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of BFU-E progenitor in erythropoiesis

Yao Li,1,2 Zi-Yu Liang,1,2 and Hai-Lin Wang1,2,3,4,*

SUMMARY

Red blood cells supply the oxygen required for all human cells and are in demand
for emerging blood-loss therapy. Here we identified N6-methyl-20-deoxyadeno-
sine (6mdA) as an agonist that promotes the hyperproliferation of burst-forming
unit erythroid (BFU-E) progenitor cells. In addition, 6mdA represses the
apoptosis of erythroid progenitor cells (EPCs). Combined use of with SCF and
EPO enabled cultures of isolated BFU-E to be expanded up to 5,000-fold. Tran-
scriptome analysis showed that 6mdA upregulates the expression of the EPC-
associated factors c-Kit, Myb, and Gata2 and downregulates that of the erythroid
maturation-related transcription factors Gata1, Spi1, and Klf1. Mechanistic
studies suggested that 6mdA enhances and prolongs the activation of erythro-
poiesis-associated master gene c-Kit and its downstream signaling, leading to
expansion and accumulation of EPCs. Collectively, we demonstrate that 6mdA
can efficiently stimulate the EPC hyperproliferation and provide a new regener-
ative medicine recipe to improve ex vivo generation of red blood cells.

INTRODUCTION

Blood transfusion is a common therapeutic modality for chronic anemia1 and provides important support

for other clinical therapies.2 Nevertheless, supply shortages, the transmission of blood-borne pathogens

and the overall costs of the process have promoted many efforts to search for alternative transfusion sour-

ces. Ex vivo generation of red blood cells via erythropoiesis has been proposed as a promising strategy to

ensure an adequate and safe supply of blood cell products. For this purpose, a few types of stem/progen-

itor cells are potentially useful for the generation of red blood cells, including human embryonic stem

cells,3,4 umbilical cord blood cells,5 adult peripheral blood CD34+ cells,6,7 and induced pluripotent stem

cells.8 The existing bioengineering methods for ex vivo preparation of red blood cells all require undergo-

ing the stages of erythroid progenitor cells (EPCs), after which the EPCs are induced to differentiate into

mature red blood cells. Therefore, EPC proliferation is essential for ex vivo preparation of red blood cell

preparation.

Erythropoiesis is a multiple-step process of transition from hematopoietic stem cells to red blood cells. It

can be divided into two stages: early-stage erythropoiesis and terminal erythroid differentiation.9 Burst-

forming unit erythroid (BFU-E) cells are the first committed EPCs generated from hematopoietic stem cells.

BFU-E cells are then differentiated into late erythroid progenitor colony-forming unit erythroid (CFU-E)

cells and proerythroblasts. Proerythroblasts enter terminal erythroid differentiation to form basophilic

erythroblasts, polychromatic erythroblasts, and orthochromatic erythroblasts and finally expel the nuclei

to form mature red blood cells in mammals.10

Two protein factors, stem cell factor (SCF)11 and erythropoietin (EPO),12 have been found to stimulate the

growth and proliferation of EPCs. They play essential roles in erythroid development and are commonly

used cytokines during ex vivo culture of EPCs. The binding of the dimeric SCF molecule to its specific re-

ceptor c-Kit induces c-Kit dimerization of and intermolecular autophosphorylation, leading to the activa-

tion of c-Kit kinase.13 Then, phosphorylated c-Kit activates downstream signaling pathways, such as the

phosphatidylinositide-30-kinase (PI3K)/protein kinase B (AKT) and mitogen-activated protein kinase

(MAPK)/extracellular signal-regulated kinase (ERK) signaling pathways to regulate proliferation.11,14 Dur-

ing erythropoiesis, c-Kit functions as a master gene and regulates the survival, expansion, and differentia-

tion of EPCs.15,16 c-Kit-deficient mice exhibit a severe reduction in CFU-E progenitors and die of anemia

around day 16 of gestation.11 On the other hand, c-Kit activating mutations of human erythroblasts are
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Figure 1. Effect of (deoxy)nucleosides on proliferation of EPCs

(A) Schematic of EPC sorting.

(B) Relative cell proliferation of EPCs after dA, (C) dG, (D) dT, (E) dC, (F) rA, (G) rG, (H) rU, (I) rC, (J) 6mdA and (K) m6A treatment was analyzed by MTS. Each

treatment contained six technical replicates.
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capable of robust expansion ex vivo.17 EPO at low concentrations facilitates the proliferation of EPCs by

activating the PI3K and Shc/Ras pathways, whereas EPO-induced terminal differentiation appears to be

mainly associated with the activation of signal transducer and activator of transcription 5 (STAT5).18

The glucocorticoid receptor (GR) agonist dexamethasone has also been shown to stimulate the prolifera-

tion of BFU-E cells by enhancing the activation of HIF1a. Moreover, the combination of dexamethasone

and the prolyl hydroxylase inhibitor (PHI) DMOG greatly enhances the proliferation of BFU-E cells, leading

to a 3.8-fold increase over that achieved with dexamethasone alone.19

To date, the challenge in ex vivo culture of EPCs is still the limit of their proliferation capacity. The expres-

sion and activation of c-Kit are key to the proliferation of EPCs. However, c-Kit is soon downregulated to

permit subsequent maturation.20 Such transient c-Kit activation limits the proliferation or self-renewal ca-

pacity of EPCs. Genetic manipulation (persistent c-Kit activation) may enhance proliferation but affect ter-

minal differentiation.17

Here, we unexpectedly discovered that 20-deoxynucleoside 6mdA can stimulate the proliferation of BFU-E

cells by upregulating and activating c-Kit. We showed that the activation of c-Kit by 6mdA further activates

the ERK/MAPK and PI3K/AKT signaling pathways. Based on this finding, we developed a recipe for ex vivo

generation of red blood cells.

RESULTS

20-deoxynucleoside 6mdA stimulates the hyperproliferation of EPCs

Nucleosides have been reported to modulate cell proliferation, differentiation, and death in normal

cells21,22 and leukemic cells.23 In particular, adenosine has been shown to stimulate erythropoietin produc-

tion in erythropoiesis of the plethoric mouse.24 To explore the effects of nucleosides on the proliferation of

EPCs, we isolated EPCs from E13.5 fetal livers based on a previous protocol (Figure 1A).25 Using these

ex vivo cultured cells, we tested 10 (deoxy)nucleosides (Figure S1). Among these (deoxy)nucleosides, we

observed that during ex vivo culture, five (deoxy)nucleosides severely inhibited the proliferation of

EPCs, four did not affect the proliferation, and only one increased proliferation. Specifically, 20-deoxyade-
nosine (dA) at 50 mM and N6-methyladenosine (m6A) at 10 mM inhibited proliferation by 65% and 94%

(Figures 1B and 1K), respectively. The observation that m6A repressed erythropoiesis is consistent with pre-

vious literature.26 20-Deoxythymidine (dT) at 50 mM, adenosine (rA) at 10 mM, and 20-deoxyguanosine (dG) at

10 mM completely blocked proliferation (Figures 1C, 1D, and 1F). 20-Deoxycytidine (dC), cytidine (rC), uri-

dine (rU) and guanosine (rG) had no notable effect on proliferation at concentrations of 1.0–50 mM

(Figures 1E and 1G–1I). Of interest, only N6-methyl-20-deoxyadenosine (6mdA) stimulated the proliferation

of EPCs (Figure 1J).

To further explore whether 6mdA-induced proliferation only existed in the early stage or throughout the

whole culture period, we treated cells with 6mdA on different expansion days (Figure 1L). Treatment

started at day 0 increased the proliferation of EPCs. However, 6mdA treatment started with a one- or

two-day delay failed to increase proliferation (Figure 1M).

To further validate whether 6mdA increases the proliferation ability of EPCs, we used 5-ethynyl-20-deoxy-
uridine (EdU) to evaluate proliferation (Figure 1N). Immunofluorescence imaging of EdU revealed that

EPCs had high proliferative capacity (�70%) in the first two days of culture regardless of 6mdA treatment.

This was consistent with the results obtained using the luminescence proliferation assay (Figure 1O). How-

ever, when we tested the proliferation capacity on the sixth expansion day, the proportion of EdU+ cells in

the 6mdA-treated group were reduced from 70% to 56%, whereas that in the untreated group was reduced

from 60% to 32% (Figure 1P). Consistently, EdU incorporation analyzed by flow cytometry showed that

Figure 1. Continued

(L) Schematic diagram of different 6mdA treatment times (the red arrow represents the time when 6mdA was added), ‘‘i’’ means ‘‘input’’.

(M) Cell proliferation was monitored after 6mdA nucleoside treatment at different times. Each treatment contained six technical replicates.

(N) Schematic of EdU incorporation detection.

(O) Images of cell proliferation analysis by EdU incorporation.

(P) Mean and SD of the percentage of EdU-positive (EdU+) EPCs with or without 6mdA treatment. Each treatment contained five to ten replicates. The p

values in 1B-1K and 1M were calculated by one-way ANOVA. The p values in 1P were calculated by unpaired t.test (no significance is not shown, *p<0.05,

**p<0.01, ***p<0.001).
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6mdA treatment increased the percentage of proliferative cells of EPCs after expansion 4-, 6-, or 8 days

(Figure S2).

We further investigated the effect of 6mdA on adult bone marrow derived EPCs. For this purpose, we per-

formed a BFU-E colony assay on bone marrow cells (BMCs) (Figure 2A). We observed that 6mdA treatment

increased the colony number significantly (Figures 2B and 2C). In addition, the colony size for the 6mdA-

treated group was larger than that for the untreated group. Specifically, more than 50% of the clones

were 500 mm or greater in diameter for 6mdA treatment, whereas only 24% of the clones were 500 mm

or greater in diameter for the untreated group (Figure 2D). Referring to the method for isolating a pure

mix of BFU-E and CFU-E cells from fetal liver cells,19 we sorted a mix of BFU-E and CFU-E cells from adult

mouse bone marrow by removing lineage panel (Ter119, CD3ε, CD11b, Gr1, and CD45R), CD16/32, CD41,

CD34 and Sca-1 positive cells (Figure 2E). 6mdA treatment clearly increased the proliferation of the sorted

cells. After 4 days of expansion culture, 6mdA treatment group showed a 4-fold increase of cell prolifera-

tion, whereas in the 6mdA-absent untreated group, cells barely grew. (Figure 2F).

These results indicated that 6mdA treatment stimulates the EPCs to maintain their proliferation ability over

longer ex vivo culture.

20-deoxynucleoside 6mdA upregulates and activates the erythropoiesis-essential receptor

tyrosine kinase c-Kit

We next wondered how 6mdA stimulates the proliferation of EPCs. To answer this question, we used next-

generation sequencing to evaluate the differential gene expression of individual messenger RNAs

(mRNAs) in 4 days of culture with or without 6mdA nucleoside. A total of 1789 protein-coding genes

were significantly altered on 100 mM 6mdA treatment. Among these genes, we found that the expression

of erythropoiesis-essential receptor tyrosine kinase c-Kit was upregulated (Figure 3A). In addition, Myb and

Gata2, two important transcription factors in maintaining the proliferative state and promoting the prolif-

eration of hematopoietic progenitor cells, including EPCs,27,28 were upregulated. In contrast, the levels of

several genes expressed at late stages of EPC differentiation, including two primary enzymes in heme

Figure 2. 6mdA promote the proliferation of BMC-derived progenitor cells

(A) Flow chart of the BFU-E colony formation assay.

(B) Visual images of BMC derived BFU-E clones with or without 6mdA treatment.

(C) BMC derived BFU-E clone numbers with or without 6mdA treatment. Each treatment had three biological replicates.

(D) The proportion of BFU-E clone size, divided by 500 mm in diameter. Each treatment contained three biological

replicates.

(E) Schematic of sorting a mix of BFU-E and CFU-E cells from BMC.

(F) MTS cell proliferation assay of a mix of BFU-E and CFU-E cells derived from BMCs. Each treatment had six technical

replicates. Data are presented as mean G SD. The p values were calculated by unpaired t.test (N. S., no significance,

*p<0.05, **p<0.01, ***p<0.001).
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Figure 3. 6mdA upregulates and activates c-Kit

(A) Heatmap of the genes involved in the proliferation and differentiation of erythroid progenitors.

(B) mRNA levels of c-Kit, Myb, Gata2 and (C) Slc4a1, Alas2, Gypa, Fech, Wdr26, Gata1 Spi1 and Klf1 as revealed by RT-qPCR. Each treatment contained three

replicates.

(D) The dynamic expression of c-Kit, Myb, Gata2, Slc4a1, Alas2, Gypa, Gata1 Spi1 and Klf1 on the indicated expansion days was determined by q-PCR. The

relative expression normalized to GAPDH was shown. Each treatment contained three replicates.

(E) Western blot analysis of the expression and phosphorylation of c-Kit on the indicated days in EPCs.

(F) Quantitative analysis of the expression and phosphorylation of c-Kit from 3 independent experiments of EPCs.

(G) c-Kit+ cells according to the surface expression of c-Kit and CD71 culture on the indicated days of EPCs. (H) Quantitative analysis of c-Kit+ cells from three

independent experiments of EPCs. (I) Flow cytometry analysis of EPCs apoptosis after 6 days of expansion.

(J) Quantitative analysis of apoptotic cells of EPCs from three independent experiments. Data are presented as mean G SD. The p values in 3B-3C and 3F

were calculated by one-way ANOVA. The p values in 3D, 3H and 3J were calculated by unpaired t.test (N. S., no significance, *p<0.05, **p<0.01, ***p<0.001).
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biosynthesis (5-aminolevulinate synthase 2 (Alas2), ferrochelatase (Fech)), one important protein for pro-

moting nuclear condensation (WD40 repeat protein 26 (Wdr26)), red blood cell anion exchanger solute car-

rier family 4 member 1 (Slc4a1) and glycophorin A (Gypa)29–32 were lower than those in the untreated group.

The expression levels of the transcription factors Gata1, Spi1 and Klf1,33–35 which establish the onset and

progression of terminal differentiation events, were also downregulated after 6mdA treatment (Figure 3A).

The elevations in the mRNA expression of three proliferation-associated genes (c-Kit, Myb and Gata2) (Fig-

ure 3B) and the reduced levels of mRNA expression of eight differentiation-related genes (Slc4a1, Alas2,

Gypa, Fech, Wdr26, Gata1, Spi1 and Klf1) (Figure 3C) were further validated by quantitative reverse-tran-

scription PCR (RT-qPCR) analysis. We also showed the dynamic expression of these genes during the indi-

cated expansion days (days 2, 4, and 6). These results showed that 6mdA treatment upregulated the

expression of c-Kit and retarded the upregulation of differentiation-related genes, including Slc4a1,

Alas2, Gypa, Gata1, Spi1 and Klf1 (Figure 3D).

We next examined the protein expression of the tyrosine kinase receptor c-Kit, which is a pivotal protein sup-

porting the proliferation of EPCs. Consistent with the increase in themRNA level, the protein level of c-Kit also

increased after treatment with 100 mM6mdA (approximately 1.2-fold, 2.6-fold, and 3.8-fold in expansion of 2, 4

and 6 days, respectively) compared to that for the untreated control group (Figures 3E and 3F).

Moreover, we examined two phosphorylated sites of c-Kit (Tyr568/570 and Tyr719) that are associated with

the activation of MAPK/ERK and PI3K/AKT, respectively.36–39 Western blot analysis showed that both phos-

phorylated Tyr568/570 and Tyr719 of c-Kit increased. Specifically, Tyr568/570 phosphorylation of c-Kit

increased by approximately 1.7-fold, 2-fold, and 2.4-fold after 2, 4, and 6 days of expansion, and Tyr719

phosphorylation of c-Kit increased by approximately 1.2-fold, 1.7-fold, and 2.7-fold after 2, 4 and 6 days

of expansion (Figures 3E and 3F). The results suggest that, on c-Kit activation, MAPK and PI3K might

also be activated.

6mdA retards differentiation and preserves EPCs

Because c-Kit is expressed as a marker only in early EPCs, including BFU-E and CFU-E,20 we examined the

proportion of c-Kit+ cells by monitoring the surface expression of c-Kit. Flow cytometry analysis of the

sorted EPCs (marked by high c-Kit and CD71+) cultured for different periods of time showed that 6mdA

treatment prolonged the proliferation of early EPCs and retarded the differentiation, approximately 40%

remained c-Kit+ after 6 days of expansion with 100 mM 6mdA treatment compared with 24% in the un-

treated group (Figures 3G and 3H). Furthermore, flow cytometry analysis of EPCs stained with propidium

iodide/annexin V revealed that 6mdA treatment reduced apoptosis from 32% to 22% after 6-day expansion

(Figures 3I and 3J). These results suggest that 6mdA treatment effectively preserves EPCs during 6-day

expansion by retarding the differentiation and reducing the apoptosis of EPCs, thus promotes the prolif-

eration of EPCs.

6mdA activates c-Kit downstream pathways

c-Kit participates in important cellular signal transduction processes through different intracellular

signaling pathways, including the PI3K/AKT and MAPK/ERK signaling pathways (Figure 4A). To investigate

whether 6mdA-induced c-Kit activation can also cause MAPK/ERK and PI3K/AKT pathway activation, we

examined the phosphorylation levels of the important downstream proteins ERK1/2 and AKT. As shown

in Figure 4B, after 6mdA treatment, the expression of ERK1/2 was not notably altered, but the phosphor-

ylation of ERK1/2 was significantly increased in EPCs cultured for the indicated days (Figure 4B). After

100 mM 6mdA treatment, the phosphorylation level of ERK1/2 was increased 3-fold and 4.3-fold after

expansion for 2 and 6 days, respectively (Figure 4C). As treated with 100 mM 6mdA, the phosphorylation

level of AKT was increased 2-fold, 3.7-fold and 2.6-fold in EPCs after expansion for 2, 4 and 6 days, respec-

tively, whereas the expression of AKT was not altered (Figures 4D and 4E). We also examined EPO-induced

STAT5 activation. However, the expression of STAT5 was not altered in EPCs. The phosphorylation of

STAT5 was not changed after 2 days of culture and decreased to 60% after 4 and 6 days of culture with

100 mM 6mdA treatment (Figure S3). Collectively, these findings indicated that 6mdA treatment activated

the two c-Kit downstream signaling pathways, MAPK/ERK and PI3K/AKT, in EPCs.

Initial observations showed that 6mdA enhanced the proliferation of EPCs only when 6mdA was added on

day 0 (Figure 1M). We measured the levels of p-c-Kit, p-ERK and p-AKT using western blot (Figure S4).

Evidently, the expression and phosphorylation levels of c-Kit were elevated only when the EPCs were
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treated with 6mdA from day 0 (3.5-fold increase in expression level and 2.6-fold increase in phosphoryla-

tion) (Figures S4A and S4D). Consistently, the phosphorylation of ERK1/2 and AKT showed the most signif-

icant increase when the treatment of EPCs with 6mdA started from day 0 (1.5-fold and 1.7-fold increases in

phosphorylation of ERK1/2 and AKT, respectively) (Figures S4B, S4C, S4E, and S4F). These results further

demonstrated that the proliferation of EPCs can be promoted only when c-Kit activation is increased.

6mdA antagonizes c-Kit inhibition

Treating EPCs with the c-Kit inhibitor STI571 (10 nM, 50 nM and 100 nM) showed a dose-dependent inhi-

bition on proliferation. The treatment with 10 nM STI571 had little effect on cell proliferation, but treatment

with 50 nM and 100 nM STI571 dramatically inhibited the growth of EPCs (Figures 5A–5C). This is in agree-

ment with previous literature.9 Of interest, 6mdA treatment mitigated the STI571-induced inhibition of EPC

proliferation. 6mdA increased the proliferation of EPCs by approximately 3-fold in the 10 nM STI571 treat-

ment group and increased it by 10-fold in the 50 nM STI571 treatment group (Figures 5A and 5B). Consis-

tently, western blot analysis showed that, as treated with 10 nM and 50 nM STI571, 6mdA still increased the

expression and phosphorylation of c-Kit (Figures 5D and 5E). However, it was difficult to induce cell prolif-

eration after 100 nM STI571 inhibition (Figure 5C). Western blot analysis showed that after STI571 inhibition

at 100 nM, 6mdA hardly increased the phosphorylation of c-Kit (Figure 5F).

The specific ligand SCF binds to c-Kit inducing receptor activation and signal transduction.40 SCF deficiency

depletes hematopoietic progenitors, including EPCs.41 Thus, the relative cell proliferation of the cells cultured

in medium supplemented with SCF at different concentrations was measured. In agreement with STI571 inhi-

bition, when the concentration of SCF decreased to 10 ng/mL, the proliferation of EPCswas severely inhibited,

whereas 6mdA could elevate the cell proliferation (Figure 5G). However, the absence of SCF caused severe

proliferation inhibition of EPCs. Concomitantly, 6mdA failed to induce hyperproliferation (Figure 5H).

Figure 4. 6mdA exposure led to activation of the signaling pathway downstream of c-Kit

(A) Schematic diagram of the signaling pathways downstream of c-Kit.

(B) Western blot analysis of the expression and phosphorylation of ERK1/2 and (D) AKT in EPCs on the indicated days.

(C) Quantitative analysis of the expression and phosphorylation of ERK1/2 and (E) AKT protein levels from three independent experiments of EPCs. Data are

presented as mean G SD. The p values were calculated by one-way ANOVA (N.S., no significance, *p<0.05, **p<0.01, ***p<0.001).
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The above results indicate that 6mdA treatment has an antagonistic effect on c-Kit inhibition. On the other

hand, these data also consistently support the idea that 6mdA-induced proliferation is associated with c-Kit

activation.

To further investigate whether ERK1/2 and AKT activation is associated with 6mdA-induced hyperprolifer-

ation, we examined the proliferation of EPCs in the presence of the MAPK/ERK pathway inhibitors selume-

tinib and U0126. After treatment with 1 mM selumetinib or 1 mM U0126, the phosphorylation of ERK1/2 was

significantly inhibited (Figures S5D and S5E). The proliferation of EPCs was also significantly inhibited

(Figures S5A and S5B). However, 6mdA also mitigated the inhibition of EPC proliferation (Figures S5A

and S5B). Similarly, after the phosphorylation of AKT was inhibited by treatment with the PI3K/AKT inhibitor

LY294002 (Figures S6 and 5F), the proliferation of EPCs was also inhibited, but 6mdA partly mitigated this

inhibition and increased the proliferation (Figure S5C).

6mdA mainly induces hyperproliferation of BFU-E cells

Initial observations that only 6mdA treatment started from day 0 could enhance the proliferation of EPCs

(Figure 1M) led us to hypothesize that the proliferation of BFU-E cells, but not CFU-E cells, are enhanced by

6mdA. To further investigate the cell population on which 6mdA acted, we sorted early erythroid

Figure 5. 6mdA antagonizes c-Kit inhibition

(A) Cell proliferation analysis after treatment with 10 nM, (B) 50 nM, and (C) 100 nM STI571 by MTS. Each treatment contained six technical replicates.

(D) Western blot analysis of the expression and phosphorylation of c-Kit after treatment with 10 nM, (E) 50 nM, and (F) 100 nM STI571.

(G) Cell proliferation analysis of EPCs cultured with 100 ng/mL or 10 ng/mL SCF by MTS. Each treatment contained six technical replicates.

(H) Cell proliferation analysis of EPCs cultured with 100 ng/mL or no SCF by MTS. Each treatment contained six technical replicates. Data are presented as

mean G SD. The p values were calculated by one-way ANOVA (no significance was not shown, *p<0.05, **p<0.01, ***p<0.001).
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progenitor BFU-E and CFU-E cells from EPCs. After magnetic depletion of mouse lineage panel (Ter119,

CD3ε, CD11b, Gr1, and CD45R), CD16/CD32, Sca-1, CD34, and CD41 positive cells from fetal liver cells,

BFU-E and CFU-E cells were sorted from the Kit+ fractions according to the expression level of CD71 by

flow cytometry. The BFU-E fraction had the 10% lowest CD71 expression (CD7110%low), and the CFU-E frac-

tion had the 20% highest CD71expression (CD7120%high) (Figure 6A).19

Figure 6. 6mdA promotes the proliferation of BFU-E cells

(A) BFU-E and CFU-E cell sorting by flow cytometry according to the expression of CD71 and c-Kit, c-Kit+CD7110%low represents BFU-E, and

c-Kit+CD7120%high represents CFU-E.

(B) Relative cell proliferation of BFU-E and (C) CFU-E after 6mdA treatment were analyzed by MTS. Each treatment contained six technical replicates.

(D) Images of cell proliferation analysis by EdU incorporation of BFU-E cells.

(E) Mean and SD of the percentage of EdU-positive (EdU+) BFU-E cells with or without 6mdA treatment. Each treatment contained five to ten replicates.

(F) Visual images of BFU-E cells after expansion for 8 days with or without 6mdA treatment.

(G) Flow cytometry analysis of the apoptosis of BFU-E cells after 6 days expansion.

(H) Quantitative analysis of apoptotic cells of BFU-E cells from three independent experiments. Data are presented as mean G SD. The p values were

calculated by unpaired t test (*p<0.05, **p<0.01, ***p<0.001).

ll
OPEN ACCESS

iScience 26, 106924, June 16, 2023 9

iScience
Article



As stimulated by 6mdA (100 mM), BFU-E displayed increased proliferation (Figure 6B). Although there was

no significant difference in the BFU-E cell proliferation during the first 2 days, adding 6mdA resulted in an

approximately 10-fold increase in cell proliferation compared with that in the untreated group after 10 days

of expansion (Figure 6B). EdU incorporation analysis also showed that 6mdA increased the proliferation of

BFU-E cells (Figure 6D). After 8 days of culture, approximately 60% of BFU-E cells had high proliferative

ability after 6mdA treatment, whereas only 40% of BFU-E cells still had proliferation capacity in the un-

treated group (Figure 6E). Flow cytometry analysis of EdU incorporation also showed a 1.5-fold increase

in the proliferation ability of BFU-E cells after 6mdA treatment (represented by the proportion of EdU+

cells) (Figure S6). In contrast, 6mdA treatment failed to promote CFU-E proliferation (Figure 6C). To provide

direct visual evidence, we collected BFU-E cells after 8 days of expansion, and visual images showed an

approximately 10-fold increase in cell number after 6mdA treatment. Combined treatment with SCF and

EPO enabled cultures of purified BFU-E with 6mdA to be expanded up to 5,000-folds (from 0.02 million

to 11 million in the untreated group compared with 0.02 million to 105 million in the 100 mM 6mdA treat-

ment group) (Figure 6F). In addition, the apoptosis of cultured BFU-E cells was partly blocked by 6mdA

treatment, and the percentage of apoptotic cells was reduced from 77% to 40% (Figures 6G and 6H).

Collectively, these results show that 6mdA mainly stimulates the proliferation and impairs the apoptosis

of BFU-E cells.

6mdA activates c-Kit and its downstream signaling pathways in BFU-E cells

To verify that the regulatory mechanism of 6mdA stimulates the proliferation of BFU-E cells, we performed

next-generation sequencing to determine the differential expression of individual messenger RNAs

(mRNAs) in 6-day-cultured BFU-E cells in the presence or absence of 6mdA. Consistently, 6mdA treatment

upregulated the expression of the erythroid progenitor-associated genes c-Kit, Myb andGata2, and down-

regulated the expression of the differentiation-related genes Slc4a1, Alas2, Gypa, Wdr26, Spi1, Klf1, Gata1

and Fech (Figure 7A). These results were further validated by RT-qPCR (Figures 7B and 7C).

Consistent with the effect on EPCs, we also hypothesized that 6mdA activates c-Kit and its downstream

pathways. To test this hypothesis, the c-Kit+ population was monitored after expansion of BFU-E cells

for 3 and 6 days. After 3 days of expansion, most of BFU-E cells carried high abundance of surface c-

Kit+ (>70%). However, approximately 35% of the cells remained c-Kit+ after 6 days of expansion with

100 mM 6mdA treatment, whereas only approximately 14% were c-Kit+ in the untreated group

(Figures S7A and S7C), indicating that 6mdA treatment prolonged the accumulation of BFU-E cells.

When EPCs enter terminal differentiation after proerythroblasts, the expression of Ter119 is gained.10

Based on the expression of CD71 and Ter119, the differentiation of BFU-E cells was analyzed. We first vali-

dated that 6mdA was evaluated the proliferation of BFU-E cells after 3 or 6 days of expansion culture

(Figures S7B and S7D). Flow cytometry analysis showed that the differentiation of BFU-E cells was retarded

by 6mdA treatment after 3 days of expansion, 15% of the cells expressed Ter119 after expansion 6 days in

untreated group, whereas only 10% of cells were Ter119+ in 6mdA-treated group (Figure S7A). While after

6 days of expansion, 35% of the cells expressed Ter119 after expansion 6 days in untreated group, 44% of

cells were Ter119+ in 6mdA-treated group (Figure S7C). These results suggested that the 6mdA-enhanced

proliferation is not simply attributed to the 6mdA-induced differentiation inhibition. Furthermore, western

blot analysis showed that the expression and phosphorylation of c-Kit were also elevated in BFU-E cells as

stimulated by 6mdA (approximately 4-fold increase in expression and 2-fold increase in phosphorylation)

(Figures 7D and 7E).

On shRNA-mediated knockdown of c-Kit in BFU-E cells (40% knockdown, Figure 7F), the proliferation abil-

ity of BFU-E cells was significantly decreased, concomitantly 6mdA-induced proliferation of BFU-E cells was

compromised (Figure 7G). These results indicated that the c-Kit signaling pathway plays an important role

in 6mdA-induced hyperproliferation of BFU-E cells.

Consistent with the observation for EPCs, the phosphorylation of ERK1/2 and AKT was also elevated after

6mdA treatment in BFU-E cells by 2.6- and 2.7-fold, respectively (Figures 7H–7K).

6mdA does not impair the differentiation of erythroid progenitors

6mdA treatment during ex vivo expansion enabled more EPCs to be obtained. To explore whether 6mdA-

induced hyperproliferated EPCs could proceed to differentiate and mature normally, we cultured EPCs

with 6mdA during the expansion phase for 3 days and then withdrew the 6mdA treatment and induced
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differentiation by changing the medium to differentiation medium containing high concentrations of EPO.

Hemoglobin production and differentiation were analyzed after 3 days of differentiation culture (Figure 8A).

Differentiation was analyzed based on the expression of CD71 and Ter119. As shown by flow cytometry

analysis, Ter119+ cells were not show significant difference after 6mdA treatment in both EPCs and

BFU-E cells, indicating that 6mdA treatment in the expansion phase did not have a permanent effect on

cell differentiation. After the removal of 6mdA, these cells still differentiated normally, and the differenti-

ation ability was similar to that of the untreated group (Figures 8B and 8C).

In addition, enucleation of differentiated BFU-E cells was also characterized. 6mdA treatment in the expan-

sion phase promoted the enucleation of BFU-E cells after differentiation, from 29% to 39% (Figure 8D).

Furthermore, we detected free hemoglobin production in differentiated cultured EPCs and BFU-E cells us-

ing tetramethylbenzidine (TMB).42 As shown in Figure 8E, EPCs induced by 6mdA treatment produced

more free hemoglobin after differentiation. Similarly, BFU-E cells induced by 6mdA treatment also

Figure 7. 6mdA upregulates and activates c-Kit in BFU-E cells

(A) Heatmap of the genes involved in the proliferation and differentiation of erythroid progenitors.

(B) mRNA levels of c-Kit, Myb, Gata2 and (C) Slc4a1, Alas2, Gypa, Fech, Wdr26, Gata1, Spi1 and Klf1 as revealed by RT‒qPCR. Each treatment contained

three replicates.

(D) Western blot analysis of the expression and phosphorylation of c-Kit in BFU-E cells.

(E) Quantitative analysis of expression and phosphorylation of c-Kit protein levels from three independent experiments of BFU-E cells.

(F) c-Kit knockdown validation by RT-qPCR. Each treatment contained three replicates.

(G) Cell proliferation analysis of BFU-E cells after c-Kit knockdown by MTS. Each treatment contained six technical replicates.

(H) Western blot analysis of the expression and phosphorylation of ERK1/2 and (J) AKT on the indicated days in BFU-E cells. (I) Quantitative analysis of the

expression and phosphorylation of ERK1/2 and (K) AKT protein levels from three independent experiments of BFU-E cells. Data are presented as mean G

SD. The p values in 7B-7C and 7G were calculated by unpaired t.test. The p values in 7E-7F, 7I and 7K were calculated by one-way ANOVA. (N.S., no

significance, *p<0.05, **p<0.01, ***p<0.001).
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produced more free hemoglobin after differentiation. (Figures 8E and 8F). Collectively, these findings

demonstrate that 6mdA stimulates the hyperproliferation of BFU-E cells, which results in the production

of more progenitor cells. These progenitor cells can undergo normal terminal differentiation and produce

hemoglobin.

DISCUSSION

Nucleosides and nucleotides are the byproducts formed during RNA/DNA catabolism. These catabolites

may function as small bioactive molecules to modulate many cellular events. For example, 20-deoxyadeno-
sine can inhibit the kinase activity of ATR which in turn induces premature chromatin condensation in ham-

ster BHK21 cells.43 20-Deoxyguanosine can induce growth inhibition and guanosine triphosphate (GTP)

accumulation in mature T cell lines and B lymphoblast cell lines.22,44,45 DNA 6mdA is an important epige-

netic modification in prokaryotes46 and a potential epigenetic mark in multicellular eukaryotes,47–50 and

can be present in the form of 20-deoxynucleoside or 20-deoxynucleotide 6mdA during DNA catabolism.

The catabolite 6mdA can promote the differentiation of C2C12 cells into osteogenic lineage cells.51 More-

over, 6mdA induces the differentiation of several mammalian tumor cells, including C6, P19, and PC12 cell

lines.52 6mdA also enhances the nerve-growth factor-mediated neurite outgrowth of PC12 cells.53 Howev-

er, to our knowledge, there have been no reports on the phosphorylation and activation of c-Kit protein

caused by 6mdA. Herein, we treated EPCs with different (deoxy)nucleosides and monitored cell prolifera-

tion. Surprisingly, we found that 6mdA elevated the proliferation of erythroid progenitors. Further exper-

iments suggested that 6mdA selectively promoted the proliferation of BFU-E cells.

Consistently, 6mdA maintained the expression of genes associated with the proliferation of EPCs. Among

these genes, we focused on the receptor tyrosine kinase c-Kit, which plays an important role in EPC pro-

liferation. Of interest, we found that 6mdA treatment significantly upregulated the expression of c-Kit.

Furthermore, the phosphorylation of c-Kit was increased, indicating that 6mdA treatment enhanced the

activation of c-Kit. However, how 6mdA stimulates the c-Kit activation need further exploration.

As a tyrosine kinase, the activated c-Kit can transduce downstream signaling pathways, including MAPK/

ERK and PI3K/AKT. PI3K is activated by c-Kit both directly through binding to Tyr71939 and indirectly

Figure 8. 6mdA does not impair the differentiation of erythroid progenitors

(A) Scheme of the differentiation of EPCs or BFU-E cells.

(B) Ter119+ cells according to the surface expression of CD71 and Ter119 of EPCs and (C) BFU-E cells after differentiation. Each treatment had three

biological replicates, and the mean G SD was shown.

(D) Flow cytometry analysis of enucleation of BFU-E cells according to the expression of Ter119 and Hoechst 33342. Each treatment had three biological

replicates, and the mean G SD was shown.

(E) Thefree hemoglobin of EPCs and (F) BFU-E cells after differentiation was analyzed by TMB. Each treatment had three technical replicates. Data are

presented as mean G SD. The p values were calculated by one-way ANOVA (N.S., no significance, *p<0.05, **p<0.01, ***p<0.001).

ll
OPEN ACCESS

12 iScience 26, 106924, June 16, 2023

iScience
Article



through binding to the tyrosine phosphorylated adaptor protein Gab2.54 AKT is a key molecule down-

stream of PI3 kinase, and the activated AKT promotes the cell survival (anti-apoptotic).55 The MAPK/ERK

signaling pathway stimulated by activated c-Kit starts by recruiting the adaptor protein Grb2 and the gua-

nine nucleotide exchange factor (SOS). SOS activates Ras to recruit and activate Raf by phosphorylation at

several sites.56,57 Activated Raf subsequently phosphorylates downstream MEK1/2 and ERK1/2.58,59 Acti-

vated ERK1/2 promotes cell proliferation by activating multiple transcription factors.60–62 Importantly, it

has been reported that activated MAPK/ERK and PI3K/AKT pathways are involved in the proliferation of

hematopoietic progenitors.63 We found that 6mdA treatment significantly increased the phosphorylation

of ERK1/2 and AKT.

According to the World Health Organization (WHO), 118 million donors provide 223 million blood product

units per year worldwide.64 However, the annual demand for blood is 303 million product units. In addition,

blood transfusion carries a great risk of disease transmission, including HIV, HBV, HCV, and syphilis trans-

mission. Especially in low-income countries, the risk of HIV transmission is 300 times higher than that in

high-income countries. Preparation of red blood cells through bioengineering way has been proposed

as a method to solve these problems, and all existing methods of producing red blood cells through bioen-

gineering way involve the proliferation of EPCs. Therefore, all existing methods can benefit from our find-

ings on 6mdA. The effect of 6mdA on enhancing the ex vivo proliferation of BFU-E cells implies that 6mdA

can serve as a growth factor to improve the production of red blood cells.

Ineffective erythropoiesis can cause anemia such as Diamond-Blackfan anemia (DBA).65 Despite significant

progress in defining themolecular basis of DBA and deepening the understanding of the mechanistic basis

of DBA pathophysiology, there has been limited progress in developing new treatment options. Therefore,

expect as a supplement for blood transfusion, 6mdA is a potential drug to treat this anemia caused by EPC

insufficiency.

In summary, we have demonstrated that 6mdA treatment promotes the proliferation of BFU-E cells by acti-

vating the tyrosine kinase c-Kit and its downstream MAPK/ERK and PI3K/AKT pathways. These findings

suggest that 6mdA could serve as a growth factor to enhance the proliferation of ex vivo cultured EPCs.

Limitations of the study

In this study, we demonstrated that 6mdA treatment promotes the proliferation of EPCs. Our results indi-

cated that 6mdA promotes both mouse fetal liver and bone marrow derived EPCs. The effect of 6mdA on

human erythroid cells needs further exploration. We also found that 6mdA treatment maintains the activa-

tion of c-Kit and its downstream MAPK and PI3K-AKT signaling pathways. Although the protein directly in-

teracted with 6mdA should be characterized in the future.
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Biotin anti-mouse CD34 BioLegend Cat# 128604; RRID:AB_1236371

Biotin anti-mouse CD41 BioLegend Cat# 133930; RRID:AB_2572133

Biotin anti-mouse Sca-1 BioLegend Cat# 108104; RRID:AB_313341

Biotin anti-mouse CD16/32 BioLegend Cat# 101303; RRID:AB_312802

PE anti-mouse TER-119 BioLegend Cat# 116208; RRID:AB_313709

APC anti-mouse CD117 (c-Kit) BioLegend Cat# 135108; RRID:AB_2028407

PE/Cy7 anti-mouse CD71 BioLegend Cat# 113812; RRID:AB_2203382

c-Kit rabbit mAb Cell Signaling Technology Cat# 3074; RRID:AB_1147633

Phospho-c-Kit (Tyr719) antibody Cell Signaling Technology Cat# 3391; RRID:AB_2131153
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Phospho-p44/42 MAPK (Erk1/2) (Thr202/

Tyr204) rabbit mAb
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Akt (pan) rabbit mAb Cell Signaling Technology Cat# 4691; RRID:AB_915783
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20-Deoxycytidine (dC) J&K Scientific Cat# 206550

20-Deoxythmidine (dT) Solarbio Life Science Cat# T8081

Adenosine (rA) Sigma-Aldrich Cat# A9251

Cytidine Sigma-Aldrich Cat# C122106

Uridine Sigma-Aldrich Cat# U3750

Guanosine Sigma-Aldrich Cat# G6752

N6-methyladenosine Aladdin Cat# N191760

Imatinib (STI571) Mesylate Selleck Cat# S1026

Selumetinib Selleck Cat# S1008

U0126-EtOH Selleck Cat# S1102

LY294002 Selleck Cat# S1105

Streptavidin Microbeads Miltenyi Biotec Cat# 130-048-101

StemPro-34 SFM Thermo Fisher Cat# 10639011

Human EPO PeproTech Cat# 100-64-10

Murine SCF PeproTech Cat# 250-03-10

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Hailin Wang (hlwang@rcees.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal procedures were approved by and performed according to the guidelines of the Animal Ethics

and Welfare Committee of Research Center for Eco-Environment Sciences, Chinese Academy of Science,

approval No. AEWC-RCEES-2021049.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Dexamethasone Sigma-Aldrich Cat# D4902

IMDM (glutamine-free) Hyclone Cat# SH30259

PFHM II Thermo Fisher Cat# 12040077

TRIzol Thermo Fisher Cat# 15596026

Critical commercial assays

CellTiter 96� AQueous

One Solution Reagent

Promega Cat# G3580

Click-iT� EdU Imaging Kit

with Alexa Fluor� 594 Azides

Thermo Fisher Cat# C10338

Deposited data

RNA seq This study https://ngdc.cncb.ac.cn/search/

?dbId=&q=CRA010146

Oligonucleotides

See Table S1

Recombinant DNA

pLKO.1-Puro Wenqiang Yu’s laboratory N/A

pMDL Wenqiang Yu’s laboratory N/A

VSVG Wenqiang Yu’s laboratory N/A

REV Wenqiang Yu’s laboratory N/A

Software and algorithms

NovoExpress ACEA N/A

Alliance Q9 ATMO LIGHT UVITEC N/A

Prism9 GraphPad https://www.graphpad.com/

scientific-software/prism/
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Cell culture and purification

Erythroid precursor cells were purified as McIver et al. described.25 Isolated erythroid precursor cells from

E13.5 fetal liver by negative selection using magnetic beads, according to the manufacturer’s instructions.

Specifically, after isolating fetal liver cells from E13.5 embryos of pregnant C57/6J mice, 2 mL of each anti-

body in the biotin anti-mouse lineage panel and 2 mL of Streptavidin Microbeads (Miltenyi Biotec) per

million cells were used. Lin� cells were collected by passing the labeled fetal liver cells through an LS col-

umn. Then, the cells were incubated with biotin anti-mouse CD19 and biotin anti-mouse CD71 to obtain

Lin�CD19�CD71� erythroid precursor cells.

For BFU-E or CFU-E cell purification, E13.5 fetal liver cells were isolated from pregnant C57/6J mice and

incubated with a biotin anti-mouse lineage panel, followed by biotin anti-mouse CD34, biotin anti-mouse

CD41, biotin anti-mouse Sca-1, and biotin anti-mouse CD16/32 to deplete Lin+CD34+CD41+Sca+CD16/

32+ cells. The remaining cells were incubated with APC anti-mouse c-Kit and PE-CY7 anti-mouse CD71

for flow cytometry to obtain more accurate BFU-E and CFU-E cells.

Purified EPCs or BFU-E cells were cultured in expansion medium or differentiation medium as described by

McIver et al. The expansion medium was StemPro-34 (Thermo Fisher) with 1x nutrient supplement, 2 mM

L-glutamine, 1% penicillin/streptomycin, 100 mM monothioglycerol, 1 mM dexamethasone, 0.5 U/mL of

erythropoietin (EPO), and 100 ng/mL recombinant SCF. The differentiation medium was IMDM (gluta-

mine-free) supplemented with 20% FBS, 5% PFHM II, 2 mM L-glutamine, 1% penicillin/streptomycin,

100 mM monothioglycerol, and 6 U/mL EPO. The cells were cultured in a humidified incubator at 37 �C
with 5% CO2.

METHOD DETAILS

MTS assay for cell proliferation

A total of 1.5 x 104 cells were seeded in a 12-well cell culture cluster (Corning) and incubated in 1.5 mL

expansion medium. The cells were treated with deoxyribonucleoside or nucleoside derivatives at different

concentrations. The relative cell proliferation was assessed in an assay using MTS (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium). Briefly, the MTS working solution was

prepared according to the manufacturer’s instructions, 600 mL of IMDM medium supplemented with

120 mL of CellTiter 96 AQueous One Solution Reagent (Promega). The cells were collected and resus-

pended in MTS working solution and divided equally among the six wells of a 96-well cell culture cluster.

The plate was incubated at 37 �C for 2 h in humidified, 5% CO2. The absorbance at 490 nm was recorded

using a Synergy H1 multifunctional microporous plate detector (BioTek) with a 96-well plate reader.

‘‘Relative cell proliferation’’ was calculated as follows:

Relative cell proliferation =
�
A ðsample in indicated daysÞ � A ðblankÞ

���
A ðsample in day 0Þ � A ðblankÞ

�

A (sample in indicated days) represents the optical density (OD490) value of cells treated with vehicle, 6mdA, or

other nucleosides in the indicated expansion days, and A (blank) represents the OD490 value of the blank

group containing only culture medium and MTS solution (without cells). A (sample in day 0) represents the

OD490 value of the initiation cells seeded on day 0. The initial number of seeded cells of different treat-

ments was the same as that on day 0.

EdU incorporation assay for proliferation

Before being seeded in eight-chamber slides, 5x105 cells were treated with 6mdA nucleosides for the indi-

cated times. The cells were incubated with EdU for 20 min and fixed with 4% paraformaldehyde. The cells

were permeabilized with 0.1% Triton X-100 in PBS for 15 min and washed twice with PBS. Then the cells

were incubated with fluorescent azide solution for 30 min (Click-iT EdU Imaging Kit with Alexa Fluor 555

Azides) for incorporated EdU detection. After washing with PBS, slides were covered with 40,6-diami-

dino-2-phenylindole (DAPI) (Beyotime). Fluorescence images were captured using SP5 confocal spectral

microscopy (Leica). The EdU signal was visualized with excitation at 550 nm and emission at 565 nm, and

the DAPI signal was visualized with excitation at 350 nm and emission at 461 nm. For flow cytometry analysis

of EdU incorporation, 5x105 cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton

X-100 after incubation with 1 mM EdU for 20 min. After staining with Yefluor 488 Azide (Yeasen), the cells

were resuspended in PBS for flow cytometry analysis with a BD Aria II flow cytometer (BD Biosciences).
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Colony forming unit assay

BMCs were isolated from 10-week-old adult C57/6J mice. BMCs (3x104) were mixed with 1.2 mL of

MethoCult media (STEMCELL) in 35 mm cell culture dishes. After 14 days later, clone numbers and clonal

morphology were recorded.

Flow cytometry

Ex vivo-cultured erythroid precursor cells were collected at 3 and 6 days after 6mdA treatment for analyses

of differentiation and enucleation, respectively. To analyze maturation, cells were collected and washed

twice with PBS. The cells were resuspended and stained with APC anti-mouse c-Kit (CD117), PE anti-mouse

TER-119, PE/Cy7 anti-mouse CD71 and APC/CY7 anti-mouse CD44, incubated on ice for 15 min, and then

washed off. The cells were resuspended in PBS for flow cytometry analysis with a BD Aria II flow cytometer

(BD Biosciences). Enucleation of differentiated cells was analyzed based on the expression of Ter-119 and

Hoechst 33342.

Apoptosis assay

The apoptosis of EPCs after 6 days of expansion was analyzed using an Annexin-V and propidium iodide

staining kit (Solarbio). Briefly, cells were collected and incubated with Annexin-V. After propidium iodide

was added, the cells were immediately analyzed by flow cytometry. The Annexin-V signal was visualized

with excitation at 488 nm and emission at 519 nm, and the propidium iodide signal was visualized with exci-

tation at 490 nm and emission at 615 nm.

RNA seq

For RNA seq, ex vivo-cultured 2 x 106 EPCs and BFU-E cells were collected after 4 days and 6 days of 6mdA

treatment, respectively. RNA-sequencing (RNA-seq) libraries were constructed and subjected to Illumina

sequencing. The raw reads were aligned to the mouse reference genome (mm10). Gene expression was

analyzed by Feature Counts. The complete datasets are available at the National Genomics Data Center

(NGDC) under accession number of CRA010146 (https://ngdc.cncb.ac.cn/search/?dbId=&q=CRA010146)

Preparation of lentivirus

Small hairpin RNA (shRNA) against luciferase or the target gene was annealed and connected to the

pLKO.1 vector. Lentivirus particles were produced by cotransfecting 293T cells with pMDL, VSVG, REV,

and the pLKO.1 vector with shRNA. The supernatant containing viral particles was collected twice after

24 h and 48 h of transfection. The collected supernatant was filtered through 0.2 mmcellulose acetate filters,

and a quarter volume of PEG8000-NaCl solution was added. The virus particles were concentrated by

centrifugation at 4000rpmat room temperature. The pellet from 20 mL of supernatant was resuspended

in 200 mL of expansion medium. The shRNA sequences used for knockdown of c-Kit are listed in the

Table S1.

shRNA mediated knockdown in BFU-E cells

100 mL of virus supernatant was added to 1x105 BFU-E cells. The mixture was centrifuged at 1500 x g for 1 h

at room temperature to allow close contact between the virus and the cells. After 48 h of incubation,

1 mg/mL puromycin was added to the cell culture medium for selection. At 48 h following the addition

of puromycin, untransduced cells were routinely killed, and the relative cell proliferation and knockdown

efficiency were determined by MTS and RT-qPCR assays, respectively.

RNA extraction and RT-qPCR

Total RNA of ex vivo cultured EPCs with or without 6mdA treatment was extracted with TRIzol reagent.

500 ng of total RNA was used for cDNA synthesis by using the HiScript III first Strand cDNA Synthesis Kit

(Vazyme). Real-time PCR was performed using AceQ qPCR SYBR Green Master Mix (Vazyme) following

the manufacturer’s instructions on a Roche LightCycler 480II real-time PCR System (Roche). The expression

of genes was normalized to that of Gapdh. The primer sequences are listed in Table S1.

Free hemoglobin analysis by reaction with tetramethylbenzidine (TMB)

Free hemoglobin production after differentiation was analyzed by reaction with TMB. Briefly, 2 million EPCs

or 1 million BFU-E cells were collected and treated with 1X RBC lysis buffer (Life Technologies Corporation)
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and incubated at room temperature for 5 min. After centrifugation for 5minat 300 x g, the supernatant was

collected and added to a 96-well cell culture cluster. Then, 100 mL of TMB solution (Solarbio) was added and

incubated at room temperature for 15 min. After adding 50 mL of termination buffer (Solarbio), the absor-

bance was recorded at 450 nm and 630 nm using a Synergy H1 multifunctional microporous plate detector

(BioTek) with a 96-well plate reader. Quantification was performed according to the hemoglobin standard.

Western blot analysis

The expression of c-Kit, ERK1/2, AKT, STAT5, and phospho-c-Kit, phospho-ERK1/2, phospho-AKT, and

phospho-STAT5 was analyzed by western blot. Briefly, the EPCs were harvested after 2, 4, and 6 days

with or without 6mdA treatment. The cells were lysed with RIPA lysis buffer supplemented with 1%

PMSF, 1% phosphatase inhibitors, and 1%protease inhibitor cocktail. Protein quantification was performed

using a BCA protein assay kit. Equal amounts of proteins were separated by NuPAGE 4–12% bis-tris gel in

MOPS SDS running buffer. Subsequently, the proteins were transferred onto a 0.45 mm PVDF membrane.

After blocking with 5% skim milk powder-TBST for 1 h, the membrane was incubated with c-Kit rabbit anti-

body, phospho-c-Kit (Tyr719) antibody, phospho-c-Kit (Tyr568/570) antibod, ERK rabbit antibody, p-ERK

rabbit antibody, AKT rabbit antibody, phospho-AKT rabbit antibody, STAT5 rabbit antibody, phospho-

STAT5 rabbit antibody at a 1:1000 dilution and with a GAPDH rabbit antibody at a 1:2000 dilution in 5%

BSA-TBST overnight at 4�C. Each membrane was washed three times with TBST and incubated with

anti-rabbit IgG, HRP-linked secondary antibody at a 1:2000 dilution for 4hat room temperature. After

washing three times with TBST, the membrane was imaged by an Alliance Q9 ATMO LIGHT (UVITEC).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as average +/� standard deviation (SD). Statistical significance was evaluated by un-

paired Student’s t test or one-way ANOVA, ns: not significant, *p<0.05, **p<0.01, and ***p<0.001.
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