complexes by binding 
pre-mRNAs and mRNAs, regulate the fate of a RNA 
post-transcriptionally by the way of RNA splicing, modi-
fication, nuclear export, localization, stability and trans-
lation [34]. Recent studies have found that abnormal 
expression of RBPs is ubiquitously associated with the 
promotion of cancer progression through co- and post-
transcriptional mechanisms [3].

Musashi-1 and MSI2 as RBPs have been found to be 
overexpressed in various cancer [10, 35–38], as well as 
our current results that MSI2 was highly expressed in 
AML patients, leading to poor prognosis. And we dem-
onstrated that MSI2 possessed properties of self-renewal, 
migration and invasion, in turn leading to the progres-
sion of AML. Nevertheless, the molecular mechanisms 
involved in MSI2 maintaining these properties in AML 
remains to be elucidated.

Consistent with MSI2’s known functions in regulating 
the Notch signaling pathway, DLL1 was found among 
the high-confidence MSI2 targets by HITS-CLIP [39]. 
We found that MSI2 bound directly to DLL1 mRNA at 
the post-transcriptional level to activate its downstream 
Notch1 signaling pathway by regulating the stability of 
DLL1 mRNA. As an agonistic ligand for Notch recep-
tors, DLL1 is overexpressed in AML with poor prognosis 
(Additional file  1: Fig. S12A, B) and triggers proteolytic 
cleavage of Notch receptors, and the resulting Notch 
intracellular domain can be translocated into the nucleus 
and interacted with CSL to activate the transcription of 
target genes, such as CCND1, HES1 and MYC, which in 
turn promotes tumor cell proliferation and survival [40, 
41]. Growing evidence has showed that Notch signaling 
pathway functions to regulate the self-renewal and differ-
entiation of hematopoietic stem cells [42]. In accordance 
with these previous studies, we found that knockdown of 
MSI2 could inhibit the expression of DLL1, thereby atten-
uating the stemness-related gene expression and clono-
genic capacity in AML cells. However, overexpression of 

DLL1 activated Notch1 signaling pathway and rescued 
the stemness properties.

As GO pathway analyses identified cell migration path-
way in AML, our study indicated a functional relevance 
of MSI2 in regulating AML cell migration through post-
transcriptional control of Snail1 by regulating the stabil-
ity of Snail1 mRNA. Snail1, as a transcriptional repressor, 
is overexpressed in AML and causes poor prognosis in 
AML from standardized pan-cancer dataset (Additional 
file  1: Fig. S12C, D). It has been reported that Snail1 
upregulates MMP2 and MMP9 to trigger EMT, and 
the synergistic effect of Snail1 and Slug maintains EMT 
through continuous stimulation of MMP9 [43, 44]. In 
our experiment, MSI2 knockdown significantly inhib-
ited the migration of AML cells, while overexpression of 
MSI2 showed the opposite effect by upregulating Snail1 
protein level and subsequent expression of MMPs, which 
confirmed our hypothesis that MSI2 facilitated migration 
of AML cells by activating the MSI2/Snail1/MMPs axis. 
Besides, our animal experiments found that mice injected 
with MSI2-OE. HEL cells developed hindlimb paraly-
sis earlier and more nodules in the liver, indicating that 
MSI2 overexpression boosts more leukemia cells to infil-
trate into other organs and tissues.

Recently, approaches to inhibiting MSI2 proteins based 
on RNA interference have achieved promising outcomes 
in preclinical research [4, 8]. Zheng et  al. employed 
weighted correlation network analysis to produce a 
lncRNA-miRNA-mRNA ceRNA network in gastric can-
cer from 12 both cancer-associated and prognosis-related 
genes, where MSI2 was paired with hsa-miR-143-3p [45]. 
We used five bioinformatics prediction softwares (miR-
Walk, miRDB, TarBase, TargetScan, and microT-CDS) 
to find that MSI2, vasohibin-1 (VASH1) and glycine ami-
dinotransferase (GATM) mRNA were predicted to have 
a binding site with miR-143-3p. VASH1 mediated miR-
143-induced cell dissemination and angiogenesis [25], 
while GATM encodes a mitochondrial enzyme and its 
mutation often causes mitochondrial-related diseases 
[46]. Our previous study has revealed that MSI2 silencing 
exerts potent activity against AML [47]. And as expected, 
binding of miR-143 to the 3′-UTR of MSI2 mRNA was 
validated by luciferase reporter assay, providing evidence 
that miR-143 reversed the role of MSI2 in AML devel-
opment. Pramanik et  al. demonstrated that restitution 
of tumor suppressor microRNAs using a systemic nan-
ovector could inhibit pancreatic cancer growth in mice 
[48]. Consistently, our in  vivo experiments showed that 
subcutaneous AML tumors grew more slowly and less 
leukemia cells infiltrated into spleen and BM after intra-
tumoral treatment with nanoparticle-encapsulated miR-
143, demonstrating that miR-143 functioned as a tumor 
suppressor to prevent AML progression. However, the 
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partial rescue may be due to the effect that miR-143 is 
likely to bind to multiple genes on leukemogenesis.

Conclusions
Our research has revealed a novel mechanism (Fig. 7) by 
which MSI2 exerts its pro-proliferative properties via the 
MSI2/DLL1/Notch1 cascade and metastatic properties 
via the MSI2/Snail1/MMPs axis in AML, and miR-143 as 
a negative regulator of MSI2 can serve as a tumor sup-
pressor to predict prognosis and develop personalized 
treatment strategies for AML patients.
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