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Abstract
Antagonism of ROS signaling can inhibit cell apoptosis and autophagy, thus favoring the main-

tenance and expansion of hematopoietic stem cells. Alpha lipoic acid (ALA), a small antioxidant

molecule, affects cell apoptosis by lowering the ROS level. In this study, we show that ALA

promoted production of human pluripotent stem cells (hPSCs) derived hemogenic endothelial

cells and hematopoietic stem/progenitor cells in vitro. Transcriptome analysis of hPSCs derived

hemogenic endothelial cells showed that ALA promoted endothelial-to-hematopoietic transition

by up-regulating RUNX1, GFI1, GFI1B, MEIS2, and HIF1A and down-regulating SOX17, TGFB1,

TGFB2, TGFB3, TGFBR1, and TGFBR2. ALA also up-regulated sensor genes of ROS signals, includ-

ing HIF1A, FOXO1, FOXO3, ATM, PETEN, SIRT1, and SIRT3, during the process of hPSCs derived

hemogenic endothelial cells generation. However, in more mature hPSC-derived hematopoi-

etic stem/progenitor cells, ALA reduced ROS levels and inhibited apoptosis. In particular, ALA

enhanced development of hPSCs derived hematopoietic stem/progenitor cells by up-regulating

HIF1A in response to a hypoxic environment. Furthermore, addition of ALA in ex vivo culture

greatly improved themaintenance of functional cord bloodHSCs by in vivo transplantation assay.

Our findings support the conjecture that ALA plays an important role in efficient regeneration of

hematopoietic stem/progenitor cells from hPSCs and maintenance of functional HSCs, providing

insight into understanding of regeneration of early hematopoiesis for engineering clinically useful

hPSCs derived hematopoietic stem/progenitor cells transplantation. Thus, ALA can be used in the

study of hPSCs derived HSCs.
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1 INTRODUCTION

Besides intrinsic transcriptional regulation, the birth of hematopoietic

stem cells (HSCs) is regulated by multiple exogenous factors, such as

hypoxic and extracellular components. Hypoxia and a low ROS level

are required for HSCs self-renewal and maintenance.1–4 Optimization

of the levels of environmental factors such as oxygen, cytokines, and

fatty acids enables maintenance of HSCs quiescence ex vivo.5 Small

molecules that can maintain low ROS levels6 and inhibit cell apoptosis

or autophagy7 are also useful for maintenance or expansion of HSCs.

ElevatedROSproduction, generated by genetic defects, aging, and ion-

izing radiation, impairs the function of hematopoietic stem/progenitor

cells.8 Antioxidants are usedwidely tomodulate ROS levels and to res-

cue loss of function causedbyhighROS levels. For example, alpha lipoic

acid (ALA)9 and N-acetyl-cysteine (NAC)10 are used to rescue or pre-

serve the function of hematopoietic stem/progenitor cells.

ROS balance is important for the differentiation of stem cells.11

Small molecules that can regulate ROS levels play an important role

in differentiation of hematopoietic stem/progenitor cells from human

pluripotent stem cells (hPSCs), especially in the serum- and stroma

cell-free hematopoietic differentiation system.12 Modulation of ROS

level enhances development of CD34+ cells derived from hPSCs,13

indicating that high ROS levels might cause apoptosis of hemogenic

endothelial cells. In addition, ROS accumulation and cell apoptosis

inhibit development of primitive hematopoietic stem/progenitor cells

undergoing further differentiation from hPSCs.14 Modulation of ROS

levels during differentiation of hPSCs might promote production of

hemogenic endothelial cells and consequentially promote develop-

ment of hematopoietic stem/progenitor cells from hPSCs.

While regeneration of functional hematopoietic cells derived

from hPSCs such as NK cells,15 T lymphocytes,16 erythrocytes,17

neutrophils,18,19 and M𝜙s20 has been reported widely, recent

research has focused on the molecular regulation and applications

of hematopoietic cell differentiation from hPSCs. Two main methods

are used for hematopoietic differentiation of human pluripotent

stem cells: coculture with stroma cells and embryoid body formation.

We have used cocultures of hPSCs with AGM-S3 stroma cells to

explore the hematopoiesis of hPSCs.17,21,22 Previous reports show

that ALA affects intracellular ROS levels and apoptosis.23,24 Upon

irradiation, ALA protects HSCs in bone marrow and improves survival

of animals25; in addition, it can partially rescue the loss of HSCs

caused by high ROS levels in GRK6− /− mice.9 ALA has very strong

antioxidant properties, and it can protect venous endothelial cells from

apoptosis and autophagy caused by hypoxia and ROS.23 Therefore,

we hypothesized that addition of ALA to our coculture system might

affect hematopoiesis of hPSCs as well as survival of hematopoietic

stem/progenitor cells, thereby allowing us to explore further the

subtle regulation of hPSCs during early hematopoietic differentiation.

Our results revealed that ALA plays an important role in the

hematopoiesis of hPSCs. Production of hemogenic endothelial cells

and hematopoietic stem/progenitor cells in ALA-treated cultures was

higher than that in normal cultures. Low ROS levels were observed in

both hemogenic endothelial cells and hematopoietic stem/progenitor

cells. Transcriptome analysis of hemogenic endothelial cells revealed

that ALA affected pathways influenced by hematopoiesis signals

and myeloid development signals, ROS signals, and hypoxia. In addi-

tion, our data show that ALA inhibits apoptosis of hematopoietic

stem/progenitor cells without changing their differentiation potential.

We propose a new function for ALA in human early hematopoiesis and

suggest that ALA has an anti-apoptosis effect on HSCs in vitro.

2 MATERIALS AND METHODS

2.1 Coculture of human embryonic stem cells with

AGM-S3 orOP9 stroma cells

H1 human embryonic stem cells (hESCs) were provided by Profes-

sor Tao Cheng and maintained on Matrigel-coated plates in mTeSR

medium (STEMCELL Technologies). The cells were dissociated into

clumps using ReLeSR (STEMCELL Technologies). The procedure for

inducing hESCs into hematopoietic stem/progenitor cells was as

described previously.21 Briefly, hESCs were sliced into pieces contain-

ing about 500 cells, and then seeded onto irradiatedAGM-S3 (13.0Gy)

or OP9 (18.0 Gy) stroma cells.

2.2 CFU assay and liquid differentiation culture

The colony-forming potential of hematopoietic stem/progenitor cells

was assessed by culture on methylcellulose (H4320, STEMCELL Tech-

nologies) supplemented with 1% penicillin/streptomycin (Invitrogen)

and cytokines, as described previously.17 BFU-E, CFU-Mix, CFU-GM,

CFU-G, and CFU-M colonies were assessed on day 14. The lineage

differentiation potential of hematopoietic stem/progenitor cells was

assayed in IMDM basic medium containing 10% FBS and hematopoi-

etic cytokines (100 ng/ml SCF, 50 ng/ml IL-6, 20 ng/ml FLT3L, 20 ng/ml

IL-3, 10 ng/ml GM-CSF, 10 ng/ml G-CSF, 10 ng/ml TPO, and 4 U/ml

EPO). Anti-human CD45-APC/Cy7 (BioLegend, Catalog No.: 368516),

anti-human CD71-FITC (BD Biosciences, Catalog No.: 555536),

anti-human GPA(235a)-APC (BD Biosciences, Catalog No.: 551336),

anti-human CD66B-PE (BioLegend, Catalog No.: 305105), and anti-

human CD14-PE/Cy7 (BD Biosciences, Catalog No.: 557742) were

used to detect erythrocytes, granulocytes, and monocytes on day 10

of lineage induction.

2.3 Flow cytometry and cell sorting

To sort and analyze hemogenic endothelial cells, cocultured cells

on day 8 were dissociated for 5 min at 37◦C with 0.1% trypsin-EDTA

solution and filtered through a70𝜇mnylonmesh to obtain a single-cell

suspension. Single cells were incubated with anti-human Fc block (BD

Biosciences, Catalog No.: 564219) for 15 min and then incubated for

40 min with an Ab mixture: anti-human CD34-APC (BD Biosciences,

Catalog No.: 555824), anti-human KDR-PE/CY7 (BioLegend, Catalog

No.: 359912), anti-human CD43-PE (BD Biosciences, Catalog No.:

560199), and anti-human CD144-FITC (BD Biosciences, Catalog No.:

560411). Analysis or sorting of hematopoietic stem/progenitor cells
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was performedonday14of coculture. Cocultured cells on day14were

dissociated for 5 min at 37◦C with 0.25% trypsin-EDTA solution and

filtered through a 70-𝜇mnylonmesh to obtain a single-cell suspension.

Single cells were incubated for 15 min with anti-human Fc block

(BD Biosciences, Catalog No.: 564219), followed by incubation for

40 min with an Ab mixture: anti-human CD34-APC (BD Biosciences,

Catalog No.: 555824), anti-human CD43-PE (BD Biosciences, Cat-

alog No.: 560199), and anti-human CD45-APC/CY7 (BioLegend,

Catalog No.: 368516). Finally, all cells were resuspended in staining

medium containing 7-AAD. Flow cytometry was performed on a

FACSCanto II system (BD Biosciences) and data were analyzed using

FlowJo software (v.10.0.8.). Hematopoietic stem/progenitor cells and

hemogenic endothelial cells were sorted using a FACSJazz Cell Sorter

(BD Biosciences).

2.4 Apoptosis assays

Apoptotic cells were stained with annexin V–APC and 7-AAD accord-

ing to the manufacturer’s instructions (BioLegend, Catalog No.:

640930). Cell apoptosis was detected by using a FACSCanto II system

(BDBiosciences).

2.5 ROS analysis

Total cells were stainedwith a surfacemarker first, and then incubated

with 10 𝜇m DCFH-DA (Nanjing Jiancheng Bioengineering Institute,

Catalog No.: E004) at 37◦C for 40 min. All cells were detected using

a FACSCanto II system (BDBiosciences).

2.6 Cell cycle analysis

Cell cycle analysis was performed using the APC-BrdU Flow Kit (BD,

Catalog No.: 552598). Coculture cells or cord blood total nucleated

cells were treated with BrdU for 6 h before analysis. All cells were first

stained for surface Ags, and then processed using an APC-BrdU Flow

Kit (BD) according to the manufacturer’s instructions. All cells were

detected using a FACSCanto II system (BDBiosciences).

2.7 Intracellular analysis

Intracellular staining was used to measure the protein expression

level of HIF1A and P53 in CD34+CD43+CD45low/+ hematopoietic

stem/progenitor cells of cocultures at day14. All cellswere first stained

for surface Ags, fixation and permeabilization were done using Fixa-

tion/Permeabilization Solution Kit (BD, Catalog No.: 554714) accord-

ing to the manufacturer’s instructions. Finally, fixed/permeabilized

cells were stained with the flow Abs of HIF1A (Biolegend, Catalog No.:

359705) and P53 (Biolegend, CatalogNo.: 645803) for 40min. All cells

were detected using a FACSCanto II system (BDBiosciences).

2.8 RNA-Seq and data analysis

One thousand CD34+ CD43− KDR+ CD144+ hemogenic endothe-

lium cells were sorted into a 1.5 ml Eppendorf tube containing 200 µl

DPBS-BSA buffer (0.5% BSA) using a FACSJazz Cell Sorter (BD Bio-

sciences). The dsDNA of sorted 1000-cell aliquots was generated and

amplified as described previously.26,27 Then, aliquots of the amplified

cDNA were subjected to qPCR analysis of housekeeping genes (B2M,

ACTB, and GAPDH). Samples that passed quality control were used

for subsequent sequencing library preparation. dsDNA (1 ng)was used

to generate the library using Vazyme TruePrepTM DNA library Prep

Kit V2 from Illumina (TD-503). All libraries were sequenced using the

Illumina NovaSeq 6000 system (Novogene Co., Ltd.). The clean fastq

raw data files were uploaded to the Gene Expression Omnibus pub-

lic database (Series GSE144307). All fastq sequences were aligned to

the hg38 human genome usingHisat2 software. Normalization of gene

expression anddifferential expression genes (DEGs) analysiswere per-

formed using DESeq2. Ego analysis of differential expression genes

was performed using clusterProfiler R packages.28 Heatmaps were

plotted using gplots (heatmap.2). Gene set enrichment analysis (GSEA)

was performed as described.29

2.9 HSCs transplantation

Mice were housed in the SPF-grade animal facility of the Center for

StemCell Research and Application, Institute of Blood Transfusion. All

animal experiments were approved by the Institutional Ethics Review

Committee of Institute of Blood Transfusion (IERC-IBT). Adult B-NDG

micewaspurchased fromBeijingBiocytogenCo., Ltd. Freshor cultured

human cord blood (CB) nucleated cells were transplanted through

retro-orbital venous sinus into irradiated (1.0 Gy) 8–10 weeks old B-

NDG mice. Transplantation dose of total fresh cord blood nucleated

cells contained 1× 104 CD34+ cells, and the culture cells derived from

the same dose of fresh cord blood nucleated cells were cultured for

7 days (Ctrl or ALA treated cultures, respectively). The transplanted

mice were maintained on Gentamicin sulfate containing water for

2 weeks. Peripheral blood was obtained from the retro-orbital venous

sinus for flow cytometric analysis 3months post transplantation. Cord

blood nucleated cells were cultured in StemSpanTM SFEM II (Stemcell

Technologies, Catalog No.: 09655) containing 50 ng/ml SCF, 10 ng/ml

IL-11, 25 ng/ml Flt3, and 5 ng/ml TPO.

2.10 Quantitative RT-PCR analysis

Expression of apoptosis- and ROS-related genes was analyzed by

quantitative RT-PCR (qRT-PCR). Template dsDNA from 1000 CD34+

CD43+ CD45+ hematopoietic stem/progenitor cells was synthesized

as described above. Primers specific for HIF1A, FOXO3, P53, P21, P16,

ATG5, ATG7, CASP6, CASP7, BCL2, and B2M were selected from the

primer bank (https://pga.mgh.harvard.edu/primerbank/) (Table 1.). The

reactions were performed in a Thermal cycler (Bio-Rad). Gene expres-

sion levels in each sample were calculated using minimal cycle thresh-

old (Ct) values normalized to expression of the housekeeping gene

B2M. All reactions were performed in triplicate.

2.11 Statistical analysis

Data in the bar graphs are presented as themean± SD. Statistical anal-

ysis was performed using an unpaired Student’s t-test (for comparison

https://pga.mgh.harvard.edu/primerbank/
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TABLE 1 Primers used for RT-PCR

GeneName Forward Primer Reverse Primer

TP53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC

CDKN1A(P21) TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC

CDKN2A(P16) GATCCAGGTGGGTAGAAGGTC CCCCTGCAAACTTCGTCCT

BCL2 GGTGGGGTCATGTGTGTGG CGGTTCAGGTACTCAGTCATCC

CASP6 ATGGCGAAGGCAATCACATTT GTGCTGGTTTCCCCGACAT

CASP7 AGTGACAGGTATGGGCGTTC CGGCATTTGTATGGTCCTCTT

FOXO3 CGGACAAACGGCTCACTCT GGACCCGCATGAATCGACTAT

ATG5 AGAAGCTGTTTCGTCCTGTGG AGGTGTTTCCAACATTGGCTC

ATG7 ATGATCCCTGTAACTTAGCCCA CACGGAAGCAAACAACTTCAAC

HIF1A CACCACAGGACAGTACAGGAT CGTGCTGAATAATACCACTCACA

B2M GAGGCTATCCAGCGTACTCCA CGGCAGGCATACTCATCTTTT

of 2 groups). P-values < 0.05 were considered statistically significant

(*P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001).

2.12 Data availability

Data supporting the findings of this study are available from the cor-

responding author upon request. All RNA-Seq data can be found in the

GEO database under accession code GSE144307.

3 RESULTS

3.1 ALA promotes production of hemogenic

endothelium cells and hematopoietic stem/progenitor

cells derived from hESCs

The antioxidant ALA protects HSCs and improves survival of animals

under irradiation stress when added to chow.25,30 However, these

reports only show indirect effects of ALA on HSCs; it is not known

whetherALAaffectsHSCsdevelopment directly. To discover the effect

of ALAon hematopoiesis, we addedALA to the in vitro hESCs/AGM-S3

coculture hematopoietic induction system to examine whether ALA

affected development and survival of hematopoietic stem/progenitor

cells (Fig. 1A). We used differentiation medium without (Ctrl) or

with different concentrations (50, 100, 200, 400, and 800 µg/ml) of

ALA (ALA group) to induce hematopoietic differentiation. To analyze

the effect of ALA on hemogenic endothelium cells, we used flow

cytometry to determine the percentages of CD34+ CD43− KDR+

CD144+ hemogenic endothelium cells and absolute cell numbers.

Flow cytometry analysis revealed that different concentrations of ALA

had different effects on hemogenic endothelium cells differentiation.

Low concentrations (<200 µg/ml) had a positive effect on hemogenic

endothelium cells production, while high concentrations (≥400 µg/ml)

seriously inhibited hemogenic endothelium cells production. At

100 µg/ml, ALA greatly increased the percentage and absolute cell

number of hemogenic endothelium cells on day 8 (Fig. 1B and C).

To measure the effect of ALA on development of hematopoietic

stem/progenitor cells, we used differentiation medium containing

100 µg/ml ALA or normal differentiation medium (Ctrl) to induce

hematopoietic differentiation, and hematopoietic stem/progenitor

cells were detected on day 14. Flow cytometry analysis indicated that

ALA improved the production ofCD34+ CD43+ CD45+ hematopoietic

stem/progenitor cells significantly (P< 0.0001; Fig. 1D and E).

To demonstrate that the positive effect of ALA on hematopoietic

stem/progenitor cells production was not specific to one particular

cell type, we measured the effect of ALA in the hESCs/OP9 cocul-

ture hematopoietic induction system. The results showed that ALA

also significantlypromotedproductionofhemogenic endotheliumcells

and hematopoietic stem/progenitor cells at concentrations of 50µg/ml

(P<0.0001) and100µg/ml (P<0.001) (Supplementary Fig. S1AandB).

The number of hematopoietic stem/progenitor cells derived from the

hESCs/OP9 system on day 12 was also greatly increased (P < 0.001)

after addition of 100 µg/ml ALA (Supplementary Fig. S1C and D).

In addition, we found that day 2 was the optimal time to add ALA

to hematopoietic-inducing medium to improve production of CD34+

CD43+ hematopoietic stem/progenitor cells (P< 0.0001) (Supplemen-

tary Fig. S1E and F). Together, these findings indicate that ALA pro-

motes production of hematopoietic stem/progenitor cells from more

than 1 cell type.

3.2 ALA preserves the differentiation potential of

hematopoietic stem/progenitor cells

Considering that ALA improved production of hematopoietic

stem/progenitor cells, we next investigated whether ALA affected

the subpopulations or functions of CD34+ CD43+ hematopoietic

stem/progenitor cells. Erythroid or myeloid progenitor cells in bone

marrow or cord blood are defined by their expression of the sur-

face markers Lin (CD3, CD4, CD8, CD33, CD19, GAP), CD45RA,

CD34, CD38, CD123, and CD71.31 Given that in the coculture

hematopoiesis-induction system, CD34+ CD43+ hematopoietic

stem/progenitor cells on day 14 were almost all CD45low/+ (Fig. 1D),

we analyzed the subpopulations of hematopoietic stem/progenitor

cells within the CD34+ CD43+ CD45+ population on day 14 by flow
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F IGURE 1 ALA promotes production of hemogenic endothelium cells and hematopoietic stem/progenitor cells. (A) Strategy used to analyze
the impact of ALA on hematopoietic differentiation. (B) Flow cytometry analysis of CD34+ CD43− KDR+ CD144+ hemogenic endothelium cells
on day 8 after addition of different doses of ALA to the H1/AGM-S3 hematopoietic differentiation coculture wells. D50, D100, D200, D40, and
D800 indicate final ALA concentrations of 50, 100, 200, 400, and 800 µg/ml, respectively. (C) Absolute number of CD34+ CD43− KDR+ CD144+

hemogenic endothelium cells in 1 × 104 total live cells were calculated. (D) Flow cytometry analysis of CD34+ CD43+ CD45+ hematopoietic
stem/progenitor cells on day 14 with and without (Ctrl) ALA treatment; 100 µg/ml ALA was added to the H1/AGM-S3 hematopoietic differenti-
ation coculturewells. (E) Absolute number of CD34+ CD43+ CD45+ hematopoietic stem/progenitor cells in 1×104 total live cells were calculated.
Data in the bar graphs in (C) and (E) are presented as the mean ± SD. An unpaired Student’s t-test (two-tailed) was performed. N = 3 replicates;
*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001; ns, not significant

cytometry. The results showed that ALA-treated cocultures had more

CD38− CD90+ HSC phenotype-like cells22 within the CD34+ CD43+

CD45+ populations (Fig. 2A and C). Common myeloid progenitors

(CMPs) are defined as CD34+ CD43+ CD38+ CD123low CD71,

and megakaryocyte/erythrocyte progenitors (MEPs) are defined as

CD34+ CD43+ CD38+ CD71+ CD123−. Flow cytometry analysis

of myeloid progenitors and erythroid progenitors indicated that

ALA-treated cocultures contained lower percentages of CD34+

CD43+ CD38+ CD71− CD123low CMP-like cells, and lower per-

centages of CD34+ CD43+ CD38+ CD71+ CD123− MEP-like cells

(Fig. 2B). ALA treatment resulted in significantly lower numbers of

CMPs (P < 0.05) and MEPs (P < 0.01) (Fig. 2D). Cell cycle analysis of
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F IGURE 2 ALA preserves the function of hematopoietic stem/progenitor cells. (A and B) Flow cytometry analysis of CD34+ CD43+ CD45+

CD38− CD90+ hematopoietic stem cell-like (HSC-like) cells (A), CD34+ CD43+ CD38+ CD123low CD71− common myeloid progenitors (CMP)
like cells, and CD34+ CD43+ CD38+ CD123− CD71+ megakaryocyte–erythroid progenitor (MEP) like cells (B) on day 14 of coculture. (C and D)
Absolute numbers of HSC-like cells, CMPs andMEPs progenitors in 104 live cells were calculated based their respective percentages, asmeasured
by flow cytometry analysis. (E) Flow cytometry analysis was performed to analyze the cell cycle of coculture derived CD34+CD43+CD45+/low

hematopoietic stem/progenitor cells at Day14. (F and G) CFU assay of CD34+ CD43+ hematopoietic stem/progenitor cells. (F) Representative
images of CFU colonies were presented. (G) The colonies number of CFU-Mix/GEMM, CFU-GM, CFU-G, CFU-M, and CFU-E (BFU-E and CFU-
E) were counted. One thousand CD34+ CD43+ hematopoietic stem/progenitor cells on Day 14 were sorted into each replicate. Absolute colony
numbers were counted on day 14. (F), (H) Flow cytometry analysis of CD45+ CD71+/− GPA+ erythrocytes, CD45+ CD66B+ CD14− granulocytes,
and CD45+ CD14+ monocytes derived from hematopoietic stem/progenitor cells. (I) Percentages of CD45+ CD71+/- GPA+ erythrocytes, CD45+

CD66B+ CD14− granulocytes, and CD45+ CD14+ monocytes were calculated. The data in the bar graphs in (C, D, E, G, and I) are presented as the
mean± SD. An unpaired Student’s t-test (2-tailed) was performed.N= 3 replicates; *P< 0.05, and **P< 0.01. ns, not significant
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CD34+CD43+CD45+/low indicated that ALA inhibited the cell cycle

progress of CD34+CD43+CD45+/low hematopoietic stem/progenitor

cells with significant higher G0/G1 phase population (77.95 ±
0.58% vs. 67.68 ± 2.36%, P < 0.001) and lower percentage of S phase

population (14.80 ± 0.54% vs. 7.60 ± 0.19%, P < 0.0001) (Fig. 2E).

To further explore the effects of ALA on lineage differentiation of

hematopoietic stem/progenitor cells, we performed a colony assay and

lineage differentiation in liquid suspension cultures with 8 cytokines

(SCF, FLT3L, IL-6, IL-3, TPO, EPO, GM-CSF, and G-CSF), but without

ALA. One thousand CD34+ CD45+ hematopoietic stem/progenitor

cells were sorted for each CFU assay per replicate. CFU assay results

indicated that ALA-treated and ALA-untreated cocultures produced

equal numbers of CFU colonies (Fig. 2F and G). Furthermore, 1000

CD34+ CD45+ hematopoietic stem/progenitor cells were seeded

into one 96-well plate containing lineage differentiation culture

medium. Lineages cells of CD66B+ CD14− granulocytes, CD71−/+

GPA+ erythrocytes, and CD66B+ CD14+ monocytes within CD45+

populations were all detected in the liquid differentiation system on

day 10. The results indicated that ALA did not affect the percentage

of granulocytes significantly, but slightly changed the percentages of

erythrocytes (P< 0.05) andmonocytes (P< 0.05) (Fig. 2H and I). These

results suggest that ALA does not change the lineage differentiation

potential at the stem/progenitor level.

3.3 ALA up-regulates hematopoiesis-related

transcription factors

To explore the molecular mechanism responsible for the increase

in hematopoietic stem/progenitor cells production by ALA, we

sorted hemogenic endothelium cells for RNA-seq analysis. Given

that 1000 cells is enough to cover all transcripts uniformly,32 we

sorted 1000 hemogenic endothelium cells on day 8 to generate

RNA-Seq libraries as described previously26,27 and sequenced the

libraries on the NovaSeq platform. Differential expression analysis

indicated that 1960 genes were up-regulated significantly, and 1720

genes were down-regulated significantly, in the ALA-treated group

compared with the Ctrl group. Differential expression genes were

defined as genes with a 1.5-fold change in expression with an adjusted

P-value < 0.05 (DESeq2 R package) (Fig. 3A). Geno ontology (GO)

enrichment analysis28 (clusterProfiler R package) of total differential

expression genes showed that differential expression genes were

more likely to be related to catabolic processes, cell adhesion, and

biosynthetic processes (Supplementary Fig. S2A). GO enrichment

analysis of up-regulated genes showed that ALA up-regulated NF-KB

signaling and endothelium and defense response-related pathways

(Supplementary Fig. S2B). We used a lower threshold (a difference in

expression of >1.2-fold; adjusted P-value < 0.01 [DESeq2 R package])

to analyze changes in transcription factor expression. We identified

145 up-regulated (Supplementary File S1) and 113 downregulated

(Supplementary File S2) differentially expressed transcription factors.

GO enrichment analysis of the up-regulated transcription factors

showed that ALA up-regulated hematopoiesis (marked in red), myeloid

development (marked in red), and DNA-binding transcription factors

(marked in blue), as well as oxygen response transcription factors

(marked in green) (Fig. 3B). Among the up-regulated transcription

factors, ALA up-regulated the hematopoiesis-related genes RUNX1,

MYC,NFE2,MPL, JUN, LEF1,MEF2C,HOXA9, STAT5, and ETS1 (Fig. 3C),

which were also related to myeloid development (Supplementary

Fig. S2C). ALA also up-regulated oxygen response transcription

factors HIF1A, ETS1, NR4A2, MPL, ATM, MYOCD. BACH1, HIPK2,

ANKRD1, ZFP36L1, and SIRT1 (Fig. 3D). In addition, GO enrichment

analysis of ALA down-regulated transcription factors showed that

ALA mainly down-regulated transcription factors related to neuron

development and development of other non-hematopoietic tissues

(Supplementary Fig. S2D).

Furthermore, GSEA analysis of the whole transcriptome showed

that ALA up-regulated genes related to HSC self-renewal and

proliferation-related pathways, including genes found in the HSC

gene cluster33 (Fig. 3E), and targets of NUP98-HOXA9 fusion34

(Fig. 3F). Heatmaps of the leading-edge genes of the HSC cluster

genes showed that ALA up-regulated HSC maintenance-related gene

NR4A235 and lymphocyte development-related genes NFAT536 and

NFATC2 (NFAT1)37 (Fig. 3G). While the NUP98-HOXA9 pathway is

more related to myeloid leukemia development, heatmaps of leading-

edge genes of NUPU98-HOXA9 target genes showed that ALA did

not up-regulate the leukemia development-related genes MESI1,

PBX3,38 and MLL (KMT2A),39 but upregulated HOXA9, which plays an

important role in the hematopoietic commitment of hESCs40 and in

HSC self-renewal41 (Fig. 3H). These results indicated that ALA might

promote hematopoiesis.

3.4 ALA promotes the commitment of

hematopoietic cells

ALA upregulates hematopoiesis- and oxygen response-related genes

and inhibits apoptosis of human umbilical vein endothelial cells

induced by high glucose.42 First, we analyzed the effect of ALA on

apoptosis of hemogenic endothelium cells. The results indicated that

ALA did not improve the percentage of viable hemogenic endothelium

cells (Supplementary Fig. S3A and B). To determine how ALA improves

production of hematopoietic stem/progenitor cells, we checked the

expression levels of genes that positively regulate endothelial-to-

hematopoietic transition (EHT) CBFB, RUNX1,43,44 GFI1, GFI1B,45

GATA2,22 HIF1A, HIF2A,46 MEIS2, TAL1,47 and HOXB448,49 and those

that negatively regulate the transition SOX7,50 SOX17, NOTCH1,51

TGFBs (TGFB1, TGFB2, TGFB3), and TGFBRs (TGFBR1, TGFBR2,

and TGFBR3)]52 in ALA-treated and normal cultures derived from

hemogenic endothelium cells. The results indicated that the positive

regulating endothelial-to-hematopoietic transition genes RUNX1,

GFI1, GFI1B, HIFIA, MEIS2, and CBFB were up-regulated (Fig. 4A). The

endothelial-to-hematopoietic transition negative regulating genes

SOX17, NOTCH1, TGFB1, TGFB2, TGFB3, TGFBR1, and TGFBR2 were

down-regulated (Fig. 4B). These results indicate that ALA might

promote the endothelial-to-hematopoietic transition by changing

the expression of endothelial-to-hematopoietic transition related

genes. To answer this, we sorted CD34+ CD43− KDR+ hemogenic
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endothelium cells from cocultures on day 8 (Supplementary Fig.

3C), seeded them onto AGM-S3 stroma cells, and cultured the cells

for 4 days in hematopoietic-inducing medium with or without ALA.

Flow cytometry results showed that ALA promoted transformation

of CD34+ CD43− KDR+ hemogenic endothelium cells into CD34+

CD43+ (Supplementary Fig. S3D and E) or CD34+ CD45+ hematopoi-

etic cells compared to Ctrl (82.48 ± 0.87% vs. 78.60 ± 1.47%,

P < 0.05) (Fig. 4C and D). Together, these results indicate that ALA

promotes endothelial-to-hematopoietic transition by up-regulating

endothelial-to-hematopoietic transition positive regulating genes and

down-regulating endothelial-to-hematopoietic transition negative

regulating genes.

In addition, ALA activated the oxidative stress response pathway

(Supplementary Fig. S3F), upregulated crucial regulators of ROS and

redox sensor molecules that associated with HSC normal function,11

namely HIF1A, FOXO1, FOXO3, MTOR, ATM, PTEN, TSC1, SIRT1, and

AKT2 (Fig. 4E). Flow cytometry analysis of ROS levels showed that

the hemogenic endothelium cells cultured with ALA had a significantly

F IGURE 3 ALA up-regulates hematopoiesis and oxygen level responses related transcription factors. (A) Expression of various genes in
hemogenic endothelium cells in normal cocultures against the expression of those in hemogenic endothelium cells in ALA-treated cocultures on
day 8 (horizon axis) (n = 3 replicates), presented as normalized expression values (mean) and plotted as FPKM values; colors (key) indicate genes
significantly upregulated (red) or downregulated (blue) in hemogenic endothelium cells by ALA (a difference in expression of <2-fold; adjusted P-
value < 0.05 (DESeq2 R package)). (B) Gene ontology (GO)–enrichment analysis of the 145 differentially up-regulated transcription factors using
the clusterProfiler R package: each symbol represents a GO term (noted in the plot); color indicates the adjusted P-value (P-adj (significance of
the GO term); bottom key), and symbol size is proportional to the number of genes (top key). (C andD) Expression of genes encoding regulators of
hematopoiesis- (C) and oxygen level response- (D) related transcription factors identified from the results of GO enrichments analysis. Columns
represent the indicated replicates of each population. (E–G) GSEA of hematopoiesis stem cells (E) and targets of NUP98-HOXA9 fusion genes. (F)
Pathways from the dataset of c2.all.v5.2.symbols downloaded from the GSEA website. Heatmaps represent the expression of leading-edge genes
found in thehematopoietic stemcell gene cluster (G) and targets of theNUP98-HOXA9 fusion gene (H). Columns represent the indicated replicates
of each population (C, D, G, andH)
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F IGURE 3 Continued

lower ROS level (P < 0.001) (Fig. 4F and G). These results indicate that

a lower ROS level may increase differentiation of hemogenic endothe-

lium cells into hematopoietic stem/progenitor cells, along with early

hematopoiesis signals.

3.5 ALAmaintains low ROS levels and inhibits

apoptosis of hematopoietic stem/progenitor cells

Because ALA decreased ROS levels in hemogenic endothelium

cells, we used DCFH-DA to measure ROS levels in hematopoietic

stem/progenitor cells. Flow cytometry results showed that ALA signif-

icantly decreased ROS levels in hematopoietic stem/progenitor cells

(P < 0.0001) (Fig. 5A and B). To determine whether ALA affects

hematopoietic stem/progenitor cells apoptosis, we performed flow

cytometry to analyze apoptosis of CD34+ CD43+ CD45+ hematopoi-

etic stem/progenitor cells on day 14. The results showed that ALA

significantly reduced the percentage of early apoptotic cells (4.10 ±
1.21% vs. 19.94 ± 1.92%, P < 0.001) and significantly increased the

percentage of live cells (91.43 ± 1.34% vs. 69.30 ± 0.84%, P < 0.001)

(Fig. 5C and D). In addition, we used RT-PCR to check the expression

levels of genes related to ROS and apoptosis. First, we performed RT-

PCR to detect ROS-related genes HIF1A and FOXO3, which were up-

regulated in hemogenic endothelium cells (Fig. 4). The results showed

that HIF1A (P < 0.0001) and FOXO3 (P < 0.0001) were significantly

up-regulated in hematopoietic stem/progenitor cells (Fig. 5E). As ROS

downstream effect genes, P53, P16, and P21 trigger cell differentia-

tion and senescence in HSCs.2 RT-PCR of genes related to apopto-

sis and autophagy showed that P53 expression increased significantly

in ALA-treated hematopoietic stem/progenitor cells (P < 0.0001), and

that P21 (P < 0.01) expression decreased as significantly (Fig. 5E). Cell

autophagy-related genes ATG5 (P < 0.0001) and ATG7 (P < 0.0001)

were down-regulated significantly in ALA-treated HSCs (Fig. 5F). In

addition, the cell apoptosis-related genesCASP6 (P<0.0001) andBCL2

(P< 0.0001) were also down-regulated significantly (Fig. 5E).

HIF1A and P53 play an important role in the quiescence of

hematopoietic stem/progenitor cells11,53 and also play an important

role in ROS induced cell apoptosis.2 To further confirm the pathways

that ALA affected hematopoietic stem/progenitor cells apoptosis,



1720 DONG ET AL.

F IGURE 4 ALA promotes endothelial-to-hematopoietic transition progress. Heatmaps show the expression of endothelial-to-hematopoietic
transition positive regulated genes (A) and endothelial-to-hematopoietic transition negative regulated genes (B). (C) CD34+ CD45+ hematopoietic
stem/progenitor cells percentages or absolute cell numbers derived from 2500 hemogenic endothelium cells were calculated. Sorted hemogenic
endothelium cells were seeded onto AGM-S3 stroma cells and cultured for 4 days. (D) Representative flow cytometry results of CD34+ CD45+

hematopoietic stem/progenitor cells derived fromCD34+ KDR+ CD43− hemogenic endotheliumcells.Numbers inquadrants indicatepercentages.
(E)Heatmaps represent the expressionofROSsensor-responsive genes. (F) Flowcytometry analysis ofROS levels inCD34+ CD43− KDR+ CD144+

hemogenic endothelium cells from normal or ALA-treated cocultures onDay 8. (G) Mean fluorescence intensity (MFI) was calculated. Each symbol
(C and G) represents an individual replicate; small horizontal lines indicate the mean (±SD). Columns represent the indicated replicates of each
population (A, B, and E).The data in the bar graphs in (C), and (G) are presented as the mean ± SD. An unpaired Student’s t-test (2-tailed) was
performed.N= 3 replicates; *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001; ns, not significant

we used intracellular staining to assay the protein expression level

of HIF1A and P53. The results showed that ALA significantly up-

regulated the protein expression of both HIF1A (Fig. 5F) and P53

(Fig. 5G). All these results suggested that ALA inhibited hematopoietic

stem/progenitor cells apoptosis by HIF1A-ROS-P53 signals. In short,

the decreasing of ROS up-regulatedHIF1A and P53 to inhibit cell cycle

and cell apoptosis.

3.6 ALAmaintains HSC function partially

in ex vivo culture

To further analysis the effect of ALA exerted on hematopoietic

stem/progenitor cells function in vivo, we tried to transplant

CD34+CD43+CD45+/low hematopoietic stem/progenitor cells into the

NSGmice. The results indicated that there were scarcely human blood
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F IGURE 5 ALAmaintains a low ROS level and inhibits apoptosis of hematopoietic stem/progenitor cells. (A) Representative flow cytometry
results of ROS levels in hematopoietic stem/progenitor cells from normal or ALA-treated cocultures on day 14. (B) Mean fluorescence intensity
(MFI) of ROS (DCFH-DA) was calculated. (C) Representative flow cytometry results of apoptosis of hematopoietic stem/progenitor cells from nor-
mal and ALA-treated cocultures on day 14. (D) The percentages of live cells, early apoptosis (E-apoptosis), late apoptosis (L-apoptosis), and cell
deathwere calculated. (E) RT-PCR indicated themRNAencoding relative expression levels of stem cellmaintenance or cell apoptosis related genes
in hematopoietic stem/progenitor cells, the data were presented as –△Ct (Ct B2M – Ct Genes) value. (F and G) Intracellular staining assay of was
performed to analysis the protein expression level of HIF1A (F) and P53 (G) in CD34+CD43+CD45+/low cells at day14 of coculture. Data in the bar
graphs in (B) and (D–F) are presented as themean± SD. Anunpaired Student’s t-test (2-tailed)was performed.N=3 replicates; *P<0.05, **P<0.01,
***P< 0.001, ****P< 0.0001; ns, not significant

cells were detected in the peripheral blood of NSG mice (data do not

show). Given that co-culture derived hematopoietic stem/progenitor

cells were difficult to be transplanted successfully in the NSG mice.

Thus, we analyzed the cell cycle and ROS level of cord blood derived

CD34+CD38− hematopoietic stem/progenitor cells. The results

indicated that ALA significantly inhibited the cell cycle progress (Sup-

plementary Fig. S4A and B) and reduced ROS level (Supplementary

Fig. S4C and D) of CD34+CD38− hematopoietic stem/progenitor

cells at Day2 of in vitro culture. ALA inhibited the cell cycle and ROS

level both in cord blood derived hematopoietic stem/progenitor cells

and hESCs derived hematopoietic stem/progenitor cells, indicating

that cord blood might be used to assay the ability of hematopoietic

stem/progenitor cells to rebuild hematopoiesis in vivo.

Sequentially, we used CFU assay and in vivo transplantation sys-

tem to assay the effect of ALA exerting on HSCs (Fig. 6A). We isolated

the nucleated cells from cord blood and then cultured for 7 days using
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F IGURE 6 ALAmaintained functional HSC in ex vivo culture. (A) Strategy of analysis the effect of ALA exerted on HSC. (B) CFU assay of Ctrl
or ALA-treated cultures with 7 days ex vivo culture. Total nucleated cells of cord blood were used as input cells for ex vivo culture. Five hundred
total cells derived from Ctrl or ALA-treated cultures were used for CFU assay, and absolute colony numbers were counted on day 14. (C) Repre-
sentative flow cytometry plots of CD34+ CD38− CD90+ CD45RA− LT-HSCs, CD34+ CD38− CD90− CD45RA− ST-HSC, CD34+ CD38− CD90−

CD45RA+ committed progenitors (C-progenitors), and CD34+ CD38+ progenitors at day 7 for Ctrl or ALA-treated cultures. (D) Absolute cell
numbers of LT-HSCs, ST-HSC, C-progenitors and CD34+CD38+ progenitors were calculated derived from 1 million total cord blood nucleated
cells. (E) Representative flow cytometry plots of human blood cells chimerism at 3 months post-transplantation. Fresh cord blood nucleated cells,
Ctrl cultures, and ALA-treated cultures were transplanted into 1.0 Gy irradiated recipients. (F) Statistic analysis the percentages of donor derived
cells at 3 months post-transplantation. Each point indicates an individual recipient. The data in the bar graphs in (B, D, and F) are presented as the
mean± SD. An unpaired Student’s t-test (2-tailed) was performed.N= 3 replicates; *P< 0.05, **P< 0.01, ****P< 0.0001
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SFEMII culturemediumwithALA treatmentornot.CFUassaywasper-

formed to reveal the differentiation potential of Ctrl or ALA-treated

cultures. The results showed that ALA-treated cultures produced sig-

nificantly more CFU-mix (P < 0.01), CFU-E (P < 0.05), and CFU-M

(P < 0.05) colonies (Fig. 6B). At the same time, the components of

hematopoietic stem or progenitor cells were analyzed by flow cytome-

try. The results indicated that higher proportion or absolute cell num-

bers of CD34+ CD38− CD90+ CD45RA− long-term HSC (LT-HSCs),

CD34+ CD38− CD90− CD45RA− short-term HSC (ST-HSC), CD34+

CD38− CD90− CD45RA+ committed progenitors (C-progenitors), and

CD34+ CD38+ progenitors were observed in ALA-treated cultures

(P< 0.0001) (Fig. 6C andD). Sequentially, we transplantedCtrl or ALA-

treated cultures derived from 1 × 104 CD34+ cells into irradiated B-

NDGmice. We also transplanted fresh cord blood nucleated cells that

containing 1× 104 CD34+ cells as positive control.We conducted flow

cytometry to analysis the chimerism of human blood cells in the recipi-

entmice peripheral blood at 3months post transplantation. The results

indicated that ALA-treated cultures contributed significantly higher

percentages of chimerism in mice peripheral blood compared to Ctrl

cultures (1.96 ± 0.91% vs. 0.13 ± 0.12%, P < 0.05) (Fig. 6E and F). It is

worth noting that more than 1% of human blood cells were detected

in the recipient mice (3/4) of ALA-treated cultures, while none of the

recipient mice contribute more that 1% of human derived blood cells

in the group of Ctrl cultures (Fig. 6E and F). Although there is no sig-

nificant difference in transplantation efficiency betweenALA-cultured

cells and fresh cord blood cells (P = 0.11) (Fig. 6F). However, based

on the effects that ALA affects the cell proliferation and ROS level of

hematopoietic stem and progenitor cells (Supplementary Fig. S4). All

these results suggested thatALAcanmaintainsHSCs functionpartially

through inhibiting cell cycle anddecreasingROS level in ex vivo culture.

4 DISCUSSION

In this study, we used an in vitro coculture system to provide a new

insight into the effects of ALA on hPSCs hematopoiesis. We also used

cord blood derived hematopoietic stem/progenitor cells to investigate

the ex vivomaintenance effect of ALA by transplantation experiments.

First, ALA increased production of hPSCs derived early hemogenic

endothelium cells and late hematopoietic stem/progenitor cells both

in hESCs/AGM-S3 and hESCs/OP9 coculture systems, indicating that

ALA affects hematopoietic development and differentiation irrespec-

tive of cell type. Second, ALA helped to maintain cord blood derived

hematopoietic stem/progenitor cells in culture.

At early coculture stages, a high proportion of hemogenic endothe-

lium cells with a low level of ROS was observed in ALA-treated cocul-

tures, suggesting that ALA may promote development of hemogenic

endothelium cells by modulating the ROS level. Our findings are

consistent with those of a previous report showing that modulating

ROS signaling increases the efficacy of CD34+ cell production from

hPSCs,13 although this study did not confirm hematopoietic activity in

CD34+ fractions. Transcriptome analysis of hemogenic endothelium

cells indicated that ALA up-regulates genes promoting hematopoietic

commitment, such as RUNX1, GFI1, GFI1B, MEIS2, and HOXA9,43,45,47

and down-regulates signals in TGF𝛽 pathways that negatively regulate

endothelial-to-hematopoietic transition.52 Interestingly, addition of

ALA up-regulated the ROS sensor genes11 HIF1A, FOXO1, FOXO3,

ATM, PTEN, SIRT1, and AKT2 during early hematopoiesis. Among

ALA up-regulated transcription factors, HIF1A, RUNX1, GFI1, GFI1B,

and HOXA9 are crucial factors involved in modulating hemogenic

endothelial cells development. As reported previously, HIF1A acts

as an upstream regulator of RUNX1 and NOTCH signaling,46 and

GFI1 and GFI1B act as downstream targets of RUNX1.45 Our findings

showed that ALA might promote HEC development by affecting

HIF1A-RUNX1 signaling.

In the late stage cocultures, the number of hPSCs derived CD34+

CD43+ CD45+ hematopoietic stem/progenitor cells increased, and

these hematopoietic stem/progenitor cells contained a high percent-

age of CD34+ CD43+ CD45+ CD90+ CD38− HSC-like cells22 and a

low percentage of differentiated progenitor cells (CMPs and EMPs)

(Fig. 2). A comparison of hematopoietic activity using the semisolid

colony assay showed that there was no significant difference in cell

production between ALA-treated and nontreated hematopoietic

stem/progenitor cells. Our results indicate that addition of ALA to

cocultures efficiently promotes hematopoiesis along with an early

wave of endothelial-to-hematopoietic transition, while inhibiting

further differentiation of hematopoietic stem/progenitor cells by

inhibiting cell cycle. In addition, lower levels of ROS and apoptosis

were detected in ALA-treated hematopoietic stem/progenitor cells,

which confirms reports that ALA protects HSCs in bone marrow

from total body irradiation stress25 and rescues the dysfunction of

HSCs caused by ROS.9 Furthermore, we found that ALA significantly

up-regulated expression of ROS-regulating genes HIF1A, FOXO3, and

P53, and the genes related to apoptosis or autophagy, including ATG5,

ATG7, P21, and BCL2. ALA also significantly up-regulated the protein

expression of both HIF1A (Fig. 5F) and P53 (Fig. 5G). All these results

suggested that ALA inhibited hematopoietic stem/progenitor cells

apoptosis by HIF1A-ROS-P53 signals. In short, ALA decreased of ROS

to up-regulated HIF1A and up-regulated P53 to inhibit cell cycle and

cell apoptosis.2

Throughout the current study, we showed the role of ALA of

affecting hematopoietic development or function by regulating ROS.

The effect of ALA exerted on hematopoietic differentiation of human

embryonic stem cells in three stages. In the first stage, ALA pro-

moted endothelial-to-hematopoietic transition and development of

hemogenic endothelium cells from undifferentiated hPSCs by modu-

lating ROS levels, as reported previously for CD34+ cell differentiation

from hPSCs.13 In the second stage, ALA enhanced the commitment

of hematopoietic stem/progenitor cells from hemogenic endothelium

cells by modulating ROS levels via coordination multiple signaling fac-

tors such as HIF1A and RUNX1. This observation is reminiscent of

a previous report showing that modulation of ROS signaling affects

development of primitive hematopoietic progenitors from hPSCs.14

In the third stage, ALA inhibited the rapid differentiation of hPSCs

derived hematopoietic stem/progenitor cells in the coculture system.
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In addition, ALA regulated both ROS and apoptosis-related path-

ways to inhibit the apoptosis of hPSCs derived mature hematopoietic

stem/progenitor cells at comparatively late stages. Thus, ALA serves

as a potent promoter of hematopoiesis at the early endothelial-to-

hematopoietic transition stage, ALA regulated both ROS and apop-

tosis related pathways to inhibit apoptosis of hPSCs derived mature

hematopoietic stem/progenitor cells at late stages. Particularly, ALA

treatment allows observation of the mechanism by which ROS signals

control early events during developmental hematopoiesis from hPSCs,

which can never bemimicked using adult-type HSCs.

ALA also inhibited cell cycle and ROS of cord blood derived

hematopoietic stem/progenitor cells that observed in embryonic stem

cells derived hematopoietic stem/progenitor cells. Thus, ALA treat-

ment might have the potential use in promoting in vitro expansion and

maintenance of adult HSCs for clinical transplantation. Subsequently,

both ex vivo and in vivo experiments were performed to assay the

effect of ALA exerted on human cord blood HSCs. These results con-

firmed that ALA efficiently maintained functional HSCs in ex vivo cul-

ture. In summary, ALA could be added to hematopoietic differentiation

systems to study development of HSCs from hPSCs.
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