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Abstract 

Background The diarylheptanoid ASPP 049 has improved the quality of adult hematopoietic stem cell (HSC) expan‑
sion ex vivo through long‑term reconstitution in animal models. However, its effect on hematopoietic regeneration 
from human induced pluripotent stem cells (hiPSCs) is unknown.

Method We utilized a defined cocktail of cytokines without serum or feeder followed by the supplementation 
of ASPP 049 to produce hematopoietic stem/progenitor cells (HSPCs). Flow cytometry and trypan blue exclusion anal‑
ysis were used to identify nonadherent and adherent cells. Nonadherent cells were harvested to investigate the effect 
of ASPP 049 on multipotency using LTC‑IC and CFU assays. Subsequently, the mechanism of action was explored 
through transcriptomic profiles, which were validated by qRT‑PCR, immunoblotting, and immunofluorescence 
analysis.

Result The supplementation of ASPP 049 increased the number of phenotypically defined primitive HSPCs 
 (CD34+CD45+CD90+) two‑fold relative to seeded hiPSC colonies, indicating enhanced HSC derivation from hiPSCs. 
Under ASPP 049‑supplemented conditions, we observed elevated HSPC niches, including  CD144+CD73− hemo‑
genic‑ and  CD144+CD73+ vascular‑endothelial progenitors, during HSC differentiation. Moreover, harvested ASPP 
049‑treated cells exhibited improved self‑renewal and a significantly larger proportion of different blood cell colo‑
nies with unbiased lineages, indicating enhanced HSC stemness properties. Transcriptomics and KEGG analysis 
of sorted  CD34+CD45+ cells‑related mRNA profiles revealed that the Hippo signaling pathway is the most significant 
in responding to WWTR1/TAZ, which correlates with the validation of the protein expression. Interestingly, ASPP 
049‑supplemented HSPCs upregulated 11 genes similarly to umbilical cord blood‑derived HSPCs.

Conclusion These findings suggest that ASPP 049 can improve HSC‑generating protocols with proliferative poten‑
tials, self‑renewal ability, unbiased differentiation, and a definable mechanism of action for the clinical perspective 
of hematopoietic regenerative medicine.
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Graphical abstract

Background
Human induced pluripotent stem cells (hiPSCs) gener-
ated in vitro from adult cells have been offered promising 
potentials for improved proliferation, self-renewal, and 
pluripotent differentiation [1, 2]. Comparable to human 
embryonic stem cells (hESCs), hiPSCs can differenti-
ate into vital cell types such as hematopoietic stem cells 
(HSCs), providing opportunities for treating hematologi-
cal disorders through autologous HSC-based therapy [3, 
4]. However, attempts to generate HSCs using a defined 
protocol have needed to be completed [5–7]. Generat-
ing HSCs from hiPSCs-directed differentiation protocols 
mainly involved cytokine cocktails that mimic mesoder-
mal lineage commitment and endothelial progenitor with 
a hemogenic specification [8–11]. Hemogenic endothelial 

progenitors (HEPs) undergo the endothelial-to-hemat-
opoietic transition (EHT) to generate hematopoietic 
stem/progenitor cells (HSPCs) [12–14]. One challenge 
with hiPSC-derived HSPCs is that their characteristics 
differ from those of HSPCs from other clinical sources 
[15, 16]. To overcome these limitations, clearly defined 
factors, including culture media, recombinant cytokines, 
and specific small molecules, regulate HSC differentia-
tion precisely [8, 17–19].

Several studies have shown that small molecules and 
natural derivatives can enhance the hematopoietic 
cell fate of stem cells and improve HSC generation by 
increasing HSC number and functions [20–22]. A small 
molecule, StemRegnin 1, can promote the proliferation 
of  CD34+CD45+ hESC/hiPSC-derived HSPCs. However, 
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activating the aryl hydrocarbon receptor pathway can 
lead to accelerated natural killer (NK) cell differentiation 
or an imbalance in erythroid-megakaryocytic potentials 
[23, 24]. Similarly, UM171 showed an effect on hESC-
derived hematopoietic cells after differentiation, which 
amplified  CD34+CD41aloCD45+ and  CD34+CD45+CD7+ 
progenitors under HSC expansion and lymphoid induc-
tion, respectively. However, granulocytic enrichment and 
NK cell amplification were observed [25]. Likewise, a his-
tone deacetylase inhibitor, suberoylanilide hydroxamic 
acid, increases  CD34+CD45+ cells from embryoid bod-
ies-derived HEP and predominantly drives the expres-
sion of platelet-related genes within HSPCs committed 
to premature megakaryopoiesis [26]. These observations 
illustrate multiple mechanisms impacting HSC differ-
entiation systems. Therefore, identifying a novel small 
molecule that enhances hiPSC-derived HSPCs while pre-
serving HSC capacities would be useful for in vitro HSC 
generation.

Previous studies have revealed the constructive effects 
of ASPP 049, a diarylheptanoid isolated from Curcuma 
comosa [27, 28], on an ex  vivo  CD34+CD38−CD90+ 
human HSC-culturing system. This compound poten-
tially induces the cultured HSCs to have multi-lineage 
differentiation abilities in vitro, long-term reconstitution 
in  vivo [29], as well as hematopoiesis improvement in 
an anemic mouse model [30]. However, the potential of 
HSC derivation from hiPSCs has not been investigated. 
This study aimed to explore the capability of ASPP 049 to 
affect HSC generation. We demonstrated that ASPP 049, 
via the Hippo signaling pathway, increased the quantity 
of  CD34+CD45+ hiPSC-derived HSPCs with unbiased 
lineage distribution and preserved biological function. 
Furthermore, HSPCs generated under ASPP 049-sup-
plemented conditions exhibited gene expression profiles 
similar to UCB-derived  CD34+ cells. These findings sug-
gest that ASPP 049 could be a novel component in the 
development of improved differentiation protocols for 
hiPSCs to generate HSCs.

Methods
Cell maintenance
hiPSC line, MUi019-A, was derived from  CD34+ 
HSPCs from a healthy donor, as previously described 
[31]. The hiPSCs were maintained on Matrigel-coated 
dishes (Corning, VWR International) in Essential 8 (E8) 
medium supplemented with 1% Penicillin/Streptomy-
cin (P/S, Gibco) under 5%  O2 and 5%  CO2 at 37°C with 
95% humidity. The hiPSCs were replenished daily with E8 
medium. When hiPSCs reached 70–80% confluence, they 
were passaged with 0.5 mM EDTA (ThermoFisher Sci-
entific/Sigma) for 5 min. The colonies were dissociated 
into aggregates (10–100 cells) and passaged by ten-fold 

dilution in E8 medium supplemented with 10 mM Rho-
associated coiled-coil-containing protein kinase inhibitor 
(ROCKi) (Y-27632, Sigma) for the first day of culture. The 
hiPSCs were experimentally used within passage num-
bers ranging from 20 to 30. Murine stromal fibroblasts, 
AFT024 cells, used for long-term culture (LTC) in limit-
ing dilution analysis (LDA) of stem cells, were obtained 
from ATCC (SCRC-1007). The cells were seeded and 
expanded in 75  cm2 culture flask with Dulbecco’s Modi-
fied Eagle Medium, high-glucose, pyruvate (Gibco) con-
taining 10% fetal bovine serum (FBS, Hyclone), 1% P/S 
and 50  μM β-mercaptoethanol (2-ME, ThermoFisher 
Scientific) under 5%  CO2 at 33  °C with 95% humidity. 
AFT024 cells were experimentally used within passage 
numbers ranging from 1 to 2.

Hematopoietic cell differentiation
hiPSC colonies were passaged and seeded as aggregates 
on a Matrigel-coated plate at a density of 10–15% conflu-
ency per well in a 12-well plate. Subsequently, E8 medium 
supplemented with ROCKi was added before differen-
tiation into hematopoietic cells (Day 0). After 24 h, the 
medium was replaced with STEMdiff™ APEL2 (STEM-
CELL Technologies) media supplemented with 1% P/S 
and stepwise cytokines for hematopoietic induction with 
or without ASPP 049 (the processes of isolation and puri-
fication were previously described) [27, 28]. Briefly, the 
cells were induced by the addition of recombinant human 
BMP4 (50 ng/mL, PeproTech) for two days, followed 
by the addition of recombinant human VEGF (50 ng/
mL, PeproTech) and recombinant human bFGF (50 ng/
mL, PeproTech) from day 3 to 5. On day 5, in addition to 
VEGF and bFGF, SB431542 (20 μM, Sigma) was added. 
On day 7, the cytokines in the medium were substituted 
with recombinant human SCF (50 ng/mL, PeproTech), 
recombinant human IL-3 (50 ng/mL, PeproTech), and 
recombinant human TPO (50 ng/mL, PeproTech). Dur-
ing the following five days, the cells were treated with 
ASPP 049 and DMSO vehicle control in APEL2 media 
supplemented with the day 7 cytokine cocktail, and half-
volume media was changed every other day. The differen-
tiation culture was maintained at 37ºC with 5%  CO2 and 
5%  O2 in a standard 95% humidified incubator.

Cell number and viability assay
Cell viability was assessed using the Trypan blue exclu-
sion assay. Total cell number and viability were deter-
mined using a hemocytometer, and the observation was 
recorded under a bright-field microscope.

Flow cytometry analysis
At desired time points, nonadherent and adherent cells 
were harvested separately by aspiration and dissociation 
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with 0.5 mM EDTA for 15 min, respectively. The cells 
were then filtered through 40 μm strainers, pelleted, 
and stained with antibodies in PBE buffer (PBS + 0.5% 
BSA + 2 mM EDTA). Antibodies of flow cytometry were 
used as follows: PerCP-conjugated CD34 (BioLegend), 
FITC-conjugated CD45 (BD Biosciences), and APC-
conjugated CD90 (BioLegend), PE-conjugated CD144 
(BD Biosciences), and APC-conjugated CD73 (BD Bio-
sciences). Detailed information on these antibodies is 
provided in Additional file 1: Table S1. All samples were 
analyzed using BD Accuri™ C6 (BD Biosciences) and 
Attune™ Nxt (ThermoFisher Scientific). Cell sorting was 
performed using a FACSAria™ III (BD Biosciences). 
The data of flow cytometry was analyzed using Flowjo 
software.

MyeloCult™ LTC‑initiating cell (LTC‑IC) for limiting dilution 
analysis (LDA)
AFT024 cells were seeded and grown overnight in 0.1% 
gelatin-coated 96-well plates at a density of 3–3.5 ×  105 
cells per mL in the AFT024 cell-expanded condition as 
previously described [32]. Before 16  h of LTC, stromal 
cells were mitotically inactivated by 2 ug/mL Mitomy-
cin C, as previously described [33]. In parallel with non-
adherent cells harvested from day 12 of hematopoietic 
differentiation, human UCB specimens were obtained 
from Ramathibodi Hospital (COA. MURA2023/305) 
and National Blood Centre, Thai Red Cross Society 
(COA No. NBC6/2022) and collected the UCB-derived 
mononuclear cells using Lymphoprep™ density gradi-
ent medium (STEMCELL Technologies). Afterward, 
both cell types were magnetically sorted using EasySep™ 
Human CD34 Positive Selection Kit II (STEMCELL 
Technologies) to isolate UCB- and hiPSC-derived  CD34+ 
cells. For LDA, hiPSC-derived cells at determined cell 
doses (10,000/5,000/2,500/1,250/625) were then placed 
in 12 replicates of AFT024-prepared wells per dose with 
100 μL LTC medium (Myetocult™ H5100, STEMCELL 
Technologies) containing 1 μM hydrocortisone (Sigma) 
and 1% P/S under 5%  O2 and 5%  CO2 at 37°C with 95% 
humidified condition. Fresh LTC medium was half-
changed weekly. After five weeks of every single LTC 
well, co-cultured cells were harvested and performed in 
the human colony-forming unit (CFU) assay for another 
two weeks, and the well with/without forming colonies 
were scored to calculate the frequency of stem cells using 
L-Calc™ software (STEMCELL Technologies). In the 
same process, LDA was utilized to test UCB-derived cells 
as a positive control, but a half-lower density of cell doses 
(5,000/2,500/1,250/625/312.5) per well.

MethoCult™ CFU assay of LTC‑IC and fresh hiPSC‑derived 
HSPCs with cell morphology
Whole cells from the LTC, as well as nonadherent 
(5 ×  104) cells from hematopoietic differentiation, were 
harvested and resuspended in Iscove-modified Dul-
becco medium (Hyclone) and mixed with a methylcel-
lulose-based medium (MethoCult™ H4636, STEMCELL 
Technologies). The colonies were scored according to 
standard morphological criteria after 14 days of incuba-
tion at 37  ºC, 5%  CO2, and 95% humidity. Furthermore, 
colonies from hiPSC-derived nonadherent cells were 
individually collected for May Grunwald-Giemsa staining 
(Additional file 1: supplemental experiment procedures) 
and microscopic observation.

RNA preparation
Human UCB specimens were obtained and isolated to 
UCB-derived  CD34+ cells as described above. In paral-
lel, hiPSC-derived  CD34+CD45+ cells were isolated using 
Fluorescence-activated cell sorting (FACS). Both cell 
types were harvested for total RNA isolation using the 
Qiagen RNeasy Plus Micro Kit (Qiagen), following the 
manufacturer’s protocol (Additional file  1: Fig. S3). The 
RNA concentration and quality were estimated using a 
NanoDrop™ 2000 Spectrophotometer (ThermoFisher 
Scientific).

NanoString® mRNA analysis
RNA concentration was adjusted to 20 ng/μL each, fol-
lowing the manufacturer’s instructions, for utilization in 
the nCounter® Stem Cell Panel and Assay (NanoString 
Technologies), which includes 770 probes (Additional 
file  1: supplemental experiment procedures). The panel 
was employed to determine the gene expression patterns 
specific to stem cell characteristics and properties, ena-
bling the investigation of the underlying mechanisms. 
This assay was conducted using four biological replicates 
from magnetic-sorted and FACS samples.

Quantitative real‑time PCR (qRT‑PCR) analysis
Total RNA from individual samples was isolated as 
described above, following the manufacturer’s instruc-
tions. RNA was then reverse transcribed by the Super-
Script™ III First-Strand Synthesis System (Invitrogen). 
The expression of mRNA was examined using specific 
oligonucleotides (listed in Additional file 1: Table S2) and 
SYBR Green (Bio-Rad) on an ABI PRISM 7500 Sequence 
Detection System with analytical software (ThermoFisher 
Scientific). The levels of targeted gene expression were 
analyzed with ΔΔCT, normalized to the expression of 
GAPDH, to demonstrate the fold change (FC) relative to 
the negative control.
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Immunoblotting analysis
Magnetically sorted hiPSC-derived  CD34+ cells were 
washed three times with cold PBS, lysed in protein-pre-
servative buffers, and stepwise prepared for polyacryla-
mide gel electrophoresis, subsequently transferred to 
membranes by electroblotting as previously described 
[30]. Afterward, membranes were incubated with the 
primary antibodies: p-YAP1 (phospho-Ser127, 1:500, 
Abcam), YAP1 (1:1000, Abcam), p-WWTR1 (phospho-
Ser89, 1:500, Invitrogen), WWTR1 (1:1000, Invitrogen), 
and GAPDH (1:20,000, Invitrogen), overnight at 4  °C. 
Subsequently, membranes incubated with antibodies 
were washed five times with Tris-buffered saline plus 
Tween 20 and incubated with HRP-conjugated second-
ary antibodies. Targeted signals were exposed with HRP 
Substrate and detected by Azure 600 (Azure Biosystems). 
Detailed information on these antibodies and reagents is 
provided in Additional file 1: Table S1.

Immunofluorescence analysis
Magnetically sorted hiPSC-derived  CD34+ cells were 
washed, single-cell resuspended, and loaded onto cyto-
spin-prepared slides (Additional file  1: supplemental 
experiment procedures). Slide-attached cells were then 
fixed with 4% paraformaldehyde for 20 min. Permea-
bilization was performed with 0.2% Triton X within 10 
min and 2% BSA blocking in PBS for 1 h. The cells were 
incubated with primary antibodies p-TAZ (1:100), TAZ 
(1:100), p-YAP1 (1:100), and YAP1 (1:500) for 3 h. Then, 
cells were rinsed with PBS for 5 min three times. Next, 
cells were incubated with fluorophore-conjugated sec-
ondary antibodies (1:500) for 1 h and washed with PBS 
for 5 min three times. The stained cells on microscope 
slides were mounted, sealed, and imaged with a confo-
cal laser scanning microscope (Zeiss LSM 900). Detailed 
information on these antibodies is provided in Additional 
file 1: Table S1.

Bioinformatics analysis
Data normalization, visualization, and statistical analy-
sis were performed by nSolver™ software, utilizing the 
geometric mean of the top twelve housekeeping genes. 
Significance of differentially expressed genes (DEGs) 
was considered by the criteria of a p-value < 0.05 and 
FC < -2 or > 2. The heatmap expression plots were gen-
erated using nSolver™ visualization and MetaboAnalyst 
5.0, accessible at https:// www. metab oanal yst. ca. The 
volcano plots for gene expression were generated using 
VolcaNoseR, accessible at https:// huyge ns. scien ce. uva. 
nl/ Volca NoseR/. WEB-based GEne SeT analysis Toolkit 
(Webgestalt) was employed for gene enrichment analy-
sis, accessible at http:// webge stalt. org/. The significant 
threshold for this analysis was set at false discovery rates 

(FDR) < 0.5. The data based on Kyoto Encyclopedia of 
Genes and Genomes (KEGG), available at https:// www. 
genome. jp/ kegg/ pathw ay. html, was utilized to map the 
related pathways.

Statistical analysis
Unless stated, the data based on a minimum of biologi-
cal triplicates (n ≥ 3) were represented as mean ± SEMs. 
Significant differences were analyzed using paired stu-
dent’s t-test or repeated-measures one-way ANOVA with 
Dunnett’s multiple comparisons, where appropriate, on 
GraphPad Prism 9 (GraphPad software). The statistical 
difference at a p-value of less than 0.05 was considered 
significant.

Results
ASPP 049 promoted hematopoietic differentiation 
of hiPSCs into HSPCs
To determine the effect of ASPP 049 on the differen-
tiation process, we utilized a serum- and feeder-free 
directed differentiation protocol, as previously described 
[19], for generating HSCs in the presence of ASPP 049 
(Fig.  1A). The critical step of hematopoietic differentia-
tion is hemato-endothelial induction [10, 14], the check-
point in facilitating HSC generation in  vitro [8, 20, 24, 
34]. Thus, we initially treated ASPP 049 on day 7, having 
found that hiPSCs were morphologically transformed 
into endothelial-like cells (black arrow), then successfully 
generating HSC-like cells (black arrowhead) on day 12 
(Fig. 1B).

To find the optimal supplementary condition for ASPP 
049, we tested the cytotoxicity of various concentra-
tions on hematopoietic committed cells. We assessed 
cell viability using a Trypan blue exclusion assay on day 
12. Normalizing the results with vehicle control (DMSO, 
cell viability 100%), we observed an increase in cell viabil-
ity to 179.01 ± 10.55% at a concentration of 1  µM ASPP 
049, while a concentration of 10 µM ASPP 049 decreased 
cell viability to 18.52 ± 8.55% (Fig.  2A) as well as total 
nucleated cell number relative to hiPSC-seeded colo-
nies of 1 µM ASPP 049 (8.40 ± 1.14 ×  103 cells, p = 0.038) 
and 10  µM ASPP 049, (2.52 ± 1.87 ×  103 cells, p = 0.154) 
compared to DMSO (3.94 ± 1.04 ×  103 cells) (Additional 
file  1: Fig. S1A). We also detected a higher efficiency 
in HSC generation with 1  µM ASPP 049 treatment, 
as indicated by a significant increase in the percent-
age of  CD34+CD45+ markers (ASPP 049, 42.03 ± 4.66% 
vs. DMSO, 29.17 ± 2.15%, p = 0.0041, Fig.  2B) and 
 CD34+CD45+ cell number (ASPP 049, 3.58 ± 0.64 ×  103 
cells vs. DMSO, 1.12 ± 0.31 ×  103 cells, p = 0.0360) on day 
12 (Additional file 1: Fig. S1B and D) using flow cytom-
etry with the gating strategy (Additional file  1: Fig. 
S1C). Additionally, ASPP 049 treatment significantly 

https://www.metaboanalyst.ca
https://huygens.science.uva.nl/VolcaNoseR/
https://huygens.science.uva.nl/VolcaNoseR/
http://webgestalt.org/
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
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increases the ratios of  CD34+CD45+ HSPCs (ASPP 049, 
1.67 ± 0.13-fold vs. DMSO, 1.00 ± 0.13-fold, p = 0.0013) 
as well as  CD34+CD45+CD90+ primitive HSPCs [26, 35] 
(ASPP 049, 1.92 ± 0.13-fold vs. DMSO, 1.00 ± 0.11-fold, 
p = 0.0270) relative to the initial number of hiPSC-seeded 
colonies (Fig. 2C, D). Thus, ASPP 049 induced the prolif-
eration of HSPCs generated from hiPSCs.

ASPP 049 escalated various progenitors during EHT
During hematopoietic development or ex  vivo differen-
tiation, hemato-endothelial origin cells with hemogenic 
and angiogenic characteristics, characterized by surface 
protein markers [10], play an essential role in HSC speci-
fication and emergence [12, 13]. To evaluate the effects 
of ASPP 049 on distinguishing cell types, we assessed the 
endothelial phenotypes of differentiating adherent cells 
derived from hiPSCs. As shown in Fig. 3A, adherent cells 

Fig. 1 Hematopoietic differentiation for HSC generation from human induced pluripotent stem cells. A schematic protocol of hiPSC differentiation 
into HSPCs with chemically defined factors. Cells were treated with either a diarylheptanoid ASPP 049 or vehicle control (DMSO) starting on day 
7 with medium changes. B Representative morphologies of differentiating cells in adherent (black arrow) and nonadherent (black arrowhead) 
fractions during the differentiation: scale bars, 100 μm
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Fig. 2 Optimal concentration of ASPP 049 increases hiPSC‑derived HSPCs in vitro. A Cell viability of hiPSC‑derived nonadherent cells is relative 
to DMSO vehicle control and B  CD34+CD45+ fractions represented as the percentage of flow cytometry gating in the presence of various 
concentrations (0.1, 1, and 10 μM) of ASPP 049. A and B Individual data are represented on bar charts with mean ± SEM error bars from three 
biological replicates. **p < 0.01 compared with DMSO (repeated‑measures one‑way ANOVA with Dunnett’s multiple comparisons). C Representative 
flow cytometry analysis of hiPSC‑derived nonadherent cells harvested on day 12, assessed by phenotypically defined markers of HSPCs 
 (CD34+CD45+) and primitive HSPCs  (CD34+CD45+CD90+). D Fold change analysis of the hematopoietic phenotypes of derived cells relative 
to hiPSC‑seeded colonies in the presence of 1 μM ASPP 049. Individual data relative to DMSO are represented on a bar chart with mean ± SEM error 
bars from three biological replicates. *p < 0.05, **p < 0.01 compared with DMSO (paired student’s t‑test)

(See figure on next page.)
Fig. 3 ASPP 049 modulates the developmental endothelial progenitors through endothelial‑to‑hematopoietic transition (EHT). A Kinetics of flow 
cytometry analysis of ASPP 049 (1 μM) on EHT defined by the expression of endothelial progenitor markers (CD144 and CD73) and hematopoietic 
markers (CD34 and CD45). The developmental endothelial potency of adherent cells: hemogenic endothelial progenitors (HEP,  CD144+CD73−), 
vascular endothelial progenitors (VEPs,  CD144+CD73+), and hematopoietic committed cells  (CD34+CD45+) during hematopoietic differentiation are 
shown. B–D Statistical analysis of each endothelial progenitor number of different time points relative to hiPSC‑seeded colonies. Individual data are 
represented on a bar chart with mean ± SEM error bars from three biological replicates. *p < 0.05, **p < 0.01 compared with DMSO vehicle control 
simultaneously (paired student’s t‑test)
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Fig. 3 (See legend on previous page.)
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from days 5 to 12 during the differentiation, both with 
and without ASPP 049, were characterized to determine 
endothelial markers that discriminate between hemo-
genic endothelial progenitors (HEPs,  CD144+CD73−) and 
vascular endothelial progenitors (VEPs,  CD144+CD73+) 
[10, 34] through EHT.

On day 7 of the differentiation before ASPP 049 treat-
ment, we observed the markers of VEPs (0.03 ± 0.05%) 
that modestly increased until day 10, in contrast to HEPs 
(25.3 ± 1.70%) that slightly decreased until day 12, along-
side the expression of CD34 on day 7 and CD45 from 
day 8 onwards, indicating hematopoietic differentiation. 
Although CD144 expression declined over time, result-
ing in a loss of endothelial characteristics by day 12, cells 
treated with ASPP 049 and vehicle control continued to 
exhibit HEP markers (ASPP 049, 13.0 ± 2.72% vs. DMSO, 
9.23 ± 0.51%) and VEP markers (ASPP 049, 3.46 ± 1.54% 
vs. DMSO, 2.83 ± 1.23%) on day 8. These markers were 
highly elevated in ASPP 049-treated HEPs (ASPP 
049, 13.5 ± 3.68% vs. DMSO, 5.56 ± 0.64%) and ASPP 
049-treated VEPs (ASPP 049, 8.19 ± 2.54% vs. DMSO, 
6.99 ± 4.35%) on day 10, accompanied by an increase in 
the  CD34+CD45+ population. The concurrent upregu-
lation of CD34 and CD45, along with the loss of CD144 
on day 12 (~ 2.5% with or without ASPP 049), indicates 
successful EHT that potentially generates hiPSC-derived 
 CD34+CD45+ HSPCs (Fig.  3A). Further analysis with 
flow cytometry and trypan blue exclusion assay revealed 
a significant three-fold increase in the cell number of 
HEPs treated with ASPP 049 compared to the initial 
number of hiPSC-seeded colonies (Day 8: ASPP 049, 
6.08 ± 0.33 ×  103 HEPs vs. DMSO, 2.03 ± 0.15 ×  103 HEPs, 
p = 0.0035; Day 10: ASPP 049, 6.87 ± 0.78 ×  103 HEPs vs. 
DMSO, 1.71 ± 0.17 ×  103 HEPs, p = 0.0073; Day 12: ASPP 
049, 6.87 ± 0.78 ×  103 HEPs vs. DMSO, 0.38 ± 0.10 ×  103 

HEPs, p = 0.0480) (Fig. 3B), along with a similar increase 
in VEPs (Day 8: ASPP 049, 1.57 ± 0.29 ×  103 VEPs vs. 
DMSO, 0.62 ± 0.15 ×  103 VEPs, p = 0.0476; Day 10: ASPP 
049, 4.20 ± 0.76 ×  103 VEPs vs. DMSO, 1.97 ± 0.41 ×  103 
VEPs, p = 0.0131; Day 12: ASPP 049, 0.61 ± 0.09 ×  103 
VEPs vs. DMSO, 0.18 ± 0.03 ×  103 VEPs, p = 0.0247) 
(Fig.  3C). Accordingly, the normalized cell number of 
 CD34+CD45+ adherent cells (hematopoietic commit-
ted cells) under ASPP 049-supplemented conditions 
significantly increased up to four-fold on day 10 (ASPP 
049, 7.31 ± 0.78 ×  103 cells vs. DMSO, 2.01 ± 0.38 ×  103 
cells, p = 0.0226) and up to three-fold on day 12 (Fig. 3D). 
These findings on the differentiating progenitors indi-
cated the spontaneously gradual acquisition with time 
of hematopoietic committed characteristics instead of 
endothelial characteristics. In addition, ASPP 049 supple-
mentation maintained the existence of HEPs and VEPs, 
facilitating HSPC generation. Taken together, ASPP 049 
not only exerted a proliferative effect on late HSPCs but 
also enhanced the expression of hemato-endothelial ori-
gins and early hematopoietic committed cells without 
interrupting EHT in vitro.

ASPP 049 improved self‑renewal and multi‑lineage 
differentiation with unbiased hematopoietic progenitor 
lineage ratio in vitro
Colony-forming unit (CFU) assay was conducted to 
evaluate the multi-lineage differentiation potential of 
hematopoietic progenitors derived from hiPSCs. The 
cells supplemented with ASPP 049 were able to com-
pletely differentiate into CFU-GM (CFU of granulocytes 
and macrophages, BFU-E (burst-forming unit of erythro-
cytes), and CFU-GEMM (CFU of granulocytes, erythro-
cytes, megakaryocytes, and macrophages), similar to the 
pattern of the vehicle control (Fig.  4A). To assess each 

Fig. 4 ASPP 049‑treated cells promote self‑renewal and multi‑lineage differentiation potential with unbiased lineage distribution. A The blood 
cell colony‑forming potentials of nonadherent (5 ×  104) cells from day 12 differentiation were harvested into single‑cell suspension and cultured 
in Methocult™ medium for 2 weeks, evaluating the multi‑lineage differentiation potentials. Representative morphologies of blood cell colony: 
CFU‑GM (left), BFU‑E (middle), CFU‑GEMM (right). Scale bars, 50 μm. B May Grunwald‑Giemsa staining of CFU‑GM, BFU‑E, and CFU‑GEMM 
from harvested colonies. Green arrowhead: granulocytic neutrophils, black arrowhead: macrophages, red arrowhead: orthochromatic erythrocytes. 
Scale bars, 100 μm. C Statistical analysis of colony formation was classified and scored under a bright‑field microscope according to color, colony 
size, and cellular compositions: CFU‑GM (grey), BFU‑E (red), CFU‑GEMM (dark red), and total CFUs. D Blood lineage distribution represents the ratio 
of all CFUs between nonadherent cells harvested from ASPP 049 (1 μM)‑ and DMSO‑supplemented conditions. Data are represented as mean ± SEM 
from three biological replicates. Remarks: * represents statistics of total CFUs, # represents statistics of CFU‑GM, $ represents statistics of BFU‑E, 
and % represents statistics of CFU‑GEMM. **p < 0.01, ##p < 0.01, $p < 0.05, %p < 0.05 compared with DMSO vehicle control (paired student’s t‑test). E 
Limiting dilution analysis of long‑term culture‑initiating cells using different cell doses indicates the effect of ASPP 049 on maintaining a frequency 
of HSC‑like cells after 5 weeks of LTC on AFT024 plus 2 weeks for MethoCult™ clonogenic ability, compared with positive control UCB‑derived 
 CD34+ cells. F At the highest doses of tested cells (hiPSC‑derived  CD34+ (1 ×  104) cells and UCB‑derived  CD34+ (5 ×  103) cells), frequency of blood 
colony formation was scored from positively responded LTC among hiPSC‑derived HSPCs, hiPSC‑derived HSPCs + ASPP 049, and UCB‑derived 
HSPC. Each dot represents the number of clonogenic cells in a single LTC plus MethoCult™ wells with individual data from technical replicates: 
n = 9, n = 11, and n = 11, respectively. Remarks: * represents statistics compared with hiPSC‑derived HSPCs, and # represents statistics compared 
with hiPSC‑derived HSPCs + ASPP 049. *p < 0.01, ***p < 0.01, #p < 0.05 (one‑way ANOVA with Dunnett’s multiple comparison)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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cell type within their representative colonies, we manu-
ally collected each CFU for cytospin and May Grunwald-
Giemsa staining. The results from each colony showed 
morphologically matched hematopoietic cells them-
selves, with no observed differences in granulocytes or 
neutrophils (green arrowhead), macrophages (black 
arrowhead), or orthochromatic erythrocytes (red arrow-
head) between treatment and control groups (Fig.  4B). 
Further analysis revealed ASPP 049 treatment showed a 
significant increase in the number of total colonies (ASPP 
049, 397.80 ± 18.54 CFU vs. DMSO, 150.00 ± 27.80 CFU, 
p = 0.0053), including CFU-GM (ASPP 049, 
337.80 ± 30.12  CFU vs. DMSO, 122.80 ± 34.87  CFU, 
p = 0.0050), BFU-E (ASPP 049, 49.00 ± 12.74  CFU vs. 
DMSO, 20.67.80 ± 6.28  CFU, p = 0.0244), and CFU-
GEMM (ASPP 049, 11.83 ± 1.45  CFU vs. DMSO, 
6.50 ± 1.16  CFU, p = 0.0334) (Fig.  4C). Interestingly, we 
found that the percentage of lineage distribution based 
on CFU capacity did not show an increase in any specific 
lineage from ASPP 049-treated cells (Fig. 4D), indicating 
unbiased lineages for multipotency of generated HSPCs.

The LTC-IC assay assesses clonogenic cell output 
from human LTC-initiating cell input (self-renewal 
cells) over the limiting dilution of cell doses. It is avail-
able for the long-term hematopoietic culture system to 
demonstrate the functionally primitive human HSPCs 
[33, 36]. Long-term co-culture with a stromal feeder 
and continuous reconstitution of blood-lineage colonies 
can determine the frequency of stem cells maintaining 
repopulating activity in vivo [32, 37]. The LDA revealed 
that ASPP 049 profoundly affected HSPCs, showing a 
1.72-fold reduction in stem cell frequency compared with 
the UCB-positive control (ASPP 049, with a 95% CI of 
1/4981–1/3325 (frequency = 1/4070) vs. UCB, with a 95% 
CI of 1/3263–1/2194 (frequency = 1/2676), p = 0.0551), 
whereas HSPCs without the compound showed a 2.79-
fold reduction (DMSO, with a 95% CI of 1/8198–1/5285 
(frequency = 1/6582) vs. UCB, with a 95% CI of 1/3263–
1/2194 (frequency = 1/2676), p = 0.00006). This experi-
ment was calculated using Poisson statistics to compare 
the ratio of proportions (Fig.  4E). CFU assay of the 
highest cell dose after LTC of ASPP 049-supplemented 
HSPCs resulted in a higher frequency compared with the 
negative control (DMSO, 4.33 ± 1.16; n = 9 vs. ASPP 049, 
11.27 ± 1.251  CFU; n = 11, p = 0.0192), which is close to 
but still lower than the UCB-positive control (ASPP 049, 
11.27 ± 1.251  CFU; n = 11 vs. UCB, 17.55 ± 2.368  CFU; 
n = 11, p = 0.0265) (Fig.  4F). Although incomparable to 
the potential of UCB, it is notable that ASPP 049 explores 
the improving effects on the self-renewal HSC compart-
ment derived from hiPSCs.

Likewise, the erythroid-differentiating potential of 
renewing sources, such as hiPSCs, has been attractive 

in regenerative medicine [38]. Consequently, we inves-
tigated this potential using a three-stage erythroid dif-
ferentiation process (Additional file  1: supplemental 
experiment procedures and Fig. S2A). Focusing on the 
accelerated differentiation of the early erythroid stage on 
D5E, the effect of ASPP 049 did not disturb the eryth-
roid maturation of hiPSC-derived HSPCs in the later 
days (Additional file 1: Fig. S2B–E). Variations in globin 
expression were demonstrated by qRT-PCR (Additional 
file  1: supplemental experiment procedures), reveal-
ing dissimilar ratios of ⍺- and β-like globin mRNAs 
(⍺ + ζ/β + γ + ε) on D7E between ASPP 049-treated and 
untreated cells (HSPC to erythroid, 0.82 ± 0.02 ratio vs. 
 HSPC049 to erythroid, 0.98 ± 0.03 ratio, p < 0.0069) (Addi-
tional file  1: Fig. S2F). This difference was particularly 
notable in higher ⍺-globin mRNA (HSPC to erythroid, 
89.60 ± 0.31% vs.  HSPC049 to erythroid, 91.91 ± 0.24%) in 
contrast to lower ζ-globin mRNA (HSPC to erythroid, 
10.40 ± 0.31% vs.  HSPC049 to erythroid, 8.09 ± 0.24%) 
in ASPP 049-treated cells. However, the expression of 
β-globin mRNA slightly increased in ASPP 049-treated 
cells (HSPC to erythroid, 0.17 ± 0.03% vs.  HSPC049 to 
erythroid, 0.20 ± 0.03%) but the majority was restricted to 
γ-globin (HSPC to erythroid, 74.15 ± 0.14% vs.  HSPC049 
to erythroid, 73.64 ± 1.65%) (Additional file 1: Fig. S2G). 
In this study, blood lineage-committed cells derived from 
ASPP 049-treated cells demonstrated a robust multi-
lineage differentiation property without lineage bias, 
as well as the functional ability of embryonic-to-fetal 
hemoglobin switching. The cells with or without ASPP 
049 demonstrated the ability to differentiate into mature 
human red blood cells from hiPSCs. However, transition-
ing to adult β-globin in hiPSC-derived erythroid cells 
remains challenging [39], and achieving stable expression 
of β-globin is a major complication.

Treatment with ASPP 049 is associated 
with the upregulation of the Hippo signaling
To understand the underlying mechanisms of ASPP 049 
effects, we profiled the gene expression of hiPSC-derived 
HSPCs after treatment with ASPP 049 compared to the 
control. Total RNA from  CD34+CD45+ sorted samples 
(hiPS-HSPC) was extracted (Additional file  1: Fig. S3) 
and subsequently used for NanoString® mRNA analysis, 
which measured the expression of 770 stem cell-related 
genes. The readout data were normalized and analyzed 
by nSolver™ software (NanoString Technologies).

We aimed to explore the effect of ASPP 049 on global 
mRNA expression and assessed the transcriptomic alter-
ations in the ASPP 049-treated groups compared to the 
control. The difference in mRNA profiles between the 
two groups was observed through an expression heat-
map generated using an unsupervised clustering method 
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(Fig.  5A). Additionally, we generated a volcano plot of 
DEGs among the 770 genes. We found that 45 genes 
were upregulated and 1 gene was downregulated in the 
ASPP 049-treated groups compared to controls, with 
a significant threshold of -log10 (p-value) > 1.5 and  log2 
(FC) > 1 (Fig.  5B, Additional file  1: Table  S3). Overall, 
the enrichment analysis revealed that the 46 DEGs were 
associated with multiple pathways, including the Hippo 
signaling pathway, pathways in cancer, AGE-RAGE sign-
aling pathway in diabetic complications, proteoglycans 
in cancer, protein digestion and absorption, amoebiasis, 
axon guidance, basal cell carcinoma, and focal adhesion, 
respectively. Among these, the Hippo signaling pathway, 
known to play a role in stem cell biology [40], showed 
the most significant enrichment ratio based on the low-
est FDR score (Fig. 5C, Additional file 1: Table S3). Hippo 
signaling-related transcriptomic changes of hiPS-HSPC 
induced by ASPP 049 (hiPS-HSPC + ASPP 049) consist-
ently showed two upregulated gene sets of Hippo sign-
aling pathway_1: WWTR1; TEAD1; TEAD3 and Hippo 
signaling pathway: WWTR1; TEAD1; TEAD3; SOX2; 
SNAI2; BMP4; BMP7; TGFB2; WNT3; WNT5A (Fig. 5D, 
Additional file 1: Table S3). Altogether, this analysis dem-
onstrated that ASPP 049 treatment alters the expression 
of protein-coding genes involved in stem cell-regulated 
mechanisms in hiPS-HSPC.

To further identify the biological functions involved 
in the significant DEGs, we conducted gene set enrich-
ment analysis using Webgestalt. The enriched gene sets 
in categories of Biological Process, Cellular Component, 
and Molecular Function reported the effect of ASPP 049 
on hiPS-HSPC that mostly correlates to biological regu-
lation, membrane-enclosed lumen, and protein binding, 
respectively (Fig. 5E).

Moreover, to validate the expression of Hippo signal-
ing-related genes found in the NanoString® assay, the 
qRT-PCR assay demonstrated a comparable pattern for 
those core Hippo signals: WWTR1, TEAD1, TEAD3, 
and YAP1 (Fig.  6A). Based on protein phosphorylation 
related to Hippo signaling inactivation, immunoblot-
ting revealed that YAP signals, either phosphorylated 
Ser127 (p-Ser127) inactive form or non-phosphorylated 
active form, showed no difference between cells with 

and without ASPP 049, in contrast to the levels of phos-
phorylated Ser89 (p-Ser89) inactive form and active 
form of TAZ. These proteins appeared to play a major 
role in hiPS-HSPC + ASPP 049, indicating an increase 
in the active form of TAZ (Fig. 6B, Additional file 1: Fig. 
S4), consistent with its NanoString® mRNA level. Fur-
thermore, we studied the localization of YAP and TAZ. 
Immunofluorescence revealed that, as expected, inactive 
YAP1 (p-Ser127) was mainly localized in the cytoplasm 
of hiPS-HSPC in both conditions (red, Fig. 6C). Of note, 
phosphorylated Ser311 (p-Ser311) inactive TAZ was 
markedly expressed only in the cytoplasm of hiPS-HSPC 
but not hiPS-HSPC + ASPP 049 in response to the effect 
of ASPP 049 on hematopoietic cells (red, Fig. 6D). Inter-
estingly, the active forms of YAP and TAZ were localized 
in the cytoplasmic and nuclear compartments but with-
out the co-localization of YAP-TAZ in the nucleus, indi-
cating their self-governing role in hiPS-HSPCs in both 
conditions (green and red, Fig.  6E). Particularly, active 
TAZ in hiPS-HSPC + ASPP 049 was mainly located in the 
perinuclear site compared with hiPS-HSPC control (red, 
Fig. 6E).

To confirm the effects of ASPP 049 on Hippo signal-
transcriptional activation by either YAP or TAZ, we 
also demonstrated the expression of Hippo signaling-
targeted genes: cMYC, CYR61, CTGF, and CCDN1 and 
found apparent upregulation except for the cMYC gene 
(Fig. 6F). Taken together, the higher levels of mRNA and 
active form proteins of a Hippo signal, WWTR1/TAZ, or 
even the mRNA of Hippo transcription factors, TEADs 
influenced by ASPP 049 can improve the hematopoietic 
derivation and function of HSPCs from hiPSCs.

The gene expression profiles after ASPP 049 treatment 
correlate to expression patterns of  CD34+ cells isolated 
from umbilical cord blood
In this study, we further investigated the gene expres-
sion profiles between UCB-derived  CD34+ cells  (CD34+ 
UCB), which represent clinically relevant HSCs [41], and 
hiPS-HSPC. The mRNA profiles of the three groups were 
observed through an expression heatmap (Additional 
file  1: Fig. S5A). With identifying profile, hiPS-HSPCs 
might be artificially correlated with  CD34+ UCB [34]; we 

(See figure on next page.)
Fig. 5 The effect of ASPP 049 on gene expression profiles of the Hippo signaling pathway. A Unsupervised heatmap was obtained with sample 
cluster analysis of gene expression profiles in hiPSC‑derived HSPCs (hiPS‑HSPC) with or without ASPP 049, n = 4. B Volcano plot represents 
the differentially expressed genes (DEGs) between hiPS‑HSPC and ASPP 049 treated hiPSC‑derived HSPCs (hiPS‑HSPC + ASPP 049), mean fold 
change  (log2) > 1, p‑value significance (−  log10) > 1.4. C Gene set enrichment ratio of significant pathways coordinated with transcriptomic alteration 
in 46 DEGs in hiPS‑HSPC and hiPS‑HSPC + ASPP 049. D Heatmap of the protein‑coding genes relates to the Hippo signaling pathway induced 
in hiPS‑HSPC + ASPP 049: no significantly different genes (black label) and significantly different genes (red label). E Bar chart of gene set enrichment 
categorically analyzed in Biological Process, Cellular Component, and Molecular Function. Individual data of expression levels is represented 
from four biological replicates as a color ranging of mRNA expression levels: blue, downregulated; black, no difference; yellow, upregulated
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Fig. 5 (See legend on previous page.)
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used a Venn diagram to compare between three differ-
ent gene lists. The first comparison was between DEGs 
of hiPS-HSPC and hiPS-HSPC + ASPP 049 (displayed in 

orange, Fig.  7A). The second comparison was between 
non-DEGs of  CD34+ UCB and hiPS-HSPC + ASPP 049 
(displayed in red, Fig.  7A). The third comparison was 

Fig. 6 Validation of Hippo signaling‑related gene expression profiles in hiPSC‑derived HSPCs. A Using quantitative real‑time PCR compared 
with NanoString® mRNA analysis, the expression of ASPP 049‑associated top significant genes is represented as mean ± SEM of the fold change 
 (log2) relative to vehicle control from two biological replicates (each technical triplicates) B Immunoblotting analysis of hiPSC‑derived  CD34+ 
cells on day 12 hematopoietic differentiation with and without ASPP 049 supplementation probed with anti‑YAP and anti‑TAZ in both active (no 
phosphorylation) and inactive (phosphorylation) forms. Full‑length blots are presented in Additional file 1: Fig. S4. C Immunofluorescence analysis 
of protein expression levels and localizations of these Hippo signals influenced by the effect of ASPP 049 (1 μM) on hiPSC‑derived  CD34+ cells 
compared to vehicle control from two biological replicates. D Quantitative real‑time PCR of ASPP 049‑associated Hippo‑targeted genes represents 
mean ± SEM of the fold change  (log2) relative to vehicle control from two biological replicates (each technical triplicate)
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between non-DEGs of  CD34+ UCB and hiPS-HSPC (dis-
played in blue, Fig. 7A). We identified 11 genes of inter-
est from 46 DEGs, including ARID5B, BCAR1, BMP4, 
CDH2, COL3A1, COL5A1, HEY1, IGFBP3, TM4SF1, 
WNT5A, and GLI3, by intersecting those non-DEGs, 

FC < 2 and > -2 with FDR > 0.5 (Fig.  7A). Then,  the heat-
map of expression pattern was demonstrated in Fig. 7B. 
Additionally, we performed a transcriptomic comparison 
using volcano plots, which revealed the fold change and 
significance of 46 key DEGs after ASPP 049 treatment 

Fig. 7 ASPP 049 supplementation induced gene expression patterns correlating with stemness similar to UCB‑derived  CD34+ cells  (CD34+ UCB). A 
Venn diagram of three different gene lists between key DEGs of hiPS‑HSPC vs. hiPS‑HSPC + ASPP 049 (gene set 1, orange), non‑DEGs of hiPS‑HSPC 
vs.  CD34+ UCB (gene set 2, blue), and non‑DEGs of hiPS‑HSPC + ASPP 049 vs.  CD34+ UCB (gene set 3, red) identified a subset of 11 rescued genes 
in response to closely correlated patterns of  CD34+ UCB. B Heatmap showing the protein‑coding gene expressions of hiPS‑HSPC + ASPP 049 (green) 
were rescued (not upregulated or down‑regulated) in similar to  CD34+ UCB (red) compared with hiPS‑HSPC (dark blue). C and D Heatmap of Hippo 
signaling‑related genes C and RhoROCK signaling‑related genes D showing the induction of hiPS‑HSPC + ASPP 049 related to the rescued patterns 
compared with hiPS‑HSPC and  CD34+ UCB. Individual data of expression levels is represented from four biological replicates as a color ranging 
of mRNA expression levels: blue, downregulated; black, no difference; yellow, upregulated
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compared to DEGs involving  CD34+ UCB (Additional 
file 1: Fig. S5B, C). From the 11 genes of interest, the tran-
scriptomic changes of hiPS-HSPC induced by ASPP 049 
related to BMP4 and WNT5A genes, which are pointed 
to the Hippo signaling pathway (Fig. 7C, Additional file 1: 
Table S5). Obviously, the upregulation of genes, including 
HEG1, RASIP1, RHOC, and particularly THY1 (CD90), 
correspond to  CD34+ UCB (Fig.  7D). Interestingly, 
enrichment analysis indicates that these 11 genes partici-
pate in various pathways, especially signaling pathways 
regulating pluripotency of stem cells. Unexpectedly, they 
also participate in the Hippo signaling pathway (Addi-
tional file 1: Fig. S5D, Table S5), which has been consist-
ently shown to play a role in the effect of ASPP 049 on 
expanded HSCs, as previously described [29]. The gene 
sets identified, consisting of 46 DEGs and 11 genes of 
interest, were analyzed using KEGG for signaling path-
way predictions related to the rescue effects of ASPP 049 
on mRNA profiles (Additional file 1: Fig. S6A, B).

Discussion
Hematopoiesis is initiated by HSCs, which regulate all 
blood cell differentiation beginning during embryogen-
esis and continue to maintain a constant supply of mature 
blood cells throughout human life [42]. The clinical applica-
tion focuses on increasing the number while preserving the 
stemness properties of HSCs throughout human life. Among 
heterogeneous progenies via multi-lineage differentiation, 
self-renewing HSCs are the exclusive characteristics that can 
be detected by LTC-IC/LDA assay. However, an increased 
progenitor ability leads to the restriction of self-renewing 
HSCs [43]. In a recent study, the diarylheptanoid ASPP 049 
has been identified as an efficacious small molecule for adult 
HSCs with a well-defined mechanism of action while main-
taining the balance of self-renewal and multipotency [29]. 
Given this efficiency, we investigated ASPP 049 for its poten-
tial in clinical applications for hematological regenerative 
medicine. Despite recent advancements in the generation of 
human HSCs through directed conversion [5, 6, 19], there is 
still a need for a more efficient and accessible strategy with 
great clinical potential. In this context, a two-dimensional 
serum- and feeder-free culturing system is highly practical 
for an efficient HSC generation [44–47].

Additionally, chemically defined small molecules and 
cytokines have been essential in developing a compe-
tent protocol for HSC generation from hiPSCs. Several 
studies show that cells resembling primary sources pro-
spectively exhibit high functionality in  vivo [4, 48]. In 
this study, we investigated the effect of treating hiPSCs 
with ASPP 049, including its impact on cell viability, 
self-renewal, multi-lineage differentiation, and mecha-
nisms of action. A potent small molecule, UM171, 
known for HSC maintenance and expansion, has been 

shown to induce hematopoietic derivation in  vitro [49]. 
However, the exact mechanism through which UM171 
elicits its response still needs to be determined. Inter-
estingly, hematopoietic cells derived from differentia-
tion systems supplemented with UM171 promote the 
formation of large and numerous CFU-GM and CFU-
GEMM but retain erythroid lineage potential on BFU-E 
in the methylcellulose-induced differentiation assay [20]. 
UM171 has been additionally employed for HSC expan-
sion and lymphoid culture of hPSC-derived  CD43+ cells. 
This report suggests the potential for blood production 
through  CD34+CD45+CD41lo expanded cells, enriched 
granulocytic progenitors, and  CD34+CD45+CD7+ 
lymphoid progenitors specific to NK potential [25]. 
We observed that ASPP 049, an optional small mol-
ecule and ex vivo enhancer of HSC expansion, does not 
selectively amplify all blood cell colonies when used 
solely during hematopoietic differentiation from hiP-
SCs. Consistent with the higher number and presence 
of  CD34+CD45+CD90+ HSC-like markers in primitive 
HSPCs via ASPP 049 supplementation, LTC-IC assay 
with LDA indicated an increase in HSC frequency in par-
allel to the high differentiation potential with the normal 
distribution of blood lineages, suggesting a proportional 
proliferation of HSCs within a heterogenous culture pop-
ulation. These findings indicate that establishing culture 
systems for hiPSC-derived HSPCs can be achieved by 
utilizing the diarylheptanoid ASPP 049.

Although our in  vitro experiments revealed that 
ASPP 049 influences cell proliferation, self-renewal 
maintenance, and stable differentiation, the mechanism 
of action still needs to be identified. Determining the 
biological pathways involved in the effects of ASPP 049 
on hiPSC-derived  CD34+CD45+ HSPCs, Webgestalt 
and KEGG analysis of NanoString® mRNA profiles 
revealed that the Hippo signaling was a significantly 
enriched pathway, consistent with previous findings 
on mobilized peripheral blood HSCs [29]. From the 
validation, we found a similar pattern of Hippo-related 
mRNA expression using different techniques and the 
highly active TAZ in hiPS-HSPCs supplemented with 
ASPP 049, indicating the higher activation of Hippo 
signaling by ASPP 049. Indeed, our previous report 
indicated that ASPP 049 induces Wnt/β-catenin sign-
aling, resulting in bone cell differentiation [50]. During 
the endothelial-to-hematopoietic transition, hemo-
genic endothelial cells with the definitive hematopoietic 
fate emerge the HSPCs by developing microenviron-
ment niches that regulate Wnt signaling activation [51, 
52] and involve with various developmental factors, 
including YAP or TAZ, in regulating self-renewal and 
stem cell fate [53]. ASPP 049 may likely act on hiPSCs-
derived HSPCs via the temporal connection between 
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these signaling pathways. Synergistic regulations may 
occur between Hippo and Wnt signals or even so BMP 
signals revealed by our mRNA profiles of a Hippo 
signaling pathway-related gene set include WWTR1, 
TEAD1, TEAD3, SNAI2, SOX2, WNT3, WNT5A, 
BMP4, BMP7, and TGFB2. Coactivated by TAZ, YAP1 
is widely expressed in various stem cells, including hiP-
SCs and HSPCs [40, 54]. Mechanistically, dephospho-
rylation of YAP and TAZ leads to their accumulation in 
the nucleus, where they bind to TEAD1-4 and induce 
the transcription that promotes proliferation and sur-
vival [55]. Several studies have highlighted the impact 
of YAP/TAZ on human hematopoiesis, particularly the 
dispensable YAP in the high formation of mesoder-
mal cells toward HSPCs from hiPSCs. However, they 
are essential in producing lymphocytes, megakaryo-
cytes, and erythrocytes [56, 57]. Our data from ASPP 
049-treated  CD34+CD45+ HSPCs show that the most 
significant DEGs related to the Hippo signaling path-
way_1 include TEAD1, TEAD3, and WWTR1 (TAZ). 
We validated similar mRNA levels using qRT-PCR and 
observed signal activation through the raised levels of 
perinuclear-localized TAZ protein. Despite cytoplasm-
retaining TAZ (p-Ser89) being spontaneously elevated 
due to feedback activation [58], degradation-priming 
TAZ (p-Ser311) was decreased in ASPP 049-treated 
HSPCs. A report explores YAP/TEADs as a stage-spe-
cific regulator that promotes early hematopoietic speci-
fication of mouse embryonic hemangioblasts onto HEP, 
and it is nuclear localized before the EHT. However, 
nuclear YAP is absent in hematopoietic committed 
cells [59]. Our findings regarding the nuclear localiza-
tion of TAZ, predominantly influenced by ASPP 049, 
could shed light on its novel characteristics in primi-
tive HSPCs. Similar to findings in murine HSCs, TAZ 
alone potentially plays a role in protecting aging char-
acteristics in old HSCs [60]. To verify signal activa-
tion, we transcriptionally tested the expression levels 
of Hippo-targeted genes, including CTGF, CCDN1, 
cMYC, and CYR61 (TGF-β-induced factor, as same as 
NanoString® SNAI2 (Slug), which plays a role in main-
taining stemness [61]), which showed upregulation in 
all genes except cMYC, with no changes as expected 
from NanoString® mRNA profiling (Additional file  1: 
Fig S6A). We also noticed the elevation of SOX2 pluri-
potency-related mRNA levels (Additional file  1: Fig 
S6A, Table  S3), which has been reported to be regu-
lated by the crosstalk of TAZ onto NANOG, a master 
regulator of stemness [62]. Thus, the TAZ co-activator 
could be independent of YAP in inducing self-govern-
ing activity. Consistent with the higher fold change 
of  CD34+CD45+CD90+ primitive HSPCs, THY1 
mRNA (CD90), among 46 DEGs, showed a significant 

increase of up to two-fold in ASPP 049-treated cells. 
These findings suggest that the TAZ/TEAD-mediated 
Hippo pathway, whether co-activated with YAP, might 
contribute to the HSC fate and stemness of the cells 
derived from hiPSCs after ASPP 049 supplementation.

To examine the mRNA profiling of ASPP 049-treated 
cells close to  CD34+ UCB, we performed a comparative 
analysis of three sets of DEGs using the same criteria. Our 
findings revealed that 11 genes were identified as key DEGs 
(hiPS-HSPC + ASPP 049 vs. hiPS-HSPC) that were not sig-
nificantly expressed in hiPS-HSPC + ASPP 049 and were 
excluded by two of the non-DEG groups  (CD34+ UCB vs. 
hiPS-HSPC and  CD34+ UCB vs. hiPS-HSPC + ASPP 049). 
These 11 genes included ARID5B, BCAR1, BMP4, CDH2, 
COL3A1, COL5A1, HEY1, IGFBP3, TM4SF1, WNT5A, 
and GLI3, which were further analyzed using Webgestalt 
plus KEGG analysis. Our re-analysis revealed that out of 
the key DEGs, 46 genes displayed individual changes. Nota-
bly, among the 11 genes retrieved from this analysis, we 
observed a correlation between the Hippo signaling path-
way and signaling pathways regulating pluripotency of stem 
cells in response to BMP4/WNT5A-mediated ligands, as 
demonstrated by the enrichment ratio. It suggests that ASPP 
049 activated the Hippo signaling in hiPS-HSPCs similar to 
 CD34+ UCB.

Conclusion
This study indicates that the supplementary use of diar-
ylheptanoid ASPP 049 significantly enhances the hemat-
opoietic differentiation potentials of hiPSCs, particularly 
during the hemogenic/vascular endothelial stages. An 
increase in the relative cell number and improved hemat-
opoietic qualities are promoted by ASPP 049 through the 
expansion of self-renewal HSCs without any observable 
bias toward specific lineages, as evidenced by the similar-
ity in blood cell colony size and morphology. ASPP 049 
also shows no disturbed effect on the functional eryth-
roid differentiation. At the molecular level, ASPP 049 
exerts its effects on hiPSC-derived HSPCs through a 
mechanism similar to the HSC expansion system, spe-
cifically the Hippo signaling pathway. By uncovering 
the pathway, we have identified the potential molecule 
WWTR1/TAZ that could serve as a promising target 
for hematological therapies to introduce more effective 
strategies for in vitro hematopoietic differentiation. How-
ever, further experiments are required to understand the 
comprehensive in  vivo engraftment capability of ASPP 
049-activated hiPSC-derived HSPCs. Our findings shed 
light on the action of ASPP 049 on HSC differentiation 
from hiPSCs and provide a scientific rationale for using 
this small molecule to generate HSPCs for hematological 
disorder treatments.
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Abbreviations
HSCs  Hematopoietic stem cells
hiPSCs  Human induced pluripotent stem cells
HSPCs  Hematopoietic stem and progenitor cells
LTC  Long‑term culture
LTC‑initiating cells  LTC‑IC
CFU  Colony‑forming unit
qRT‑PCR  Quantitative real‑time polymerase chain reaction
CD  Cluster of differentiation
KEGG  Kyoto encyclopedia of genes and genomes
WWTR1  WW domain containing transcription regulator 1
TAZ  Transcriptional co‑activator with PDZ binding motif
UCB  Umbilical cord blood
hESCs  Human embryonic stem cells
HEPs  Hemogenic endothelial progenitors
EHT  Endothelial‑to‑hematopoietic transition
NK  Natural killer
CD41lo  CD41low

E8  Essential 8
P/S  Penicillin/Streptomycin
O2  Oxygen
CO2  Carbon dioxide
°C  Celsius
mM  Millimolar
EDTA  Ethylene diamine tetraacetic acid
min  Minutes
ROCKi  Rho‑associated coiled‑coil‑containing protein kinase 

inhibitor
LDA  Limiting dilution analysis
DMEM  Dulbecco’s modified eagle medium
FBS  Fetal bovine serum
μM  Micromolar
2‑ME  β‑Mercaptoethanol
ng/mL  Nanogram per milliliter
BMP  Bone morphogenetic protein
ng  Nanogram
mL  Milliliter
VEGF  Vascular endothelial growth factor
bFGF  Basic fibroblast growth factor
SCF  Stem cell factor
IL‑3  Interleukin‑3
TPO  Thrombopoietin
DMSO  Dimethyl sulfoxide
PBE  PBS + BSA + EDTA
PBS  Phosphate‑buffered saline
BSA  Bovine serum albumin
PerCP  Peridinin–chlorophyll–protein
FITC  Fluorescein isothiocyanate
APC  Allophycocyanin
PE  Phycoerythrin
μg/mL  Microgram per milliliter
RNA  Ribonucleic acid
FACS  Fluorescence‑activated cell sorting
GAPDH  Glyceraldehyde 3‑phosphate dehydrogenase
FC  Fold change
YAP1  Yes associated transcriptional regulator 1
p‑YAP1  Phosphorylated YAP1
Ser  Serine
p‑WWTR1  Phosphorylated WWTR1
HRP  Horseradish peroxidase
p‑TAZ  Phosphorylated TAZ
DEGs  Differentially expressed genes
Webgestalt  WEB‑based GEne SeT analysis Toolkit
FDR  False discovery rates
SEM  Standard error of the mean
ANOVA  Analysis of variance
Fig  Figure
VEPs  Vascular endothelial progenitors
 ~   Approximately
CFU‑GM  CFU of granulocytes and macrophages

BFU‑E  Burst‑forming unit of erythrocytes
CFU‑GEMM  CFU of granulocytes, erythrocytes, megakaryocytes, 

and macrophages
CI  Confidential interval
D5E  Day 5 erythroid
⍺  Alpha
ζ  Zeta
β  Beta
γ  Gamma
ε  Epsilon
D7E  Day 7 erythroid
mRNA  Messenger ribonucleic acid
HSPC049  ASPP 049‑treated HSPC
hiPS‑HSPC  CD34+CD45+ sorted samples
log  Logarithm
AGE  Advanced glycation end products
RAGE  Receptor for AGEs
hiPS‑HSPC + ASPP 049  hiPS‑HSPC induced by ASPP 049
TEAD  TEA domain transcription factor 1
SOX2  SRY‑box transcription factor 2
SNAI2 or Slug  Snail family transcriptional repressor 2
TGFB2  Transforming growth factor beta 2
WNT  Wnt family member
CYR61  Cysteine‑rich angiogenic inducer 61
CTGF  Connective tissue growth factor
CCDN1  Cyclin D1
CD34+  UCB  UCB‑derived  CD34+ cells
ARID5B  AT‑rich interaction domain 5B
BCAR1  Breast cancer anti‑estrogen resistance protein 1
CDH2  Cadherin‑2 or N‑cadherin
COL3A1  Collagen type III alpha 1 chain
COL5A1  Collagen type V alpha 1 chain
HEY1  Hes related family bHLH transcription factor with 

YRPW motif 1
IGFBP3  Insulin like growth factor binding protein 3
TM4SF1  Transmembrane 4 L six family member 1
GLI3  Gli family zinc finger 3
HEG1  Heart development protein with EGF like domain 1
RASIP1  Ras interacting protein 1
RHOC  Ras homolog family member C
THY1 (CD90)  Thy‑1 cell surface glycoprotein
NANOG  Nanog homeobox

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13287‑ 024‑ 03686‑4.

Additional file 1. Supplementary figures and tables.

Acknowledgements
We thank Dr. Pawinee Piyachaturawat, Dr. Emmanuel Payen, Dr. Nareerat 
Sutjarit, and Dr. Wittaya Panvongsa for their kind suggestions for the utilization 
of ASPP 049, LTC‑IC experiment, the underlying mechanism of ASPP 049, and 
bioinformatic analysis, respectively. We appreciate Mr. Veeravat Changkeb 
and Ms. Palida Saleepimol for their assistance with limiting dilution analysis 
and Ms. Phitchapa Pongpaksupasin for globin ratio analysis. We also greatly 
appreciate Thalassemia Research Center, Institute of Molecular Biosciences, 
Mahidol University.

Author contributions
KB, UT, AT, and KK visualized and designed the experiments. WP and AS iso‑
lated and prepared the compound ASPP 049. UT, AW, WW, PC, KU, GC, PS, PT, 
AC, SW, KB, AT, and KK performed the experiments. UT and AW assembled the 
data. KB, AT, KK, UT, AW, PS, WW, PC, KU, GC, PS, PT, AC, WP, SW, AS, UA, and SH 
contributed to data analysis and interpretation. The manuscript was initially 
drafted by UT, AW, PS, AC, AT, KK, and KB. UT created the schematic and graph‑
ics. All authors gave final approval for the submitted version of the manuscript.

https://doi.org/10.1186/s13287-024-03686-4
https://doi.org/10.1186/s13287-024-03686-4


Page 19 of 20Thongsa‑ad et al. Stem Cell Research & Therapy           (2024) 15:60  

Funding
Open access funding provided by Mahidol University This research project 
is supported by Mahidol University (MU’s Strategic Research Fund: fiscal year 
2023 to KB), National Research Council of Thailand (N41A660154 to UT), the 
Science Achievement Scholarship of Thailand (SAST to UT), Ramathibodi 
Foundation, and the Central Instrument Facility (CIF), Faculty of Science, 
Mahidol University. The funding body played no role in the design of the 
study and collection, analysis, and interpretation of data and in writing the 
manuscript.

Availability of data and materials
All data in this study are included within the published article and additional 
file. Bioinformatic datasets used and analyzed during the current study are 
available from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Donor‑informed consent for human iPSC‑related experiments was approved 
by the Mahidol University Central Institutional Review Board (COE No. MU‑
CIRB 2022/161.1711), title of the approved project: Development of Human 
Induced Pluripotent Stem Cell‑Based Platforms for Hematopoietic Stem Cells 
Generation, date of approval: 17 November 2022. Human Research Ethics 
Committee, Faculty of Medicine Ramathibodi Hospital, Mahidol University 
has approved the human umbilical cord blood (UCB)‑related experiment at 
Ramathibodi Hospital (COA. MURA 2022/65), title of the approved project: 
Application of umbilical cord blood‑derived hematopoietic stem cells for 
hematological disorder treatment, date of approval: 24 January 2022. National 
Blood Centre, Thai Red Cross Society (COA No. NBC 6/2022), title of the 
approved project: Application of umbilical cord blood‑derived hematopoietic 
stem cells for hematological disorder treatment, date of approval: 27 Apr 
2022. The protocols used in this study were processed following the Helsinki 
Declaration. All donors signed a participant information sheet and informed 
consent before sampling.

Consent for publication
Not applicable.

Competing interests
AC is a consultant and an employee of Prima Scientific, and he declares 
potential competing interests. The other authors declare that they have no 
competing interests.

Author details
1 Department of Physiology, Faculty of Science, Mahidol University, Bang‑
kok 10400, Thailand. 2 Stem Cell Research Group, Institute of Molecular 
Biosciences, Mahidol University, Nakhon Pathom 73170, Thailand. 3 Center 
of Multidisciplinary Technology for Advanced Medicine (CMUTEAM), 
Faculty of Medicine, Chiang Mai University, Chiang Mai 50200, Thailand. 
4 Chakri Naruebodindra Medical Institute, Faculty of Medicine Ramathi‑
bodi Hospital, Mahidol University, Samut Prakan 10540, Thailand. 5 Prima 
Scientific, 147/170‑171 Baromrajchonnee, Arunamarin, Bangkok 10700, 
Thailand. 6 Department of Chemistry and Center of Excellence for Innovation 
in Chemistry, Faculty of Science, Ramkhamhaeng University, Bangkok 10240, 
Thailand. 7 Center for Scientific Instrumentation and Platform Services Unit, 
Faculty of Science, Mahidol University, Bangkok 10400, Thailand. 8 Department 
of Pediatrics, Faculty of Medicine, Ramathibodi Hospital, Mahidol University, 
Bangkok 10400, Thailand. 9 Siriraj Integrative Center for Neglected Parasitic Dis‑
eases, Department of Parasitology, Faculty of Medicine Siriraj Hospital, Mahidol 
University, Bangkok 10700, Thailand. 

Received: 4 July 2023   Accepted: 27 February 2024

References
 1. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. 

Induction of pluripotent stem cells from adult human fibroblasts by 
defined factors. Cell. 2007;131(5):861–72.

 2. Rowe RG, Daley GQ. Induced pluripotent stem cells in disease model‑
ling and drug discovery. Nat Rev Genet. 2019;20(7):377–88.

 3. Hansen M, von Lindern M, van den Akker E, Varga E. Human‑induced 
pluripotent stem cell‑derived blood products: state of the art and future 
directions. FEBS Lett. 2019;593(23):3288–303.

 4. Vo LT, Daley GQ. De novo generation of HSCs from somatic and pluripo‑
tent stem cell sources. Blood. 2015;125(17):2641–8.

 5. Sugimura R, Jha DK, Han A, Soria‑Valles C, da Rocha EL, Lu YF, et al. 
Haematopoietic stem and progenitor cells from human pluripotent stem 
cells. Nature. 2017;545(7655):432–8.

 6. Doulatov S, Vo LT, Chou SS, Kim PG, Arora N, Li H, et al. Induction of 
multipotential hematopoietic progenitors from human pluripotent stem 
cells via respecification of lineage‑restricted precursors. Cell Stem Cell. 
2013;13(4):459–70.

 7. Gori JL, Butler JM, Chan YY, Chandrasekaran D, Poulos MG, Ginsberg M, 
et al. Vascular niche promotes hematopoietic multipotent progenitor 
formation from pluripotent stem cells. J Clin Invest. 2015;125(3):1243–54.

 8. Kennedy M, Awong G, Sturgeon CM, Ditadi A, LaMotte‑Mohs R, Zuniga‑
Pflucker JC, et al. T lymphocyte potential marks the emergence of 
definitive hematopoietic progenitors in human pluripotent stem cell 
differentiation cultures. Cell Rep. 2012;2(6):1722–35.

 9. Sturgeon CM, Ditadi A, Awong G, Kennedy M, Keller G. Wnt signaling 
controls the specification of definitive and primitive hematopoiesis from 
human pluripotent stem cells. Nat Biotechnol. 2014;32(6):554–61.

 10. Choi KD, Vodyanik MA, Togarrati PP, Suknuntha K, Kumar A, Samarjeet 
F, et al. Identification of the hemogenic endothelial progenitor and its 
direct precursor in human pluripotent stem cell differentiation cultures. 
Cell Rep. 2012;2(3):553–67.

 11. Lacaud G, Kouskoff V. Hemangioblast, hemogenic endothelium, and 
primitive versus definitive hematopoiesis. Exp Hematol. 2017;49:19–24.

 12. Slukvin I. Hematopoietic specification from human pluripotent stem cells 
current advances and challenges toward de novo generation of hemat‑
opoietic stem cells. Blood. 2013;122:25.

 13. Canu G, Ruhrberg C. First blood: the endothelial origins of hematopoietic 
progenitors. Angiogenesis. 2021;24(2):199–211.

 14. Lange L, Morgan M, Schambach A. The hemogenic endothelium: a criti‑
cal source for the generation of PSC‑derived hematopoietic stem and 
progenitor cells. Cell Mol Life Sci. 2021;78(9):4143–60.

 15. Demirci S, Leonard A, Tisdale JF. Hematopoietic stem cells from pluripo‑
tent stem cells: clinical potential, challenges, and future perspectives. 
Stem Cells Transl Med. 2020;9(12):1549–57.

 16. Shen J, Xu Y, Zhang S, Lyu S, Huo Y, Zhu Y, et al. Single‑cell transcriptome 
of early hematopoiesis guides arterial endothelial‑enhanced functional T 
cell generation from human PSCs. Sci Adv. 2021;7(36):eabi9787.

 17. Grigoriadis AE, Kennedy M, Bozec A, Brunton F, Stenbeck G, Park IH, et al. 
Directed differentiation of hematopoietic precursors and functional 
osteoclasts from human ES and iPS cells. Blood. 2010;115(14):2769–76.

 18. Galat Y, Dambaeva S, Elcheva I, Khanolkar A, Beaman K, Iannaccone PM, 
et al. Cytokine‑free directed differentiation of human pluripotent stem 
cells efficiently produces hemogenic endothelium with lymphoid poten‑
tial. Stem Cell Res Ther. 2017;8(1):67.

 19. Tan YT, Ye L, Xie F, Beyer AI, Muench MO, Wang J, et al. Respecifying 
human iPSC‑derived blood cells into highly engraftable hematopoietic 
stem and progenitor cells with a single factor. Proc Natl Acad Sci USA. 
2018;115(9):2180–5.

 20. Li X, Xia C, Wang T, Liu L, Zhao Q, Yang D, et al. Pyrimidoindole deriva‑
tive UM171 enhances derivation of hematopoietic progenitor cells from 
human pluripotent stem cells. Stem Cell Res. 2017;21:32–9.

 21. Galat Y, Elcheva I, Dambaeva S, Katukurundage D, Beaman K, Iannaccone 
PM, et al. Application of small molecule CHIR99021 leads to the loss 
of hemangioblast progenitor and increased hematopoiesis of human 
pluripotent stem cells. Exp Hematol. 2018;65(38–48): e1.

 22. Kim K, Abdal Dayem A, Gil M, Yang GM, Lee SB, Kwon OH, et al. 3,2’‑Dihy‑
droxyflavone improves the proliferation and survival of human pluripo‑
tent stem cells and their differentiation into hematopoietic progenitor 
cells. J Clin Med. 2020;9(3):669.

 23. Smith BW, Rozelle SS, Leung A, Ubellacker J, Parks A, Nah SK, et al. The aryl 
hydrocarbon receptor directs hematopoietic progenitor cell expansion 
and differentiation. Blood. 2013;122(3):376–85.



Page 20 of 20Thongsa‑ad et al. Stem Cell Research & Therapy           (2024) 15:60 

 24. Angelos MG, Kaufman DS. Advances in the role of the aryl hydrocarbon 
receptor to regulate early hematopoietic development. Curr Opin Hema‑
tol. 2018;25(4):273–8.

 25. Mesquitta WT, Wandsnider M, Kang H, Thomson J, Moskvin O, Suknuntha 
K, et al. UM171 expands distinct types of myeloid and NK progenitors 
from human pluripotent stem cells. Sci Rep. 2019;9(1):6622.

 26. Shim SH, Tufa D, Woods R, George TD, Shank T, Yingst A, et al. SAHA 
enhances differentiation of  CD34+CD45+ hematopoietic stem and pro‑
genitor cells from pluripotent stem cells concomitant with an increase in 
hemogenic endothelium. Stem Cells Transl Med. 2022;11(5):513–26.

 27. Suksamrarn A, Ponglikitmongkol M, Wongkrajang K, Chindaduang 
A, Kittidanairak S, Jankam A, et al. Diarylheptanoids, new phytoes‑
trogens from the rhizomes of Curcuma comosa: isolation, chemical 
modification and estrogenic activity evaluation. Bioorg Med Chem. 
2008;16(14):6891–902.

 28. Winuthayanon W, Piyachaturawat P, Suksamrarn A, Ponglikitmongkol M, 
Arao Y, Hewitt SC, et al. Diarylheptanoid phytoestrogens isolated from 
the medicinal plant Curcuma comosa: biologic actions in vitro and in vivo 
indicate estrogen receptor‑dependent mechanisms. Environ Health 
Perspect. 2009;117(7):1155–61.

 29. Tanhuad N, Thongsa‑Ad U, Sutjarit N, Yoosabai P, Panvongsa W, 
Wongniam S, et al. Ex vivo expansion and functional activity preservation 
of adult hematopoietic stem cells by a diarylheptanoid from Curcuma 
comosa. Biomed Pharmacother. 2021;143: 112102.

 30. Bhukhai K, Fouquet G, Rittavee Y, Tanhuad N, Lakmuang C, Borwornpinyo 
S, et al. Enhancing erythropoiesis by a phytoestrogen diarylheptanoid 
from Curcuma comosa. Biomedicines. 2022;10(6):1427.

 31. Tangprasittipap A, Jittorntrum B, Wongkummool W, Kitiyanant N, Tub‑
suwan A. Generation of induced pluripotent stem cells from peripheral 
blood  CD34+ hematopoietic progenitors of a 31year old healthy woman. 
Stem Cell Res. 2017;20:91–3.

 32. Daniel MG, Sachs D, Bernitz JM, Fstkchyan Y, Rapp K, Satija N, et al. Induc‑
tion of human hemogenesis in adult fibroblasts by defined factors and 
hematopoietic coculture. FEBS Lett. 2019;593(23):3266–87.

 33. Ponchio L, Duma L, Oliviero B, Gibelli N, Pedrazzoli P, Cuna GR. Mitomycin 
C as an alternative to irradiation to inhibit the feeder layer growth in 
long‑term culture assays. Cytotherapy. 2000;2(4):281–6.

 34. Lange L, Hoffmann D, Schwarzer A, Ha TC, Philipp F, Lenz D, et al. Induc‑
ible forward programming of human pluripotent stem cells to hemato‑
endothelial progenitor cells with hematopoietic progenitor potential. 
Stem Cell Rep. 2020;15(1):274.

 35. Ronn RE, Guibentif C, Saxena S, Woods NB. Reactive oxygen species 
impair the function of CD90(+) hematopoietic progenitors generated 
from human pluripotent stem cells. Stem Cells. 2017;35(1):197–206.

 36. Sutherland HJ, Lansdorp PM, Henkelman DH, Eaves AC, Eaves CJ. Func‑
tional characterization of individual human hematopoietic stem cells 
cultured at limiting dilution on supportive marrow stromal layers. Proc 
Natl Acad Sci USA. 1990;87(9):3584–8.

 37. Moore KA, Ema H, Lemischka IR. In vitro maintenance of highly purified, 
transplantable hematopoietic stem cells. Blood. 1997;89(12):4337–47.

 38. Trakarnsanga K, Ferguson D, Daniels DE, Griffiths RE, Wilson MC, Mordue 
KE, et al. Vimentin expression is retained in erythroid cells differentiated 
from human iPSC and ESC and indicates dysregulation in these cells early 
in differentiation. Stem Cell Res Ther. 2019;10(1):130.

 39. Tubsuwan A, Abed S, Deichmann A, Kardel MD, Bartholoma C, Cheung 
A, et al. Parallel assessment of globin lentiviral transfer in induced 
pluripotent stem cells and adult hematopoietic stem cells derived 
from the same transplanted beta‑thalassemia patient. Stem Cells. 
2013;31(9):1785–94.

 40. Mo JS, Park HW, Guan KL. The Hippo signaling pathway in stem cell biol‑
ogy and cancer. EMBO Rep. 2014;15(6):642–56.

 41. Bucar S, Branco ADM, Mata MF, Milhano JC, Caramalho I, Cabral JMS, et al. 
Influence of the mesenchymal stromal cell source on the hematopoietic 
supportive capacity of umbilical cord blood‑derived CD34(+)‑enriched 
cells. Stem Cell Res Ther. 2021;12(1):399.

 42. McGrath Kathleen E, Frame Jenna M, Fegan Katherine H, Bowen James 
R, Conway Simon J, Catherman Seana C, et al. Distinct sources of hemat‑
opoietic progenitors emerge before HSCs and provide functional blood 
cells in the mammalian embryo. Cell Rep. 2015;11(12):1892–904.

 43. Laurenti E, Gottgens B. From haematopoietic stem cells to complex dif‑
ferentiation landscapes. Nature. 2018;553(7689):418–26.

 44. Niwa A, Heike T, Umeda K, Oshima K, Kato I, Sakai H, et al. A novel 
serum‑free monolayer culture for orderly hematopoietic differentiation 
of human pluripotent cells via mesodermal progenitors. PLoS ONE. 
2011;6(7): e22261.

 45. Tursky ML, Loi TH, Artuz CM, Alateeq S, Wolvetang EJ, Tao H, et al. Direct 
comparison of four hematopoietic differentiation methods from human 
induced pluripotent stem cells. Stem Cell Reports. 2020;15(3):735–48.

 46. Hansen M, Varga E, Aarts C, Wust T, Kuijpers T, von Lindern M, et al. 
Efficient production of erythroid, megakaryocytic and myeloid cells, 
using single cell‑derived iPSC colony differentiation. Stem Cell Res. 
2018;29:232–44.

 47. Salvagiotto G, Burton S, Daigh CA, Rajesh D, Slukvin II, Seay NJ. A defined, 
feeder‑free, serum‑free system to generate in vitro hematopoietic pro‑
genitors and differentiated blood cells from hESCs and hiPSCs. PLoS ONE. 
2011;6(3): e17829.

 48. Ruiz JP, Chen G, Haro Mora JJ, Keyvanfar K, Liu C, Zou J, et al. Robust gen‑
eration of erythroid and multilineage hematopoietic progenitors from 
human iPSCs using a scalable monolayer culture system. Stem Cell Res. 
2019;41: 101600.

 49. Tomellini E, Fares I, Lehnertz B, Chagraoui J, Mayotte N, MacRae T, et al. 
Integrin‑alpha3 Is a functional marker of ex vivo expanded human long‑
term hematopoietic stem cells. Cell Rep. 2019;28(4):1063–73.

 50. Bhukhai K, Suksen K, Bhummaphan N, Janjorn K, Thongon N, Tantikan‑
layaporn D, et al. A phytoestrogen diarylheptanoid mediates estrogen 
receptor/Akt/glycogen synthase kinase 3beta protein‑dependent 
activation of the Wnt/beta‑catenin signaling pathway. J Biol Chem. 
2012;287(43):36168–78.

 51. Wu Y, Hirschi KK. Regulation of hemogenic endothelial cell development 
and function. Annu Rev Physiol. 2021;83:17–37.

 52. Gritz E, Hirschi KK. Specification and function of hemogenic endothelium 
during embryogenesis. Cell Mol Life Sci. 2016;73(8):1547–67.

 53. Driskill JH, Pan D. Control of stem cell renewal and fate by YAP and TAZ. 
Nat Rev Mol Cell Biol. 2023;24(12):895–911.

 54. Qin H, Hejna M, Liu Y, Percharde M, Wossidlo M, Blouin L, et al. YAP 
induces human naive pluripotency. Cell Rep. 2016;14(10):2301–12.

 55. Wang S, Zhou L, Ling L, Meng X, Chu F, Zhang S, et al. The crosstalk 
between Hippo‑YAP pathway and innate immunity. Front Immunol. 
2020;11:323.

 56. Damkham N, Issaragrisil S, Lorthongpanich C. Role of YAP as a mechano‑
sensing molecule in stem cells and stem cell‑derived hematopoietic cells. 
Int J Mol Sci. 2022;23(23):14634.

 57. Laowtammathron C, Lorthongpanich C, Jiamvoraphong N, Srisook P, 
Klaihmon P, Kheolamai P, et al. Role of YAP in hematopoietic differentia‑
tion and erythroid lineage specification of human‑induced pluripotent 
stem cells. Stem Cell Res Ther. 2023;14(1):279.

 58. Howard A, Bojko J, Flynn B, Bowen S, Jungwirth U, Walko G. Targeting the 
Hippo/YAP/TAZ signalling pathway: novel opportunities for therapeutic 
interventions into skin cancers. Exp Dermatol. 2022;31(10):1477–99.

 59. Goode DK, Obier N, Vijayabaskar MS, Lie ALM, Lilly AJ, Hannah R, et al. 
Dynamic gene regulatory networks drive hematopoietic specification 
and differentiation. Dev Cell. 2016;36(5):572–87.

 60. Kim KM, Mura‑Meszaros A, Tollot M, Krishnan MS, Grundl M, Neubert L, 
et al. Taz protects hematopoietic stem cells from an aging‑dependent 
decrease in PU.1 activity. Nat Commun. 2022;13(1):5187.

 61. de la Grange P, Jolly A, Courageux C, Ben Brahim C, Leroy P. Genes coding 
for transcription factors involved in stem cell maintenance are repressed 
by TGF‑beta and downstream of Slug/Snail2 in COPD bronchial epithelial 
progenitors. Mol Biol Rep. 2021;48(10):6729–38.

 62. Liu X, Ye Y, Zhu L, Xiao X, Zhou B, Gu Y, et al. Niche stiffness sustains 
cancer stemness via TAZ and NANOG phase separation. Nat Commun. 
2023;14(1):238.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Improving hematopoietic differentiation from human induced pluripotent stem cells by the modulation of Hippo signaling with a diarylheptanoid derivative
	Abstract 
	Background 
	Method 
	Result 
	Conclusion 

	Background
	Methods
	Cell maintenance
	Hematopoietic cell differentiation
	Cell number and viability assay
	Flow cytometry analysis
	MyeloCult™ LTC-initiating cell (LTC-IC) for limiting dilution analysis (LDA)
	MethoCult™ CFU assay of LTC-IC and fresh hiPSC-derived HSPCs with cell morphology
	RNA preparation
	NanoString® mRNA analysis
	Quantitative real-time PCR (qRT-PCR) analysis
	Immunoblotting analysis
	Immunofluorescence analysis
	Bioinformatics analysis
	Statistical analysis

	Results
	ASPP 049 promoted hematopoietic differentiation of hiPSCs into HSPCs
	ASPP 049 escalated various progenitors during EHT
	ASPP 049 improved self-renewal and multi-lineage differentiation with unbiased hematopoietic progenitor lineage ratio in vitro
	Treatment with ASPP 049 is associated with the upregulation of the Hippo signaling
	The gene expression profiles after ASPP 049 treatment correlate to expression patterns of CD34+ cells isolated from umbilical cord blood

	Discussion
	Conclusion
	Acknowledgements
	References


