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Abstract. Protein arginine methyltransferase 1 (PRMT1) 
serves pivotal roles in various cellular processes. However, 
its role in megakaryocytic differentiation has not been clearly 
reported. The aim of the present study was to explore the role 
of the PRMT‑RNA binding motif protein 15 (RBM15) axis 
in human MK differentiation and the feasibility of targeting 
PRMT1 for leukemia treatment. In the present study, PRMT1 
was overexpressed and the RBM15 protein was knocked 
down in human umbilical cord blood cluster of differentiation 
(CD)34+ cells and the cells were then cultured in megakaryo-
cytic differentiation medium. Flow cytometry was used to 
analyze CD41 and CD42 double‑positive cells, as well as the 
protein expression levels of PRMT1 and RBM15. The results 
demonstrated that human cord blood CD34+ cells differentiate 
into mature MKs in high thrombopoitin medium, as demon-
strated by CD41 and CD42 expression. Overexpression of 
PRMT1 in human umbilical cord blood CD34+ cells blocked 
the maturation of megakaryocytic cells. Knockdown of 
RBM15 by short hairpin RNA produced less mature MKs. 
PRMT1 inhibitor rescued PRMT1‑blocked megakaryocytic 
differentiation. These results provide evidence for a novel 
role of PRMT1 in the negative regulation of megakaryo-
cytic differentiation. PRMT1 may be a therapeutic target for 
leukemia treatment.

Introduction

Defective megakaryopoiesis is responsible for various types 
of blood disorders (1). Therefore, it is regarded as a crucial 
source for treating thrombocytopenia, acute megakaryocytic 
leukemia (M7), myeloproliferative diseases and myelo-
dysplastic syndrome  (2‑4). Understanding the molecular 
mechanisms of megakaryocytic differentiation is important for 
developing novel therapies for hematopoietic malignancy with 
defective MKs. Previous data has demonstrated that protein 
arginine methyltransferase 1 (PRMT1) has high expression in 
leukemia, particularly in M7 (5). RNA binding motif protein 
15 (RBM15) is required for the long‑term maintenance of the 
homeostasis of hematopoietic stem cells and for MK differ-
entiation (6,7). RBM15 stability is controlled by PRMT1 via 
CNOT4‑mediated ubiquitylation (8). To investigate the biolog-
ical significance of PRMT1‑mediated methylation of RBM15, 
the present study analyzed the role of the PRMT1‑RBM15 
axis in megakaryopoiesis. The present study demonstrated 
that human umbilical cord blood cluster of differentiation 
(CD)34+ cells differentiated into mature MKs when they were 
cultured in high thrombopoitin (TPO) medium. With MK 
maturation, the PRMT1 protein level decreased, while the 
RBM15 protein level increased. Overexpression of PRMT1 
and knock down of RBM15 blocked the maturation of MKs 
due to the reduced RBM15 protein level. A PRMT1 inhibitor 
rescued the PRMT1‑blocked megakaryocytic differentiation. 
These results provide evidence for a novel role of PRMT1 
in the negative regulation of megakaryocytic differentiation. 
Targeting PRMT1 may be a valuable therapeutic method for 
defective MK diseases.

Materials and methods

Purification of cord blood CD34+ cells. The present study was 
approved by the Ethics Committee of The Second Affiliated 
Hospital of Zhengzhou University (Zhengzhou, China). 
Human umbilical cord blood was collected from 3 healthy 
pregnant women aged 28, 30 and 33 years old in The Second 
Affiliated Hospital of Zhengzhou University from October 
2015 to April 2016. Informed content was provided from 
each patient. Following separation with Ficoll gradient as 
previously mentioned (9), the CD34+ cells were purified with 
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anti‑CD34 magnetic beads (Miltenyi Biotec GmbH, Bergisch 
Gladbach, Germany) in accordance with the manufacturer's 
protocol. Subsequently, the cells were cultured at 37˚C for 48 h in 
Iscove's modified Dulbecco's medium (IMDM; Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) supplemented 
with 20% serum substitutes (BIT; Stemcell Technologies, Inc., 
Vancouver, BC, Canada) and a cytokine mixture [20 ng/ml 
TPO, 20 ng/ml interleukin‑6, 100 ng/ml stem cell factor (SCF) 
and 10 ng/ml Flt3 ligand (PeproTech, Inc., Rocky Hill, NJ, 
USA)] (10). The purification achieved 95% purity for CD34+ 
cells according to fluorescence‑activated cell sorting (FACS) 
analysis. The cells were collected by centrifugation (300 x g 
at room temperature for 5 min), the supernatant was aspirated 
and the cells were washed twice with iced PBS. The cells were 
blocked with Human BD Fc Block™ (cat. no. 564219; BD 
Biosciences, Franklin Lakes, NJ, USA) at a dilution of 1:100 
and incubated at room temperature for 30 min. A total of 1 µl 
anti‑CD34 fluorescein isothiocyanate‑conjugated antibodies 
(cat. no. 560238; 1:100; BD Biosciences) was added to 100 µl 
PBS containing 1% Fetal Bovine Serum (FBS), the cells were 
cultured in this medium at room temperature for 30 min. Cells 
were then analyzed using a BD LSRFortessa™ machine with 
BD FACSDiva™ software (version 8.0) (both BD Biosciences) 
and FlowJo software (version 7.6.5; FlowJo LLC, Ashland, 
OR, USA). To induce MK differentiation, the expanded CD34+ 
cells were cultured at 37˚C in IMDM medium supplemented 
with 20% BIT with cytokine mixture (TPO 100 and 2 ng/ml 
SCF). The expression of CD41 and CD42 was analyzed by 
flow cytometry 10 days after TPO stimulation. To further 
investigate the function of PRMT1 in megakaryocytic differ-
entiation, a PRMT1 inhibitor DB75 (Sigma‑Aldrich; Merck 
KGaA) was used to treat the cells overexpressing PRMT1 
protein and cultured in the MK differentiation medium. For 
DB75 treatment, 20 µM DB75 was added to the medium for 
10 days, which was every 3 days.

Virus production and transduction. The lentiviral vector, 
pTripZ (Open Biosystems; Dharmacon), was engineered 
to express PRMT1 by replacing the shRNA cassette with 
the PRMT1 coding sequence to achieve robust PRMT1 
expression in hematopoietic cells. A total of 15 µg lentivirus 
plasmids expressing the cDNA of PRMT1 V2, short hairpin 
(sh)RBM15#1 and shRBM15#2 (11,12) were transfected into 
293T cells (American Type Culture Collection, Manassas, VA, 
USA) with helper plasmids. The 293T cells were cultured in 
Dulbecco's modified Eagle's medium with 10% FBS at 37˚C 
in an incubator with 5% CO2. Calcium phosphate reagent [in 
250 ml: 2D‑Glucose (0.5 g), HEPES (2.5 g) KCl (0.18 g) NaCl 
(4.0 g) and Na2HPO4 (0.05 g)] was used for virus production, 
as previously described (13). Transduced positive CD34+ cells 
were selected with 1 µg/ml puromycin.

Flow cytometry analysis. The cells were collected following 
centrifugation (300 x g at room temperature for 5 min), the 
supernatant was aspirated and the cells were washed twice 
with iced 2  ml PBS containing 1% FBS. The cells were 
then blocked with Human BD Fc Block™ (1:100) at room 
temperature for 30  min. A total of 1  µl anti‑CD41 (cat. 
no. 559777) and 1 µl anti‑CD42 (cat. no. 555471) antibodies 
(both 1:100; BD Biosciences) was added to 1% FBS in 100 µl 

PBS, and incubated with the cells at room temperature for 
30 min. The BD FACSDiva software and BD LSRFortessa™ 
were used for data collection, and FlowJo software was used 
for data analysis.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). RT‑qPCR was performed to measure the 
mRNA expression levels. Total RNA was isolated from all 
transfected and non‑transfected CD34+ cells using an RNeasy 
Micro kit (cat. no. 74004; Qiagen GmbH, Hilden, Germany). 
Total RNA samples (2 µg) were reverse transcribed using a 
SuperScript® First‑Strand Synthesis System for RT‑PCR 
(cat. no. 11904‑018; Thermo Fisher Scientific, Inc.). qPCR 
was performed using a SYBR® Green Real‑time PCR Master 
Mix‑Plus kit (Thermo Fisher Scientific, Inc.). The RT‑qPCR 
conditions were as follows: An initial denaturation step at 94˚C 
for 10 min, 35 cycles of 94˚C for 30 sec, 62˚C for 30 sec and 
68˚C for 1 min, and a final extension step at 68˚C for 7 min. 
The samples were kept at 4˚C. The primer sequences used are 
listed in Table I. The copy number was normalized to GAPDH 
levels using the 2‑ΔΔCq method (14).

Immunocytochemistry. Cells were fixed with 4% parafor-
maldehyde at room temperature for 1 h and permeabilized 
with 0.25% Triton X‑100. The cells were then incubated 
with anti‑PRMT1 (cat. no. 2449; Cell Signaling Technology, 
Inc., Danvers, MA, USA) and anti‑RBM15 (cat. no. ab70549; 
Abcam, Cambridge, MA, USA) antibodies (both 1:100) for 
2 h at room temperature. The cells were blocked with 5% 
Bovine Serum Albumin (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) at room temperature for 30  min. 
Following 1% FBS in PBS washing, the cells were stained 
with AlexaFluor‑488‑conjugated goat anti‑rabbit immuno-
globulin G antibodies (1:1,000; cat. no. 14705; Cell Signaling 
Technology, Inc.) at room temperature for 30  min and 
counterstained with 4,6‑diamidino‑2‑phenylindole at room 
temperature for 30 min. Cell images were obtained at room 
temperature using confocal microscopy (Nikon AIR+; Nikon 
Corporation, Tokyo, Japan) with the magnification at x400.

Statistical analysis. Data are presented as mean ± standard 
deviation from three independent experiments. Data 
was statistical analysis using GraphPad Prism software 
(version 6; GraphPad Software, Inc., La Jolla, CA, USA). 
One‑way analysis of variance followed by the Student 
Newman‑Keuls test was used to assess differences between 
multiple groups of data, and a Student's t‑test was used to 
compare between two groups. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Upon TPO stimulation, human umbilical cord blood CD34+ 
cells differentiate into mature MKs. To investigate the detailed 
role of PRMT1 and RBM15 in the process of megakaryocy-
topoiesis, CD34+ cells were isolated from human umbilical 
cord blood cells. These cells gave rise to CD41+CD42+ when 
grown in medium containing TPO and SCF (Fig.  1A). 
The PRMT1 mRNA level decreased and RBM15 mRNA 
level increased during MK differentiation (Fig.  1B). On 
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day 10, intracellular immunostaining was conducted with 
anti‑PRMT1 and anti‑RBM15 antibodies. The results demon-
strated that PRMT1‑positive cells were markedly reduced 
at day 10 compared to day 0, while RBM15‑positive cells 
increased during MK differentiation (Fig. 1C). Consistently, it 
was demonstrated that intracellular PRMT1 protein level was 
markedly reduced at day 10 compared to day 0 according to 
FACS analysis, while the intracellular protein concentration 
of RBM15 was elevated (Fig. 1D). These data suggest that the 
PRMT1 and RBM15 protein levels are dynamically regulated 
during normal MK differentiation.

PRMT1 blocks the differentiation of human umbilical cord blood 
CD34+ cells into mature MKs. To validate the role of PRMT1 
in the process of megakaryocytopoiesis, CD34+ cells were 

transduced with lentivirus expressing PRMT1. FACS analysis 
demonstrated that, on day 10, CD41+CD42+ double‑positive 
cells were markedly reduced when cells were cultured in high 
TPO medium (Fig. 2A). RT‑qPCR analysis demonstrated that 
PRMT1 mRNA expression levels were significantly increased 
in CD34+ cells transfected with the vector or PRMT1 lentivirus 
and cultured in CD34+ cells medium (Fig. 2B). However, the 
RBM15 mRNA level did not change significantly in cells 
transfected with the vector or PRMT1 lentivirus (Fig. 2C). 
FACS analysis of PRMT1‑overexpressing CD34+ cells validated 
that the RBM15 protein level was markedly reduced compared 
with the level in the cells transfected with the control vector 
(Fig. 2D). Immunofluorescence microscopy with anti‑RBM15 
antibody staining further confirmed that the RBM15 protein 
level was reduced in PRMT1‑overexpressing cells (Fig. 2E). 

Table I. Primers used in reverse‑transcription quantitative polymerase chain reaction.

Gene	 Direction	 Primer sequence (5'‑3')

Protein arginine methyltransferase 1	 Forward	 CCAGTGGAGAAGGTGGACAT
	 Reverse	 CTCCCACCAGTGGATCTTGT
RNA binding motif protein 15	 Forward	 TCCCACCTTGTGAGTTCTCC
	 Reverse	 GTCAGCGCCAAGTTTTCTCT
GAPDH	 Forward	 TGCACCACCAACTGCTTAGC
	 Reverse	 GGCATGGACTGTGGTCATGAG

Figure 1. Upon TPO stimulation, human umbilical cord blood CD34+ cells differentiate into mature megakaryocytes. (A) FACS analysis of CD41 and CD42 

double‑positive cells cultured in medium containing high TPO on days 7, 10, 13 and 18. (B) Changes to RBM15 and PRMT1 expression at 12, 24, 48 and 
72 h of TPO treatment. The mRNA levels were calculated as the mean ± standard deviation from three independent experiments. (C) Intracellular immu-
nostaining with anti‑PRMT1 and anti‑RBM15 antibodies (magnification, x400). (D) PRMT1 and RBM15 protein levels were detected by FACS analysis 
in the course of megakaryocyte differentiation. Results are displayed as histogram overlays. **P<0.01 vs. 0 h. CD, cluster of differentiation; FACS, fluores-
cence‑activated cell sorting; RBM15, RNA binding motif protein 15; PRMT1, protein arginine methyltransferase 1; PRMT1V2, PRMT1 V2 isoform; DAPI, 
4,6‑diamidino‑2‑phenylindole; TPO, thrombopoitin.
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These data suggest that PRMT1 blocks the differentiation of 
human umbilical cord blood CD34+ cells into mature MKs due 
to the decreased RBM15 protein level. RBM15 is important for 
MK differentiation.

Knockdown of RBM15 produces fewer mature MKs. To 
further validate the importance of RBM15 in regulating MK 

differentiation, RBM15 expression was knocked down using 
shRNA in human cord blood CD34+ cells and the cells were then 
cultured in MK differentiation medium. It was demonstrated 
that knocking down RBM15 caused a significant decrease in 
the CD41+ and CD42+ double‑positive cells compared with 
those treated with the vector control (Fig. 3A). The RBM15 
mRNA expression level was significantly decreased following 

Figure 2. PRMT1 blocks the differentiation of human umbilical cord blood CD34+ cells into mature megakaryocytes. (A) FACS analysis of CD41 and CD42 
double‑positive cells cultured in high TPO‑containing medium on day 10. (B) PRMT1 and (C) RBM15 mRNA expression levels in CD34+ cells overexpressing 
PRMT1. **P<0.01 vs. Vector. Three independent experiments were performed. (D) FACS analysis of the RBM15 protein expression level in cells with or without 
PRMT1 overexpression. (E) Intracellular immunostaining with anti‑RBM15 antibody (magnification, x400). PRMT1, protein arginine methyltransferase 1; 
CD, cluster of differentiation; FACS, fluorescence‑activated cell sorting; RBM15, RNA binding motif protein 15; DAPI, 4,6‑diamidino‑2‑phenylindole; TPO, 
thrombopoitin.

Figure 3. Knockdown of RBM15 blocks megakaryocytic differentiation. (A) Percentages of CD41+CD42+ double‑positive cells cultured in high TPO‑containing 
medium on day 10 following RBM15 knock down. mRNA expression levels of (B) RBM15 and (C) PRMT1 in CD34+ cells with RBM15 knockdown. Three 
independent experiments were performed. (D) FACS analysis of the RBM15 protein level in cells with or without RBM15 knockdown. (E) Intracellular 
immunostaining with anti‑PRMT1 antibody. **P<0.01 vs. the vector group. RBM15, RNA binding motif protein 15; CD, cluster of differentiation; FACS, 
fluorescence‑activated cell sorting; PRMT1, protein arginine methyltransferase 1; sh, short hairpin; TPO, thrombopoitin.
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RBM15 knock down compared with the vector group, however, 
the PRMT1 mRNA expression level was not significantly 
affected (Fig. 3B and C). Flow cytometry demonstrated that the 
expression level of RBM15 was decreased (Fig. 3D) following 
knock down of RBM15, while PRMT1 increased (Fig. 3E). 
These data indicate that the PRMT1‑RBM15 axis regulates 
megakaryocytic differentiation at the protein level, and the 
reduction of RBM15 expression produces fewer mature MKs.

PR M T1 inh ib i tor  rescues  PR M T1‑ blocked MK 
differentiation. To further investigate the function of PRMT1 
in megakaryocytic differentiation, DB75 was used to treat 
the cells overexpressing PRMT1 protein and cultured in 
the MK differentiation medium. It was observed that the 
CD41+CD42+ double‑positive cells were increased following 
treatment with PRMT1 inhibitor compared to the number of 
double‑positive cells observed following dimethyl sulfoxide 
(DMSO) treatment on day 10 (Fig.  4A). Additionally, the 
RBM15 protein level increased following treatment with 
PRMT1 inhibitor compared with that observed following 
DMSO treatment (Fig. 4B). These results demonstrate that 
PRMT1 expression affects MK differentiation via regulating 
the RBM15 protein level. These data provide a novel role 
of the PRMT1‑RBM15 axis in regulating megakaryocytic 
differentiation.

To further investigate the function of PRMT1 in 
megakaryocytic differentiation, a PRMT1 inhibitor, DB75 
(Sigma‑Aldrich; Merck KGaA), was used to treat the cells 
overexpressing PRMT1 protein and cultured in the MK differ-
entiation medium.

Discussion

Normal MK differentiation may be divided into two phases: 
From human stem cells (HSC) to MK progenitor cells and 
from MK progenitor cells to high polyploidy MK cells (15). 
Defective megakaryopoiesis is responsible for various types 
of blood disorders (1). Thus, MKs are regarded as a crucial 
source for treating thrombocytopenia, acute megakaryocytic 
leukemia (M7), myeloproliferative diseases and myelodys-
plasia syndrome, which affect a wide range of patients (2‑4). 
Understanding the molecular mechanisms of megakaryocytic 
differentiation is important for developing novel therapies for 
hematopoietic malignance with defective MKs.

PRMT1 serves critical roles in various cellular processes, 
such as RNA splicing (16). PRMT1 is highly expressed in 
acute myeloid and lymphoid leukemia, as well as in solid 
tumors (17,18). Therefore, PRMT1‑mediated MK blockage may 
contribute to leukemogenesis. PRMT1 promotes the produc-
tion of MK‑erythroid progenitor cells; however, PRMT1 has to 
be turned off to generate mature, polyploidy CD41+CD42+ MK 
cells (8). The present study demonstrated that PRMT1 nega-
tively modulated differentiation toward the megakaryocytic 
lineage in human CD34+ hematopoietic cells. PRMT1 activity 
is downregulated during megakaryocytic differentiation. 
Immunostaining and flow cytometry analysis were used in the 
present study to demonstrate, for the first time (to the best of 
our knowledge), that the PRMT1 protein level is dynamically 
regulated during differentiation down to the MK lineage with 
primary cells. The dynamic regulation of PRMT1 concentra-
tion reciprocally regulates the RBM15 protein concentration. 
In the future, to identify upstream signals that are responsible 
for regulating PRMT1 activity, it is crucial to fully understand 
how hematopoiesis is regulated.

RBM15 is required to maintain the homeostasis of 
long‑term hematopoietic stem cells and the differentiation 
of MK cells (10,11). RBM15 protein stability is controlled by 
PRMT1 (5). RBM15 is involved in chromosome transloca-
tion t(1;22), which produces the RBM15‑megakaryoblastic 
leukemia 1 (MKL1) fusion protein associated with acute 
(A)MKL  (19,20). PRMT1 is upregulated in AMKL  (21). 
Consistent with RBM15 knock down in human primary cells, 
RBM15 knockdown in mice produces a low percentage of 
mature MKs (22). Recently, the incidence of hematological 
malignancies has been increasing, which is problematic for 
many families (23). Therefore, novel methods for treatment 
are required. Targeting the RBM15/PRMT1 pathway may 
be a novel therapeutic approach for related hematological 
malignancies.

Dysregulation of the PRMT1‑RBM15 pathway may 
be a common mechanism in hematological malignan-
cies. The present study identified a novel role of PRMT1 
in the negative regulation of human megakaryocytic 
differentiation via regulating the RBM15 protein level. 
DB75 is a PRMT1 inhibitor that has been demonstrated to 
kill some leukemia cells (24). The present study demonstrated 
that DB75 rescues PRMT1‑blocked MK differentiation via 
promoting RBM15 expression. Our previous data indicated 

Figure 4. Treatment with PRMT1 inhibitor rescues PRMT1‑blocked megakaryocytic differentiation. (A) FACS analysis of CD41 and CD42 expression 
following treatment with DB75. (B) FACS analysis of the RBM15 protein expression level in cells ectopically expressing PRMT1 with or without treatment 
with DB75. PRMT1, protein arginine methyltransferase 1; FACS, fluorescence‑activated cell sorting; CD, cluster of differentiation; DB75, PRMT1 inhibitor; 
DMSO, dimethyl sulfoxide.
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that PRMT1 methylates RBM15 at R578 and promotes 
RBM15 protein level degradation via ubiquitylation in a 
leukemia cell line  (8). The present study also suggested 
that PRMT1 reduces RBM15 expression in human stem 
cells, which may contribute to defective megakaryopoiesis. 
Therefore, targeting the RBM15/PRMT1 pathway may 
be a novel therapeutic approach for related hematological 
malignancies.
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