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Abstract

Alternative splicing (AS) leads to transcriptome diversity in eukary-
otic cells and is one of the key regulators driving cellular differenti-
ation. Although AS is of crucial importance for normal
hematopoiesis and hematopoietic malignancies, its role in early
hematopoietic development is still largely unknown. Here, by using
high-throughput transcriptomic analyses, we show that pervasive
and dynamic AS takes place during hematopoietic development of
human pluripotent stem cells (hPSCs). We identify a splicing factor
switch that occurs during the differentiation of mesodermal cells
to endothelial progenitor cells (EPCs). Perturbation of this switch
selectively impairs the emergence of EPCs and hemogenic
endothelial progenitor cells (HEPs). Mechanistically, an EPC-
induced alternative spliced isoform of NUMB dictates EPC specifi-
cation by controlling NOTCH signaling. Furthermore, we demon-
strate that the splicing factor SRSF2 regulates splicing of the EPC-
induced NUMB isoform, and the SRSF2-NUMB-NOTCH splicing axis
regulates EPC generation. The identification of this splicing factor
switch provides a new molecular mechanism to control cell fate
and lineage specification.
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Introduction

Alternative splicing (AS) is a pervasive post-transcriptional process

in eukaryotes, occurring in approximately 92–94% of human multi-

exon genes (Wang et al, 2008). AS of pre-mRNA generates multiple

isoforms that robustly amplify the complexity and flexibility of the

genome and considerably enhance the diversity of transcriptomes.

Distinct splicing isoforms produce functionally equivalent or diver-

gent proteins (Baralle & Giudice, 2017) that are often expressed in a

tight spatial/temporal manner and execute diverse physiological

roles to modulate lineage differentiation and organismal develop-

ment (Barbosa-Morais et al, 2012; Yang et al, 2016). As ~ 15% of

disease-causing mutations are located within splice sites and greater

than 20% of missense mutations lie within predicted splicing

elements (Singh & Cooper, 2012), splicing aberrations cause or

contribute to a variety of diseases.

The hematopoietic system is a particularly instructive model for

delineating AS. AS has been characterized in hematopoietic stem

cells generation (HSCs; Chen et al, 2014; Goldstein et al, 2017),

erythropoiesis (Pimentel et al, 2014; Edwards et al, 2016), granu-

lopoiesis (Wong et al, 2013), megakaryopoiesis (Edwards et al,

2016), and monocyte-to-macrophage differentiation (Liu et al,

2018a). During erythroid (Pimentel et al, 2016) and granulocytic

maturation (Wong et al, 2013), intron retention controls differentia-

tion by sequestering transcripts with retained introns in the nucleus,

which regulates the timing of protein translation. In addition, alter-

natively spliced protein isoforms have been reported to have

lineage- and differentiation-stage-specific roles in hematopoiesis.

Ikaros (IKZF1) is a key transcription factor that regulates lympho-

poiesis and myelopoiesis (Yoshida et al, 2006). Its major isoform,

Ikaros-1, is required for lymphoid and erythroid cell fate decisions

(Yoshida et al, 2006), whereas its minor isoform, Ikaros-X, is

expressed predominantly in granulocytes and monocytes (Payne

et al, 2003). In addition, distinct Lamin B1 (Wong et al, 2013) and

NFIB isoforms (Chen et al, 2014) uniquely influence granulocytic

and megakaryocytic differentiation, respectively. Furthermore, AS

of MDM4 (Yu et al, 2019), RUNX1 (Komeno et al, 2014), and

HMGA2 (Cesana et al, 2018) regulates HSC maintenance, homeosta-

sis, and developmental stage-specific transcriptional programs,

1 State Key Laboratory of Experimental Hematology, National Clinical Research Center for Blood Diseases, Institute of Hematology and Blood Diseases Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College, Tianjin, China

2 Institute of Blood Transfusion, Chinese Academy of Medical Sciences & Peking Union Medical College, Chengdu, China
3 School of Computer Science and Engineering, Central South University, Changsha, Hunan, China
4 Wisconsin Blood Cancer Research Institute, Department of Cell and Regenerative Biology, School of Medicine and Public Health, University of Wisconsin, Madison, WI, USA

*Corresponding author. Tel/Fax: +86 22 23909412; E-mail: zhoujx@ihcams.ac.cn
**Corresponding author. Tel/Fax: +86 22 23909448; E-mail: shilihongxys@ihcams.ac.cn
†These authors contributed equally to this work as first authors.

ª 2020 The Authors. Published under the terms of the CC BY NC ND 4.0 license EMBO Reports 22: e50535 | 2021 1 of 19

https://orcid.org/0000-0002-1151-5654
https://orcid.org/0000-0002-1151-5654
https://orcid.org/0000-0002-1151-5654
https://orcid.org/0000-0003-2835-7178
https://orcid.org/0000-0003-2835-7178
https://orcid.org/0000-0003-2835-7178
https://orcid.org/0000-0001-8876-0802
https://orcid.org/0000-0001-8876-0802
https://orcid.org/0000-0001-8876-0802


respectively. Mutations of genes encoding core spliceosome proteins

and auxiliary regulatory splicing factors, such as SF3B1, SRSF2,

U2AF1, and ZRSR2, are frequently detected in patients with

myelodysplastic syndrome, leukemia, and clonal hematopoiesis

(Yoshida et al, 2011; Saez et al, 2017; Sperling et al, 2017; Hodson

et al, 2019). Although AS has important physiological and pathologi-

cal functions in hematopoiesis, the extent of its involvement in regu-

lating embryonic hematopoiesis is largely unclear.

During ontogeny, hematopoietic cells originate from the lateral

plate mesoderm and lateral plate mesoderm differentiate into hemo-

genic endothelial (HE) cells, which undergo endothelial-to-

hematopoietic transition (EHT) and subsequently generate

hematopoietic stem and progenitor cells (HSPCs). Transcription

factors, such as RUNX1 (Lacaud et al, 2002; Chen et al, 2009; Gao

et al, 2018), GATA2 (Johnson et al, 2012; Lim et al, 2012; de Pater

et al, 2013; Gao et al, 2013; Kang et al, 2018; Zhou et al, 2019),

SCL/TAL1 (Porcher et al, 2017), GFI1 and GFI1B (Thambyrajah

et al, 2016), MEIS2 (Wang et al, 2018b), and MEIS1 (Wang et al,

2018a), orchestrate hematopoietic development. Studies in zebrafish

have demonstrated that spliceosomal mutants (sf3b1 (De La Garza

et al, 2016), u2af1 (Danilova et al, 2010), prpf8 (Keightley et al,

2013)) greatly impair hematopoietic development. However, many

questions remain unanswered regarding the role of AS in human

hematopoietic development. An exception is RUNX1, which is

essential for EHT (North et al, 1999; Lacaud et al, 2002; Chen et al,

2009; Lancrin et al, 2009; Kissa & Herbomel, 2010). An alternative

isoform of RUNX1a increases hematopoietic differentiation and

multilineage hematopoietic reconstitution in a transplantation

model when overexpressed in human pluripotent stem cells (hPSCs)

(Challen & Goodell, 2010; Ran et al, 2013; Lie et al, 2018).

In this study, we established the AS profile during human embry-

onic stem cell (hESC)-based hematopoietic differentiation. These

analyses revealed a splicing factor switch that occurs during

endothelial progenitor cell (EPC) generation. The disruption of splic-

ing severely blocked the splicing factor switch and selectively atten-

uated the emergence of EPCs and hemogenic endothelial progenitor

cells (HEPs), while having little impact on the production of meso-

derm cells or HSPCs. Mechanistically, an EPC-induced NUMB

isoform was markedly downregulated with the perturbation of the

splicing pattern, which altered NOTCH signaling. Finally, we

provide evidence for a SRSF2-NUMB-NOTCH axis that controls EPC

specification.

Results

Dynamic alternative splicing program of human hematopoietic
development from ESCs

The differentiation of hESCs to hematopoietic cells occurs in a

sequential manner (Wang et al, 2018a; Wang et al, 2018b; Wang

et al, 2020). This process involves exit from a pluripotent state and

generation of lateral plate mesoderm cells (APLNR+) at day 2.

APLNR+ cells are capable of differentiating into the hematopoietic

lineage (Choi et al, 2012). At day 5, CD31+CD34+ endothelial

progenitor cells (EPCs) (Ramos-Mejia et al, 2014; Xie et al, 2015)

and CD31+CD34+CD73� hemogenic endothelial progenitor cells

(HEPs) (Ditadi et al, 2015) are formed from APLNR+ cells, and

CD43+ hematopoietic stem and progenitor cells (HSPCs) are gener-

ated by day 8 (Fig 1A). To determine the kinetics of transcriptome

remodeling during hematopoietic development, we conducted RNA

sequencing (RNA-Seq) with hESCs, FACS-purified APLNR+ meso-

derm cells, CD31+CD34+ EPCs, and CD43+ HSPCs at various differen-

tiation stages (Figs 1A and EV1A). This analysis yielded an average

of 88 million unique reads per sample, which was sufficient to

detect low-abundant transcripts and low-frequency AS events.

We selected genes with expression level > 1 fragment per kilo-

base of transcript per million fragments mapped (FPKM) in at least

one differentiation stage for all RNA-Seq analysis. This analysis

revealed widespread AS (> 85% of expressed genes) during

hematopoietic development (Fig EV1B). Each expressed gene had

an average of 4.6 isoforms (Fig EV1C), and ~ 36% of them

possessed > 6 isoforms (Fig EV1D) during differentiation. To dissect

splicing patterns underlying the isoform diversity, we analyzed the

frequency of five major splicing events: the mutually exclusive

exons (MXE), alternative 50 splicing site (A5SS), alternative 30 splic-
ing site (A3SS), intron retention (IR), and exon skipping (ES)

(Fig EV1E). ES was the most prevalent, which comprised approxi-

mately half (mean ~ 50 � 1%) of the splicing events detected

(Fig EV1E). While the overall frequency of splicing events decreased

when APLNR+ cells differentiated into EPCs (27,892 vs. 24,690;

Fig EV1E), the proportion of each splicing event remained relatively

constant throughout differentiation (Fig EV1E). Thus, a robust AS

program occurs during human hematopoietic development.

A splicing factor switch occurs during EPC generation

Appropriate splicing requires the tight regulation of the spliceosome,

a mega-dalton complex consisting of five small nuclear ribonucleo-

proteins and hundreds of auxiliary proteins known as splicing

factors (Jurica & Moore, 2003). There are two types of splicing

machines: the major and minor spliceosome. The major spliceo-

some utilizes the more common U2 splice site (GU-AG) and

accounts for most of the splicing events, while the minor spliceo-

some is used to splice the less frequent U12-type “minor” introns

(AU-AC) (Sharp & Burge, 1997).

To illustrate the dynamic expression of spliceosome components

during hematopoietic differentiation, we plotted the expression of

all expressed splicing factors at distinct differentiation stages (Fig 1B

and Dataset EV1). We found that splicing factor expression levels

were reduced significantly during the differentiation of APLNR+

mesoderm cells to EPCs (Fig 1B and Dataset EV1). In contrast, their

expression remained constant during the transition from hESCs to

APLNR+ cells and from EPCs to HSPCs (Fig 1B and Dataset EV1).

We analyzed the expression of splicing factors at the level of

individual genes. Analysis of heatmaps illustrating every expressed

component of the major and minor spliceosome revealed a splicing

factor switch in both major and minor spliceosomes during the

mesoderm to EPC transition (Figs 1C and EV1F). Because the major

spliceosome is responsible for > 99% of the splicing events during

hematopoietic development (Fig EV1G), we focused on it hereafter.

Unsupervised hierarchical clustering segregated the splicing factors

of the major spliceosome into two primary clusters (Fig 1C), in

accord with the elbow analysis (Fig EV1H), a method to calculate

and propose the optimal number of clusters (Bholowalia & Kumar,

2014). Splicing factors in cluster 1 (n = 115, ~70%) were
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downregulated significantly (median level: 36.4–18.2, P = 0.002)

during the production of EPCs from APLNR+ cells. In contrast, those

in cluster 2 (n = 67, ~30%) were upregulated significantly (median

level: 23.6–35, P = 0.02) (Fig 1D).

We analyzed expression of the constitutive components in each

splicing subcomplex (e.g., SF3A/B and U2AF) and the key splicing

regulators, including the SR proteins that contain a domain with

serine/arginine repeats and hnRNPs. There was a switch in expres-

sion of the family members within the specific splicing subcomplex

during the production of EPCs from mesoderm cells (Figs 1E and F,

and EV1I). In the SF3A/B subcomplex, SF3B1 expression decreased

rapidly, while other components, including SF3B2, SF3B3, SF3B4,

and SF3B5, were upregulated (Fig 1E). A similar switch occurred for

the SR proteins and hnRNPs during EPC generation (Figs 1F and

EV1I). RT–qPCR analysis verified the dynamic expression pattern of

individual genes, including SRSF2 and PCBP2 (Fig 1G).

Concomitant with the splicing factor switch, the highest

frequency of transcripts differentially expressed at the isoform, but

not the gene, level was detected during mesoderm to EPC transition.

We identified 1,308 differentially expressed isoforms during the

conversion of APLNR+ cells to EPCs in comparison with 480 during

hESC differentiation to APLNR+ cells and 614 from EPCs to HSPCs

(Fig 1H). In summary, these results reveal that splicing factor

expression is tightly controlled during hematopoietic differentiation.

Inhibition of splicing selectively disrupts the generation of EPCs
and HEPs

To unveil the function of splicing in hematopoietic development, we

treated the cells with pladienolide B (PLB), a natural product that

inhibits the spliceosome by targeting SF3B1 (Kotake et al, 2007).

However, the administration of PLB throughout the entire

hematopoietic differentiation process, even at a low dose (0.25 nM),

was cytotoxic and induced cell death (Fig EV2A). Thus, we added

PLB in a stage-specific manner using a wide range of doses

(Fig 2A).

Consistent with the bioinformatics analysis demonstrating the

splicing factor switch during the mesoderm to EPC transition, the

addition of PLB from day 2.5 to 5 diminished the output of CD43+

HSPCs (Figs 2A and EV2B). Conversely, inhibition of splicing with

PLB from day 0 to 2 or from day 5 to 8 did not influence HSPC

generation (Figs 2A and EV2B). We did not detect significant defects

in mesodermal APLNR+ cell specification and EPC generation during

the treatment from day 0 to 2 (Fig EV2C and D). In addition, the

impact of PLB on splicing was confirmed by RT–PCR using genes

exhibiting alternative isoform usage during the conversion of

APLNR+ cells to EPCs, such as LAS1L, ATP5F1C, and HDAC7 (Figs

2B and EV3A–C).

Pladienolide B treatment from day 2.5 to 5 inhibited EPC specifi-

cation in a dose-dependent manner. At 2.5 nM, EPC specification

was reduced by about 5-fold (mean 18.8 vs. 4.4%, P < 0.001, Fig 2C

and D). The reduced EPC production did not reflect increased apop-

tosis or decreased proliferation (Figs 2E and F, and EV3D–F). Low-

density lipoprotein (LDL) uptake assay in EPCs demonstrated no

apparent difference in LDL uptake capacity, suggesting maintenance

of normal cellular function of EPCs (Fig EV3G and H). Thus, inhibi-

tion of splicing impairs EPC production, independent of apoptosis

or proliferation.

Since PLB inhibits splicing via targeting splicing factor SF3B1, we

used a shRNA-based genetic approach to reduce SF3B1 expression

(Fig EV3I). Using a doxycycline (DOX)-inducible knockdown

system, reducing SF3B1 expression during hematopoietic differenti-

ation (1 lg/ml DOX treatment from day 2.5 to 5) decreased genera-

tion of CD31+CD34+ EPCs, recapitulating the inhibitory effect of PLB

(Fig EV3J and K).

We tested whether the reduced generation of EPCs results from

impaired differentiation potential of APLNR+ cells. We sorted day 2-

differentiated APLNR+ cells and induced hematopoietic differentia-

tion, with or without PLB treatment, from day 2.5 to 5 (Fig 2G).

Generation of EPCs decreased from 61.5 to 28.7% at 2.5 nM PLB

treatment (P < 0.001, Fig 2G). The generation of CD31+CD34+CD73�

HEPs also decreased in a dose-dependent manner (Fig 2G). Since

◀ Figure 1. The dynamic alternative splicing program during hESC hematopoietic differentiation.

A Schematic representation of the strategies for fluorescence-activated cell sorting (FACS) and transcriptomic analyses. During hematopoietic differentiation, human
embryonic stem cells (hESCs, H1) on day 0, FACS-purified lateral plate mesodermal APLNR+ cells on day 2, purified CD31+CD34+ endothelial progenitor cells (EPCs)
on day 5, and purified CD43+ hematopoietic stem and progenitor cells (HSPCs) on day 8 were collected for RNA-Seq, respectively. STAR Cufflinks, MISO, DESeq2, and
rMATS were used to analyze the expression abundance of genes and transcripts, alternative splicing events, differentially expressed genes and transcripts, and
differential splicing events, respectively. n = 3 technical replicates.

B Cumulative distribution curves of Log2(FPKM) of splicing factors (n = 235) in hESCs APLNR+, CD31+CD34+, and CD43+ cells. The upper and lower dotted lines
represent cumulative scores of 1 and 0, respectively. n = 3 technical replicates. The P-value was calculated by a two-tailed Wilcoxon signed-rank test.

C The heatmap illustrates the expression scaled by row of components within the major spliceosomal machinery (n = 182) using unsupervised hierarchical clustering.
The heatmap was scaled with Z-Score using the log2(FPKM) expression of components within the major spliceosomal machinery. n = 3 technical replicates.

D The boxplots depict the expression of splicing factors in cluster 1 (n = 115) and cluster 2 (n = 67) identified in (C) at distinct differentiation stages. The central band
indicates the median level of expression. Boxes present 25%-75% of genes expression. The whiskers indicate the lowest and highest points within 1.5 × the
interquartile. n = 3 technical replicates. P-values were calculated by a two-tailed Wilcoxon signed-rank test.

E, F The heatmap shows the dynamic expression of genes in the SF3A/3B complex (E) and SR family (F) at each indicated differentiation stage. Both heatmaps were
scaled by row. The heatmaps were scaled with Z-Score using the log2(FPKM) expression of indicated components. n = 3 technical replicates.

G The mRNA expression of splicing regulator SRSF2 and splicing factor PCBP2 during hematopoietic differentiation was measured by RT–qPCR. The ACTB gene was
used as a control. Results given are mean � standard deviation (SD). P-values were determined by an unpaired two-tailed Student’s t-test. n ≥ 3 biological
replicates.

H The number of differentially expressed transcripts at the isoform level (fold change (FC) > 2 & FDR < 0.01), but not at the gene level (FDR > 0.01), by comparing
two consecutive differentiation stages (hESC vs APLNR+ cells, APLNR+ cells vs CD31+CD34+ cells, and CD31+CD34+ cells vs CD43+ cells).

Data information: * presents P < 0.05. ** presents P < 0.01. *** presents P < 0.001.
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APLNR+ cells were barely detectable at day 5 of differentiation, the

decreased generation of EPCs and HEPs likely reflected the defective

production of EPCs from APLNR+ cells upon splicing inhibition

(Fig 2G).

Thus, inhibition of splicing reduces the generation of EPCs and

HEPs, but not APLNR+ cells or HSPCs, suggesting that the genera-

tion of EPCs and HEPs is most susceptible to the splicing defects.

Disruption of the splicing factor switch inhibits EPC and
HEP specification

We evaluated the potential link between the splicing factor switch

and impaired EPC generation. To this end, APLNR+ cells at day 2

were sorted and hematopoietic differentiation was induced, with or

without PLB (2.5 nM) from day 2.5 to 5. The day 2-APLNR+ cells,

day 5-DMSO-treated cells, and day 5-PLB-treated cells were

harvested, and RNA-Seq was conducted (Fig 3A). To confirm

whether PLB treatment perturbs splicing events and leads to the

alterations in splicing subtypes, we analyzed the differential splicing

events with genes FPKM > 1 in at least one differentiation stage and

delta percent spliced-in (PSI) > 0.2 and FDR < 0.05 (Figs 3B and

EV4A). We found an aberrant splicing pattern induced by PLB was

similar to that described in myeloid cells with SF3B1 mutant

(Sf3b1+/K700E) (Obeng et al, 2016), including an increased frequency

of A3SS (Fig 3B).

Interestingly, PLB administration blocked the splicing factor

switch and altered the expression pattern to closely resemble that of

APLNR+ cells (Fig 3C). The expression correlation coefficient (r) of

these splicing factors and all expressed genes between APLNR+ and

PLB-treated cells was 0.98 and 0.81, respectively (Fig EV4B and C).

To determine the molecular mechanism underlying the impairment

of EPC production, we identified differentially expressed splicing

factors (FC > 1.5) by overlapping the highly expressed splicing

factors in APLNR+ cells (DMSO-treated EPCs vs. APLNR+ cells) and

the highly expressed splicing factors in PLB-treated cells (PLB- vs.

DMSO-treated EPCs; Fig 3D). This approach revealed 38 splicing

factors. We used the protein–protein interaction network (STRING;

Szklarczyk et al, 2019, https://string-db.org) to analyze these

factors (Fig EV4D) and discovered connecting nodes that included

the constitutive components SNRPD1, SNRPE, and SF3A3 of the

spliceosome and the splicing regulator SRSF2. Their dynamic expres-

sion pattern during hematopoietic differentiation, with or without

PLB treatment, was further confirmed (Figs 3E and EV4E).

To ask whether dysregulation of splicing factors is deleterious to

EPCs, we established hESC lines stably overexpressing the splicing

factors SNRPD1, SNRPE, SF3A3, and SRSF2, using a DOX-based

inducible overexpression system with GFP as an indicator (Fig

EV4F, G, and H). These cell lines, and the corresponding empty

vector controls, were induced to undergo hematopoietic differentia-

tion. At day 2.5, the cells were treated with 1 lg/ml DOX with or

without 1.25 nM PLB until day 5 of differentiation (Fig 3F). At day

5, we FACS-sorted GFP+ cells and confirmed the SRSF2 overexpres-

sion after DOX induction (Fig 3G). SRSF2 overexpression recapitu-

lated the decrease in CD31+CD34+ EPC generation detected with PLB

treatment (Fig 3H and I). However, the ectopic expression of other

splicing components, such as SNPRD1, SNRPE, and SF3A3, had

little impact on the generation of EPCs (Fig EV4G–J).

To further analyze the role of SRSF2 in CD31+CD34+ cell genera-

tion, we established DOX-inducible SRSF2 knockdown stable hESC

lines, using a strategy similar to that described for knockdown of

SF3B1 (Fig EV3I). The reduced expression of SRSF2 was confirmed

by Western blotting (Fig 3J). The cells were differentiated toward

the hematopoietic lineage and DOX was added from day 2.5 to 5 to

induce SRSF2 knockdown. At day 5 of differentiation, decreased

SRSF2 expression enhanced CD31+CD34+ generation, in contrast to

the impaired CD31+CD34+ generation with SRSF2 overexpression

(Fig 3K and L). In summary, inhibition of the splicing factor switch

contributes to impaired EPC formation.

Dysregulation of alternative splicing of NUMB impairs
EPC generation

To unravel the molecular mechanisms underlying EPC regulation by

splicing, we analyzed genes with highly expressed isoforms

(FPKM > 5) emerged during EPC generation (Fig 4A, pink circle).

Additionally, genes exhibiting isoform proportion changes (delta iso

> 0.15; blue circle; see Materials and Methods) or genes with dif-

ferentially expressed isoforms (FC > 10 & FDR < 0.05; green circle)

◀ Figure 2. Inhibition of splicing disrupts EPC and HEP generation.

A The upper schematic illustrates the stage-specific supplementation of splicing inhibitor PLB and on day 8 CD43+ HSPCs were examined by flow cytometry. The
bottom bar graph showing the normalized frequency of CD43+ cells to DMSO control under distinct PLB treatment windows. P-values were calculated by one-way
followed by Dunnett’s test.

B The top panel is a representative RT–PCR electropherogram depicting the inclusion or exclusion LAS1L exon 9 in cells at day 2 as well as cells at day 5 without or with
PLB treatment with indicated concentrations, respectively. The quantification of percent spliced-in (PSI) was presented in the bottom bar graph. P-values were
calculated by one-way ANOVA followed by Dunnett’s test.

C The representative FACS plots show the generation of CD31+CD34+ EPCs at day 5 of differentiation upon PLB treatment from day 2.5 to 5.
D The frequency of CD31+CD34+ EPCs with PLB treatment in (C) was normalized to DMSO control. P-values were calculated by one-way ANOVA followed by Dunnett’s

test.
E Cell apoptotic level assessed using Annexin V and 7-AAD at day 5 of differentiation by flow cytometry. The cells were treated with or without PLB from day 2.5 to 5.
F The proportion of G0/G1, S, and G2/M cells at day 5 of differentiation treated with or without PLB from day 2.5 to 5. The cell cycle was determined by flow cytometry

with propidium iodide staining.
G The experimental schematic (upper panel). APLNR+ cells on day 2 were FACS-purified and treated with various dosages of PLB from day 2.5 to 5 during hematopoietic

differentiation. On day 5, the generation of CD31+CD34+ EPCs and CD31+CD34+CD73� HEPs was assessed. The representative FACS plots showed the frequency of
APLNR+ cells, CD31+CD34+ EPCs, and CD31+CD34+CD73� HEPs without or with PLB treatment. The bar graphs show the percentage of CD31+CD34+ EPCs and
CD31+CD34+CD73� HEPs without or with PLB treatment.

Data information: Results given are mean � SD. P-values were determined by an unpaired two-tailed Student’s t-test in (E), (F), and (G). ns represents no significant
difference, *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were conducted for at least 3 biological replicates.
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after PLB treatment (PLB vs DMSO) were filtered (Fig 4A). Their

intersection revealed 26 candidate isoforms (from 24 genes)

(Fig 4A), including NUMB, known for its roles in cell fate decisions

(Yan, 2010). NUMB expression peaked in EPCs during hematopoi-

etic development (Fig EV5A). NUMB exhibits multiple alternative

splice variants that differ in the length of the phosphotyrosine-bind-

ing (PTB) domain and proline-rich region (PRR) domain (Verdi

et al, 1999). The inclusion (long isoform) or exclusion (short

isoform) of part of the PRR domain (a 48 amino acid-encoded exon

9) generates two commonly studied isoforms (Yan, 2010). The

dominantly expressed isoform in APLNR+ mesoderm cells contained

exon 9 (the long isoform of NUMB, referred to as NUMB_L),

whereas during EPC specification, a NUMB isoform lacking exon 9

emerged (the short isoform of NUMB, referred to as NUMB_S). The

generation of NUMB_S was compromised by inhibiting splicing

(Fig 4B). Sashimi plot and RT–PCR analysis revealed that PLB inter-

fered with NUMB splicing to preferentially yield NUMB_L isoform

(Fig 4C and D).

To test whether the EPC-specific isoform of NUMB_S regulates

EPC generation, we established a NUMB_S stable overexpression

cell line controlled by a DOX-inducible system as described for

SRSF2 (Fig EV4F). NUMB_S overexpression was confirmed by

Western blotting with anti-FLAG antibody (Fig EV5B). This

NUMB_S stable cell line and a control cell line (empty vector)

were induced to undergo hematopoietic differentiation, and the

differentiated cells were treated with DOX (1 lg/ml) with or with-

out PLB (1.25 nM) from day 2.5 to 5. At day 5 of differentiation,

we FACS-sorted GFP+ cells and confirmed the NUMB_S expres-

sion (Fig 4E). PLB-induced defects in EPC generation were

rescued by ectopic NUMB_S expression (Fig 4F and G). Thus, the

alternative isoform of NUMB has an important role in EPC

generation. Although NUMB and its homolog NUMBLIKE

(NUMBL) share a similar expression pattern and execute redun-

dant functions in multiple tissues, such as neuronal differentiation

(Verdi et al, 1999) and erythroid development (Bresciani et al,

2010), NUMBL expression in hematopoietic differentiation was

low and unaffected by PLB (Fig EV5A and C), indicating that

NUMB and NUMBL are not likely to function redundantly during

human hematopoietic differentiation.

SRSF2 regulates NUMB alternative splicing

We demonstrated that SRSF2 was downregulated during EPC gener-

ation (Fig 3D and E). Inhibition of splicing with decreased genera-

tion of EPCs (Fig 2D and G) and sustained high level of SRSF2

(Fig 3D and E). Ectopic expression of SRSF2 during EPCs generation

recapitulated the reduced generation of EPCs obtained with PLB

treatment (Fig 3H and I). NUMB_S overexpression rescued defective

EPC induction resulting from splicing inhibition (Fig 4F and G).

These results led us to test whether SRSF2 regulates NUMB splicing

to control EPC generation.

To determine whether SRSF2 regulates the alternative splicing of

NUMB, we performed splicing motif prediction in NUMB exon 9

using RBPmap (Paz et al, 2014). Motif analysis revealed two puta-

tive SRSF2 binding motifs (M1 and M2) in exon 9 (labeled as red

nucleotides; Fig 5A). To analyze whether SRSF2 regulates NUMB

exon 9 splicing via these motifs, we performed a minigene splicing

reporter assay (Rajendran et al, 2016). Three NUMB reporter plas-

mids (wild type (WT), M1 deletion (DM1), and M2 deletion (DM2))

were generated using sequences 540 nucleotides upstream and 507

nucleotides downstream of NUMB exon 9 and cloned into the

reporter vector. Co-transfection of SRSF2 overexpression plasmid

◀ Figure 3. Disruption of the splicing factor switch impacts EPC specification.

A The schematic depicting experimental strategy for RNA-Seq. APLNR+ cells on day 2 were FACS-purified and treated with 1.25 nM or 2.5 nM PLB from day 2.5 to 5
during hematopoietic differentiation. Then, the day 2-purified APLNR+ cells, day 5-differentiated cells with or without PLB treatment were harvested for RNA-Seq.
n = 2 technical replicates.

B The violin plot represents distributions of statistically significant DPSI for different types of splicing events by comparison of PLB-treated cells vs DMSO control. The
number of differential splicing events regulated by 2.5 nM PLB is denoted in brackets. we analyzed the differential splicing events with genes FPKM > 1 in at least
one differentiation stage. Among them, the cutoffs of PSI > 0.2 and FDR < 0.05 were used to define differential splicing events. The dotted line indicates DPSI = 0.

C The heatmap shows the expression of differentially expressed splicing factors in APLNR+ cells, day 5-differentiated cells treated with DMSO or 2.5 nM PLB. The
differentially expressed splicing factors were defined as fold change of FPKM > 1.5 between APLNR+ cells and DMSO-treated cells. The heatmap was scaled with Z-
Score using the log2(FPKM) expression of differentially expressed splicing factors. n = 2 technical replicates.

D The Venn diagram presents the intersection between highly expressed genes in APLNR+ cells (APLNR+ cells vs. DMSO-treated cells; FC > 1.5) and highly expressed
genes in PLB on day 5 (PLB-treated cells vs DMSO; FC > 1.5). The STRING diagram (middle) shows the protein interaction networks among the 38 candidates. The
heatmap on the right illustrates the fold change of 7 splicing regulators between APLNR+ and DMSO-treated cells.

E RT–qPCR showing the mRNA level of SRSF2 in APLNR+ cells and day 5-differentiated cells without or with 2.5 nM PLB treatment. The SRSF2 expression was
normalized to that in APLNR+ cells. The ACTB gene was used as a control. P-values were determined by an unpaired two-tailed Student’s t-test.

F Schematic of experimental design. During hematopoietic differentiation, stable cell lines harboring SRSF2 expression vector and its corresponding empty vector
control were treated with DOX alone or in combination with 1.25 nM PLB from day 2.5 to 5. The cells were harvested for analysis on day 5 of differentiation.

G The Western blotting illustrates the overexpression of SRSF2 in sorted GFP+ cells on day 5 during differentiation, which were induced with DOX from day 2.5 to 5.
GAPDH was used as the loading control. The bar graph presents the quantification of SRSF2 protein expression. The P-value was determined by an unpaired two-
tailed Student’s t-test.

H The representative FACS plots show the frequency of CD31+CD34+ EPCs in the GFP+ population at day 5 with 1.25 nM PLB supplementation or SRSF2 exogenous
expression alone or their combinational treatment from day 2.5, as described in (G).

I The bar graph represents the percentage of CD31+CD34+ cells from (H). P-values were calculated by one-way ANOVA followed by Tukey’s test.
J The Western blotting shows the depletion of SRSF2 in the DOX-inducible knockdown system. GAPDH acts as the loading control.
K The representative FACS plots show the frequency of CD31+CD34+ EPCs at day 5 with or without SRSF2 depletion by administration of DOX from day 2.5 to 5.
L The bar graph representing the percentage of CD31+CD34+ cells from (K). P-values were determined by an unpaired two-tailed Student’s t-test.

Data information: Results given are mean � SD. *P < 0.05, **P < 0.01. All experiments were conducted for at least 3 biological replicates unless stated otherwise.
Source data are available online for this figure.
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with each NUMB reporter into 293T cells revealed that SRSF2

promoted the generation of NUMB_L isoform via M1 but not M2

(Fig 5B, C and D).

During hematopoietic differentiation, the SRSF2 stably overex-

pressed cells and corresponding control (empty vector) cells were

treated with DOX from day 2.5 to 5 with or without 1.25 nM PLB.

On day 5, ectopic expression of SRSF2 or/and PLB administration

promoted the inclusion of NUMB exon 9 (Fig 5E). PLB treatment or/

and SRSF2 overexpression reduced the level of NUMB_S transcripts

(Fig 5E and F) and induced a concomitant increase of NUMB_L tran-

scripts in EPCs (Fig 5E and G). Upon decreased SRSF2 expression,

we detected the decreased inclusion of NUMB exon 9 (Fig EV5D)

and elevated NUMB_S expression (Fig EV5E). Thus, SRSF2 regulates

NUMB exon 9 alternative splicing.

NUMB alternative splicing impacts NOTCH activity during
EPC generation

As NUMB is an endogenous NOTCH antagonist (Guo et al, 1996;

Spana & Doe, 1996; McGill & McGlade, 2003), we investigated the

relationship between NUMB AS and NOTCH signaling in EPC regu-

lation. We conducted gene ontology (GO) enrichment analysis of

genes containing the differential splicing events from the aforemen-

tioned RNA-Seq data in PLB-treated EPCs (Fig 3A). Among the top

enriched GO terms, NOTCH signaling was strongly associated with

differential splicing events (Fig 6A), consistent with gene set enrich-

ment analysis (GSEA; Fig 6B).

To test whether NOTCH signaling controls EPC generation, we

added DAPT, a commonly used c-secretase inhibitor that prevents

NOTCH receptor activation, to the mesodermal cells at day 2.5 of

differentiation. We found EPC generation was highly sensitive to

DAPT treatment. The lower dose (0.15 and 0.3 lM) of inhibitor

promoted EPC generation, while the higher dose repressed it,

suggesting that the precise regulation of NOTCH signaling is

required for EPC formation (Figs 6C and EV5F).

To identify the gene(s) in the NOTCH signaling pathway that

may be linked to NUMB_S, we examined components of the NOTCH

signaling pathway, including downstream transcription factors

HES1, HEY1, and HEY2, NOTCH receptors NOTCH1-4, NOTCH

ligand DLL1-2, and JAG1-2. A number of these components were

upregulated during EPC generation and downregulated after PLB

treatment (Fig 6D). NUMB_S and the NOTCH transcription factor

HES1 negatively correlated (Fig 6D and E). With the induction of

the NUMB_S isoform during EPC generation, HES1 expression was

reduced (Fig 6D). Treatment of cells with 1.25 nM PLB from day 2.5

to 5 during hematopoietic differentiation, NUMB_S was decreased

due to aberrant splicing, while HES1 expression was elevated in

CD31+CD34+ EPCs on day 5 of differentiation (Fig 6D and E). More-

over, the combined induction of NUMB_S and the inhibition of

splicing with PLB restored HES1 expression to its normal level

(Fig 6E). These results suggest that HES1 might function down-

stream of NUMB_S, directly or indirectly.

To test whether NUMB_S regulates NOTCH signaling by target-

ing HES1, we induced HES1 overexpression during hematopoietic

differentiation from day 2.5 to 5 (Fig 6F and G). HES1 overex-

pression severely abolished EPC generation, thus phenocopying

the results obtained with PLB treatment (Fig 6H and I). When

HES1 was overexpressed in 293T cells, there was no apparent

change of SRSF2 expression and NUMB splicing (Fig EV5G and

H). Thus, the NUMB_S isoform controls NOTCH signaling and

EPC differentiation.

Discussion

Using a hPSC-based model to address the role of RNA processing in

hematopoietic development, we discovered a splicing factor switch

involved in the differentiation of mesoderm cells into EPCs (Fig 6J).

Splicing inhibition perturbed this switch and decreased EPC genera-

tion. A mechanistically important consequence of aberrant splicing

factor expression involved disrupted NUMB splicing. An EPC-

inducing NUMB isoform was significantly decreased, which resulted

in downregulation of NOTCH activity and inhibited EPC specifi-

cation (Fig 6J). Because the generation of EPC is an essential step

◀ Figure 4. Linking alternative splicing of NUMB to EPC generation.

A The Venn diagram showing genes with significantly isoform changes. Pink circle represents genes with highly expressed isoform (FPKM > 5) that emerged during EPC
generation. Blue circle represents genes exhibiting isoform proportion changes (delta iso > 0.15) after PLB treatment (PLB vs DMSO). Green circle represents genes
with differentially expressed isoforms (FC > 10 and FDR < 0.05) after PLB treatment (PLB vs DMSO). The heatmap shows the expression of the overlapped genes
ranked by FC when compared between DMSO vs PLB-treated cells. The heatmap was scaled with Z-Score using the log2(FPKM) expression of isoforms of indicated
genes. n = 2 technical replicates

B The schematic representation (top) indicates the isoform structure of NUMB_L and NUMB_S. The bottom curve reflects the expression of NUMB isoforms in day
2-APLNR+ cells, day 5-DMSO-treated, and day 5-PLB (2.5 nM)-treated cells.

C A Sashimi plot to visualize the mapping of RNA-Seq reads at the exon 11-13 loci of NUMB in day 2-APLNR+ cells, day 5-DMSO-treated, and day 5-PLB-treated cells.
D The top panel is one representative RT–PCR electropherogram showing the inclusion/exclusion of NUMB exon 9 in day 2-APLNR+, day 5-DMSO-treated, and day

5-PLB-treated cells. The expected isoforms are indicated on the right with exon 9 in blue and constant exons in red. At the bottom is a statistical bar graph of
normalized PSI obtained from the RT–PCR electropherogram. P-values were calculated by one-way ANOVA followed by Dunnett’s test.

E Western blotting showing NUMB_S overexpression in sorted GFP+ cells on day 5 during differentiation induced by DOX from day 2.5 to 5. GAPDH was used as the
loading control. The bar graph presents the quantification of NUMB_S protein expression. The P-value was determined by an unpaired two-tailed Student’s t-test.

F The representative FACS plots show the frequency of CD31+CD34+ EPCs in the GFP+ population at day 5 with 1.25 nM PLB supplementation alone or in combination
with NUMB_S ectopic expression from day 2.5.

G The bar graph denotes the percentage of CD31+CD34+ in GFP+ cells as described in (F). P-values were determined by an unpaired two-tailed Student’s t-test.

Data information: Results given are mean � SD. ns represents no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were conducted for at least
3 biological replicates.
Source data are available online for this figure.
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from embryonic mesoderm to HSPCs during hematopoietic develop-

ment, AS establishes the post-transcriptional regulatory network as

an important component of the hematopoietic differentiation

program.

HSC transplantation is the only curative therapeutic strategy

for various hematological malignancies. However, the broad appli-

cation of HSC transplantation is limited due to the unavailability

of matching HSCs. Although in vitro induction of HSCs from PSCs

represents a promising approach for the generation of trans-

plantable HSCs, hPSC-derived HSCs exhibiting transplantable

ability have been restricted to genetically modified HEPs (Sugi-

mura et al, 2017). Thus, deciphering the molecular mechanisms

that govern the generation and function of EPCs and HEPs

remains a critical problem.

Our analysis of AS during hESC-based hematopoietic differentia-

tion uncovered a splicing factor switch occurring from the mesoder-

mal APLNR+ cells to EPC generation. This switch was crucial for the

establishment of the EPC-specific transcriptome. Our analysis

revealed the dynamic expression of spliceosome subcomplex

components and provided evidence for the developmental stage-
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specific expression of splicing factors. Thus, the splicing factor

switch may generate new isoforms or alter the proportion of existing

isoforms (e.g., NUMB_L and NUMB_S isoform) to facilitate lineage

commitment. We propose that the stage-specific splicing factor alter-

ation may be common and functionally critical in diverse develop-

mental processes. Not all developmental stages were equally

sensitive to splicing inhibition. For example, splicing inhibition

during ESC differentiation to mesoderm cells or EPC differentiation

to HSPCs had only minor detrimental effects. EPC generation was

uniquely susceptible to splicing inhibition due to the block of the

splicing factor switch.

The adaptor protein NUMB is a key determinant of cell fate (Yan,

2010). NUMB modulates the primitive erythroid lineage develop-

ment in both zebrafish (Bresciani et al, 2010) and mESC-derived

hematopoietic differentiation system (Cheng et al, 2008). However,

how NUMB affects early hematopoietic development is not resolved.

We demonstrated that NUMB regulates EPC generation by control-

ling NOTCH signaling in an isoform-specific manner. In APLNR+

cells, NUMB is expressed predominantly as the exon-9-included

NUMB_L isoform. During APLNR+ mesoderm differentiation into

EPCs, NUMB_S is induced. Prior studies reported that NUMB_L is

expressed in immature progenitor cells, whereas NUMB_S is

expressed in more differentiated cells during neural or retinal devel-

opment (Verdi et al, 1999; Dooley et al, 2003; Toriya et al, 2006;

Bani-Yaghoub et al, 2007; Rajendran et al, 2016). NUMB_L and

NUMB_S isoforms have distinct roles in regulating cellular func-

tions. Overexpression of NUMB_S in progenitor cells promotes

proliferation, while ectopic expression of NUMB_L stimulates dif-

ferentiation (Verdi et al, 1999; Dooley et al, 2003; Toriya et al, 2006;

Bani-Yaghoub et al, 2007; Rajendran et al, 2016). In our study, as

overexpression of the NUMB_S isoform rescued EPC defects caused

by PLB, the regulatory network governed by NUMB_S is important

for EPC generation.

NUMB contains a highly conserved phosphotyrosine-binding

domain (PTB) in the N terminus and proline-rich region domains

(PRR) at the C terminus (Verdi et al, 1999). The C-terminal PRR

containing a putative Src homology 3’ binding site is involved in

signal transduction (Gulino et al, 2010). Alternative exon 9

encodes a part of the PRR. The regulation of alternative exon 9

splicing has been reported by splicing factors and RNA binding

proteins, e.g., SRSF1 and PTBP1 (Rajendran et al, 2016), SRSF3

(Ke et al, 2018), RBM10 (Bechara et al, 2013), RBM4 (Tarn

et al, 2016), RBFOX2, and SRPK2 (Lu et al, 2015) in a variety

of cells including 293T, breast cancer, lung cancer, neuronal,

and hepatocellular carcinoma cells, respectively. During hESC

hematopoietic differentiation, SRSF1 and SRSF3 shared a similar

expression pattern as SRSF2, which was reduced from APLNR+

to CD31+CD34+ cells (Fig 1F). After PLB treatment, SRSF1 and

SRSF3 sustained at high level (Fig 3D). Besides SRSF2, SRSF1,

and SRSF3 might be important splicing regulators for

NUMB during hematopoietic differentiation, which needs further

investigations.

NOTCH signaling, especially NOTCH1, is essential for EHT

(Zhang et al, 2015). NOTCH1 inactivation blocks EHT and abro-

gates HSC generation (Kumano et al, 2003). However, HSC matu-

ration and development become NOTCH-independent in the AGM

(Souilhol et al, 2016). NOTCH signaling strength controls

endothelial or hematopoietic lineage choice during hematopoietic

development (Lee et al, 2013; Ayllon et al, 2015; Uenishi et al,

2018). NOTCH-mediated arterialization of EPCs is essential for

establishing the definitive hematopoietic program from hPSCs

(Uenishi et al, 2018). Nevertheless, the contribution of NOTCH

signaling to fate determination within mesoderm APLNR+ cells is

still unclear. Analyses of hematopoiesis in early zebrafish

embryos have shown that NOTCH signaling influences the devel-

opment of endothelial and primitive erythroid cells from the

lateral plate mesoderm cells (Lee et al, 2009; Chun et al, 2011).

NOTCH signaling may increase primitive erythrocyte output at

the expense of endothelial cells (Lee et al, 2009) and/or promote

of endothelial precursor proliferation within the lateral plate

mesoderm (Chun et al, 2011). We demonstrated that NOTCH acti-

vation is one of the key mechanisms governing EPC generation.

The level of NOTCH activity is crucial for EPC generation, as

attenuating its activity via inhibitor, or elevating its activity,

through HES1 overexpression, impairs EPC generation from the

lateral plate mesoderm progenitor cells. The fate determination of

lateral mesoderm cells might therefore require the precise control

of NOTCH signaling activity. Furthermore, we demonstrated that

◀ Figure 5. Splicing factor SRSF2 modulates NUMB exon 9 splicing.

A The putative SRSF2 binding motifs on NUMB exon 9 (labeled as red), predicted by RBPmap. M1 refers to motif 1 and M2 refers to motif 2.
B Western blotting showing the overexpression of SRSF2 in 293T cells, which was co-transfected with NUMB reporters of WT, DM1, or DM2. DM1 or DM2 represents

plasmid deleting corresponding binding site.
C A minigene splicing reporter assay showing SRSF2 promoted the generation of NUMB_L isoform via M1 but not M2. The upper panel indicating the pET01 vector

that contains two constitutive NUMB exons. The representative RT–PCR electropherogram showing the expression of NUMB_L and NUMB_S isoforms in WT, DM1,
or DM2 transfected 293T cells with or without SRSF2 overexpression, respectively.

D The bar graph showing the normalized exon 9 inclusion from the RT–PCR electropherogram of (C) to the WT control cells. P-values were determined by an
unpaired two-tailed Student’s t-test.

E On day 5 of hematopoietic differentiation, the inclusion or exclusion of NUMB exon 9 were detected by RT–PCR with 1.25 nM PLB supplementation or SRSF2
exogenous expression alone or their combinational treatment from day 2.5. The bar graph showing the signaling intensity of each specific band from the RT–PCR
electropherogram.

F, G The top panel depicts the location of specific primers targeting NUMB_S and NUMB_L isoform. The bottom bar graph showing the expression of NUMB_S and
NUMB_L in cells on day 5 of differentiation with 1.25 nM PLB supplementation or SRSF2 exogenous expression alone or their combinational treatment from day 2.5
with RT–qPCR.

Data information: Results given are mean � SD. P-values were calculated by one-way ANOVA followed by Dunnett’s test in (E), (F), and (G). *P < 0.05, **P < 0.01,
***P < 0.001. All experiments were conducted for at least 3 biological replicates.
Source data are available online for this figure.
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the control of NOTCH activity and EPC differentiation involves a

balance of NUMB long and short isoforms.

Our global analysis of AS during hematopoiesis uncovered a new

post-transcriptional regulatory mechanism involving an SRSF2-

NUMB-NOTCH axis that modulates EPC and HEP differentiation. A

better understanding of the mechanisms underlying EPC and HEP

fate determination has potential to lead to the development of hPSC-

derived transplantable HSCs with utility in regenerative medicine.

Materials and Methods

hESCs monolayer hematopoietic differentiation system

The human ESC line (H1) was purchased from ATCC (#15570).

Before inducing differentiation, hESCs colonies were pretreated with

accutase (cat# A1110501, Invitrogen) to yield a single cell suspen-

sion. From this suspension, 3.5 × 104 cells were plated in each well

of growth factors reduced (GFR) Matrigel-coated 12-well plates (cat#

354230, Corning) and cultured in mTESR1 media (cat# 85852, Stem

cell) containing 10 lM of Y27632 (cat# 688000, Calbiochem) for

24 h. mTESR1 medium was then changed to mTESR1 medium with-

out select factors (cat# 05892, Stem cell) with a supplement of

50 ng/ml of Activin A (cat# 120-14-1000, Peprotech) and 40 ng/ml

of BMP4 (cat# 120-05ET-1000, Peprotech) and kept for two days to

induce the APLNR+ lateral plate mesoderm. Next, 50 ng/ml of bFGF

(cat# 100-18B-100, Peprotech) and 40 ng/ml of VEGF (cat# 100-20-

100, Peprotech) were added to the mTESR1 medium without select

factors from day 3 to 8 to induce CD31+CD34+ EPCs on day 5 and

CD43+ HSPCs on day 8.

Fluorescence-activated cell sorting assay

The cells were dissected into single cells, washed, and resus-

pended in ice-cold phosphate-buffered saline (PBS) with 2% FBS

(Cat# 10270, Gibco). For each assay, 1 × 105 cells were

suspended in 100 ll of PBS with 2% FBS and stained with

0.2 lg of conjugated antibody at 4°C for 30 min in the dark (Liu

et al, 2018b). The primary antibodies used for flow cytometry

were as follows: PE cyanine 7 Mouse IgG1 (cat# 25-4714-42,

eBioscience), APC Mouse IgG3 (cat#1C007A, R&D), PE IgG1

(cat# 555719, BD Bioscience), CD31 (cat# 555446, BD Bios-

ciences), CD34 (cat# 555824, BD Biosciences), h-APJ (cat#

FAB856A, R&D), CD73 (cat# 561258, BD Biosciences), and CD43

(cat# 560978, eBioscience). Cells were then washed once and

resuspended in 300 ll of pre-chilled PBS containing 2% FBS.

Before subjected to flow-cytometric analysis, the cells were incu-

bated with DAPI for 5 min and analyzed on a FACS CANTO II

flow cytometer (BD Biosciences). The data were analyzed with

FlowJo version 10.

Cell cycle and apoptosis assay

For cell cycle analysis, cells were dissected into single cells by accu-

tase and washed once with PBS. Next, they were labeled with an

APC-conjugated CD31 antibody at 4�C for 20 min in the dark. After

washing, the cells were suspended in 500 ll of PBS to which was

added 5 ml of cold ethanol (�20�C) with repeated pipetting and

incubated at 4�C overnight. The next day, the cells were washed

with 2 ml of cold PBS supplemented with 1% BSA (Cat# A1595,

Sigma) twice and incubated with 200 ll of staining buffer contain-

ing 20 ll of PI solution (0.5 mg/ml), 20 ll of RNase A (10 mg/ml),

160 ll PBS supplemented with 1% BSA, and 0.1% Triton X-100 at

37�C in the dark for 45 min.

For apoptotic analysis, 1 × 105 single cells were incubated

with 1 ll of Annexin V in 100 ll of binding buffer for 10–

15 min at room temperature. Then, 10 ll of 7-AAD was added

to each tube and kept for 5 min. The CANTO II flow cytometer

was used to test the samples and data analysis was performed

by FlowJo (version 10).

◀ Figure 6. NUMB alternative splicing impacts NOTCH activity during EPC generation.

A The top 10 Reactome terms enriched from differential splicing events regulated by PLB. To define the differential splicing events, genes with FPKM > 1 in at least one
differentiation stage were selected. Among them, the differential splicing events were identified by the double cutoffs of delta PSI > 0.2 and FDR < 0.05.

B GSEA analysis of NOTCH signaling in isoform level between DMSO control and 2.5 nM of PLB-treated cells.
C The bar graph representing the percentage of CD31+CD34+ cells at day 5 of differentiation after treatment with DMSO and various concentrations of DAPT starting

from day 2.5.
D The heatmap plotting the expression of NUMB_S and the key components in NOTCH signaling in day 2-APLNR+ cells, day 5-DMSO–treated, and day 5-PLB-treated

cells (2.5 nM), respectively. The NOTCH components were divided into groups of upregulated, downregulated, and unchanged by comparison between DMSO- and
PLB-treated cells. The heatmap was scaled with Z-Score using the log2(FPKM) expression of indicated genes. n = 2 technical replicates

E RT–qPCR assay showing the expression of HES1 mRNA in the GFP+ cells on day 5 of differentiation with 1.25 nM PLB supplementation alone or in combination with
NUMB_S ectopic expression from day 2.5.

F RT–qPCR analysis confirmed the overexpression of HES1 mRNA after DOX induction. The ACTB gene was used as a control. The data were normalized to the mRNA
level in empty vector control cells.

G Western blotting showing the level of HES1 overexpression after DOX induction. The GAPDH gene was used as a loading control.
H The representative FACS plots indicating the generation of CD31+CD34+ EPCs on day 5 of differentiation with or without HES1 overexpression. DOX was treated from

day 2.5 to 5 to induce HES1 overexpression.
I Statistical analysis of the percentage of CD31+CD34+ EPCs of (H).
J A hypothetical model. During hematopoietic differentiation from hESCs, a splicing factor switch occurs during the transition from mesoderm APLNR+ cells to EPCs.

Concomitant with the switch of components in the splicing machinery, the splicing regulator SRSF2 is downregulated, leading to the enrichment of an EPC-induced
NUMB_S isoform. Alternative splicing of NUMB controls NOTCH activity, probably by suppressing HES1 expression and, ultimately, regulates EPC specification. The
blue and red colors represent the two switching clusters within splicing factors during hematopoietic differentiation.

Data information: Results given are mean � SD. P-values were determined by an unpaired two-tailed Student’s t-test in (C), (E), (F), and (I). **P < 0.01, ***P < 0.001. All
experiments were conducted for at least 3 biological replicates.
Source data are available online for this figure.
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Endothelial cell culture and LDL uptake assay

During hematopoietic differentiation, cells were treated with DMSO

or 1.25 nM PLB from day 2.5. At day 5, FACS-purified CD31+ cells

were plated on a collagen-coated-6-well plate (1 × 105 cells per

well) in EBM-2 (cat# CC-3156, Lonza) media supplemented with

15% KnockOut Serum Replacement (cat# 10828028, Thermo

Fisher), 5 ng/ml of EGF, 5 ng/ml of FGF-2, 10 ng/ml of IGF-1,

10 ng/ml of VEGF, 1 lg/ml of hydrocortisone (cat# H0888, Sigma),

1 IU/ml of heparin (cat# H3149-500KU-9, Sigma), and 20 lg/ml of

L-ascorbic acid (cat# A8960-5G, Sigma). After cultured for additional

5 days, cells were dissected into single cells for the acetylated low-

density lipoprotein (AcLDL, cat# L23380, Invitrogen) uptake assay.

Cells were incubated with 10 ng/ml of Alexa 488-conjugated AcLDL

(cat# 1848459, Invitrogen) for an additional 12 h and then fixed for

immunofluorescence with anti-CD144 antibody (cat# 561567, BD

Biosciences). The LDL fluorescence intensity was measured with

Volocity 3D image analysis software.

Real-time quantitative PCR

Total RNA was extracted with TRIzolTM (cat# 15596018, Invitrogen)

and reverse transcribed using TransScript II One-Step gDNA Removal

and cDNA Synthesis SuperMix (cat#N10613, TransGen Biotech) to

with 500 ng of total RNA. RT–qPCR was performed using the SYBR

green master mix kit (cat# A25742, Thermo Fisher Scientific), and the

assay was conducted with the QuantStudio�5 Real-Time PCR System

(Applied Biosystems). The primers used are listed in Table EV1.

Establishing inducible overexpression stable hESC lines

SRSF2, SF3A3, SNRPD1, SNRPE, NUMB-S, and HES1 cDNAs were

amplified from H1 cDNA or purchased from company (BGI, China).

They were cloned into the tet-on inducible piggybac transposon

expression vector (Yusa et al, 2011), co-expressing the GFP (P2A

GFP) and possessing puromycin resistance. The plasmids were co-

transfected with transposase to H1 with the Lipofectamine Stem

reagent (cat# L3000015, Invitrogen) following the manufacturer’s

instructions. Twenty-four hours after transfection, 1 lg/ml puro-

mycin was added to the culture media for selection for approxi-

mately 10 days until nearly no dead cells observed. The cells were

induced by 1 lg/ml DOX for 2.5 days to assess GFP expression. The

GFP+ cells reaching ~ 90% were referred as stable cell lines, and

the expression of target genes was measured by Western blotting.

The primers used are listed in Table EV1.

Establishing inducible knockdown stable hESC lines

The SF3B1 and SRSF2 shRNAs and a scrambled shRNA (Scr) were

cloned into a DOX-inducible lentiviral pLKO-Tet-On vector (Wieder-

schain et al, 2009) with puromycin resistance and packaged in 293T

cells. H1 cells, which were pre-seeded as single cells onto Matrigel-

coated plates at the density of 1 × 105 cells/ml for 24 h, were infected

by the lentiviral particles with 8 lg/ml polybrene. The infected cells

were selected with 0.3 lg/ml puromycin for 21 consecutive days until

nearly no dead cells observed. Then, the cells were induced by 1 lg/
ml DOX for 2.5 days to examine the target gene expression by Western

blotting. The primers used are listed in Table EV1.

Western blotting

Each group of 1 × 105 cells was lysed with 100 ll NP40 buffer

containing protease inhibitor and 1 mM of DTT (cat# 18064-071,

Invitrogen). Fifteen to thirty microliters of protein solution were

resolved by SDS–PAGE (cat# CW0027, CWBIO), transferred to nitro-

cellulose or PVDF membranes, and probed with primary antibodies.

The primary antibodies used for Western blotting were as follows:

anti-SRSF2 (cat# PA5-62086, Thermo Fisher Scientific), anti-HES1

(cat# ab71559, Abcam), anti-NUMB (cat# A9352, ABclonal), anti-

SF3B1 (27684-1-AP, ProteinTech), anti-GAPDH (cat# AP0063,

Bioworld), and anti-FLAG (cat# F1804, Sigma). HRP-conjugated

anti-rabbit (cat# NA934V, GE) and anti-mouse (cat# NA931V, GE)

secondary antibodies were used and membranes were incubated

with the Western ECL Substrate (cat# WBKLS0500, Millipore).

Signals were detected using a ChemiDoc Imaging system (Bio-Rad).

Minigene reporter assay

We constructed a truncated NUMB reporter, encompassing a

genomic fragment from 540 nucleotides upstream to 507 nucleotides

downstream of NUMB exon 9. This reporter plasmid was then

cloned into an ExonTrap pET01 vector (a generous gift from Dr.

Jingyi Hui, Chinese Academy of Sciences) which contains two

constitutive exons, as reported previously (Rajendran et al, 2016).

Meanwhile, we also constructed two mutant NUMB reporters by

deleting each putative binding site, respectively. 293T cells were

seeded in a 12-well plate with 3 × 105 cells/well for 24 h before

transfection. Then, pET01 reporter, harboring plasmid of wild-type

NUMB exon 9 (WT) or mutants, were co-transfected with or without

SRSF2 overexpression vector into the pre-seeded 293T cells. After

12–16 h of transfection, the cells were treated with 1 lg/ml DOX to

induce SRSF2 expression. The cells were harvested for RNA extrac-

tion after 36 h of DOX induction. Upon reverse transcription, the

cDNA was amplified by PCR with specific primer loading in pET01

reporter vector, followed by electrophoresis. Finally, the intensity of

the band from each lane was quantified with ImageJ software.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (PFA, cat# BL539A,

Biosharp) at room temperature for 20 min. After washing with PBS,

they were permeabilized by 0.2% PBT (Triton X-100 + PBS) for

15 min. Then, the cells were blocked with 1% BSA in PBS for 1 h

before incubation with primary antibodies in a ratio of 1:200 at 4�C
overnight. The next day, after incubation with secondary antibodies

followed by incubation with DAPI (cat# D9542, Sigma), the cells

were ready for detection under a microscope.

RNA-Seq

Total RNAs were extracted using TRIzol (Invitrogen, Cat#

15596026). Library construction and data processing were per-

formed by BGI (Beijing, China). The RNA integrity was measured

by Agilent 2100 and rRNAs were removed with Epicenter Ribo-

ZeroTM Kit (Epicenter). The remaining RNAs were fragmented

(250–300 bp) and reverse transcribed using random hexamers.

Followed by purification, terminal repair, polyadenylation, adapter
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ligation, size selection, and degradation of second-strand U-

contained cDNA, the strand-specific cDNA library was generated.

The cDNA was sequenced with an Illumina HiSeq X Ten platform

and 101 bp paired-end reads were generated.

Quantification of gene and isoform expression

The human reference genome (version: GRCh38/hg38) and gene model

(GTF file, GENCODE version 27) were obtained from https://www.ge

ncodegenes.org/. Reads were aligned to the genome using STAR (ver-

sion 2.5.3) with default settings. The resulting BAM file containing

aligned reads were then taken as input for Cufflinks (version 2.2.1) to

quantify gene and isoform expression with default settings. The expres-

sion level was measured by fragment per kilobase of transcript per

million fragments mapped (FPKM). We selected genes with FPKM > 1

in at least one differentiation stage for all RNA-Seq analysis.

Alternative splicing analysis

Percent spliced-in (PSI) was used to quantify alternative splicing

events. MISO (version 0.5.4) was used with default settings to calcu-

late PSI of splicing events for each sample. The genes with FPKM > 1

in at least one differentiation stage were filtered for further analysis.

Among them, splicing events with PSI between 0.05 and 0.95 were

used for differential splicing events analysis by rMATS (version

4.0.2) with default settings. The significantly differential splicing

events were identified with delta PSI > 0.2 and FDR < 0.05.

Isoform proportion, which is calculated as the expression of an

individual isoform to the sum of all isoforms belonging to the same

gene, is a metric to quantify the activity of splicing at the isoform

level (Monlong et al, 2014). To investigate isoform proportion

between two consecutive stages, genes with FPKM > 1 in at least

one differentiation stage were selected. For these genes, isoforms

with FPKM > 0.2 were retained for further analysis. Delta isoform

proportion > 0.15 was considered significantly differential.

DESeq2 (version 1.20.0; Love et al, 2014) with default settings

was used to identify differentially expressed genes and isoforms

between two consecutive differentiation stages. The genes with

FPKM > 1 in at least one differentiation stage were considered and

the raw count data was used as input.

Gene set associated with splicing

Splicing factors were collected from splicing-related GO terms from Reac-

tome and PathCards database. Among them, there were 235 splicing

factors expressed with FPKM > 1 in at least one differentiation stage,

which were used for the splicing factor expression analysis. The compo-

nents in major and minor spliceosome were similarly collected in Reac-

tome and PathCards database. The expression of splicing factors,

components in major spliceosome, and components in minor spliceo-

some during hematopoietic differentiation are listed in the Dataset EV1.

Cluster analysis

Heatmaps were generated using the R package Pheatmap (version

3.5.0). In hierarchical clustering, Euclidean distance was used to

calculate the distance between genes, and complete linkage was

used as the agglomeration method.

Gene set enrichment analysis (GSEA)

GSEA was conducted by the GSEA software (version 3.0) from

the Broad Institute (http://software.broadinstitute.org/gsea/inde

x.jsp). To generate the input isoform expression matrix,

isoforms (FPKM > 0.2) from genes with FPKM > 1 in at least

one differentiation stage were selected. The numbers of permu-

tations were set to 1000. All P-values were corrected for multi-

ple testing and the threshold for significant enrichment is set

to FDR < 0.05.

Statistical analysis

The data were presented as mean � SD except where indicated

otherwise. For multiple comparisons, we performed one-way

ANOVA followed by Dunnett’s test or Tukey’s test to determine

statistical significance, as indicated in figure legends. For analysis

shown in the boxplot graph, we performed two-tailed Wilcoxon

signed-rank test. For others, we performed two-tailed Student’s t-

test. P < 0.05 was considered as statistically significant. For Bioin-

formatics analysis with multiple testing, the threshold for significant

enrichment is set to FDR < 0.05.

Data availability

RNA-Seq data are deposited in NCBI’s Gene Expression Omnibus

under the accession GSE134907 (http://www.ncbi.nlm.nih.gov/ge

o/query/acc.cgi?acc=GSE134907) and GSE146147 (http://www.ncb

i.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146147).

Expanded View for this article is available online.
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