
ble at ScienceDirect

Regenerative Therapy 27 (2024) 191e199
Contents lists availa
Regenerative Therapy

journal homepage: http: / /www.elsevier .com/locate/ reth
Original Article
Synergistic effect and molecular mechanism of nicotinamide and
UM171 in ex vivo expansion of long-term hematopoietic stem cells

Yanni Cui a, Yan Ren a, b, Fanggang Ren b, c, Yaofang Zhang b, c, Hongwei Wang a, b, c, d, *

a The Second Clinical Medical College, Shanxi Medical University, Taiyuan, China
b Department of Hematology, The Second Hospital of Shanxi Medical University, Taiyuan, China
c Key Laboratory of Molecular Diagnosis and Treatment of Blood Diseases in Shanxi Province, Taiyuan, China
d Shanxi University of Chinese Medicine, Jinzhong, China
a r t i c l e i n f o

Article history:
Received 9 February 2024
Received in revised form
10 March 2024
Accepted 15 March 2024

Keywords:
Hematopoietic stem cells
Long-term hematopoietic stem cells
Nicotinamide
UM171
Umbilical cord blood
Self-renewal
* Corresponding author. Department of Hematolo
Shanxi Medical University, 382 Wuyi Road, Taiyuan 0

E-mail address: wanghw68@hotmail.com (H. Wan
Peer review under responsibility of the Japane

Medicine.

https://doi.org/10.1016/j.reth.2024.03.011
2352-3204/© 2024, The Japanese Society for Regener
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Introduction: Several approaches to expand human hematopoietic stem cells (HSCs) have been reported,
but the ability of these methods to expand long-term hematopoietic stem cells (LT-HSCs) remains to be
improved, which limits the application of HSCs-based therapies.
Methods: CD34þ cells were purified from umbilical cord blood using MacsCD34 beads, and then cultured
for 12 d in a serum-free medium. Flow cytometry was used to detect phenotype, cell cycle distribution,
and apoptosis of the cultured cells. Colony-forming cell (CFC) assays can evaluate multi-lineage differ-
entiation potential of HSCs. Real-time polymerase chain reaction was employed to detect the expression
of genes related to self-renewal programs and antioxidant activity. DCFH-DA probes were used to
evaluate intracellular production of reactive oxygen species (ROS). Determination of the effect of
different culture conditions on the balance of cytokine by cytometric bead array.
Results: Here, we show a combination, Nicotinamide (NAM) combined with pyrimidoindole derivative
UM171, can massively expand LT-HSCs ex vivo, and the expanded cells maintained the capability of self-
renewal and multilineage differentiation. Additionally, our data indicated that UM171 promoted self-
renewal of HSCs by inducing HSCs entry into the cell cycle and activating Notch and Wnt pathways,
but the infinite occurrence of this process may lead to mitochondrial metabolism disorder and differ-
entiation of HSCs. NAM kept HSCs in their primitive and dormant states by reducing intracellular ROS
levels and upregulating the expression of stemness related genes, so we believed that NAM can act as a
brake to control the above process.
Conclusions: The discovery of the synergistic effect of NAM and UM171 for expanding LT-HSCs provides a
new strategy in solving the clinical issue of limited numbers of HSCs.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Development and maintenance of the hematopoietic system rely
on hematopoietic stem cells (HSCs) which are characterized by the
capability of self-renewal and the ability to give rise to all types of
blood cells. HSCs in the graft will generate healthy cells to cure or
replace the impaired cells in patients with hematologicmalignancies
or immunodeficiencies. Umbilical cord blood (UCB) is a suitable
alternative source of HSCs, however, transplantation of the limited
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number of HSCs that are present in single UCB units is associated
with delayed engraftment and increased graft failure [1]. Expansion
of HSCs ex vivo is an effective way to overcome this problem. Un-
fortunately, HSCs cultured in vitro are prone to differentiation,
leading to loss of stemness and impaired multi-lineage differentia-
tion potential [2,3]. According to the reconstruction kinetics of HSCs
after primary and secondary recipient transplantation, HSCs can be
divided into long-term hematopoietic stem cells (LT-HSCs) and
short-term ones (ST-HSCs). LT-HSCs are a group of primitive cells in
the hematopoietic system,whichmaintained donor chimerism for at
least 16 weeks, while ST-HSCs did not provide lasting chimerism for
any lineage after transplantation [4,5]. Although freshly isolated
CD34þ cells contain a population of LT-HSCs, most CD34þ cells are
lineage restricted progenitor cells and do not have long-term
engraftment potential [6]. Therefore, the current priority for UCB
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Abbreviations

BFU-E burst forming units-erythroid
CAT catalase
CFC colony-forming cell
CFU-GEMM colony forming unit-granulocyte, erythrocyte,

macrophage, megakaryocyte
CFU-GM colony forming units-granulocyte, macrophage;
FLT-3L Flt-3 ligand
HSCs hematopoietic stem cells
HSPCs hematopoietic stem and progenitor cells
IFN-g interferon-g
IL interleukin
LT-HSCs long-term hematopoietic stem cells

MFI mean fluorescence intensity
NADþ nicotinamide adenine dinucleotide
NAM nicotinamide
ROS reactive oxygen species
SCF stem cell factor
SIRT1 Sirtuin 1
SOD-1 superoxide dismutase-1
ST-HSCs short-term hematopoietic stem cells
TGF-b transforming groeth factor-b
TNC total nucleated cells
TNF-a tumor necrosis factor-a
TPO thrombopoietin
UCB umbilical cord blood
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transplantation is to develop efficient methods to expand LT-HSCs
ex vivo and thus improve transplantation outcomes.

At present, a variety of cytokines showed the ability of
expanding hematopoietic stem and progenitor cells (HSPCs) ex vivo,
including stem cell factor (SCF), FMS-like tyrosine kinase-3 ligand
(FLT3-L), thrombopoietin (TPO) et al. [7e9]. And small molecules
are emerging as valuable tools for regulating stem cell fates. Recent
studies have shown that StemRegenin 1(SR1), Nicotinamide (NAM)
and pyrimidoindole derivative UM171 displayed excellent effect on
HSC expansion [10e12]. NAM, a water-soluble vitamin B-3, is a
well-established inhibitor of enzymes that rely on nicotinamide
adenine dinucleotide (NADþ) activity, such as Sirtuin 1 (SIRT1) [13].
UM171 is a newly synthesized UM729 analogue, which has a nearly
20 fold increased ability to promote the expansion of
CD34þCD45RA-cells compared to UM729. However, the effects of
the above substances on the expansion of LT-HSCs and the mo-
lecular mechanism of action remains unclear.

In this study, we investigated the effect of the combination of
NAM and UM171 on HSC expansion ex vivo. In humans,
CD34þCD38-cells are classic HSPCs, and HSCs can be functionally
divided into ST-HSCs (CD34þCD38-CD45RA-CD49fþCD90-) and
LT-HSCs (CD34þCD38-CD45RA-CD49fþCD90þ) [14e20]. We found
that NAMþUM171 exhibited superior activity in expanding
phenotype defined LT-HSCs proportionally and quantitatively, the
expansion folds of LT-HSCs reached 753.16 ± 83.02. Compared with
Dimethyl sulfoxide (DMSO), NAM significantly increased the pro-
portion of HSPCs, ST-HSCs and LT-HSCs, as well as dramatically up-
regulated the expression of stemness-related genes and reduced
the production of reactive oxygen species (ROS), which were
beneficial for maintaining stemness and inhibiting differentiation
of HSCs. After UM171 and NAM combined treatment, the propor-
tion of HSPCs, ST-HSCs and LT-HSCs further increased, and down-
stream genes of Notch and Wnt pathways were selectively
activated. In conclusion, the antioxidant properties of NAM can
delay differentiation, while UM171 can promote self-renewal by
regulating the stem cell pathways, and the combination of them is
beneficial for the maintenance and expansion of HSCs ex vivo. All
results showed that the NAMþUM171 combination was a hopeful
selection for massive expansion of LT-HSCs.

2. Materials and methods

2.1. Sample preparation and CD34þ cells isolation from human UCB

Samples were collected from consenting donors according to
the ethical procedures approved by the second hospital of Shanxi
Medical University (Shanxi, China). Cord blood mononuclear cells
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(MNCs) were isolated with hydroxyethyl starch (HES) and Ficoll
(Tianjin Haoyang. TBD), and then wash and resuspend them in
column buffer (PBS and 0.5% bovine serum albumin. Gibco). Isola-
tion of CD34þ cells from MNCs using CD34 MicroBeads and LS
Columns (Miltenyi Biotec) associated with a magnetic field in the
last step.

2.2. Cell culture

CD34þ cells were seeded at 5 � 104/mL in serum-free medium,
which was composed of StemSpan Serum-free Expansion Medium
(SFEM, StemCell Technologies), supplemented with 10 ng/ml hu-
man stem cell factor (SCF, Miltenyi biotec), 100 ng/ml thrombo-
poietin (TPO, Miltenyi biotec), 1% Penicillin-Streptomycin-
Glutamine (Gibco). Different concentrations of NAM (Solarbio) or
UM171 (Sigma-Aldrich) at 35 nM were added according to
grouping requirements (The concentration of UM171 refers to the
previous data from our laboratory) [21]. Incubate cells in a hu-
midified incubator at 37 �C, 5% CO2 and 5% O2 for 12 days. Small
molecule NAM and UM171 were dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich) and stored as stock solutions, stock solu-
tions were diluted to working solutions at the desired concentra-
tion by serum-free medium.

2.3. Phenotypic analysis

Total expanded cells were collected, and the live cells were
counted using AO/PI (Thermo Scientific) and an automated cell
counter (Thermo Scientific) after culture. Cells were stained in
phosphate buffered saline (PBS, Gibco) supplemented with the
following antibody and fluorophore combinations for 30 min at
4 �C: ECD-labeled anti-human CD34 (BECKMAN; IM2709U), FITC-
labeled anti-human CD38 (BECKMAN; A07778), Pacific Blue-
labeled anti-human CD45RA (BECKMAN; A82946), APC-CY7-
labeled anti-human CD49f (Biolegend; 313628) and PerCP-CY5-
labeled anti-human CD90 (BECKMAN; IM3703). After the clean-
ing step, the stained cells were analyzed by Navios (BECKMAN
COULTER) flow cytometry. For each sample, at least 30,000 events
were recorded. Isotype controls were also prepared for every
experiment.

2.4. Apoptosis

Collect cells and wash twice with pre-cooled PBS. Cells were
stained for 15 min at RT with PE-Annexin V Apoptosis Detection Kit
(BD, Biosciences). Samples were then immediately analyzed by
Navios flow cytometer within 1 h. Results are expressed as
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percentage of live cells, early apoptotic cells, late apoptotic cells and
necrotic cells compared to the whole cells.

2.5. Cell cycle

Cells were washed with precooled PBS, resuspend in 70%
ethanol at 4 �C for 2 h or more, and then washed with PBS, incu-
bated with 1.0 ml propidium staining solution (Bioss) for 30 min at
37 �C in the dark. A minimum of 40,000 gated events was collected
for each sample.

2.6. Colony forming cell assay (CFC)

According to the cell count results, adjust the concentration of
CD34þ cells of each group to 1 � 105/mL, add 50 mL cells to 450 mL
Iscove's Modified Dulbecco's Medium (IMDM, Gibco) for mixing,
and then add 150 mL cells to 1.5 mL MethodCult™ medium
(StemCell Technologies) for fully shaking and mixing. Connect a
1.6 mm needle to a 2 mL disposable sterile syringe and distribute
the MethodCultTM mixture containing cells into a 35 mm culture
dish (Corning), so that the culture medium is evenly distributed on
the surface of each culture dish. The cells were cultured in 5% CO2
incubator at 37 �C for 14 days, and culture dishes were visually
scored for CFU-GM (colony-forming unit granulocyte/macrophage),
BFU-E (burst-forming unit erythrocyte) and CFU-GEMM (colony-
forming unit granulocyte/erythrocyte/macrophage/
megakaryocyte).

2.7. ROS assay

The cultured cells were resuspended at a density of 5 � 105 to
1 � 106 cells/mL, and dilute the DCFH-DA probe with serum free
medium according to the manufacturer's instructions (Beyotime
Biotechnology). Resuspend cells with diluted DCFH-DA and incu-
bate for 20 min in a 37 �C incubator. Mix it upside down every
3e5 min to ensure full contact between the probe and the cell.
Wash the cells with serum freemedium three times to fully remove
DCFH-DA that has not entered the cells. The fluorescence intensity
was measured within 2 h by Navios flow cytometer. The median
level of MFI (mean fluorescence intensity) of ROS was obtained in
software Kaluza (Beckman) of each sample to the same measuring
cell number.

2.8. Cytokine assay

This assay was conducted according to the InstructionManual of
BD™ Cytometric Bead Array (CBA) Human Th1/Th2/Th17 Cytokine
Kit (Catalog No. 560484). The fresh cytokine standards were pre-
pare to runwith each experiment. Add 50 mL of sample and 50 mL of
the HumanTh1/Th2/Th17 PE Detection Reagent to the sample tubes
and incubate the assay tubes for 3 h at room temperature, protected
from light. Analyze dates using FCAP Array software.

2.9. Real-time PCR (RT-PCR)

Total RNA was extracted by Trizol method. For cDNA synthesis,
total RNA was reverse-transcribed with an cDNA synthesis kit
(TaKaRa, Japan). PCR was performed using a SYBR Premix Ex
TaqTMII (TaKaRa, Japan) and the CFX96 real-time PCR detection
system (BioRad, CA). Each reaction was repeated at least three
times to demonstrate reproducibility, and datawere analyzed using
the CFX96 Real-TimeSystem. Normalized values were obtained by
subtracting the threshold cycle (Ct) of b-actin from the Ct values of
the target genes, yielding △Ct values, and the △△Ct formula was
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used as an indication of the relative transcriptional level. The
primer sequences used were:

SIRT1 forward (50- CAAACTTTGCTGTAACCCTGT-30) and reverse
(50-CAGCCACTGA AGTTCTTTCAT-30);
CAT forward (50- TGGGATCTCGTTGGAAATAACAC-30) and reverse
(50-TCAGGACGTAGGCTCCAGAAG-30);
SOD1 forward (50-GGTGGGCCAAAGGATGAAGAG-30) and reverse
(50-CCACAAGCCAAACGACTTCC-30);
AXIN2 forward (50-GCAACTCAGTAACAGCCCGA-30) and reverse
(50-CTCCTCTCTTTTACAGCAGGGC-30);
MMP7 forward (50-GTCTCTGGACGGCAGCTATG-30) and reverse
(50-GATAGTCCTGAGCCTGTTCCC-30);
HES1 forward (50-GTGTCAACACGACACCGGAT-30) and reverse
(50-GGAATGCCGCGAGCTATCTT-30);
HES3 forward (50-GATTTCCAAGCCGCTGATGG-30) and reverse
(50-TTCCGGATCTGGTGCGAGTA-30);
HEY1 forward (50-TGCGGATTGAGCTAGTGCAT-30) and reverse
(50-AAGTAACCTTGGTCTCCCGT-30);
BMI1 forward (50-CGTGTATTGTTCGTTACCTGGA-30) and reverse
(50-TTCAGTAGTGGTCTGGTCTTGT-30);
HOXB4 forward (50-CGTGAGCACGGTAAACCCC-30) and reverse
(50-CGAGCGGATCTTGGTGTTG-30);
GATA2 forward (50-ACTGACGGAGAGCATGAAGAT-30) and
reverse
(50-CCGGCACATAGGAGGGGTA-30);
b-actin forward (50-AGAGCTACGAGCTGCCTGAC-30) and reverse
(50-AGCACTGTGTTGGCGTACAG-30);
2.10. Statistical analysis

The significant differences between each group were analyzed
using SPSS 22.0 statistical software for all experimental data. The
comparison was analyzed between two groups with an indepen-
dent sample t-test and among three groups with single-factor
analysis of variance (ANOVA). The values were plotted as the
mean ± standard deviation. Probability values P < 0.05 were
considered statistically significant.

3. Results

3.1. Identification of optimal working concentration of NAM

The normal plasma concentration of NAM is around 5 mM [22].
High dosage of NAM is often required in clinical treatment, and the
concentration in serum could reach the millimolar range. Re-
searchers have an inconsistent understanding of the specific con-
centration at which NAM exerts its effects [22,23]. To investigate
the optimal working concentration of NAM under our laboratory
conditions, UCB CD34þ cells were incubated in serum-freemedium
with different concentrations of NAM for 12 days. And equivalent
DMSO was used as a control. Flow cytometry was performed to
analyze the percentage of subpopulations based on the expression
of cell surface markers: CD34, CD38, CD45RA, CD49f and CD90,
which were always used to define a more primitive subpopulation
of HSCs.

The concentration gradient of NAM was set to 0 mM, 2 mM,
4 mM, 6 mM, 8 mM,10 mM and 12 mM.When the concentration of
NAM was 6 mM, 8 mM, and 10 mM, the proportion of HSPCs
(CD34þCD38-cells) and LT-HSCs (CD34þCD38-CD45RA-
CD49fþCD90þ cells) were significantly higher than that of the
control group (Fig. 1A and B), and the expansion folds of HSPCs and
LT-HSCs in the 6 mM group were higher than those in the other
groups (Supplementary Table 1). This may be due to a dose-
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dependent increase in the proportion of dead cells when the con-
centration was higher than 6 mM (Fig. 1C). Thus, our group iden-
tified 6 mM (used in subsequent experiments) as the optimal
working concentration of NAM to promote the expansion of HSCs.
3.2. NAM and UM171 coordinately enhanced expansion of
phenotype-defined LT-HSCs ex vivo

HSCs are a group of heterogeneous cells that include multi-
potent progenitors, ST-HSCs and LT-HSCs, in which the multipotent
progenitors and ST-HSCs are able to provide early and transient
hematopoietic recovery, LT-HSCs can maintain multi-lineage he-
matopoiesis for more than 4 months after transplantation to the
recipient, whereas its characteristic is delayed implantation [24].
Thus, we compared the percentage and expansion folds of HSPCs,
ST-HSCs and LT-HSCs through flow cytometry analysis to determine
the expansion efficiency of different groups (DMSO, NAM, UM171,
NAMþUM171).

The results showed that the percentage and expansion folds of
HSPCs, ST-HSCs (CD34þCD38-CD45RA-CD49fþCD90-cells) and LT-
HSCs were significantly increased in the NAM and UM171 groups
compared with DMSO group (Fig. 2AeD, Supplementary Table 2).
This is consistent with the change of the total nucleated cells (TNC)
expansion folds (Fig. 2E). While UM171 treatment significantly
increased the number of LT-HSCs rather than percentage compared
with NAM (Fig. 2C). The joint intervention of NAM and UM171
increased quantity and proportion of HSPCs and ST-HSCs, which is
more efficient than either of them treated alone (Fig. 2A and B).
Notably, the expansion folds of LT-HSCs in NAMþUM171 group can
reach 753.16 ± 83.02, which was approximately 65 times higher
than that in the DMSO group, far higher than 8 and 16 times when
treated with NAM and UM171 alone (Supplementary Table 2). This
cooperation effect could significantly improve the problem of
insufficient expansion of LT-HSCs. In addition, we found that the
effect of NAMþUM171 treatment on maintaining stem cell char-
acteristics under normoxic conditions is not as effective as under 5%
O2 hypoxia conditions (Supplementary Fig. 1). These results indi-
cated that UM171 had a better effect on the number of HSCs subsets
Fig. 1. Identification of the optimal working concentration of NAM for ex vivo expansion of
and LT-HSCs (CD34þCD38-CD45RA-CD49fþCD90þ cells) subpopulations. (B) Percentage o
trations of NAM (2 mM, 4 mM, 6 mM, 8 mM, 10 mM, 12 mM) for 12 days (n ¼ 3). (C) The pro
The data were drawn from three independent experiments and the results were expressed
and ns ¼ not significant by two-tailed unpaired Students't-test.

194
than NAM during ex vivo expansion. Furthermore, NAM and UM171
had a significant synergistic effect on the expansion of LT-HSCs.
3.3. NAM treatment imposed negative impact on cell apoptosis, and
UM171 can reverse this phenomenon

HSCs aging, which is accompanied by reduced self-renewal
ability, impaired homing, myeloid-biased differentiation and
other defects in hematopoietic reconstitution function, and in all
transplantation studies in which young HSCs were competed
against aged HSCs, without exception the young stem cells are
functionally superior [25,26]. Senescent cells display an enlarged
morphology coupled with a proliferation arrest [27]. In order to
analyze the effects of different culture conditions on HSCs aging, we
conducted related experiments.

Compared with DMSO, NAM treatment has no significant effect
on the cycle distribution of HSCs (Fig. 3A,B,C). However, UM171
treated cells exhibited a decrease of the G0/G1 phase and an in-
crease of the S/G2/M phase compared with DMSO, which was more
pronounced than the NAMþUM171 group (Fig. 3C). This indicates
that the combination with UM171 can significantly improve NAM's
inability to adequately induce HSCs entry into the cell cycle. Be-
sides, the cell diameter of the NAM group is much smaller than that
of the DMSO and UM171 groups, suggesting that NAM was more
conducive to maintaining the morphology of HSCs (Fig. 3D). To
further analyze the mechanism of NAM and UM171 in HSC
expansion, cell apoptosis assay was performed. The results showed
that NAM treatment resulted in an increase in early apoptosis cells,
while it did not impose any significant impact on late apoptotic
cells and necrotic cells (Fig. 3E and F). Compared with the DMSO
and NAM groups, the proportion of early apoptotic cells in the
UM171 and NAMþUM171 groups significantly decreased, while the
proportion of surviving cells correspondingly increased (Fig. 3E and
F). The outcomes were consistent with the total nucleated cells
(TNC) expansion folds, indicating that UM171 can reverse the
negative effect of NAM treatment on the apoptosis of HSCs. In
summary, during ex vivo culture, NAMþUM171 can delay the aging
of HSCs, promote cell survival and self-renewal.
human UCB CD34þ cells. (A) Representative FACS profiles of HSPCs (CD34þCD38-cells)
f HSPCs and LT-HSC subpopulations in cells cultured with DMSO or different concen-
portion of necrotic cells ex vivo cultured cells of each group as described in (C) (n ¼ 3).
as mean ± SD. Compared with control group unless specified. **P < 0.01, ***P < 0.001



Fig. 2. CO-incubation with NAM and UM171 promoted expansion of UCB LT-HSCs ex vivo. (A) Representative FACS profiles of HSPCs (CD34þCD38-cells), ST-HSCs (CD34þCD38-
CD45RA-CD49fþCD90-cells) and LT-HSCs (CD34þCD38-CD45RA-CD49fþCD90þcells) subpopulations. The percentages in live cells and the expansion folds of HSPCs
(CD34þCD38-cells) (B), ST-HSCs (CD34þCD38-CD45RA-CD49fþCD90-cells) (C), LT-HSCs (CD34þCD38-CD45RA-CD49fþCD90þcells) (D) subpopulations and TNC (E) after a serum-
free 12 days culture with DMSO, NAM, UM171, NAMþUM171 (n ¼ 4). The data were drawn from four independent experiments and the results were expressed as mean ± SD.
*P < 0.05, **P < 0.01, ***P < 0.001 and ns ¼ not significant by two-tailed unpaired Students' t-test.

Y. Cui, Y. Ren, F. Ren et al. Regenerative Therapy 27 (2024) 191e199
3.4. NAMþUM171 sustained stemness and multi-lineage
differentiation potential of HSCs

Hematopoietic colony-forming cell (CFC) assays represent a
classical tool for quantifying and evaluating multi-lineage differ-
entiation potential of HSCs [28]. Thus, we evaluated the function of
each group of cells through CFC assays. CD34þ cells isolated from
UCBwere divided into different groups for culture, and then seeded
into MethodCultTM medium. After 14 days, colony formation was
observed under an inverted microscope including Burst-forming
unit-erythroid (BFU-E), Colony-forming unit-granulocyte, macro-
phage (CFU-GM) and Colony-forming unit-granulocyte, erythroid,
macrophage, megakaryocyte (CFU-GEMM) [29].
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There was no difference in the distribution or morphology of
colonies among all groups. It was shown that compared with
DMSO, BFU-E and CFU-GEMM produced by NAM treated cells
increased by 1.72- and 2.25-fold, the CFU-GM of UM171 group
increased by 1.80 times and GEMM increased by 2.50 times (Fig. 4A
and B). The numbers of total colonies, CFU-GM, BFU-E and CFU-
GEMM in NAMþUM171 group increased by 1.88-, 1.99-, 1.58- and
4.63-fold, respectively (Fig. 4A and B). The CFU-GEMM, represent-
ing the more primitive and multipotent progenitor cells, were
significantly higher in NAMþUM171 group than that in NAM or
UM171 group. These results indicated that NAMþUM171 can better
maintain the multipotentiality and long-term repopulating activity
of HSCs during ex vivo culture.



Fig. 3. The addition of UM171 not only reversed the effect of NAM on cell apoptosis, and also showed high proliferation ability and more primitive cell morphology in cells treated
with NAMþUM171. The representative diagram of flow cytometry analysis (A) and the cell cycle distribution (B) of G0/G1, S and G2/M phase, and the statistical values of the S/G2/M
phase (C) (n ¼ 6). (D) Average cell size of live cells cultured ex vivo for 12 days (n ¼ 6). (F)Statistics of early apoptotic cells, late apoptotic cells, and necrotic cells after treatment with
DMSO, NAM, UM171 and NAMþUM171, and the representative diagram of flow cytometry analysis (E) (n ¼ 6). The data were drawn from six independent experiments and the
results were expressed as mean ± SD. ***P < 0.001 and ns ¼ not significant by two-tailed unpaired Students' t-test.
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3.5. NAMþUM171 induced LT-HSCs self-renewal by activating Wnt
and notch signaling and enhancing antioxidant activity

Self-renewal of HSCs requires stemness maintenance and cell
proliferation. Several studies have demonstrated that HSCs
generate energy mainly through anaerobic glycolysis by limiting
the production of ROS to maintain their stemness and quiescence
[30,31]. To test whether ex vivo expanded cells exhibit self-renewal
properties, we analyzed the expression of genes related to self-
renewal programs and antioxidant activity.

First, we measured ROS levels in HSCs cultured in different
conditions, and intracellular ROS levels were indicated by mean
fluorescence intensity (MFI). NAM, UM171 or NAMþUM171 treat-
ment significantly decreased the ROS levels in cytoplasm compared
with that of the DMSO group (Fig. 5A). Noticeably, the intracellular
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ROS levels in UM171 and NAMþUM171 groups were higher than
NAM group (Fig. 5A). Consistent with this, we observed that NAM
significantly up-regulated the expression level of superoxide
dismutase-1 (SOD-1), UM171 could up-regulate the catalase (CAT)
but has no effect on SOD-1 (Fig. 5B). In addition, the addition of
UM171 increased the transcription level of SIRT1 andweakened the
effect of NAM as a SIRT1 inhibitor (Fig. 5C). Furthermore, the
stemness-related gene, GATA2, was found to be up-regulated in
groups other than DMSO, while compared with the DMSO group,
the expression of BMI-1 was downregulated in the NAMþUM171
group (Fig. 5D). In addition, we found that the downstream genes of
the Notch pathway (HEY1, HES1, and HES3) and Wnt pathway
(MMP7) in the NAM group were significantly lower than those in
the DMSO group (Fig. 5E and F). Interestingly, Notch and Wnt
pathways were significantly activated in the NAMþUM171 group,



Fig. 4. NAMþUM171 sustained self-maintenance and multi-lineage differentiation potential of hematopoietic stem cells. (A) Typical images of representative morphologies of
various type of colonies as indicated. (B) Colony formation assay showing the number of various types of cell colonies as indicated. Cells treated with DMSO, NAM, UM171,
NAMþUM171 were cultured with H4434 methylcellulose for 14 days. The number of Burst-forming unit-erythroid (BFU-E), Colony-forming unit-granulocyte, macrophage (CFU-
GM) and Colony-forming unit-granulocyte, erythroid, macrophage, megakaryocyte (CFU-GEMM) were scored (n ¼ 4). The data were drawn from four independent experiments and
the results were expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ns ¼ not significant by two-tailed unpaired Students' t-test.

Fig. 5. Treatment by NAMþUM171 modifies the expression of HSC-related genes and the secretion of inflammatory factors. (A) Intracellular ROS levels (n ¼ 4). Expression of
antioxidant enzyme genes(B), SIRT1(C), stemness-related genes(D), Wnt(E) and Notch signaling genes(F) in DMSO, NAM, UM171 and NAMþUM171 cultured HSCs by real-time
PCR(n ¼ 4). (G-H) The levels of seven inflammatory cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A, TNF-a, IFN-g) in the cell supernatant (n ¼ 4). The data were drawn from four inde-
pendent experiments and the results were expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and ns ¼ not significant by two-tailed unpaired Students' t-.test.
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and the expression of HEY1 and AXIN2 were significantly higher
than those in the UM171 group (Fig. 5E and F). Further, the levels of
interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-6 (IL-6),
interleukin-10 (IL-10), interleukin-17A (IL-17A), tumor necrosis
factor-alpha (TNF-a) and interferon-gamma (IFN-g) in the super-
natant of cultured cells were detected, and the results showed that
the level of anti-inflammatory factor IL-10 was increased, and the
levels of pro-inflammatory factors IL-17A and TNF-a were
decreased in NAMþUM171 group, while there was no significant
change in other cytokines (Fig. 5G and H).We hypothesized that the
combination of NAM and UM171 could better balance secretion of
pro-inflammatory and anti-inflammatory cytokines.

4. Discussion

HSCs are defined by its capacity to continuingly (reflecting the
self-renewal feature) give rise to all the blood cell types (reflecting
the differentiation potential) [32]. Human UCB cells have exhibited
promising potential as an alternative source for HSCs, but the
number of HSCs from a single UCB unit is not enough for adult
transplantation. Therefore, the study of in vitro expansion condi-
tions for HSCs has great clinical significance. The niche plays a
crucial role in regulating HSCs fate by secreting cytokines and
growth factors to balance self-renewal and differentiation. Early
studies have identified various cytokines for their ability to expand
andmaintain HSCs ex vivo, including SCF, TPO, FLT3-L, and IL-3 et al.
[7e9,33,34]. In recent years, many efforts have been placed on
screening small molecules to expand HSCs ex vivo. Small molecules
such as SR1, UM171, CHIR911, valproic acid and so on were of
increasing concern with the effect of promoting HSCs self-renewal,
multi-lineage potency and homing [10e14,35]. However, previous
studies have shown that the expansion effect of some small mol-
ecules merely restricted to a certain cell subpopulation, such as SR1
mostly acting on primitive normal hematopoietic progenitors and
leukemia stem cells (LSCs) [36], valproic acid (VPA) do not expand
LT-HSCs in culture instead maintain the number [37]. Drug com-
bination is likely to represent a key strategy for the future treat-
ment of various diseases, the aim of that is to achieve
complementary advantages and reduce adverse effects. Therefore,
we wondered if there was a combination that could achieve sub-
stantial expansion of LT-HSCs.

Hereinwe demonstrated that NAM and UM171 had a synergistic
effect on the expansion of LT-HSCs, which drive sustained lifelong
hematopoiesis. Characterization of the HSCs showed the percent-
age and absolute number of HSPCs (CD34þCD38-cells), ST-HSCs
(CD34þCD38-CD45RA-CD49fþCD90-cells) and LT-HSCs (CD34þ
CD38-CD45RA-CD49fþCD90þcells) were significantly increased
after treatment of NAMþUM171. Specifically, the expansion fold of
LT-HSCs in NAMþUM171 treatment group can reach 753.16 ±
83.02, far higher than adding NAM or UM171 alone (100.12 ± 8.82
and 183.64 ± 67.59, respectively). The precise balance of different
cell fates (quiescence, self-renewal, differentiation, and apoptosis)
acts as the determinant for HSCs numbers. NAM combined with
UM171 was more conducive to maintaining the morphology of
primitive HSCs, inducing HSCs to enter the cell cycle and reducing
the proportion of apoptotic cells. The results indicated that the
combination could delay the aging of HSCs, promote cell prolifer-
ation and survival. The CFC assays showed that NAMþUM171
increased the number of colony-forming units, especially CFU-
GEMM, suggesting that the combination promoted the expansion
of multi-potent progenitors.

The results of mechanism exploration indicated that
NAMþUM171 treatment led to activation of Notch and Wnt path-
ways, which have long been recognized as critical factors for the
self-renewal of stem cells. Incubation of human UCB-derived
198
CD34þ cells with immobilized Notch ligands increased the num-
ber of HSCs and enhanced hematopoietic reconstitution, and
downregulation of Notch targets has been found to be associated
with differentiation of HSCs. Our experimental results suggested
that NAMþUM171 had the potential to significantly enhance the
expression of downstream genes in the Notch pathway, such as
HES1, HES3, and HEY1. Canonical Wnt signal is associated with self-
renewal of various stem cells, including HSCs and embryonic stem
cells (ESCs). Researchers proved that Wnt is necessary for normal
HSCs function by overexpressing the Wnt-negative regulator DKK1
in osteoblast stem cell niche [38]. Meanwhile, overactivation of the
Wnt pathway can lead to the downregulation of the HSCs
stemness-related gene HOXB4, further impairing the regenerative
capacity, while mild activation of the Wnt pathway does not affect
the expression of the gene [39]. Our RT-PCR analysis showed that
the expression of key factors in Wnt pathway (AXIN2, MMP7) and
HOXB4 gene in HSCs was up-regulated after NAMþUM171 treat-
ment, indicating that the Wnt pathway was mildly activated and
could promote HSCs expansion under the combined treatment.

Transcription factors determine specific gene expression pat-
terns in cells to maintain stemness and perform unique functions.
Several transcription factors have been found to play key roles in
the development and maintenance of HSCs. In addition to HOXB4
mentioned above, the expression levels of other stemness-related
genes GATA2 and BMI1 also play a important role during HSCs
development and function [40e43]. However, a later study shows
that BMI1 is involved in abnormal erythrocytic differentiation [44].
The histone deacetylase SIRT1 is a mediator of genomic and
epigenetic maintenance, both of which are critical aspects of stem
cell homeostasis. The role of SIRT1 in regulating HSCs biology has
been somewhat controversial. Some studies suggested that NAM
acts as a SIRT1 inhibitor to prevent HSCs differentiation, in other
words, SIRT1 inhibits HSCs function [45]. While some studies found
that loss of SIRT1 leads to elevated ROS and DNA damage, that is,
SIRT1 is essential for HSCs survival [46,47]. HSCs reside in a low-
oxygen niche and maintain low ROS levels. The hypoxic niches
are essential to protect HSCs from apoptosis and loss of self-
renewal potential. However, with the accumulation of ROS levels,
the self-renewal capacity and repopulation ability of HSCs decline
[48]. Imbalanced metabolism could result in excessive redox re-
sponses, and NAMþUM171 may affect the production of highly
reactive chemicals, such as ROS, by upregulating the expression of
the antioxidant enzyme CAT.

In conclusion, we found that NAM combined with UM171 can
massivelyexpand LT-HSCs ex vivo, and the expanded cellsmaintained
the capability of self-renewal and multilineage differentiation.
Mechanistic studies suggested that the combination may enhance
the antioxidant capacityofHSCs.Meanwhile, NAMþUM171 activated
both the Notch andWnt pathways aswell as up-regulated stemness-
related genes expression in human HSCs. These observations were
consistent with the basic principle of HSCs expansion, which is to
induce proliferation without compromising stemness.
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