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been effectively used in the clinic. For HSCT, an HLA-
match/compatible donor and a sufficient number of HSCs 
are crucial for the success of the procedure, avoiding high 
rates of rejection, graft failure, and graft versus host dis-
ease (GVHD) [2]. Allogeneic bone marrow and mobilized 
peripheral blood cells are the main stem cell sources for 
current clinical HSCT. However, HSCT use is restricted by 
the lack of HLA-matched donors. In recent years, umbili-
cal cord blood (UCB) has become a new source of HSCT 
that allows the use of partly mismatched donors [3]. How-
ever, the low number of HSCs recovered from a single 
UCB unit, which is mainly used for the treatment of pediat-
ric and young adult recipients, presents serious limitations 
for most adult recipient HSCT [4, 5]. Thus, ex vivo HSC 
expansion, which would allow one adult or even multiple 
transplants from a single HSC unit, has become the “Holy 
Grail” of stem cell expansion research [6].

The core question of ex vivo HSC expansion is how self-
renewal is regulated. Recent studies have begun to shed 
light on the different pathways involved in this process. The 
self-renewal program is an integrated procedure, involv-
ing the activation and/or maintenance of cell proliferation 
pathways and the inhibition of differentiation and cell death 
pathways [7]. Gene manipulation studies have identified 
multiple intrinsic proteins that play important roles in HSC 
self-renewal regulation, including chromatin-associated 
factors (e.g., Bmi1 [8], Ezh2 [9], Dmnt3a, Cbx7), transcrip-
tion factors (e.g., HoxB4 [10], HoxB6 [11], HoxA4 [12], 
HoxA9 [13], Gata2, Gfi1 [14], AML1, JunB, NF-κ), cell 
cycle regulators (INK4/p18 [15], WAF1/p21 [16], KIP1/
p27, KIP2/p57, PTEN [17], Myc, Fbxw7), and microRNAs 
(miR-125a/b [18]). There are also several critical devel-
opmental regulatory pathways that have strong effects on 
HSC self-renewal, including wingless-type (Wnt) [19], 
Notch (Jagged/Delta) [20], Sonic hedgehog (Shh)/BMP 
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Introduction

In 1957, Dr. E. Donnall Thomas first performed the intra-
venous infusion of allogeneic bone marrow (later called 
hematopoietic stem cell transplantation, HSCT) to treat 
cancer [1]. It has been more than half a century since this 
first HSC utilization in the treatment of hematological 
malignant diseases. Thanks to two features of HSCs—
self-renewal and multilineage differentiation—HSCs have 
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[21], fibroblast growth factor (FGF) [22], IGF and Angptls 
[23, 24], pleiotrophin [25], and the TGFβ/smad4 signaling 
pathway. All the aforementioned proteins and pathways 
play instructive roles not only in hematopoiesis but also 
during ontogeny.

Previous studies first attempted to expand HSCs with 
hematopoietic cytokines, such as SCF, TPO, Flt3L, IL-6, 
IL-3, etc. [26]. However, the amplification efficiency of 
these cytokines remains controversial. A combination of 
several cytokines has also been applied to HSC expan-
sion culture but has not yet achieved the desired expansion 
effect and usually causes stem cell differentiation or even 
exhaustion [27]. Another method is the co-culture of HSCs 
with stromal cells, which is intended to simulate the inter-
nal hematopoietic “niche”.

Small molecules are emerging as valuable tools for 
regulating stem cell fates with the advantages of easier 
manipulation, typically rapid and reversible effects, vari-
ous and unlimited concentrations and structures, and rapid 
phenotype-based high-throughput screening [28–30]. Many 
studies have been launched to identify small molecule com-
pounds that can control stem cells’ fates and iPS repro-
gramming [31]. In recent years, due to the development 
of computational methods, virtual design in combination 
with high-throughput screening has increased the poten-
tial for small molecules to manipulate cell fate and be used 
clinically.

Current studies attempting HSC expansion primarily 
focus on the following effects: promotion of self-renewal, 
inhibition of differentiation, inhibition of apoptosis, and 
promotion of homing. Here, we focused on new develop-
ments of small molecules for HSC manipulation, especially 
for HSC ex vivo expansion.

Increased HSC self‑renewal

SR1

In 2010, an inspiring breakthrough in stem cell research 
was first reported by Boitano et  al. [32], who showed 
that an aryl hydrocarbon receptor (AhR) antagonist, SR1, 
could promote the ex vivo expansion of human cord blood 
CD34+ cells with excellent repopulating activity in immu-
nodeficient mice for up to 16 weeks. Using an unbiased 
screen of human cord blood primary HSCs, they identi-
fied the purine derivative SR1 and found that it could 
lead to a 50-fold increase in CD34+ cells and a 17-fold 
increase in NOD-SCID repopulating cells (SRCc), which 
can engraft in immunodeficient mice. Interestingly, SR1 
could only affect human HSCs but not mouse HSCs which 
were commonly used as substitutes for human cells in bio-
logical assays. This discrepancy may indicate that some 

AhR-related pathways are different between human and 
mice.

SR1 was shown to increase the number of human cord 
blood CD34+ cells by directly binding to and inhibit-
ing AhR. AhR is a ligand-activated transcription factor 
involved in the induction of drug-metabolizing enzymes. 
Several pathways, including HES-1, c-Myc, C/EBP, PU.1, 
β-catenin, CXCR4, and Stat5, have been reported to play 
important roles in regulating hematopoiesis and are thought 
to be related to AhR [33].

UM171

Through high-throughput screening of a chemical library, 
Fares et  al. first discovered a pyrimidoindole derivative, 
UM171, which could significantly expand human cord 
blood HSCs ex vivo with the help of their newly developed 
automated and continuous medium delivery system, which 
is called a fed-batch culture [34]. Human CD34+CD45RA− 
mobilized peripheral blood (mPB) cells cultured in the 
presence of UM171 for 7 days significantly increased the 
number of CD34+38−90+45RA−49f+ cells over 100-fold 
compared with the control group. This expansion effect of 
UM171 could still be amplified when combined with SR1. 
Furthermore, the frequencies of LT-HSCs were 13-fold 
higher in the UM171-treated group compared with DMSO 
or uncultured controls. After treatment with UM171, these 
LT-HSCs remained capable of multi-lineage differentiation 
and long-term reconstitution. However, SR1 appeared to 
compromise the proliferative potential of lymphomyeloid 
LT-HSCs.

RNA sequencing (RNA-seq) expression profiling 
experiments were conducted to explore the mechanism 
of UM171. The most up-regulated genes in the UM171-
treated group were genes encoding surface molecules 
such as TMEM183A and PROCR (also known as EPCR 
or CD201). The specific mechanism requires further study 
(see Table 1).

P18IN003 and P18IN011

The cell cycle is a critical point of stem cell renewal. The 
cell fate is largely determined in the G1 phase in most mam-
malian cells. Therefore, targeting the cell cycle is a new 
strategy for HSC manipulation. Yuan et  al. [15] revealed 
that p18, a member of the cyclin-dependent kinase (CDK) 
inhibitor (CKI) INK4 family, could regulate the G1 phase 
cell cycle checkpoint by inhibiting CDK4/6, which makes 
it an ideal target for HSC ex vivo expansion. Recently, we 
combined computational virtual screening methods and 
biological validation to identify two p18 small molecular 
inhibitors, P18IN003 and P18IN011, which significantly 
increased the frequency of primitive hematopoietic cells in 
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Table 1   List of small 
molecules that affect 
hematopoiesis

Compound ID Structure Function Identify PMID 

UM171 
Increases human 

HSC self-renewal 

Related to CD201, AHSP, 

HBG1/2, HBB, HBBP1, 

HBD, SPTA1, EPB49, 

KLF1, RHAG, ANK1, 

GYPB, SELP, GP1BA, 

PF4, CD36, PPBP, GP9, 

ZFPM1, ELANE, AZU1 

25237102 

UM729 
Increases human 

HSC self-renewal 

Related to CD201, AHSP, 

HBG1/2, HBB, HBBP1, 

HBD, SPTA1, EPB49, 

KLF1, RHAG, ANK1, 

GYPB, SELP, GP1BA, 

PF4, CD36, PPBP, GP9, 

ZFPM1, ELANE, AZU1 

25237102 

SR1 
Increases human 

HSC self-renewal 

Aryl hydrocarbon receptor 

inhibition 
20688981 

P18IN003/011 

 

P18IN003 

P18IN011 

Increases human 

HSC self-renewal 
p18INK4C inhibition 

 

25692908 

 

Rapamycin (must 

combine with 

CHIR99021) 
Rapamycin 

 

CHIR99021 

Maintains hHSCs 

and mHSCs ex vivo 

mTOR inhibition; activates 

Wnt/β-catenin and 

PTEN/PI3K/AKT/mTOR 

23142822 

BIO 
Increases human 

HSC self-renewal 
GSK3β inhibition 

14702635/21

436068 
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Table 1   continued

Valproic acid

Promotes 

reprogramming, 

replaces Klf4 to 

induce human 

fibroblast 

reprogramming and 

inhibits HSC 

differentiation

HDAC inhibition

18568017/18

509334/1573

5039

DEAB
Inhibits HSCs 

differentiation

ALDH inhibition, 

decreases expression of 

cEBPε and HoxB4

16857736

Nicotinamide
Enhances HSCs 

homing in vivo

SIRT1 inhibition, decreases 

P21 expression
22198152

dmPGE2
Enhances HSC 

homing in vivo

PGE 

pathway/EP3,EP2/4,EP1 

activation

19324903/17

581586

zVADfmk
Inhibits HSC 

apoptosis

Inhibits Caspase activity, 

increases Bcl-2 expression, 

decreases Caspase-3 

expression and activates 

Notch1

20808921

5-HT
Inhibits HSC 

apoptosis

5-HTR activation; 

decreases Caspase-3 level
17446559

Garcinol 
Increases human 

HSC self-renewal 
HAT inhibition 21931675 

TEPA 
Increases human 

HSC self-renewal 

Decreases acetylation level 

of histones 
16219531 

5azaD/Trichostati

n A (TSA)
5azaD

TSA

Increases human 

HSC self-renewal

DNA methyltransferase 

inhibition
25363624

NR-101 
 

Increases human 

HSC self-renewal 

c-MPL activation; activates 

STAT5; stabilizes HIF-1α 

protein; enhances VEGF 
expression 

19744539 



523Novel chemical attempts at ex vivo hematopoietic stem cell expansion

1 3

ex  vivo culture [35]. More cobblestone areas (CAs) were 
generated from p18+/+ mouse bone marrow cells after 
5–8  weeks culture with P18IN011 than with P18IN003 
compared with DMSO control, whereas no significant dif-
ference was found with the p18−/− mouse bone marrow 
cells under the same conditions. Immunodeficient mouse 
transplantation also demonstrated that treatment with both 
P18IN003 and P18IN011 significantly increased the long-
term repopulating ability of HSCs. Moreover, P18IN011 
has a much stronger expansion effect than P18IN003. Fur-
ther structure optimization for human HSC ex vivo expan-
sion is needed in the future.

CHIR99021 + Rapamycin

CHIR99021 is an inhibitor of glycogen synthase kinase-3β 
(GSK3β) that increases the expression of β-galactosidase in 
phenotypic HSCs, activates the Wnt pathway, and supports 
ESC self-renewal [36] and mouse MEF cell reprogramming 
[37]. GSK3β inhibition would subsequently activate mTOR, 
which would trigger lineage commitment and HSC deple-
tion [38]. Studies have shown that hematopoietic cytokine 
combinations could establish lineage commitment but 
could not simulate the internal “niche” that could support 
LT-HSCs. Huang et al. [39] recently reported a new culture 
method that employed cytokine-free conditions to main-
tain HSCs ex vivo via the combined regulation of the Wnt 
and mTOR pathways. They cultured mouse c-Kit+ or Lin− 
Sca1+ c-Kit+ (LSK) cells and human UCB CD34+ cells in 
serum-free, cytokine-free culture medium in the presence of 
the GSK-3β inhibitor CHIR99021 and the mTOR inhibitor 
Rapamycin (C + R) for 7 days. Functional HSCs were iden-
tified by competitive and serial transplantation into immu-
nodeficient mice. The results showed that C  +  R could 
maintain functional LT-HSCs during cytokine-free ex vivo 
culture, and the chimerism of the C +  R treatment group 
remained at a higher level in secondary recipients after 
4 months compared with the control group.

Cell cycle assays revealed that C  +  R treatment 
increased the cell population in the S/G2/M phase, which 
indicated that C +  R might expand HSCs by promoting 
cell cycle progression without leading to cell apoptosis or 
death. Knock-down mouse studies have shown that Ctnn1b 
is required for the C + R effect of HSC maintenance. How-
ever, further mechanistic studies are needed.

BIO

BIO is another inhibitor of GSK3β that could result in the 
accumulation of cells enriched with primitive progeni-
tors with sustained reconstitution capacity. Ko et  al. [40] 
showed that BIO could stimulate the accumulation of the 
slowly dividing human cord blood CD34+ cells through 

delayed cell cycle progression and demonstrated signifi-
cantly increased engraftment and chimerism levels of the 
NOD/SCID repopulating cells.

Gene expression analysis suggested that this effect of 
BIO might be caused by the up-regulation of p57 and the 
down-regulation of cyclin D1. Although BIO treatment can 
lead to the accumulation of β-catenin, no other β-catenin 
target gene levels were changed. Other genes related to stem 
cell function were modulated by BIO treatment, including 
ADAMDEC1, ANGPT2, RARRES2, and HMOX.

NR‑101

Thrombopoietin (TPO) is regularly applied in megakaryo-
cyte differentiation, platelet production, and in the HSC 
culture medium [41]. The TPO receptor myeloprolifera-
tive leukemia virus protooncogene (c-MPL) is not only 
expressed in the megakaryocytic lineage but also in HSCs 
[42]. Previous studies showed that c-MPL plays an impor-
tant role in HSC maintenance and can activate three major 
pathways: Janus kinase (JAK)/signal transducer and activa-
tor of transcription (STAT), Ras/mitogen-activated protein 
kinase (MAPK), and phosphatidylinositol-3-kinase (PI3K)/
AKT [43, 44]. Nishino et al. [45] reported a novel nonpep-
tidyl small-molecule c-MPL agonist, NR-101, which could 
increase the number of CD34+CD38− hematopoietic cells 
and SRCs more efficiently than TPO in ex vivo culture.

HSC ex  vivo culture typically results in differentiation, 
senescence, and eventual exhaustion [46]. NR-101 gradually 
increased the proportion of G0/G1 cells and activated c-MPL, 
which kept the expression of c-MPL and its downstream path-
way proteins at high levels. There were two theories about the 
NR-101 mechanism. First, it could activate STAT5, which 
is closely related to HSC self-renewal. The second theory is 
that NR-101 stabilizes hypoxia-inducible factor-1α (HIF-1α), 
which would regulate the oxygen level in the cellular environ-
ment and the response to hypoxia and would then up-regulate 
the expression of VEGF. The enhanced expression of VEGF 
and the induction of hypoxic responses could be the mecha-
nism by which NR-101 elicits HSC expansion.

5azaD/TSA

In the adult body, HSCs usually remain quiescent to retain 
their stem cell characteristics. Thus, how to activate HSCs 
and force them into cell division is a main challenge in 
expansion research. Araki et  al. [47] attempted to reverse 
the HSC silencing status by targeting their genetic pro-
gram. They chose two chromatin modifying agents, 
5-aza-2-deoxycytidine (5azaD) and trichostatin A (TSA), 
and achieved a 3-fold increase in the CD34+CD38− cell 
population during expansion in the presence of either of 
the compounds. Nine days of ex  vivo culture of human 
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CD34+90+ cells led to much slower cell division rate and 
cell cycling compared with the control group. Analyzing 
the number of colony-forming units (CFUs-Mix) and the 
cobblestone area forming cells (CAFCs) also showed that 
5azaD/TSA-treated CD34+90+ cells maintain much greater 
hematopoietic potential even while undergoing extensive 
cell division compared to the control group with the simi-
lar rounds of cell division. Those slowly dividing 5azaD/
TSA-treated human CD34+90+ cells showed significantly 
greater human chimerism when injected to NOD-SCID 
mice compared with the control group.

Real-time quantitative PCR showed that some self-
renewal related genes, such as HOXB4, Bim-1, GATA2, 
and cell cycle regulating genes, such as p21 and p27, were 
up-regulated, whereas the cell proliferation related gene 
C-MYC was down-regulated after 5azaD/TSA treatment. 
The exact roles of these genes in maintaining the self-
renewal of stem cells and the effects of the chromatin mod-
ifying agents still need to be fully elucidated.

GAR

Natural products are always excellent sources for drug dis-
covery. Nishino et  al. [48] screened 92 biologically active 
natural products and identified a compound, garcinol (GAR), 
which is a plant-derived histone acetyltransferase (HAT) 
inhibitor; GAR expanded human hematopoietic progenitors 
(CD34+38− cells) by 4.5-fold in 7 days of ex vivo cytokine-
supplemented culture compared with a control group. More-
over, isogarcinol (ISO), a derivative of GAR, was found to 
have much greater expansion effect on HSPCs. Although 
there was no significant difference in the number of total 
colonies, GAR and ISO generated more high proliferative 
potential colony-forming cells (HPP-CFCs) compared with 
the control group, which suggested that GAR or ISO treat-
ment could yield more functional HSPCs to reconstitute nor-
mal hematology. A NOD/SCID-repopulation assay was then 
performed to further confirm the cultured cells’ hematopoi-
etic function in an in vivo assay and calculate the frequency 
of SRCs. The frequency of SRCs in GAR treated CD34+ 
cells was 2.5-fold higher than that of fresh CD34+ cells and 
2.2-fold higher than that of the control group. These results 
demonstrated that GAR and its derivative, ISO, could indeed 
facilitate HSPC expansion without losing the stem cells’ 
characteristics during ex vivo culture.

GAR was thought to be a non-specific HAT inhibitor. 
Consistent with this understanding, the level of cellular his-
tone acetylation was significantly reduced in GAR-treated 
human cord blood CD34+ cells. Global transcriptional 
assays showed that GAR-treated HSPCs displayed up-reg-
ulated AMICA1, BTG2, and HLF and down-regulated IL8, 
PF4, and PPBP. However, some classical pathways such as 
HOXB4 and NOTCH1, which were reported to be involved 

in stem cell self-renewal, were not changed in GAR-treated 
HSPCs. Further mechanistic study is required.

TEPA

Metal ions, such as iron, calcium, copper, magnesium, 
and zinc, are thought to have critical effects on prolifera-
tion, differentiation, and other cellular function regulation. 
Reports have shown that copper (Cu) deficiency can lead 
to serious clinical manifestations, such as hematopoietic 
differentiation [49]. The up-take of Cu in HL-60 cells was 
thought to be related to their early-stage differentiation 
[50]. Peled et al. [51, 52] reported that the addition of a Cu 
chelator, tetraethylenepentamine (TEPA), could decrease 
the Cu pool and then promote the expansion of human 
CD34+38− cells compared with a control group. The short-
term culture of human HSCs with TEPA could enhance the 
reconstitution capacity of these cells in NOD-SCID mice. 
Next, they synthesized a stable complex of TEPA:Cu (1:1), 
which showed a much more significant expansion effect on 
human CD34+38− cells and could increase the number of 
CFUs compared with the control group [53].

The Cu chelator TEPA, also known as StemEx, has been 
applied into a phase I/II clinical trial [54]. Although with a 
relatively low total cell number per kilogram infused in this 
study (mean 1.7 × 107 per kilogram), 9 out of 10 patients 
were successfully engrafted, and 9 were alive at day 100 
post-transplantation. Moreover, no patients were reported 
to develop grades 3 or 4 acute GVHD. These data sug-
gested a potential method of HSC ex  vivo expansion uti-
lizing chemical approaches. Further comprehensive stud-
ies and larger clinical trials are still necessary to establish 
whether the expanded HSCs have an effect on successful 
engraftment and patient survival.

Inhibition of lineage commitment differentiation

VPA

Valproic acid (VPA), a highly specific and potent HDAC 
inhibitor, has been used as a neurologic agent in the treat-
ment of epilepsy, bipolar disorder, migraine headaches, and 
some other severe neurologic disorders for decades [55]. 
Recently, Felice et al. [56] reported the application of VPA 
onto normal human HSCs to explore its effect on the pro-
liferation, differentiation, and survival of stem cells. After 
7  days of ex  vivo culture, the lower cell proliferation and 
higher number of G0/G1 phase VPA-treated cells showed 
that VPA could prolong the cell cycle duration without lead-
ing to cell death. Additionally, the increasing percentage of 
CD34+, CD34+90+, and CD34+38− populations and the 
higher number of colonies in VPA-treated cells compared 
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with the control group revealed that VPA could maintain the 
hematopoietic potential of cultured cells in the short term. 
In long-term culture (3  weeks), VPA significantly slowed 
the decrease of CD34+ cells and preserved the primary HSC 
population (CD34+90+ and CD34+38− cells).

Mechanistic studies showed that the expression of KDR, 
AC133, c-kitR, GATA1, and HOXB4 (strong increase) was 
increased after VPA treatment. VPA especially increased 
the level of histone acetylation at AC133 and HOXB4 sites. 
However, the effects of VPA on long-term reconstitution 
potential require further exploration using animal models.

DEAB

Aldehyde dehydrogenase (ALDH), which plays a criti-
cal role in the conversion of retinol (vitamin A) to retinoic 
acids, is highly expressed in HSCs, which makes it an ideal 
marker for HSCs, especially human HSCs. Studies have 
revealed that ALDH is essential for cellular differentia-
tion; thus, it has been applied in clinical therapy to induce 
the differentiation of acute promyelocytic leukemia cells. 
Based on these results, ALDH inhibition might be another 
method of maintaining HSC self-renewal. Chute et al. [57] 
reported that an inhibitor of ALDH, diethylaminobenzalde-
hyde (DEAB), significantly delayed the differentiation of 
HSCs and increased the percentage of human cord blood 
CD34+CD38− cells and created a fivefold increase in CFCs 
after 7 days ex vivo culture. Limiting dilution repopulation 
assays showed that the SRC frequency of DEAB-treated 
human CB lin−CD34+CD38− cells was 1 in 2200 cells, 
3.4-fold higher than that of an uncultured group and 7.7-
fold higher than that of a control group, which suggested 
that DEAB not only inhibited HSC differentiation but also 
promoted HSC expansion in ex vivo culture.

Mechanistic analysis indicated that ALDH might lead to 
HSC differentiation through intracellular retinoid produc-
tion, and the addition of DEAB, as well as other RAR ago-
nists, RXR agonists, or vitamin D could obviously maintain 
CD34+ cells ex vivo, which meant that ALDH could regu-
late HSC fate through these three ligands. Furthermore, the 
inhibition of ALDH subsequently up-regulated the expres-
sion of HOXB4 in HSCs. However, the interaction of these 
signaling pathways has yet to be elucidated.

Increased HSC homing in vivo

NAM

Another HDAC inhibitor, nicotinamide (NAM), is a well-
established potent inhibitor of the sirtuin family of the 
NAD-dependent class III histone deacetylase (HDAC) [58]. 
It has been reported that hematopoietic cells derived from 

SIRT1-deficient mice show increased proliferation activity 
in ex vivo culture [59]. Peled et al. [60] reported that nic-
otinamide, a form of vitamin B-3 regarded as a precursor 
of nicotinamide adenine dinucleotide (NAD), significantly 
increased the percentage and absolute number of CD34+38− 
cells at relatively low concentrations (2.5 and 5  mM) in 
short-term culture. In long-term culture (3  weeks), NAM 
showed not only an increase in the number of CD34+ cells 
that displayed an early progenitor cell phenotype but also 
the number of CFUs, which indicated the preservation of 
their potential for long-term expansion. Then, they assessed 
the short-term SCID reconstituting capacity of NAM-treated 
cells, and the results showed a ninefold increase of SRC fre-
quency compared with uncultured cells.

Cultured HSCs usually suffer from homing defects result-
ing from a sustained increase in adhesion receptor expression 
and a decrease in CXCR4 leading to the nonspecific binding 
of cultured cells to extramedullary endothelial surfaces [61].

PGE2

Prostaglandin E2 (PGE2), one of the most abundant eicos-
anoids and a mediator of numerous physiological systems 
[62], was reported to enhance the frequency of murine 
HSCs that showed a competitive reconstitution advantage 
during serial transplantation [63]. Previously, PGE2 was 
reported to stimulate the proliferation, cycling, and dif-
ferentiation of quiescent bone marrow cells [64]. Hoggatt 
et  al. [65] revealed that short-term dmPGE2 culture could 
improve the stable long-term enhancement of human HSCs 
upon serial transplantation. Twelve weeks after transplanta-
tion, human chimerism analysis of mPB showed a signifi-
cant fourfold increase in the dmPGE2-treated group com-
pared with a control group, which was used as a quantitative 
measure of long-term repopulating capacity. Additionally, 
PGE2 pulse-culture significantly enhanced the homing effi-
ciency of human UCB CD34+ cells and mouse HSCs.

The expansion effect mediated by PGE2 was thought to 
be associated with an increasing level of CXCR4 mRNA, 
decreased apoptosis, and the elevated expression of Survivin. 
A twofold increase in HSC cell-cycle activity in the PGE2 
group indicated that another possible mechanism might be 
an increasing proportion of LT-HSCs that were entering into 
and progressing through the cell cycle. These results sug-
gested that homing might be critical for HSC expansion.

Inhibition of HSC apoptosis

zVADfmk/zLLYfmk

HSC ex  vivo culture typically causes several cellular 
defects, such as stem cell exhaustion, the down-regulation 
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of homing properties, clonogenicity reduction, and apopto-
sis induction [66]. In previous studies, apoptosis has been a 
major cause of stem cell exhaustion and eventual cell death 
[67]. Two cysteine proteases, caspase and calpain, have 
been shown to play important roles in programmed cell 
death [68]. Sangeetha et al. [69] found a combination of two 
caspase and calpain inhibitors, zVADfmk and zLLYfmk, 
which could significantly increase the cell yield and espe-
cially the CD34+ population. Functional HSC validation 
showed that cells treated with these compounds retained a 
higher number of long-term repopulating units compared to 
the control group, with an approximately threefold increase 
in the number of GM colonies and increased engraftment of 
myeloid (CD33), megakaryocytic (CD41a), and lymphoid 
(CD19) populations in the bone marrow.

Apoptosis was obviously reduced in the zVADfmk/
zLLYfmk-treated cells. The mechanism of zVADfmk/
zLLYfmk is mainly related to three aspects. First, increased 
bcl-2 expression is functionally relevant because bcl-2 has 
been reported to increase stem cell phenotype and function-
ality [70]. Second, the activity of Caspase 3, a cell apopto-
sis factor, is always decreased as the CD34+ cells number 
increases. Third, after zVADfmk/zLLYfmk treatment, the 
Notch signaling pathways is activated, which may also be 
the mechanism of HSC expansion.

5‑HT

Serotonin, or 5-hydroxytryptamine (5-HT), is a mono-
amine neurotransmitter in the gastrointestinal tract and 
central nervous system that can regulate internal biologi-
cal activities [71]. 5-HT is enzymatically metabolized to 
5-hydroxyindole acetic acid and finally excreted from the 
body through the urine, whereas the extracellular level 
of serotonin is regulated by a sodium chloride-dependent 
membrane protein transporter (5-HTT, SERT) [72, 73]. 
Yang et al. [74] reported that 5-HT treatment increased the 
expansion of not only the total nuclear cells but also selec-
tively expanded CD34+CD38− cells in 8  days of culture. 
Additionally, treatment with 5-HT significantly enhanced 
the formation of colony-forming unit-fibroblasts (CFU-
Fs), CFU-GEMM, etc., which suggested that 5-HT could 
actually increase the hematopoietic potential of HSCs. 
Human chimerism was detected 6 weeks after 5-HT-treated 
cells were injected into sub-lethally irradiated NOD/SCID 
mice. The engraftment of the 5-HT group was significantly 
increased compared with the control group.

Mechanistic studies showed that 5-HT might expand 
HSCs through the antiapoptotic effects mediated by mito-
chondrial signaling, caspase activation, and the Akt/
ERK1/2 pathways. The specific mechanisms of serotonin 
in hematopoiesis need further investigation.

Conclusion

The ex vivo expansion of UCB-derived HSCs is a sought-
after technique to improve HSC transplantation therapy. 
However, HSCs are prone to differentiate during ex  vivo 
culture. Small-molecule compounds are increasingly com-
mon as tools for HSC expansion. As we can see from 
the previously described studies, there are many types of 
small-molecule compounds that could increase the propor-
tion of CD34+ cells and their subsets ex vivo and improve 
the transplantation level in animal models. Small molecule 
compounds demonstrate the potential for HSC expansion 
and hold great promise for making a difference in this field. 
Moreover, small-molecule compounds primarily affect 
some important signaling pathways, such as Wnt, PI3  K/
AKT, Notch, etc. Strategies for regulating these key signal-
ing pathways are important for efficient approaches to HSC 
expansion ex vivo.

Among all those key signaling pathways, Wnt signal-
ing pathway is supposed to be an extremely critical one 
due to its highly conserved and vital in mammal develop-
ment [75]. Several small molecule compounds involved 
in Wnt signaling pathway were continually discovered to 
efficiently expand HSC ex vivo, such as CHIR99021, BIO, 
etc. Also, small molecule Wnt regulators were found to 
play roles in other stem cells, like induced pluripotent stem 
cell. Given the various effects of small molecule Wnt regu-
lators, we considered that small molecules targeting Wnt 
signaling pathway appeared promising strategies to expand 
HSC ex vivo. There have already been some studies involv-
ing compound combinations such as the aforementioned 
CHIR99021 +  Rapamycin and the chemical combination 
of C6FZ (CHIR99021, 616452, Forskolin and DZNep) 
to trigger the complete reprogramming of mouse somatic 
cells [76]. Combination therapy can not only enhance the 
expansion effects of compounds but also avoid the toxic 
effects of these compounds. The combination of multiple 
pathways may become the next hotspot in stem cell expan-
sion research.

Almost in all current expansion culture methods, 
cytokines are thought be indispensable in order to imitate 
the internal hematopoietic niche. Chemical substitutions 
of those cytokines were considered as potent HSC expan-
sion strategies as well. As mentioned before, NR-101 is an 
ideal alternative option for TPO and even showed supe-
rior effects on HSC expansion. Therefore, further studies 
focused on cytokine substitutions should be addressed to 
achieve total chemical replacement of cytokines.

So far, chemical strategy applied into UCB-derived HSC 
ex vivo expansion has its successes in many clinical trials. 
Several small molecule compounds have already completed 
phase I/II and are now in phase II/III multi-center clinical 
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trials, such as SR1 (AhR antagonist), TEPA (copper chelate), 
Nicord (SIRT1 inhibitor) and so on [77]. Inspiring hemat-
opoietic reconstitution recovery and reduced graft-versus-
host-disease (GVHD) were achieved in even some late-phase 
clinical trials. However, the expensive procedure of handling 
umbilical cord blood HSC ex vivo is still a major challenge 
in future allogeneic stem cell transplantation.

It is undeniable that even though these small-molecule 
compounds are considered valid, they still have yet to be 
approved for clinical use. The primary reason is the lack 
of safety associated with small molecule compounds. Small 
molecule compounds may cause unexpected or even unpre-
dictable side effects when used for HSC expansion ex vivo. 
A detailed evaluation of the safety of small-molecule com-
pounds, especially the confirmation that they have no car-
cinogenicity, is a key step in the preclinical stages of any 
new potential therapy. Meanwhile, the mechanism of these 
compounds is still not clear. Thus, experiments that can 
verify these compounds’ safety and effectiveness are also 
required. Taken together, we hope to obtain a series of 
small-molecule compounds that can expand human HSCs 
ex vivo and eventually be used clinically.
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