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Background and Objectives: Embryonic stem (ES) cells have pluripotent ability to differentiate into multiple tissue 
lineages. SIRT1 is a class III histone deacetylase which modulates chromatin remodeling, gene silencing, cell survival, 
metabolism, and development. In this study, we examined the effects of SIRT1 inhibitors on the hematopoietic differ-
entiation of mouse ES cells.
Methods and Results: Treatment with the SIRT1 inhibitors, nicotinamide and splitomicin, during the hematopoietic 
differentiation of ES cells enhanced the production of hematopoietic progenitors and slightly up-regulated erythroid 
and myeloid specific gene expression. Furthermore, treatment with splitomicin increased the percentage of erythroid 
and myeloid lineage cells.
Conclusions: Application of the SIRT1 inhibitor splitomicin during ES cell differentiation to hematopoietic cells en-
hanced the yield of specific hematopoietic lineage cells from ES cells. This result suggests that SIRT1 is involved 
in the regulation of hematopoietic differentiation of specific lineages and that the modulation of the SIRT1 activity 
can be a strategy to enhance the efficiency of hematopoietic differentiation.
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Introduction 

  ES cells can give rise to all cell types derived from the 
three embryonic germ layers and are able to differentiate 

into a variety of specialized cells (1). During the last few 
decades, numerous researchers have given extensive efforts 
to elucidate the underlying molecular mechanisms that 
control the self-renewal and differentiation of ES cells (2). 
Furthermore, significant attention has been focused on the 
use of stem cells to obtain specialized cells for treating a 
variety of diseases.
  Generating transplantable hematopoietic cells from ES 
cells in vitro will be one of the main ultimate goals of ES 
cell-based cell replacement therapy (3). Under the appro-
priate conditions in culture such as in the absence of a 
feeder layer and LIF, ES cells can be differentiated into 
embryonic bodies (EBs). EBs contain several different cell 
types including endothelial, muscle, neuronal and hema-
topoietic progenitors (4). In vitro hematopoietic differ-
entiation of mouse embryonic stem (mES) cells have been 
examined in co-culture with stromal cells, in chemi-
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cally-defined suspension media in the presence of hema-
topoiesis factors, or in methylcellulose-based semisolid 
media containing cytokines (5). In the co-culture system 
with stromal cells such as the ST2 and OP9 cell lines, 
myeloid and lymphoid precursors were simultaneously ob-
tained from ES cells. However, this method has a limi-
tation because of the possible contamination of the feeder 
cells (6). Hematopoietic differentiation of EBs can be ef-
fectively induced by stimulation with the appropriate 
cytokines. In the early studies on hematopoietic differ-
entiation, only red blood cells were detected in EBs. In 
1991, it was reported that EBs cultured in the presence 
of IL-3 in semisolid media differentiated into macro-
phages, neutrophils, and mast cells (7). Differentiation in 
the presence of growth factors specific for mesoderm 
(BMP4, FGF and activin A) and blood formation (VEGF, 
SCF, IL-3, IL-6, G-SCF and TPO) promotes hematopoi-
esis within EBs (8). 
  Gene expression analysis of differentiating ES cells 
demonstrated that several genes are implicated during 
hematopoietic differentiation. Brachyury, a mesodermal 
marker gene, is indispensable for mesodermal formation 
(9). Subsequently, Flk1 is necessary for blood island for-
mation and is expressed in hemangioblasts which are com-
mon embryonic endothelial and hematopoietic precursors 
(10). In the transition from mesoderm to hematopoietic 
lineage commitment, transcription factor Scl is indis-
pensable for the development of all hematopoietic lineages 
(11). The GATA gene family of transcription factors, espe-
cially GATA1 and GATA2, have key roles in the positive 
regulation of erythroid and megakaryocyte development 
(12). βH1 and β-major are globin genes that are ex-
pressed at the developmental stage of the erythroid (4, 5). 
As a primitive and definitive marker of erythroid develop-
ment, analysis of the globin gene expression enables a use-
ful assessment of differentiation into either the primitive 
or definitive lineages (7). PU.1, a myeloid specific marker, 
is an extensively studied hematopoietic transcription fac-
tor that is essential for embryonic myeloid development 
(13). Although hematopoietic differentiation of ES cells 
has been studied for several decades, understanding the 
mechanisms regulating lineage fate determination is still 
limited. Therefore, deciphering the mechanisms involved 
in hematopoietic differentiation and controlling the proc-
ess has immense therapeutic promise considering the im-
pact of blood diseases in human health.
  The class III histone deacetylases (HDAC), also known 
as the sirtuins, are a member of the sirtuin family of pro-
teins (SIRT1∼7) and homologs of Sir2 (silent information 
regulator 2) in yeast. SIRT1 shares a domain of about 275 

amino acids with other sirtuins and uses NAD＋ to medi-
ate the deacetylation of histone and non-histone proteins 
and consequently contributes to regulating various cellular 
functions including control of gene expression, differ-
entiation, metabolism, aging, and tumor suppression (14). 
SIRT1 is expressed at high levels in mouse embryonic day 
4.5 embryos. Although its expression is down-regulated 
during the subsequent embryogenesis, a high level of ex-
pression remains detectable at embryonic day 18.5 (15). 
It was suggested that SIRT1 is responsible for the greater 
functionality of endothelia cells derived from ES cells and 
iPS cells compared to adult endothelial cells (16). In a 
comparative study using SIRT1＋/＋, SIRT1＋/−, and SIRT1−/− 
ES cells, SIRT1 was shown to contribute to embryonic and 
adult hematopoiesis (17).
  Recently, small molecules have emerged as essential 
tools for understanding and regulating stem cells and ma-
nipulating stem cell fate. Nicotinamide, a form of vitamin 
B3 serving as a precursor of nicotinamide adenine dinu-
cleotide (NAD), is a well-established potent inhibitor of 
SIRT1 (18, 19). Giammona et al. showed that maturation 
of megakaryocytes in vitro can be dramatically enhanced 
by adding nicotinamide (20). However, another study re-
ported that nicotinamide delayed differentiation and in-
creased the engraftment efficacy of cord blood–derived hu-
man CD34＋ cells cultured with cytokines (21). Splitomi-
cin is derived from β-naphthol and is an inhibitor of 
SIRT1 and SIRT2 (22, 23). Previous studies have shown 
that splitomicin inhibits the aggregation of human plate-
lets (24).
  Previously, we found that treatment of mES cells with 
various HDAC inhibitors induced a decrease of stem cell 
marker expression and morphologically-identified differ-
entiation of mES cells (25). To investigate the effects of 
the HDAC inhibitors on the differentiation of specific lin-
eages, we performed hematopoietic differentiation experi-
ments using several HDAC inhibitors such as sodium bu-
tyrate, valproic acid, and nicotinamide and monitored the 
expression patterns of key differentiation-related genes us-
ing RT-PCR. Among the HDAC inhibitors we tested, nic-
otinamide enhanced the expression of mesodermal marker 
genes such as Scl and Flk1. To further evaluate the im-
plications of the data, we here investigated the effects of 
nicotinamide and splitomicin on the hematopoietic differ-
entiation of mES cells in detail and found that the modu-
lation of the SIRT1 activity can enhance the yield of hem-
atopoietic differentiation to specific lineages.
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Fig. 1. Schematic representation of the culture system used for hematopoietic cell differentiation from mouse ES cells. For hematopoietic 
EB formation, ES cells were differentiated with the methylcellulose medium with SCF for 10 days. For secondary differentiation, EBs were 
harvested and disrupted into single cells and replated with cytokines (SCF, IL-3, IL-6, and EPO) in the presence or absence of SIRT1 inhibitors. 
Counting of the colony numbers, RT-PCR and FACS analyses were performed at the indicated time points.

Materials and Methods

Mouse embryonic stem cell culture
  The mES cell line R1 was maintained on mouse embry-
onic fibroblast (MEF) cells in ES medium, which contains 
Dulbecco’s modified Eagle’s medium (DMEM, Hyclone 
Inc., Logan, UT, USA), 15% fetal bovine serum (FBS, 
Hyclone Inc.), 0.1 mM β-mercaptoethanol (Sigma Aldri-
ch, St. Louis, MO, USA), 0.1 mM nonessential amino 
acids (Invitrogen, Carlsbad, CA, USA), 100 U/ml pen-
icillin and 100 μg/ml streptomycin (Hyclone Inc.), at 
37oC under a humidified atmosphere of 5% CO2. ES cells 
were dissociated with TrypLETM Express (Gibco, Invitro-
gen, Carlsbad, CA, USA) and then seeded on MEF cells 
prepared as follows. MEF cells were harvested and irradi-
ated with 50 grays and seeded at a density of ∼5.5×104 
cells/ml in MEF medium (DMEM, 10% FBS, 0.1 mM β
-mercaptoethanol, 0.1 mM nonessential amino acids, 100 
U/ml penicillin and 100 μg/ml streptomycin) a day be-
fore ES cell seeding. 

In vitro hematopoietic differentiation of mES cells 
  Differentiation of mES cells to a hematopoietic lineage 
based on a semi-solid culture system was accomplished us-
ing protocols obtained from Stem Cell Technologies 
(Vancouver, British Columbia, Canada). For the primary 
differentiation (EB formation), mES cells were trypsinized 
into a single cell suspension and re-suspended in the pri-
mary differentiation medium (Iscove’s Modified Dulbe-
cco’s Medium (IMDM, Hyclone Inc.), 1% methylcellulose 
(Methocult M3120, Stem Cell Technologies), 15% FBS, 2 
mM L-Glutamine (Sigma Aldrich), 150 μM mono-
thioglycerol (MTG, Sigma Aldrich) and 40 ng/ml mouse 
SCF (PeproTech, Rocky Hill, NJ, USA)) at a density of 
2×103 cells/ml. The cell suspension (1 ml) was plated onto 
a 35 mm dish and incubated at 37oC with 5% CO2 for 

10 days. On day 7, to ensure the viability of the primary 
differentiation cultures over an extended period of time, 
feed medium (IMDM, 0.5% methylcellulose, 15% FBS, 
150 μM MTG, 160 ng/ml mouse SCF, 30 ng/ml mouse 
IL-3 (PeproTech), 20 ng/ml human IL-6 (Genscript, 
Scotch Plains, NJ, USA), and 3 U/ml human EPO (R&D 
Systems, Minneapolis, MN, USA)) was added. For the sec-
ondary differentiation (clonal assays of EBs), EBs were di-
gested with TrypLETM Express followed by passaging 
through a 21 gauge needle 3 to 5 times and plated at a 
density of 1×104 cells/ml with hematopoietic differ-
entiation medium (IMDM, 1% methylcellulose, 15% FBS, 
2 mM L-Glutamine, 150 μM MTG, BIT 9500 Serum 
Substitute (1% BSA, 10 μg/ml Insulin, 200 μg/ml Trans-
ferrin; Stem Cell Technologies), 150 ng/ml mouse SCF, 
30 ng/ml mouse IL-3, 30 ng/ml human IL-6, and 3 U/ml 
human EPO) with or without SIRT1 inhibitors (nicotina-
mide or splitomicin) onto 35 mm dishes and incubated 
at 37oC with 5% CO2. After 7 days, the colonies were iden-
tified and counted. Individual colonies were either identi-
fied by the morphological characteristics of the different 
kinds of hematopoietic cell types or harvested from the 
methylcellulose medium for PCR and flow cytometry 
analyses. SIRT1 inhibitors were purchased from Sigma- 
Aldrich.

Flow cytometry 
  Hematopoietic colonies were trypsinized into a single 
cell suspension and washed with 5% FBS in phosphate 
buffered saline (PBS). The total cell numbers were de-
termined and adjusted to a concentration of 0.5∼1×106 
cells/ml in ice cold PBS. The cells were preincubated with 
Rat Anti-Mouse CD16/CD32 antibody for 10 minutes at 
4oC, incubated with PE-conjugated primary antibodies 
(Rat Anti-Mouse CD11b, Rat Anti-Mouse Ly-6G and 
Ly-6C (Gr-1), Rat Anti-Mouse TER-119, Rat Anti-Mouse 
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Fig. 2. SIRT1 inhibitors enhance hematopoietic colony forming ability during hematopoietic differentiation of mES cells. (A) Colony-forming 
potential of mES-derived cells in the presence of nicotinamide 0.5 mM (NAM) and splitomicin 60 μM (SP). ES cells were differentiated 
by EB formation for 10 days. EBs were disrupted into single cells and re-plated in 1% methylcellulose medium containing a cocktail of 
hematopoietic cytokines. Phase-contrast images were taken from representative BFU-E, CFU-E, CFU-GM and CFU-GEMM colonies after 
7 days. Scale bar. 100 μm. (B) After the colony-forming assays, the numbers of BFU, CFU-E, CFU-GM, CFU-GEMM, and 2nd EB were 
scored by microscopy and compared. Each bar is expressed as the mean±standard error of the mean. *p＜0.05, **p＜0.01, ***p＜0.001 
(vs. control) of n=9 independent experiments. (C) The results are shown in percentage terms. Percentages represent the proportion of 
each colony type.
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Table 1. The effect of the SIRT1 inhibitors on the numbers of mES cell-derived hematopoietic colonies

Colony type CON NAM SP

BFU-E 9.5±3.36 12.8±3.67 14.4±3.50
CFU-E 40.9±4.59 65.9±7.80 49.3±4.56
CFU-GM 31.5±4.45 43.9±6.57 44.4±5.24
CFU-GEMM 27.3±4.76 30.3±5.36 24.2±3.60
2nd EB 31.6±4.87 30.3±3.72 27.2±4.16
Total 140.8±11.96 183.2±15.02 159.5±6.60

The total numbers of BFU, CFU-E, CFU-GM, CFU-GEMM, and 2nd EB in each group were scored by microscopy on day 7. Values are 
expressed as the mean±standard error of the mean per 104 cells (n=9). BFU-E: burst forming unit-erythroid, CFU-E: colony forming units-er-
ythroid, CFU-GM: colony forming unit-granulocyte, macrophage, CFU-GEMM: colony forming unit-granulocyte, erythrocyte, macrophage, 
megakaryocyte, 2nd EB: secondary embryoid body.

CD45, Rat Anti-Mouse CD41 and Rat Anti-Mouse 
CD117) for 40 minutes at 4oC, washed twice, and analyzed 
by FACSCalibur flow cytometry (BD Biosciences, Bedford, 
MA, USA). All antibodies were purchased from BD Bio-
sciences. The data were analyzed with the software FCS 
Express 5 (De Novo Software, Los Angeles, CA, USA).

RT-PCR analysis 
  Total RNAs were isolated using TRI ReagentⓇ accord-
ing to the manufacturer’s instructions (MRC, Cincinnati, 
OH, USA). Then, 2 μg of the total RNA was reverse-tran-
scribed in the first-strand buffer containing 6 μg/ml oligo 
(dT) primer, 50 U M-MLV reverse transcriptase (Invitro-
gen), 2 mM dNTP, and 40 U RNaseOUT recombinant ri-
bonuclease inhibitor (Invitrogen). The reaction was con-
ducted at 42oC for 1 hour. One microliter of the cDNA 
synthesis was subjected to a standard PCR reaction of 20∼
35 cycles of denaturation for 60 seconds at 95ºC, annealing 
for 60 seconds at 58∼60oC, and elongation for 60 seconds 
at 72oC. The primer sequences used were as follows: Bra-
chyury, forward 5’-TGCTGCCTGTGAGTCATAAC-3’ and 
reverse 5’-TCCAGGTGCTATATATTGCC-3’; Flk1, for-
ward 5’-TAGGTGCCTCCCCATACCCTGG-3’ and reverse 
5’-TGGCCGGCTCTTTCGCTTACTG-3’; Scl, forward 5’- 
TATGAGATGGAGATTTCTGATG-3’ and reverse 5’-GC-
TCCTCTGTGTAACTGTCC-3’; GATA1, forward 5’-GGA-
ATTCGGGCCCCTTGTGAGGCCAGAGAG-3’ and re-
verse 5’-CGGGGTACCTCACGCTCCAGCCAGATTCGA- 
3’; GATA2, forward 5’-CTCCAGCTTCACCCCTAAGC-
AG-3’ and reverse 5’-CATAAGGTGGTGGTTGTCGTCT- 
3’; βH1, forward 5’-AGTCCCCATGGAGTCAAAGA-3’ 
and reverse 5’-CTCAAGGAGACCTTTGCTCA-3’; β-major, 
forward 5’-CTGACAGATGCTCTCTTGGG-3’ and reverse 
5’-CACAAACCCCAGAAACAGACA-3’; Pu.1, forward 5’- 
TGGAAGGGTTTTCCCTCACC-3’ and reverse 5’-TGC-
TGTCCTTCATGTCGCCG-3’; HoxB4, forward 5’-CTG-

GATGCGCAAAGTTCAC-3’ and reverse 5’-GTGAAACT-
CCTTCTCCAACTCC-3’; IL-7R, forward 5’-TTACTT-
CAAAGGCTTCTGGAG-3’ and reverse 5’-CTGGCTTCA-
ACGCCTTTCACCTCA-3’; Rag2, forward 5’-ATTCCTG-
GCTTGGCCGAAAGG-3’ and reverse 5’-TAGGACAGG-
ATCTCTTAGGCC-3’; GATA3, forward 5’-TATGTGCC-
CGAGTACAGCTC-3’ and reverse 5’-TGTAGTACAGC-
CCACAGGCA-3’; and GAPDH, forward 5’-ACCACAG-
TCCATGCCATCAC-3’ and reverse 5’-TCCACCACCCT-
GTTGCTGTA-3’.

Results

SIRT1 inhibitors enhance hematopoietic colony 
forming ability during hematopoietic differentiation
  To test the possible effect of the SIRT1 inhibitors on 
hematopoietic differentiation in detail, we used a two-step 
in vitro hematopoietic differentiation protocol. In the first 
step, mES cells were suspended as single cells in a methyl-
cellulose-based medium and cultured for 10 days which 
promotes primary differentiation. In the second step, EBs 
were dissociated into single cells and re-plated in methyl-
cellulose-based medium containing a cocktail of cytokines 
(SCF, IL-3, IL-6, and EPO) to examine their ability to 
form hematopoietic colonies. At this stage, the cells were 
simultaneously treated with or without SIRT1 inhibitors 
and cultured for 21 days (Fig. 1). 
  We counted the hematopoietic colonies on day 7 from 
secondary differentiation and evaluated the effects of 
SIRT1 inhibition on hematopoietic cell growth and pro-
genitor differentiation. EB-derived cells, which were dif-
ferentiated with or without the SIRT1 inhibitor, had a 
similar potential of hematopoietic development in terms 
of the differentiation lineages: BFU-E (burst-forming unit 
erythroid), CFU-E (colony-forming unit erythroid), 
CFU-GM (colony-forming unit granulocyte, macrophage), 
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Fig. 3. Effects of SIRT1 inhibitors on the expression of mesodermal 
and hematopoietic marker genes during the hematopoietic differ-
entiation of mES cells. (A) RNA samples were extracted on days 
7, 14, and 21 during second hematopoietic differentiation, and 
gene expression was analyzed by RT-PCR. GAPDH is shown as 
a control. ES: mES cells, EB 10D: embryoid bodies obtained on 
day 10 of primary differentiation. Mesodermal marker, brachyury; 
hematopoietic stem cell and progenitor cell markers, Scl, Flk1, and 
HoxB4; hematopoietic lineage cell markers, GATA1 and GATA2; 
erythroid specific markers, βH-1 and β-major; early myeloid and 
lymphoid progenitor marker, Pu.1. The density of each band was 
measured using the ImageJ program and normalized with the den-
sity of GAPDH used as a loading control for each sample. The rela-
tive band density values were compared with the controls on day 
7 (shown as fold expression). (B) RNA samples were extracted on 
days 7 and 14 during second hematopoietic differentiation, and 
gene expression was analyzed by RT-PCR. IL-7R, Rag2, and 
GATA3 were used as lymphoid lineage markers.

CFU-GEMM (colony-forming unit-granulocyte, eryth-
rocyte, monocyte/macrophage, and megakaryocyte) and 
2nd EB (secondary EB) were commonly formed in both 
conditions on day 7 of the culture (Fig. 2A). Secondary 
EBs are thought to be derived from the cells of primary 
EBs, and they have not yet undergone lineage commit-
ment and subsequent differentiation. When we quantified 
the colonies of different lineages, the SIRT1 in-
hibitor-treated groups had higher total numbers of colo-
nies compared with the control group on day 7: the total 
numbers of colonies were 140.8±11.96 (control), 183.2± 
15.02 (nicotinamide-treated group) and 159.5± 6.60 (spli-
tomicin-treated group), respectively (Table 1). Especially, 
the total number of colonies in the nicotinamide-treated 
group was significantly higher than that in the control 
group (Fig. 2B). 
  As shown in Fig. 2B, the higher numbers of hema-
topoietic progenitor colonies, BFU-E, CFU-E and 
CFU-GM, were generated from the SIRT1 inhibitor-trea-
ted groups compared with the control group. The number 
of BFU-E (12.8±3.67 vs. 9.5±3.36), CFU-E (65.9±7.80 vs. 
40.9±4.59) and CFU-GM (43.9±6.57 vs. 31.5±4.45) colo-
nies significantly increased in the nicotinamide-treated 
group compared to the control group. The treatment of 
splitomicin significantly increased the number of BFU-E 
(14.4±3.50 vs. 9.5±3.36) and CFU-GM (44.4±5.24 vs. 
31.5±4.45) colonies compared to the control group. In ad-
dition, the percentage of BFU-E, CFU-E and CFU-GM 
colonies tended to increase in the groups treated with nic-
otinamide and splitomicin (Fig. 2C). These results suggest 
that the SIRT1 inhibitors may influence the formation 
and/or differentiation of hematopoietic progenitors.

SIRT1 inhibitors enhance the expression of 
mesodermal and hematopoietic marker genes during 
hematopoietic differentiation
  We next investigated whether the treatment of the 
SIRT1 inhibitors altered the expression of mesodermal 
and hematopoietic lineage markers. We selected the 
Brachyury, Flk1, Scl, GATA1, GATA2, HoxB4, βH1, β-major 
and PU.1 as marker genes. We analyzed the expression of 
these genes using RT-PCR with the colonies obtained on 
days 7, 14, and 21 of second differentiation (Fig. 3A). 
Expression of Brachyury, Flk1, Scl, HoxB4 and GATA2 
mRNA did not change in the presence of the SIRT1 
inhibitors. However, expression of GATA1, βH1, β-major 
globin and Pu.1 were upregulated in the nicotinamide- 
and splitomicin-treated group compared to the control 
group. This result is associated with the enhanced num-
bers of CFU-E, BFU-E and CFU-GM colonies in the pres-

ence of the SIRT1 inhibitors (Fig. 2B). To further test the 
effect of SIRT1 inhibitors on lymphoid differentiation 
from ES-derived EBs, we analyzed the expression of lym-
phoid lineage marker genes such as IL-7R, Rag2 and 
GATA3 using RT-PCR. As shown Fig. 3B, SIRT1 in-
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Fig. 4. Effects of SIRT1 inhibitors on the expression of hematopoietic surface antigens during hematopoietic differentiation. Expression of 
surface antigens was analyzed by flow cytometry. (A) Expression of CD41 and CD117 (hematopoietic progenitors), CD45 (hematopoietic), 
TER-119 (erythroid), CD11b (monocyte/macrophage) and Gr-1 (granulocyte) markers was monitored on day 7 of secondary hematopoietic 
differentiation. (B) Expression of TER-119, CD11b and Gr-1 markers was monitored on day 14 of secondary hematopoietic differentiation. 
EB 10D, embryoid bodies obtained on day 10 of primary differentiation. Each bar is expressed as the mean±standard error of the mean 
of three experiments. *p＜0.05, **p＜0.01 (vs. control).

hibitors during hematopoietic differentiation didn’t change 
lymphoid lineage marker gene expression compared to the 
control group. Taken together, these results suggest that 
the inhibition of SIRT1 during the secondary differ-
entiation process may induce increased production of er-
ythroid and myeloid lineage cells. 

SIRT1 inhibitors enhance expression of hematopoietic 
surface antigens during hematopoietic differentiation
  To directly determine whether the treatment with the 
SIRT1 inhibitors during the hematopoietic differentiation 
increases the fate determination of erythroid and myeloid 
lineage cells, we analyzed the blood cell population in the 
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colonies obtained on days 7 and 14 of secondary differ-
entiation based on the expression level of hematopoietic 
cell-specific surface proteins measured by flow cytometry 
(Fig. 4).
  CD117 is expressed on hematopoietic progenitor cells, 
lymphoid, myeloid, erythroid, and megakaryocyte progeni-
tors (26). CD41 expression is associated with the earliest 
stages of mouse hematopoiesis and recognized as a mega-
karyocyte/platelet marker (27). Therefore, CD117 and CD41 
were used as surface markers for hematopoietic stem cells 
and progenitor cells. The change in the population of 
CD117 positive cells and CD41 positive cells was not sig-
nificant among the tested groups. 
  CD45 is a commonly used pan-hematopoietic lineage 
marker (28). TER-119, an erythroid lineage marker, is ex-
pressed on erythroid cells from early pro-erythroblast to 
mature erythrocyte stages (29). CD11b is a commonly 
used marker for the monocyte/macrophage lineage cells 
(30). Gr-1 has been used successfully to separate mouse 
granulocyte lineage cells (31). As shown in Fig. 4A, nic-
otinamide slightly increased the percentage of Ter-119 
positive cells but decreased Gr-1 positive cell population 
on day 7 compared to the control group. On the other 
hand, the percentage of Ter-119 positive cells decreased 
on day 14 after treatment with nicotinamide (Fig. 4B). 
There was no change in expression of other makers on 
days 7 and 14. However, the treatment with splitomicin 
increased percentage of CD45, TER-119, CD11b, and Gr-1 
positive cells compared to the control group on day 7 (Fig. 
4A). In addition, the treatment of splitomicin consistently 
increased the percentage of Ter-119, CD11b, and Gr-1 
positive cells on day 14 (Fig. 4B). These results suggest 
that splitomicin may improve the generation of myeloid 
lineage cells including erythroid cells, monocytes/macro-
phages and granulocytes at the differentiation stage from 
EBs to hematopoietic progenitor cells. 

Discussion 

  Hematopoietic stem cells (HSCs) are one of the most 
studied and characterized stem cells. HSCs can be isolated 
from blood and bone marrow and can self-renew and dif-
ferentiate into a variety of blood cells which could be used 
to treat diverse hematological diseases (32). Hematopoietic 
cells are also considered as a typical model system to un-
derstand the mechanism of ES cell differentiation. In this 
study, we report that the treatment with SIRT1 inhibitors 
in hematopoietic differentiation from ES cells increase the 
yield of myeloid and erythroid cell lineages. 
  During the past several decades, many researchers have 

been trying to get more numbers of HSCs and hematopo-
ietic progenitor cells (HPCs) from ES cells. Despite the 
extensive studies, hematopoietic cell derivation from ES 
cells is still difficult. The developed differentiation meth-
od using ES cells has low efficiency and requires many 
procedures, costs, and time. Genetic manipulation of mES 
cells was used to improve understanding of HSC gen-
eration and differentiation. For example, a homeobox 
transcription factor, HoxB4, is a key factor in switching 
EB-derived hematopoietic progenitors into definitive HSCs 
(33). Ectopic overexpression of HoxB4 in mES cells can 
enhance self-renewal and expansion of hematopoietic pro-
genitor cells differentiated from mES cells (34). The PcG 
protein Bmi1 is an essential regulator in adult HSCs. 
Ectopic expression of Bmi1 enhanced the development of 
hematopoietic cells during ES cell differentiation (35). 
However, ES cells generated by genetic manipulation may 
be more difficult when considering clinical applications. 
Therefore, application of small molecules such as SIRT1 
inhibitors in hematopoietic differentiation may be helpful 
for a more efficient generation of hematopoietic cells.
  SIRT1 modulates pluripotency, differentiation and stress 
response in mouse ES cells (36). SIRT1 is highly ex-
pressed in mES cells and downregulated during differ-
entiation processes (37). Saunders et al. showed that in-
hibition of SIRT1 protein expression by miRNAs can have 
an important role in development because several miRNAs 
targeting SIRT1 have been identified as regulators of a 
specific differentiation pathway (38). Previous studies re-
ported that SIRT1 is essential for hematopoietic lineage 
specification and homeostatic maintenance of HSCs. SIRT1 
knockout ES cells formed fewer mature blast cell colonies, 
and SIRT1 knockout yolk sacs exhibited fewer primitive 
erythroid precursors (17). The fetal liver hematopoietic 
progenitors isolated from a SIRT1 knockout mouse also 
had a significantly lower hematopoietic potential com-
pared to normal progenitors (39). These results show that 
sustained SIRT1 inhibition has a negative effect on hema-
topoietic differentiation and lineage commitment. However, 
when bone marrow cells derived from a SIRT1 knockout 
mouse were transplanted into irradiated animals, there 
was no prominent defect in the context of the HSC prop-
erties and function such as production of mature blood 
cells, lineage distribution and frequencies of primitive 
HSC populations (40). In our experiments, we formed EBs 
first and then added SIRT1 inhibitors during the secon-
dary hematopoietic differentiation. In this condition, 
higher numbers of hematopoietic colony forming units 
were generated suggesting that the SIRT1 inhibitors may 
positively affect the formation of hematopoietic progenitor 
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cells differentiated from EBs. Treatment with SIRT1 in-
hibitors also enhanced the expression of primitive and de-
finitive hematopoietic specific genes such as GATA1, β
H1, Pu.1, and β-major. However, cell population analysis 
revealed that among the SIRT1 inhibitors, only treatment 
with splitomicin can consistently increase the population 
of erythroid and myeloid lineage cells. Although we can’t 
explain specific mechanisms involved in the complex ef-
fects of nicotinamide, these results suggest that the treat-
ment of the SIRT1 inhibitors can modulate the hema-
topoietic differentiation of mouse ES cells, and transient 
treatment of splitomicin at some stage of differentiation 
into hematopoietic lineage may improve hematopoietic 
progenitor production. Therefore, we suggest that an opti-
mized treatment with SIRT1 inhibitors in the hema-
topoietic differentiation of mES cells may provide a better 
protocol to obtain a hematopoietic lineage of cells.
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