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Abstract

Metabolic state of hematopoietic stem cells (HSCs) is an important regulator of self-

renewal and lineage-specific differentiation. Posttranslational modification of proteins

via O-GlcNAcylation is an ideal metabolic sensor, but how it contributes to

megakaryopoiesis and thrombopoiesis remains unknown. Here, we reveal for the first

time that cellular O-GlcNAcylation levels decline along the course of megakaryocyte

(MK) differentiation from human-derived hematopoietic stem and progenitor cells

(HSPCs). Inhibition of O-GlcNAc transferase (OGT) that catalyzes O-GlcNAcylation

prolongedly decreases O-GlcNAcylation and induces the acquisition of CD34+CD41a+

MK-like progenitors and its progeny CD34−CD41a+/CD42b+ megakaryoblasts (MBs)/

MKs from HSPCs, consequently resulting in increased CD41a+ and CD42b+ platelets.

Using correlation and co-immunoprecipitation analyses, we further identify c-Myc as a

direct downstream target of O-GlcNAcylation in MBs/MKs and provide compelling evi-

dence on the regulation of platelets by novel O-GlcNAc/c-Myc axis. Our data indicate

that O-GlcNAcylation posttranslationally regulates c-Myc stability by interfering with its

ubiquitin-mediated proteasomal degradation. Depletion of c-Myc upon inhibition of

OGT promotes platelet formation in part through the perturbation of cell adhesion mol-

ecules, that is, integrin-α4 and integrin-β7, as advised by gene ontology and enrichment

analysis for RNA sequencing and validated herein. Together, our findings provide a

novel basic knowledge on the regulatory role of O-GlcNAcylation in megakaryopoiesis

and thrombopoiesis that could be important in understanding hematologic disorders

whose etiology are related to impaired platelet production and may have clinical appli-

cations toward an ex vivo platelet production for transfusion.
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1 | INTRODUCTION

Hematopoiesis begins early in embryonic development and continues

throughout life to produce various mature, functional cells of distinct

lineages comprising the blood system. Hematopoietic stem cells

(HSCs) are multipotent stem cells capable of forming all blood line-

ages, while maintaining the balance between opposing cell fates of

self-renewal and differentiation.1 In the past decades, multiple

lineage-specific transcriptional programs and complex signaling path-

ways implicating in HSC cell fate have been intensively defined.2-4

However, the roles of posttranslational modifications (PTMs) in hema-

topoiesis and its transcriptional cascades, particularly through the

modulation of metabolic signaling, remain largely an unexplored area.

Metabolic state of HSCs has recently emerged as an important regula-

tor of self-renewal and lineage-specific differentiation. For example, glucose

and glutamine utilization toward nucleotide biosynthesis can dictate the

erythroid lineage commitment, meanwhile an inhibition of glutamine

metabolismwould favormyelomonocytic differentiation.5O-GlcNAcylation

is an essential PTMthat usesUDP-GlcNAc, the final product byhexosamine

biosynthetic pathway (HBP), as a donor substrate to be added to proteins

by O-GlcNAc transferase (OGT) and removed by O-GlcNAcase (OGA). As

HBP integrates flux of amino acids, carbohydrates, fatty acids, nucleotides

and energy metabolism, the extent of O-GlcNAcylation generally reflects

the globalmetabolic dynamics in the cells.6,7

Megakaryopoiesis is the process by which HSCs and progenitors dif-

ferentiate into mature megakaryocytes (MKs) that ultimately produce

platelets through a multistage process requiring MK maturation and frag-

mentation so called thrombopoiesis.8 Given that aberrant metabolism

affects hematopoiesis,5,9 O-GlcNAcylation as a critical nutrient signal

might influence hematopoietic cell differentiation and maturation, includ-

ing megakaryopoiesis and thrombopoiesis. To test this hypothesis, we

used small molecule inhibitors and CRISPR/Cas9 manipulation of OGT

and OGA cycling enzymes to modify cellular O-GlcNAcylation in human

umbilical cord blood (UCB)-derived CD34+ hematopoietic stem and pro-

genitor cells (HSPCs) and human megakaryoblastic (MB) cell lines that can

be induced to undergo MK differentiation and produce platelets. When

O-GlcNAcylation is inhibited via OGT inhibition, HSPCs undergo faster

MK maturation and produce more functional platelets when compared

with control. Induction of platelet production upon OGT inhibition was

validated in MB cell models. We further provide molecular insight into:

(a) how O-GlcNAcylation controls MKs and platelet release and (b) how it

broadly affects biological processes that likely promote the

megakaryopoiesis and thrombopoiesis. Our findings provide a novel basic

knowledge on the regulatory role ofO-GlcNAcylation inmegakaryopoiesis

and thrombopoiesis that may have clinical utility toward an ex vivo platelet

production for transfusion.

2 | MATERIALS AND METHODS

2.1 | Subjects and ethics statement

This study was approved by the Siriraj Review Board (#Si 564/2018

and #Si 090/2020) and was in accordance with the Helsinki

Declaration of 1975. UCB were collected from healthy newborns at

birth after informed consent from their mothers.

2.2 | Purification of CD34+ HSPCs

Mononuclear cells were enriched from human UCB samples over Ficoll-

Hypaque gradient (GE Healthcare, UK) and CD34+ HSPCs were subse-

quently isolated using CD34 MicroBead Kit and MS Column (Miltenyi,

Germany) according to the manufacturer's protocol. The purity was

approximately 90% as evaluated by flow cytometry (BD Biosciences).

2.3 | In vitro cultures of MKs from CD34+ cells

CD34+ cells isolated from UCB samples were expanded for 3 days in

IMDM medium (Gibco) supplemented with 10% fetal bovine serum

(FBS) (Merck Millipore, Germany) and 25 ng/mL each of recombinant

human (rh) SCF, rhIL-3, rhIL-6 and rhFlt3-L (Miltenyi, Germany). MK

medium was MegaCult-C (STEMCELL Technologies, Canada) con-

sisted of IMDM supplemented with bovine serum albumin, insulin,

transferrin, 2-mercaptoethanol, rhTPO, rhIL-6, and rhIL-3.

2.4 | Cell culture

MEG-01 and its subclone MEG-01s MB cell lines were obtained from

JCRB Cell Bank (Japan), cultured in RPMI1640 medium (Gibco) with

10% FBS and maintained in a humidified atmosphere of 5% CO2 envi-

ronment at 37�C.

2.5 | Characterization of MKs and platelet-like
particles

Cultured cells were characterized by incubating with APC-conjugated

anti-human CD34, APC-Cy7-conjugated CD41a, PE-conjugated

Significance statement

This study reveals that cellular O-GlcNAcylation levels decline

along the course of megakaryocyte (MK) differentiation from

human-derived hematopoietic stem and progenitor cells. Under

normal conditions, O-GlcNAcylation stabilizes c-Myc by inter-

fering with its ubiquitin-mediated proteasomal degradation.

Inhibition of O-GlcNAc transferase (OGT) disrupts the c-Myc

O-GlcNAcylation, resulting in c-Myc degradation and subse-

quent integrin perturbation and platelet production. Therefore,

inhibition of OGT and O-GlcNAcylation, which could be

achieved by small molecule inhibition or genetic manipulation,

may hold potential for future clinical applications as a means to

improveMKdifferentiation and platelet production.
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CD42b, FITC-conjugated anti-Annexin V and/or PE-conjugated

CD62P antibodies for 15 minutes at room temperature and analyzed

using FACScalibur flow cytometer (BD Biosciences, San Jose, Califor-

nia). Cells and platelet-like particles (PLPs) were defined using the for-

ward (FSC) and side scatter (SSC). Absolute counts were performed

using BD Trucount tubes.

2.6 | Platelet aggregation

Platelets were precipitated from culture by 2-step centrifugation at

160g for 10 minutes and 1100g for 15 minutes. The pellets were

resuspended and transferred into the 96-well plate and thrombin

(10 U/mL) was added to induce the aggregation. Aggregates were sta-

ined for F-actin using Alexa Fluor 488 phalloidin and visualized by

fluorescence microscopy (Eclipse Ti-U, Nikon, Tokyo, Japan).

2.7 | CRISPR/Cas9 and shRNA-mediated gene
knockdown

For CRISPR/Cas9 system, all-in-one lentiviral plasmids carrying

SpCas9-puromycin resistance and sgRNA sequences against human

OGT, MGEA5, ITGB7 and ITGA4 were obtained from GenScript, while

retroviral plasmid carrying shRNA sequences against human MYC was

a kind gift from Prof. Martin Eilers (Addgene #29435).10 Viral particles

were transduced into the MKs in the presence of hexadimethrine bro-

mide (8 μg/mL) for 48 hours. The cells were then selected with puro-

mycin (1 μg/mL) and analyzed for protein levels by Western blotting

prior to use.

2.8 | Western blot analysis

Cell were incubated in a commercial lysis buffer (Cell Signaling

Technology) and a protease inhibitor mixture (Roche Molecular Bio-

chemicals) at 4�C for 30 minutes. Protein content was analyzed

using BCA protein assay (Pierce Biotechnology) and 50-150 mg of

proteins were resolved under denaturing conditions by SDS-PAGE

and transferred onto PVDF membranes. Membranes were blocked

with 5% nonfat dry milk, incubated with appropriate primary anti-

bodies at 4�C overnight and subsequently incubated with

peroxidase-conjugated secondary antibodies for 1 hour at room

temperature. The immune complexes were analyzed by enhanced

chemiluminescence detection system on a digital imager ImageQuant

LAS (GE Healthcare).

2.9 | O-GlcNAcylation and ubiquitination

Cell lysates (200 μg) were immunoprecipitated by incubating with

Dynabeads Protein G magnetic beads (Invitrogen) conjugated with

anti-c-Myc antibody for 30 minutes at room temperature. The immune

complexes were washed four times, resuspended in 2× Laemmli sam-

ple buffer, separated by SDS-PAGE and analyzed for O-GlcNAcylation

or ubiquitination using anti-O-GlcNAc (RL2) or anti-ubiquitin antibody

(Santa Cruz Biotechnology), respectively. EasyBlot anti-mouse or

anti-rabbit IgG (GeneTex), which is a horseradish peroxidase (HRP)-

conjugated secondary antibody, were employed to avoid the interfer-

ence from heavy and light chains of antibodies in immunoprecipitation

assays.

2.10 | RNA sequencing and data analysis

Total RNA was extracted using Total RNA Purification Kit (GMbiolab,

Taiwan). mRNA enrichment, library construction, sequencing on an

Illumina NovaSeq6000 (San Diego, California) and differential expression

analysis were performed by Novogene (Beijing, China) (GEO accession

number: GSE150880). Downstream analysis was performed using a com-

bination of programs including STAR (v2.5) with hg19 as reference

genome, HTSeq (v0.6.1), Cufflink and Novogene's wrapped scripts. Align-

ments were parsed using Tophat program and differential gene expres-

sions (DEGs) were determined through DESeq2. DESeq2 provides

statistical routines of P-value, which were adjusted by Benjamini and

Hochberg's approach for controlling the false discovery rate. Genes with

an adjusted P-value <.05 were assigned as differentially expressed. Gene

ontology and enrichment analysis was performed using Database for

Annotation, Visualization and Integrated Discovery Bioinformatics

Resources (DAVID v6.8), as a comprehensive set of functional annotation

tools. Protein-protein interaction of differentially expressed genes was

based on the Search Tool for Retrieval of Interacting Genes/Proteins

(STRING) database and Cytoscape software (v3.7.2) was used for data

integration and visualization.

2.11 | RNA isolation and quantitative real-time
PCR analysis

Total RNA was prepared using TRIzol reagent (Invitrogen) and cDNA

was prepared using SuperScript III rst-strand synthesis system and

oligo (dT) primers (Invitrogen). Quantitative real-time PCR (qPCR)

analysis was carried out on a 7500 Fast real-time PCR using a Power

SYBR Green PCR master mix (Applied Biosystems). Initial enzyme acti-

vation was performed at 95�C for 10 minutes, followed by 40 cycles

of denaturation at 95�C for 15 seconds and primer annealing/exten-

sion at 60�C for 1 minute. Relative expression of each gene was nor-

malized against the housekeeping GAPDH gene product.

2.12 | Statistical analysis

The data represent means ± SD from three or more independent

experiments. Statistical analysis was performed by two-sided Stu-

dent's t test or one-way ANOVA followed by a Bonferroni posttest at

a significance level of P < .05.
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3 | RESULTS

3.1 | Global O-GlcNAcylation level declines along
MK differentiation from UCB-derived CD34+ HSPCs

First, we induced the commitment of CD34+ cells to MK lineage by

culturing them in specialized medium and profiled immunophenotypic

kinetics of HSPC marker CD34 and MK markers CD41a and CD42b.

Flow cytometry plots in Supporting Information Figure S1 shows that

an expression of CD34 substantially decreased during differentiation

time course as opposed to an observed increase in CD41a and CD42b

expression. The great amount of differentiated cells after 10 days of

differentiation were CD41a+ MBs/MKs, mostly (>80%) with CD34−

and some with CD42b+ (�25%). The precise percentage of different

F IGURE 1 Legend on next page.
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subpopulations were summarized in Figure 1A. To further identify the

true MK progenitors (MKPs) herein, we sorted the differentiated cells

at day 3 into CD34+CD41a+ and CD34−CD41a− cell fractions, sepa-

rately cultured them in MK medium and reanalyzed for CD34 and

CD41a expression at various times. We demonstrated that MKP-like

cells were essentially found in CD34+CD41a+, but not CD34−CD41a−,

cell fraction, as evidenced by a remarkably rise of CD34−CD41a+

MBs/MKs only from this fraction (�40% vs �5% at day 7 of culture)

(Supporting Information Figure S2). Surprisingly, we detected a decent

amount (�10%) of CD34+CD41a− cells from CD34+CD41a+ culture,

suggesting dynamics toward HSPCs, which required further investiga-

tions. The overall process of MK differentiation occurred in this spe-

cialized culture were illustrated in Figure 1B, while the growth curves

of total cells and different subpopulations were shown in Supporting

Information Figure S3.

To explore the potential role of O-GlcNAcylation in MK differen-

tiation, we analyzed the cellular O-GlcNAcylation during differentia-

tion time course by Western blotting using an O-GlcNAc-specific

antibody (RL2). Figure 1C shows that O-GlcNAcylation level signifi-

cantly decreased at day 2 of culture and gradually declined along the

course of differentiation, associating with the decrease in OGT

enzyme level (Supporting Information Figure S4) and supporting the

involvement of O-GlcNAcylation in the process.

3.2 | Inhibition of OGT and O-GlcNAcylation
induces MK differentiation and platelet production

During differentiation, MKs grow in size and release platelets, referred

to as cellular dust, from their cytoplasm upon maturation.11 To exten-

sively elaborate the effects of O-GlcNAcylation on MK differentiation

and subsequent platelet production, we adopted the flow cytometric

analysis using FSC and SSC to distinguish between cells and particles,

designated as PLPs, based on discrepancy in size12 together with MK

markers CD41a and CD42b and cellular apoptosis/proplatelet marker

Annexin V. We manipulated O-GlcNAcylation through an inhibition of

OGT that caused a decrease in global O-GlcNAcylation and an inhibi-

tion of OGA that caused an increase in O-GlcNAcylation using small

molecule inhibitors OSMI-1 and thiamet G, respectively (Figure 1D

and Supporting Information Figure S5). Following the gating strategy

shown in Figure 1E, we found that a single treatment of OGT inhibitor

OSMI-1 (5 μM) at the start of culture (day 0) significantly increased

subpopulations of CD41a+ and CD42b+ cells at 10 days after differ-

entiation when compared with nontreated control (Figure 1F, upper),

indicating a more MB/MK-like cells upon OGT inhibition. The low

percentage of Annexin V+ cells in all groups ensured the non-

cytotoxicity of the inhibitors (Supporting Information Figure S6, left).

Next, we estimated the platelet release from MKs in culture by a cal-

culation of PLPs that were positive for CD41a+ and CD42b+ from the

total events of CD41a+ and CD42b+ and reported as percentage of

CD41a+ PLPs and CD42b+ PLPs in Figure 1F (lower). Both CD41a+

and CD42b+ PLPs were found to be substantially increased by

OSMI-1 by approximately 3-fold at day 10 when compared with con-

trol, indicating a platelet induction upon OGT inhibition. With a low

basal level of PLPs in culture, it is not surprising that the inhibitory

role of OGA inhibition by thiamet G (10 μM) in platelet production

was not observed herein. Notably, there was no significant differ-

ence in Annexin V expression in PLPs in all groups (Supporting Infor-

mation Figure S6, right).

Absolute platelet counts revealed an increase in the number of

CD41a+ PLPs and CD42b+ PLPs (Figure 1G), thereby validating the

platelet promoting role of OGT inhibition by OSMI-1. To rule out

whether an increase in total platelets was due to an increase in cell

proliferation, we performed total MB/MK counts at day 10 where

PLPs were detected. Supporting Information Figure S7A,B demon-

strated that OSMI-1 had minimal effect on overall cell growth. Hence,

we postulated that OSMI-1 stimulated platelet production through

MK maturation, as preliminary supported by a remarkable increase in

the more mature CD42b+ MBs/MKs upon OSMI-1 treatment at day

10 (Supporting Information Figure S7C).

F IGURE 1 Inhibition of OGT induces MK differentiation and platelet production from UCB-derived HSPCs. A, UCB-derived HSPCs were
cultured in specialized MK medium and HSPC marker CD34 and MK markers CD41a and CD42b were analyzed at various times of culture
(day 0–day 10) by flow cytometry. Percentage of different subpopulations, including CD34+CD41a−, CD34+CD41a+, CD34−CD41a−, and
CD34−CD41a+ cells as well as CD41a+CD42b− and CD41a+CD42b+ MB/MK-like cells were shown. Data are mean ± SD (n = 6) from six
independent experiments. *P < .05 vs cells at the day of differentiation (day 0); two-sided Student's t test. Representative flow cytometry plots of
CD34 and CD41a as well as CD41a and CD42b were shown in Supporting Information Figure S1. B, Schematic pathways for the acquisition of
CD41a and CD42b surface antigens from CD34+ HSPCs. Dashed line indicates a possible minor pathway. C, (left) Cellular O-GlcNAcylation was
evaluated along the course of MK differentiation by Western blotting using anti-O-GlcNAc-specific antibody (RL2). Blots were reprobed with
anti-β-actin antibody to confirm equal loading of the samples. (right) Quantitative analysis of O-GlcNAcylation level by densitometry is shown.
Data are mean ± SD (n = 3) from three independent experiments. *P < .05 vs cells at day 0; two-sided Student's t test. D–G, CD34+ HSPCs were
treated with thiamet G (TG; 10 μM), OSMI-1 (5 μM) or left untreated (CTL) at day 0. D, Cellular O-GlcNAcylation of different groups after 10 days
of differentiation (day 10) was evaluated by Western blotting using anti-O-GlcNAc-specific antibody (RL2) (see also Supporting Information

Figure S5 for quantitative analysis). E, Flow cytometry gating strategy using FSC vs SSC to distinguish MKs/MBs (cells) and platelets (particles;
PLPs) based on size and analysis of CD41a, CD42b and Annexin V at day 10. F, (upper) Percentage of CD41a+ and CD42b+ cells from total
events. (lower) Percentage of CD41a+ and CD42b+ PLPs from total positive events. Data are mean ± SD (n = 12) from 12 independent
experiments. *P < .05 vs nontreated control (CTL); two-sided Student's t test. Percentage of Annexin V+ cells and PLPs was shown in Supporting
Information Figure S6. G, Absolute numbers of CD41a+ and CD42b+ PLPs at day 10 were determined by comparing PLP events to Trucount bead
events using flow cytometric analysis. Data are mean ± SD (n = 8) from eight independent experiments. *P < .05 vs CTL; two-sided Student's
t test
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F IGURE 2 Inhibition of OGT promotes MKmaturation and yields normal function platelets. A, CD34+ HSPCs were treated with thiamet G
(TG; 10 μM) or OSMI-1 (5 μM) and were analyzed for CD34, CD41a and CD42b expression at day 3, day 5, day 7 and day 10 of culture. Percentage of
CD34+CD41a+ MKP-like cells and CD34−CD41a+, CD41a+CD42b− and CD41a+CD42b+ MB/MK-like cells were shown. Data are mean ± SD (n = 3)
from three independent experiments. *P < .05 vs nontreated control (CTL) at the same day; two-sided Student's t test. B, Representative morphology
of CD34+ HSPCs at the day of differentiation (day 0) and cultured cells of different groups at day 10 onWright-stained cytospin slides. Arrows indicate
multinucleated cells with protrusions. Scale bar = 40 μm. Additional micrographs frommultiple, independent experiments can be found in Supporting
Information Figure S9. C, Flow cytometric analysis of CD62P in precipitated PLPs at day 10. Plots are percentage of CD62P+ PLPs from total PLPs.
Data are mean ± SD (n = 3) from three independent experiments. *P < .05 vs CTL; two-sided Student's t test. D, Platelet aggregation in different groups
was induced by thrombin in comparison to PB-derived PLPs. Aggregates were stained for F-actin using Alexa Fluor 488 phalloidin to aid the
visualization. Scale bar = 25 μm. Quantitative analysis of aggregate size was shown in Supporting Information Figure S10
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3.3 | Inhibition of OGT promotes MK maturation

Having demonstrated that CD34+CD41a+ subpopulation was MKP-

like cells (Supporting Information Figure S2), we evaluated the effect

of OGT inhibition by OSMI-1 on the acquisition of CD34+CD41a+

cells during early differentiation time course. Figure 2A and

Supporting Information Figure S8 shows that there was a substantial

higher percentage of CD34+CD41a+ MKPs upon OSMI-1 treatment

when compared with control at day 3. OSMI-1 group started to show

a higher CD34−CD41a+, CD41a+CD42b−, and CD41a+CD42b+ MB/

MK-like cells at day 7 onwards. Consistently, morphological appear-

ance of OSMI-1-treated cells by Wright-stained cytospin exhibited

more mature MK phonotypes, for example, large size, multinucleated

cells with protrusions, when compared with control at day

10 (Figure 2B and Supporting Information Figure S9, arrows). Differ-

ences in O-GlcNAcylation level as modulated by thiamet G or OSMI-1

at day 0 remained even after 10 days of differentiation when com-

pared with nontreated control (Figure 1D and Supporting Information

Figure S5), suggesting that O-GlcNAcylation plays a part throughout

early and late MK differentiation and maturation.

3.4 | Platelets induced by OGT inhibition display
normal function

CD62P, also known as surface P-selectin, is an important marker for

platelet activation and release reaction.13 Total PLPs precipitated from

the culture at day 10 were analyzed for CD62P expression by flow

cytometry. Figure 2C shows that OSMI-1-treated cells released

remarkable higher percentage of CD62P+ PLPs even at native state,

suggesting that OSMI-1-induced PLPs were readily primed for an acti-

vation. To identify whether OGT inhibition by OSMI-1 interfered with

platelet function, PLPs were next activated by thrombin to induce an

aggregation. The results showed that PLPs derived from all groups

could form big aggregates upon activation similar to that of peripheral

blood (PB)-derived platelets (Figure 2D and Supporting Information

Figure S10).

3.5 | Inhibition of OGT similarly induces platelets
in MB cell lines

Due to limitations in cell number and case-to-case variations of

CD34+-derived MKs, human-derived MB MEG-01 and MEG-01s

cells14 were used to further investigate the mechanisms behind plate-

let production. We used valproic acid (VPA), an efficient agent for

platelet induction in MEG-01 cells,15 to first generate the cellular and

PLP profile. Using similar gating strategy as CD34+-derived MKs

(Figure 3A), we found that the percentage of CD41a+ and CD42b+

cells appeared to be reduced as opposed to an increase in CD41a+

and CD42b+ PLPs upon platelet induction (Figure 3B), suggesting that

PLPs were produced by shedding from the cells through the ruptures

of cytoplasm.

To determine the direct relationship between O-GlcNAcylation

level and platelet induction, MEG-01 cells were treated with various

concentrations of noncytotoxic OSMI-1 (0-20 μM) and thiamet G

(0-15 μM) and their effects on CD41a+ and CD42b+ cells and PLPs

were determined. Figure 3C shows that OGT inhibitor OSMI-1 signifi-

cantly induced CD41a+ PLPs and, to a lesser extent, CD42b+ PLPs in

a dose-dependent manner in the MEG-01 cells. Consistent with the

finding in CD34+-derived MKs, OGA inhibitor thiamet G had minimal

effects on the CD41a+ and CD42b+ cells and PLPs, due likely to the

low basal PLPs in culture. The inductive effect of OSMI-1 on platelet

production, as analyzed by CD41a+ and CD42b+ PLPs, was confirmed

in MEG-01s cells (Figure 3D).

Next, we used CRISPR/Cas9 system to repress OGT and MGEA5

(encoding OGA) in MEG-01 cells to validate the results from small

molecule inhibitors to ascertain the roles of O-GlcNAcylation in plate-

let production (Figure 4A). Figure 4B shows that genetic inhibition of

OGT (OGTi) significantly induced CD41a+ and CD42b+ PLPs when

compared with CRISPR/Cas9 control (CTLi), thus confirming that

OGT inhibition and subsequent reduction of global O-GlcNAcylation

induces platelets in MBs. Due to the low basal PLPs in culture, VPA

was used to induce the release of PLPs to evaluate whether genetic

inhibition of OGA (OGAi) would suppress PLPs. The VPA-induced

CD41a+ and CD42b+ PLPs was observed to be significantly lower in

OGAi cells when compared with CTLi cells (Figure 4C). For consis-

tency, we reevaluated whether OGA inhibition by thiamet G

(0-15 μM) could rescue the effects of VPA in MEG-01 cells. Figure 4D

indicates that thiamet G significantly suppressed VPA-induced PLPs,

similar to those observed in OGAi cells, in a dose-dependent manner.

Altogether, these results substantiate the positive regulatory role of

OGT inhibition and the opposing role of OGA inhibition in

thrombopoiesis through O-GlcNAcylation.

3.6 | O-GlcNAcylation regulates c-Myc level

It has been reported that c-Myc plays essential roles in hematopoiesis,

HSC self-renewal and differentiation.16,17 Recent evidence suggests

that c-Myc should be depleted to permit efficient platelet formation

from induced pluripotent stem cell-derived MKs.18,19 To elucidate the

underlying mechanisms by which O-GlcNAcylation mediates

thrombopoiesis, we monitored the level of global O-GlcNAcylation

along with the level of c-Myc, a reported target of O-GlcNAcylation in

cancers,20-22 following OGT and OGA inhibition by OSMI-1 and

thiamet G by Western blotting. The level of c-Myc was found to

decrease or increase markedly with the level of O-GlcNAcylation in

both MEG-01 and MEG-01s cells (Figures 5A−C). Further analysis of

the correlation between O-GlcNAcylation and c-Myc in the tested

cells reveals the direct relationship of the two events with a very high

correlation coefficient (r = 0.9070) (Figure 5D), thus indicating that

O-GlcNAcylation regulates c-Myc in MB cells. It is worthy to mention

that O-GlcNAcylation also correlates well with the level of total YAP

(Supporting Information Figure S11), which is a major effector of the

Hippo pathway23,24 that was previously reported to be involved in
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F IGURE 3 Inhibition of OGT dose-dependently induces platelets in MB cells. A, Flow cytometry gating strategy for analysis of CD41a+ and
CD42b+ cells and PLPs in MB MEG-01 and MEG-01s cells, using VPA (2 mM) as a platelet inducer. B, (Upper) Percentage of CD41a+ and CD42b+

cells from total events. (Lower) Percentage of CD41a+ and CD42b+ PLPs from total positive events. Data are mean ± SD (n = 5) from five
independent experiments. *P < .05 vs nontreated control (CTL); two-sided Student's t test. C, MEG-01 cells were treated with various
concentrations of OSMI-1 (0-20 μM) or thiamet G (TG; 0-15 μM) for 3 days and percentage of CD41a+ and CD42b+ cells and PLPs were similarly
analyzed by flow cytometric analysis and plotted. Data are mean ± SD (n = 5) from five independent experiments. *P < .05 vs CTL; two-sided
Student's t test. D, MEG-01s cells were similarly treated with various concentrations of OSMI-1 (0-20 μM) for 3 days and percentage of CD41a+

and CD42b+ cells and PLPs were analyzed by flow cytometric analysis and plotted. Data are mean ± SD (n = 6) from six independent experiments.
*P < .05 vs CTL; two-sided Student's t test
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F IGURE 4 Inhibition of OGT and OGA by CRISPR/Cas9 system and their effects on platelet production. A, CRISPR/Cas9 system was used to
repress OGT andMGEA5 (encoding OGA) in MBMEG-01 cells, designated as OGTi and OGAi cells, respectively. Western blot analysis of OGT or

OGA and cellular O-GlcNAcylation levels in OGTi and OGAi cells in comparison to control (CTLi) cells. B, Flow cytometric analysis of CD41a+ and
CD42b+ cells and PLPs in OGTi and CTLi cells collected at 3 days of culture. Percentage of CD41a+ and CD42b+ cells from total events (upper) and
PLPs from total positive events (lower) were plotted. Data are mean ± SD (n = 3) from three independent experiments. *P < .05 vs CTLi cells; two-
sided Student's t test. C, OGAi cells were treated with or without VPA (2 mM) for 6 days and percentage of CD41a+ and CD42b+ cells (left) and PLPs
(right) were evaluated by flow cytometry and plotted. Data are mean ± SD (n = 4) from four independent experiments. *P < .05 vs CTLi cells or PLPs;
NS, not significance vs CTLi cells or PLPs; one-way ANOVA with Bonferroni posttest. #P < .05 vs VPA-treated CTLi cells or PLPs; NS, not significance
vs VPA-treated CTLi cells or PLPs; one-way ANOVA with Bonferroni posttest. D, MEG-01 cells were treated with thiamet G (TG; 0-15 μM) and
similarly treated VPA (2 mM) for 6 days and percentage of CD41a+ and CD42b+ cells (upper) and PLPs (lower) were evaluated by flow cytometry and
plotted. Data are mean ± SD (n = 4) from four independent experiments. *P < .05 vs nontreated control (CTL) cells or PLPs; NS, not significance vs
CTL cells or PLPs; one-way ANOVA with Bonferroni posttest. #P < .05 vs VPA-treated cells or PLPs; one-way ANOVA with Bonferroni posttest
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F IGURE 5 Correlation analysis of O-GlcNAcylation and c-Myc. A-D, MEG-01 or MEG-01s cells were treated with OSMI-1 (0-20 μM) or
thiamet G (TG; 0-15 μM) for 24 hours. A,B, (upper) Western blot analysis of O-GlcNAcylation and c-Myc levels in response to (A) OSMI-1 or
(B) TG in MEG-01 cells. (Lower) Quantitative analysis of O-GlcNAcylation and c-Myc levels by densitometry. Data are mean ± SD (n = 3) from
three independent experiments. *P < .05 vs nontreated control cells; two-sided Student's t test. C, Western blot analysis of O-GlcNAcylation and
c-Myc levels in response to OSMI-1 in MEG-01s cells. D, Correlation analysis of O-GlcNAcylation and c-Myc levels in MB MEG-01 and MEG-01s
cells. r, correlation coefficient. E, Western blot analysis of O-GlcNAcylation, c-Myc and YAP levels in CTLi, OGTi and OGAi cells to confirm their
relationships. F, UCB-derived CD34+ HSPCs were cultured in specialized MK differentiation medium. (upper) Western analysis of c-Myc level at
various times of culture. (lower) Quantitative analysis of c-Myc levels by densitometry. Data are mean ± SD (n = 3) from three independent
experiments. *P < .05 vs CD34+ cells at the day of differentiation (day 0); two-sided Student's t test
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the regulation of platelet-like crystal cells in Drosophila25 and human

platelets.26 The levels of O-GlcNAcylation, c-Myc and YAP upon

genetic inhibition of OGT and OGA were also evaluated and their cor-

relations were similarly observed (Figure 5E), thereby confirming that

O-GlcNAcylation acts upstream of c-Myc and YAP in MBs. As c-Myc

was reported to be a direct target of YAP27-29 that was under con-

trolled by O-GlcNAcylation in the tested system, we further empha-

sized on the regulatory axis of O-GlcNAcylation and c-Myc in platelet

production. To validate that the regulation of c-Myc by

O-GlcNAcylation occurs throughout MK differentiation and

F IGURE 6 Legend on next page.
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maturation, we determined the level of c-Myc during the course of

CD34+ differentiation into MBs/MKs. Figure 5F shows that c-Myc

level was high at the day of differentiation (day 0) and gradually

declined to the minimum at day 10, in correlation with the decrease in

O-GlcNAcylation level (Figure 1C), thus strengthening the involve-

ment of O-GlcNAc/c-Myc axis in the process.

3.7 | O-GlcNAcylation mediates platelet
production via c-Myc

During MK differentiation from CD34+ HSPCs at day 10, c-Myc was

found to be mostly downregulated in OSMI-treated cells, of which

produced highest platelets (Figure 6A). To first confirm the role of

c-Myc in platelet production, c-Myc expression was inhibited in MEG-

01 and MEG-01s cells using shRNA against MYC as shown in

Figure 6B. In line with the results from OGT inhibition, CD41a+ and

CD42b+ PLPs were found to be significantly higher upon c-Myc inhi-

bition (MYCi) in MEG-01 cells when compared with control (CTLi)

(Figure 6C). Meanwhile, the inductive effect of c-Myc inhibition on

CD41a+ and CD42b+ PLPs in MEG-01s cells was detected when 12-

O-tetradecanoylphorbol-13-acetate (TPA), an efficient agent for plate-

let induction in MEG-01s cells,30 was spiked to initiate the platelet

production in culture (Figure 6D).

We hypothesized that O-GlcNAcylation mediates platelet produc-

tion via c-Myc. To test this possibility, we establish a stable clone of

c-Myc knockdown (MYCi) MEG-01s cells, where O-GlcNAcylation

could be later manipulated. Notably, we could not establish a stable

clone of MYCi MEG-01 cells, possibly because MEG-01 cells may be

more mature than MEG-01s cells and are primed for PLP induction

and could not be clonally expanded once c-Myc is knockdowned.

Thiamet G (0-20 μM) was used to induce cellular hyper-O-

GlcNAcylation to investigate whether platelet induction by c-Myc

inhibition would be abolished. Figure 6E reveals that an addition of

thiamet G to the TPA-treated MYCi cells significantly reduced the

CD41a+ and CD42b+ PLPs to the similar level as those of TPA-treated

CTLi cells in correspond to an increase in c-Myc level upon thiamet G

treatment (Supporting Information Figure S12), supporting the critical

role of O-GlcNAcylation in the regulation of c-Myc and its effect on

platelets. Given that c-Myc stability is regulated by ubiquitin-mediated

proteasomal degradation and that O-GlcNAcylation could interfere

with other PTMs, we analyzed the influence of O-GlcNAcylation on

c-Myc ubiquitination using co-immunoprecipitation. Figure 6F shows

that OGT inhibition and subsequent reduction of c-Myc

O-GlcNAcylation by OSMI-1 dose-dependently induced c-Myc

ubiquitination in MEG-01 cells (see also Supporting Information

Figure S13), indicating that O-GlcNAcylation of c-Myc regulates its

stability in MBs.

3.8 | Inhibition of OGT and c-Myc causes
perturbation of cell adhesion

To gain a novel insight into the potential mechanisms underlying

platelet regulation by O-GlcNAcylation, we compared the genome-

wide transcription profiles of MEG-01 cells with decreased

O-GlcNAcylation (OGTi) and its control (CTLi) counterpart using RNA

sequencing. We identified 428 DEGs between OGTi and CTLi cells, of

which 248 genes were upregulated and 178 genes were down-

regulated (Supporting Information Figure S14A). Gene ontology

(GO) and enrichment analysis was performed using DAVID.31,32

Figure 7A reveals cell adhesion and focal adhesion as top-ranked bio-

logical process and cellular component, thus strongly suggesting the

involvement of cell adhesion in the process. The GO terms with

respect to molecular function were mainly associated with binding

activity, with protein binding at the top rank. As O-GlcNAcylation is a

critical PTM,6,33 its strong effect on binding or interaction with other

partners is not unexpected. Furthermore, the protein-protein interac-

tion of DEGs that linked to the cell adhesion (GO:0007155) obtained

from DAVID were subjected to network analysis with STRING

F IGURE 6 Platelet production in MBs is mediated by O-GlcNAc/c-Myc regulatory axis. A, (upper) Western blot analysis of c-Myc in OSMI-1
(5 μM) or thiamet G (TG; 10 μM)-treated cells after 10 days of MK differentiation from CD34+ HSPCs (day 10) and (lower) their quantitative
analysis by densitometry. Data are mean ± SD (n = 3) from three independent experiments. *P < .05 vs nontreated control (CTL) cells at day 10;
two-sided Student's t test. B, MB MEG-01 and MEG-01s cells were knocked down for c-Myc using shRNA againstMYC (MYCi) and c-Myc level
was evaluated by Western blotting prior to use. C, Flow cytometric analysis of CD41a+ and CD42b+ cells and PLPs in MYCi and CTLi MEG-01
cells collected at 3 days of culture. Percentage of CD41a+ and CD42b+ cells from total events (upper) and PLPs from total positive events (lower)
were plotted. Data are mean ± SD (n = 3) from three independent experiments. *P < .05 vs CTLi cells; two-sided Student's t test. D, MYCi and
CTLi MEG-01s cells were treated with or without TPA (0.1 μM) for 3 days and percentage of CD41a+ and CD42b+ cells (upper) and PLPs (lower)
were evaluated by flow cytometry and plotted. Data are mean ± SD (n = 6) from six independent experiments. *P < .05 vs CTLi cells; one-way
ANOVA with Bonferroni posttest. #P < .05 vs TPA-treated CTLi cells; one-way ANOVA with Bonferroni posttest. E, MYCi MEG-01s cells were
similarly treated with TPA (0.1 μM) for 3 days in the presence or absence of thiamet G (TG; 5-20 μM) and percentage of CD41a+ and CD42b+

PLPs were evaluated by flow cytometry and plotted. Data are mean ± SD (n = 5) from five independent experiments. *P < .05 vs CTLi cells
treated with TPA alone; NS, not significance vs CTLi cells treated with TPA alone; one-way ANOVA with Bonferroni posttest. #P < .05 vs MYCi
cells treated with TPA alone; one-way ANOVA with Bonferroni posttest. F, Analysis of c-Myc ubiquitination and O-GlcNAcylation in MEG-01
cells in the presence or absence of OSMI-1 (0-20 μM) at 3 hours. All cells were treated with MG132 (50 μM) to prevent proteasomal degradation
of c-Myc and cell lysates were prepared and immunoprecipitated using anti-c-Myc antibody or IgG (negative control). Flow through fraction was
detected for c-Myc to confirm the pull down of c-Myc in IP fraction and β-actin for loading control (see also Supporting Information Figure S13
for quantitative analysis)
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together with the identified significant players in the present study,

that is, OGT, YAP1 and MYC (Supporting Information Figure S14B).

To elaborate the platelet regulation through O-GlcNAc/c-Myc

axis, the network illustrating downregulated (blue) and upregulated

(red) genes was recreated based on the first and second neighbors of

OGT and MYC nodes (Figure 7B). We conducted qPCR on the associ-

ated genes, including OGT, MYC, CDH2, CD34, CD99, ITGB7, ITGA4,

ITGAL, ITGAM, and ITGAV in OGTi and MYCi cells comparing to CTLi

cells. Figure 7C indicates that the expression for all downregulated

genes, except for ITGAM, were consistent between RNA sequencing

F IGURE 7 Legend on next page.
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and qPCR, though we did not observe any significant changes in the

expression of upregulated genes. In MYCi cells, qPCR analysis rev-

ealed the remarkable downregulation of CD34, ITGB7, and ITGAM

when compared with CTLi cells. It has been reported that CD34

expression on megakaryocytic lineage is limited to the early progeni-

tor MBs,34 and hence the downregulation of CD34 in both OGTi and

MYCi cells further supported the greater maturation of these cells

than the control cells. Considering that ITGAL was barely detectable

(Ct > 40 cycles), we further explored the potential contributions of

integrin-β7 and integrin-α4 in the regulatory process.

To substantiate whether these changes were seen at posttransla-

tional level, the level of integrin-β7 and integrin-α4 in OGTi cells was

evaluated by Western blotting. Figure 7D shows a large decrease in

integrin-β7 and integrin-α4 level upon inhibition of O-GlcNAcylation

and its subsequently inhibition of c-Myc in OGTi cells. It is notewor-

thy that a tremendous reduction of c-Myc level in OGTi cells, which is

less than 2-fold MYC downregulation (Figure 7C and D), further

supported its additional regulation by O-GlcNAcylation at posttransla-

tional level. A similar decrease in both integrin-β7 and integrin-α4

level upon inhibition of c-Myc in MYCi cells, despite its minimal effect

on ITGA4, suggests that integrin-α4 was mediated by c-Myc merely at

the posttranslational level. CRISPR/Cas9 inhibition of integrin-α4

(ITGA4i) and, to a lesser extent, integrin-β7 (ITGB7i) induced the

release of PLPs from MEG-01 cells when compared with control,

supporting that integrin-β7 and integrin-α4 could be involved in the

platelet production under O-GlcNAc/c-Myc regulatory axis.

4 | DISCUSSION

In this study, we present the novel regulatory role of metabolic sensor

O-GlcNAcylation in megakaryopoiesis and thrombopoiesis. We reveal

for the first time that O-GlcNAcylation plays a part throughput early

and late MK differentiation and maturation. The first hint about the

role of O-GlcNAcylation in the process came from the finding that O-

GlcNAcylation is initially high in HSPCs, then gradually declines along

the course of differentiation. Inhibition of O-GlcNAcylation via OGT

provokes early MKPs, leading to the improved differentiation and

subsequent platelet production. In MB cell lines, inhibition of O-

GlcNAcylation induces cellular maturation and platelets that plausibly

produced through the ruptures of cytoplasm, phenotypically compara-

ble to those of known inducers VPA and TPA.

To date, there are >1500 identified protein targets of

O-GlcNAcylation, participating in the regulation of nearly all aspects

of cellular processes through changes in protein function, gene

expression and cellular signaling.35,36 Increasing evidence demon-

strate the critical roles of O-GlcNAcylation in development and differ-

entiation, including hematopoiesis. O-GlcNAcylation has been shown

to be essential in T-cell development, as depletion of Ogt in T cells

in vivo leads to a block of T cell progenitor self-renewal.37 Likewise,

depletion of Ogt in pre-B cells reduces mature B-cell survival and cau-

ses severe defects in an activation of BCR signaling.38 Recent study

reported that prolonged OGA inhibition impairs GATA-1-mediated

erythroid differentiation in mouse erythroblasts through the disrup-

tion of transcriptional program.39 Herein, we observed that OGT inhi-

bition by OSMI-1 treatment at the initiation of MK differentiation

caused a prolonged decrease in O-GlcNAcylation, of which promotes

the acquisition of MBs/MKs from human-derived HSPCs, in concomi-

tant with a decrease in c-Myc level. To support this notion, TPO, an

essential cytokine for megakaryopoiesis, also downregulates c-Myc in

HSPCs.40,41 Likewise, inhibition of OGT and O-GlcNAcylation in

MBs/MKs induces platelets in an inverse correlation to c-Myc level.

We validated herein that c-Myc is a key regulator of platelet produc-

tion from MBs/MKs under the control of O-GlcNAcylation.

A significant increase in megakaryopoiesis and platelet count has

earlier been described in c-Myc-deficient mice.41 Increasing evidence

indicates that excess c-Myc diminishes platelet yield from human

induced pluripotent stem cell-derived MKs.19,42 Our data indicate that

O-GlcNAcylation regulates c-Myc stability in MBs/MKs, which is

mediated through ubiquitin-mediated proteasomal degradation, con-

sistent with previous reports in lung carcinoma.20,43 The counterac-

tion of O-GlcNAcylation and ubiquitination has been increasingly

reported, namely in circadian rhythm proteins BMAL1 and CLOCK,44

apoptotic protein tBid45 and cell cycle regulator cyclin D1,46 although

an enhanced ubiquitination upon increasing of O-GlcNAcylation was

also observed in the other reports.20,47 We additionally found that

F IGURE 7 Inhibition of OGT and c-Myc affects cell adhesion network. Genome-wide transcription profiles of MBs upon inhibition of OGT
(OGTi) were compared with control (CTLi) MEG-01 cells by RNA sequencing. A, Gene ontology (GO) and enrichment analysis of top-ranked
affected biological process, cellular component, and molecular function. B, Interaction network analysis based on differentially expressed genes
that linked to GO term cell adhesion (GO:0007155) and were first and second neighbors of OGT and MYC nodes. Blue and red indicate
downregulated and upregulated genes, respectively, while node border width indicates the significant adjusted P-value. C, qPCR analysis of
mRNA expression of associated genes from the network in OGTi (upper) and MYCi (lower) cells in comparison to CTLi MEG-01 cells. Data are
mean ± SD (n = 3) from independent experiments. *P < .05 vs CTLi cells. D, Western blot analysis of O-GlcNAcylation, c-Myc, integrin-β7 (β7) and
integrin-α4 (α4) in OGTi and MYCi cells. E, CRISPR/Cas9 system was used to repress ITGB7 and ITGA4 in MB MEG-01 cells, designated as ITGB7i

and ITGA4i cells, respectively. (upper) Western blot analysis of integrin-β7 and integrin-α4 in ITGB7i and ITGA4i cells in comparison to CTLi cells.
Flow cytometric analysis of CD41a+ and CD42b+ PLPs in ITGB7i (middle) and ITGA4i (lower) cells collected at 3 days of culture in comparison to
CTLi cells. Percentage of CD41a+ and CD42b+ PLPs from total positive events were plotted. Data are mean ± SD (n = 4) from four independent
experiments. *P < .05 vs CTLi cells; two-sided Student's t test. F, A schematic working model for the regulation of MK differentiation and platelet
production by O-GlcNAc/c-Myc axis. Inhibition of O-GlcNAcylation, which also occurs spontaneously during MK differentiation, downregulates
c-Myc at posttranslational level via the promotion of ubiquitin-proteasomal degradation, leading to the release of platelets that might involve the
perturbation of integrin-β7 and integrin-α4. Ub, ubiquitination; G, O-GlcNAcylation

800 O-GlcNAcylation CRITICALLY REGULATES PLATELETS



O-GlcNAcylation regulates c-Myc level in part through YAP, as YAP

forms a feedback loop that regulates O-GlcNAcylation (Supporting

Information Figure S15). Using GO and enrichment analysis for RNA

sequencing, we identified integrin-β7 and integrin-α4 as the down-

stream targets of O-GlcNAc/c-Myc regulatory axis of platelet produc-

tion, as schematically summarized in Figure 7F. The roles of integrins

in platelets are better known in platelet activation and function that

signal through the shift of integrin-α2b/β3 from a low to high-affinity

state.48 Our study suggests for the first time the involvement of other

integrins in platelet release, which requires further investigation.

5 | CONCLUSION

Overall, the evidence presented here demonstrates the significance of

O-GlcNAc/c-Myc axis in regulating megakaryopoiesis and

thrombopoiesis. Our novel findings provide a significant basic knowl-

edge that could be important in understanding hematologic disorders

whose etiology are related to impaired platelet production and may

lay groundwork for clinical applications toward an ex vivo platelet pro-

duction for transfusion.
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