
Wang et al., Sci. Adv. 8, eabg5369 (2022)     7 January 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 17

D E V E L O P M E N T A L  B I O L O G Y

Single-cell architecture and functional  
requirement of alternative splicing during 
hematopoietic stem cell formation
Fang Wang1,2†, Puwen Tan3†, Pengcheng Zhang4,5†, Yue Ren1,2†, Jie Zhou4, Yunqiao Li4, 
Siyuan Hou6,7, Shuaili Li4, Linlin Zhang4, Yanni Ma1,2, Chaojie Wang6, Wanbo Tang4, 
Xiaoshuang Wang1,2, Yue Huo1,2, Yongfei Hu3, Tianyu Cui3, Chao Niu5, Dong Wang3*, Bing Liu4*, 
Yu Lan6*, Jia Yu1,2*

Single-cell transcriptional profiling has rapidly advanced our understanding of the embryonic hematopoiesis; 
however, whether and what role RNA alternative splicing (AS) plays remains an enigma. This is important for 
understanding the mechanisms underlying splicing-associated hematopoietic diseases and for the derivation of 
therapeutic stem cells. Here, we used single-cell full-length transcriptome data to construct an isoform-based 
transcriptional atlas of the murine endothelial-to-hematopoietic stem cell (HSC) transition, which enables the 
identification of hemogenic signature isoforms and stage-specific AS events. We showed that the inclusion of 
these hemogenic-specific AS events was essential for hemogenic function in vitro. Expression data and knockout 
mouse studies highlighted the critical role of Srsf2: Early Srsf2 deficiency from endothelial cells affected the splicing 
pattern of several master hematopoietic regulators and significantly impaired HSC generation. These results 
redefine our understanding of the dynamic HSC developmental transcriptome and demonstrate that elaborately 
controlled RNA splicing governs cell fate in HSC formation.

INTRODUCTION
The first hematopoietic stem cells (HSCs) are generated in the 
aorta-gonad-mesonephros (AGM) region during mammalian 
embryonic development. In mice, this process begins on E10.5 
(embryonic day 10.5) (1–4). Lineage tracing and real-time in vivo 
observations show that HSCs are derived from hemogenic endothelial 
cells (HECs), a transient population lining the ventral wall of the 
dorsal aorta (5). Most recently, these cells are isolated and charac-
terized by single-cell transcriptomics, leading to the identification 
of a unique population of HSC-competent HECs (CD31+CD45− 

CD41−CD43−CD201+Kit+CD44+) (6). HSC-primed HECs pass 
through two sequential pre-HSC stages, CD45− type 1 (T1) and 
CD45+ type 2 (T2) pre-HSCs (3, 7), to become mature HSCs and 
colonize the fetal liver from late E11.5. This process is termed as 
endothelial-to-hematopoietic transition (EHT).

EHT is a central process during HSC development. The proce-
dure of EHT requires highly coordinated gene expression that is 
regulated through transcriptional and posttranscriptional mecha-
nisms. Early studies identified key roles for the transcription factors 

runt related transcription factor 1 (RUNX1), GATA binding pro-
tein 2 (GATA-2), and core binding factor beta (CBF) in HSC for-
mation in vivo (8–10); while recent advances based on single-cell 
transcriptional profiling have uncovered the importance of mTOR 
signaling, long noncoding RNAs, and RNA modification factors 
(7, 11). Intriguingly, both our previous transcriptome screening of 
pre-HSCs (7) and the most recent decoding of HECs (6) revealed 
that HSC emergence is accompanied by significant changes in 
expression of the genes encoding RNA processing and splicing pro-
teins. Together, these findings imply a role for alternative splicing 
(AS) in EHT, but, until now, this phenomenon has not been assessed 
in developing HSCs.

AS is a central mechanism that acts upon the pre-mRNA tran-
scripts of more than 90% of multiexon protein-coding genes in 
mammals, enabling cells to generate vast transcript and protein di-
versity from a limited number of genes. Careful coordination of AS 
networks occurs during the development of various tissues, including 
the brain (12–14), heart (15, 16), liver (17), and skeletal muscle (18), 
as well as in hematopoiesis. Deep sequencing and comprehensive 
analysis of adult human HSCs and progenitor cells uncovered thousands 
of cell type–specific AS transcripts and identified a previously 
unknown isoform of nuclear factor Ι B (NFΙB) that regulates 
megakaryopoiesis (19). Moreover, several diseases of the hemato-
poietic system, such as myelodysplastic syndromes, are linked to 
mutations that affect mRNA splicing (20). At present, however, the 
role of AS in the endothelial-to-HSC transition, the earliest stages of 
HSC formation, is undefined, and the key mediators of pre-mRNA 
splicing in HSC ontogeny are unknown.

Here, we used single-cell full-length transcriptome data from 
seven HSC-associated populations to identify tens of thousands of 
AS events and constructed a dynamic splicing landscape during 
entire HSC ontogeny. We found that EHT is accompanied by a 
significant AS modality switch, which is mainly orchestrated by the 
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splicing regulator serine and arginine-rich splicing factor 2 (Srsf2). 
These findings help to explain active RNA processing during HSC 
ontogeny, extend our understanding of the molecular mechanisms 
underlying hematopoietic specification, and provide a resource for 
the future elucidation of other splicing regulators pivotal for embry-
onic HSC development.

RESULTS
A predominant transcript diversity in T1 pre-HSCs during 
HSC development
Most recently, we have deciphered multistep specification of ECs 
toward HSCs, with the arterial ECs (AECs) featured by CD44 
expression lie upstream of the HSC-primed HECs in the AGM 
region (6, 21). To more accurately witness the transition process 
from AECs toward HSCs, we sampled AECs (CD31+CD45−CD41− 
CD43−CD201−Kit−CD44+) and HSC-competent HECs (CD31+CD45− 
CD41−CD43−CD201+Kit+CD44+) at the E10 AGM region (6) and 
performed full-length single-cell RNA sequencing (RNA-seq) using 
the same strategy as we previously used (fig. S1, A to C) (7, 22). To 

determine the diversity and abundance of alternative transcript 
expression during HSC ontogeny in mouse embryos, we used our 
newly acquired and previously reported (7) single-cell full-length 
transcriptome of totally seven sequential cell populations during 
HSC development (aortic ECs and HSC-primed HECs from E10 
AGM, T1 and T2 pre-HSCs from E11 AGM, HSCs from E12 and 
E14 fetal liver, and HSCs from adult bone marrow) for systematic 
analyses (Fig.  1A). Uniform manifold approximation and projec-
tion (UMAP) analyses at isoform level largely recapitulated the 
performance at gene level, with the seven phenotypic populations 
basically separated except for the two fetal liver HSC populations 
(Fig. 1B).

Across all cell populations, we detected an average of 6711 
expressed genes and 10,653 transcript isoforms per cell, with the 
number of isoforms gradually increased from AEC, HEC, to T1 
pre-HSCs and then decreased. T1 pre-HSCs had the highest number 
of expressed genes and isoforms (Fig. 1C), indicating particularly 
high transcriptional and posttranscriptional diversity at this stage. 
We then calculated the constitutions in the expressed genes according 
to whether more than one isoform was detected. On average, 35% of 
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Fig. 1. Global isoform expression dynamics during HSC development. (A) Schematic representation of mouse embryonic hematopoietic development processes. 
(B) UMAP analysis of genes and isoforms during HSC development. (C) Number of genes and isoforms in an individual cell of each cell population. One-sided Wilcoxon 
rank sum test was used to determine the difference (***P < 0.001). (D) Percentage of genes expressing more than one isoform (multi-isoform genes) in an individual cell 
of each cell population. One-sided Wilcoxon rank sum test was used to determine the difference between T1 pre-HSC and other cell populations (***P < 0.001). (E) Sankey 
diagram showing the dynamic changes of HEC-initiated multi-isoform genes (HEC-initiated) and T1 pre-HSC–initiated multi-isoform genes (T1-initiated) during HSC 
development. The numbers on the graph indicate the number of genes. >1, multi-isoform gene; =1, single-isoform gene; NE, no expression.
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genes generated multiple isoforms, while in T1 pre-HSCs, this 
number was significantly higher (39%) (Fig. 1D). Together, these 
data indicate a specific and sustained requirement for diverse tran-
scripts during all stages of HSC ontogeny, but especially for HEC 
and pre-HSC fate specification.

We then looked in more detail at the T1 pre-HSC multi-isoform 
genes that were absent or were single-isoform genes at the AEC 
stage, and we saw that more than half of them (1651) began to 
express multiple isoforms from the intermediate HEC stage (defined 
as HEC-initiated multi-isoform genes), while the others (1368) did 
not display transcript diversity until the T1 pre-HSC stage (defined 
as T1 pre-HSC–initiated multi-isoform genes) (Fig. 1E and table S1). 
HEC multi-isoform genes were enriched in RNA processing and 
cell cycle (fig. S1D), with 775 (47%) of the HEC-initiated multi- 
isoform genes maintaining transcript diversity until the adult HSC 
stage (Fig. 1E, fig. S1E, and table S1), and the functions of these 
persistently diversely expressed genes were mainly related to RNA 
processing and hematopoietic cell differentiation (fig. S1F), indicating 
the ongoing requirement for these processes throughout HSC 
development. In contrast, the T1 pre-HSC–initiated multi-isoform 
genes gradually stopped generating multiple isoforms, with only 
238 (17%) of the 1368 retaining transcript diversity until adult 
HSCs (Fig. 1E, fig. S1E, and table S1), which were enriched in terms 
related to cellular functions, including organelle assembly and 
localization, cellular response, and endocytosis (fig. S1G). Together, 
these results suggest that a stage-specific pattern of transcript diver-
sity accompanies the stepwise EHT, while the T1 multi-isoform 
genes might be only responsible for its cell fate specification.

Gene expression data obscure functionally relevant 
differences in transcriptional isoform abundance during EHT
As traditional transcriptional analyses consider all isoforms of an 
expressed gene together, despite potential functional differences, 
we next went on to generate and compare stage-specific gene 
expression and transcriptional isoform signatures for HEC and 
T1 pre-HSC. We first identified genes that were notably more 
highly expressed in HECs or T1 pre-HSCs, comparing with their 
adjacent early developmental stages (defined as HEC or T1 pre-
HSC signature genes) (fig. S2A and table S2A). In line with previous 
findings (6), HECs expressed relatively higher ribosomal and cell 
cycle genes than AECs (fig. S2B), while T1 pre-HSC signature genes 
were mainly enriched for RNA processing and RNA metabolism 
(fig. S2C).

We also identified 364 HEC signature isoforms (accounting for 
11% of all isoforms enriched in HEC compared to AEC) and 555 T1 
pre-HSC signature isoforms (account for 20% of all isoforms 
enriched in T1 pre-HSC compared to HEC) that were not signifi-
cantly differentially expressed at the gene level (Fig. 2A, fig. S2D, 
and table S2B), and whose elevated expression was masked in the 
gene level–based expression analysis (fig. S2A). Notably, 84% of 
HEC and 73% of T1 pre-HSC signature isoforms are protein- coding 
transcripts (fig. S2E), and their functions are mainly enriched in 
terms related to various RNA metabolic processes (Fig. 2, B and C), 
including RNA splicing, RNA transport, and ribonucleoprotein 
complex biogenesis, together supportive of a global activation of the 
posttranscriptional program during hemogenic fate specification. 
For example, specific isoforms of polymerase II polypeptide M 
(Polr2m), splicing factor 3b subunit 1 (Sf3b1), the protein N-terminal 
methyltransferase 1 (Ntmt1) involved in DNA damage response 

and cancer development (23), and tubby like protein 4 (Tulp4) 
associated with stress response (24) were annotated as HEC signa-
ture isoforms, while the levels of expression of these genes showed 
no significant changes between HECs and AECs (Fig. 2D and fig. 
S2F). Meanwhile, an Sf3b1 isoform Sf3b1-207 and an E130309D02Rik 
isoform E130309D02Rik-201 were substantially more highly ex-
pressed in T1 pre-HSCs than HECs (Fig. 2D and fig. S2F). In addi-
tion, we uncovered elevated expression of specific isoforms of some 
signature genes including the RUNX family transcription factor 1 
(Runx1) isoform Runx1-201 (encoding the protein isoform 
RUNX1C) and the DNA methyltransferase 3 beta (Dnmt3b) isoform 
Dnmt3b-206 (representing the inactive protein variant DNMT3B4), 
which were both detected within the HEC signature (Fig. 2E). 
Collectively, the HEC and T1 pre-HSC isoform signatures clearly 
show the necessity of discriminating isoform-specific roles for full 
understanding of the transcriptional landscape of EHT.

To further validate the Smart-seq2 results, we performed single- 
cell Nanopore sequencing (Nanopore-seq) of full-length comple-
mentary DNA (cDNA) obtained from two cell populations: AEC 
and HEC. The read length from Nanopore-seq was 200 to 2000 nt, 
and the average read quality score was more than 7 (fig. S2G). The 
Venn diagram showed that more than 60% isoforms were detected 
by both Nanopore-seq and Smart-seq2 methods in AECs and HECs 
(Fig. 2F). Moreover, we found that transcripts that were specifically 
captured by Smart-seq2 showed relatively lower expression levels 
compared to the overlapped transcripts (Fig.  2G), indicating that 
Nanopore-seq is more likely to detect isoforms with high expres-
sion. Specifically, the expression of Sf3b1, Runx1, and Dnmt3b gene, 
as well as their isoforms from Nanopore-seq, showed high con-
sistency with Smart-seq2 results (fig. S2H).

A range of AS events mediate transcript diversity during EHT
AS is one of the major mechanisms that eukaryotic cells use to 
generate transcript diversity from a fixed number of genes. Accord-
ingly, alongside the increasing transcript diversity during hemogenic 
fate specification from AEC to HEC, gene set enrichment analysis 
(GSEA) demonstrated that expression of genes in the “Spliceosome” 
pathway was enriched in HECs compared with AECs (Fig. 3A). To 
quantify the contribution of AS to dynamic transcript accumula-
tion during HSC emergence, we calculated the alternative exon 
usage by using the mixture-of-isoforms (MISO) statistical model 
(25), which assigned a “percentage spliced in” (PSI, ) value to each 
exon by estimating its abundance compared to adjacent exons in 
each single cell (fig. S3A). Across all stages, we detected an average 
of 4309 AS events in individual cells, with considerable variation 
between stages and the highest number in T1 pre-HSCs, as expected 
(fig. S3B and S3C). We also identified five types of AS events and 
found that exon skipping (ES) accounted for about 51% of AS 
events at all stages, whereas the others included mutually exclusive 
exons, alternative 5′ splice sites, alternative 3′ splice sites, and intron 
retention (fig. S3D).

While heterogeneity exists in AS events (as illustrated for two AS 
events in fig. S3, E and F), the simple comparison of PSI between 
two stages is informative, but it does not reflect the full level of com-
plexity of a given AS event in a certain cell population. Even those 
AS events with no significant changes in average PSI between HEC 
and AEC showed obviously distinct distribution among the two 
stages when considered at the single-cell level (fig. S3G). Therefore, 
we applied the “modality” strategy (26), which combines the usage 
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of alternative exons (PSI) with their distribution patterns, to pro-
vide more detailed information on the splicing profiles at the 
single-cell level. We began by assigning each AS event to one of five 
modalities: (i) included, most individual cells contained isoforms 
with the inclusion of this exon ( ~ 1); (ii) excluded, most individual 
cells contained isoforms with the exclusion of this exon ( ~ 0); (iii) 
middle, most individual cells contained isoforms with both the 
inclusion and exclusion of this exon ( ~ 0.5); (iv) bimodal, indi-
vidual cells existed as two subpopulations that contained either the 
included ( ~ 1) or excluded ( ~ 0) exon; or (v) multimodal, the 
distribution of the exon did not fit any of the previous categories 
(fig. S3H). Among all cell populations, the alternative exons within 
the included, excluded, and middle modalities accounted for nearly 
70% of all spliced exons (fig. S3I), which is consistent with the high 
purity of these cell populations, because most AS events in a homo-
geneous cell population should exhibit homogeneity. In comparison, 
AS events that exhibited multimodal modalities showed relatively 
lower frequencies, and bimodal modality was hardly detected 
(fig. S3I).

We then examined the AS event modality changes alongside the 
stepwise specification of T1 pre-HSC from AEC. Sixty-one percent 
of AS events showed modality switches from AEC to HEC stages, 
while 47% of AS events had modality changes from HEC to T1 
pre-HSC (Fig. 3B). Among these “modality change” AS events, we 
specifically focused on the movement to “included” (shown as 
“others → in”). As the specific exons were selectively and homoge-
neously retained by “inclusion” along with HEC or T1 pre-HSC 
specification, the usage of these exons might be important in HSC 
fate commitment. We identified 1360 AS events that changed from 
“other” (including middle, bimodal, multimodal, and no modality) 
in AECs to included modality in HECs (Fig. 3C) by following 979 of 
the 1360 events still remained as included modality until the T1 
pre-HSC stage (defined as HEC-initiated included AS events; Fig. 3C 
and table S3A). In addition, another 822 included AS events were 
initially present in T1 pre-HSC rather than HECs and thus were 
annotated as T1 pre-HSC–initiated included AS events (Fig. 3C and 
table S3A). Overall, we uncovered a clear pattern of the accumula-
tion of stepwise inclusion of AS events from AECs to HECs (979 
events) and then to T1 pre-HSCs (822 events). In addition, to add 
the robustness of AS analyses, we used another algorithm, Modeling 
Alternative Junction Inclusion Quantification (MAJIQ), to estimate 
the PSI value of AS events (27). As shown in Fig. 3D, more than 
50% of HEC-initiated and T1-initiated included AS events could 
be also detected by MAJIQ.

We then asked what types of gene products these hemogenic- 
specific (including HEC- and T1 pre-HSC–initiated) included AS 
events affected. Among the 979 HEC-initiated and 822 T1 pre-HSC– 
initiated included AS events, more than 60% of them are located into 
the Coding sequence (CDS) region, which means that these events 
might influence protein structures (fig. S3J). The 626 CDS-restricted 
HEC-initiated included AS events were enriched in the products of 
genes related to RNA metabolism (including transfer RNA metabolism, 
RNA translation, RNA transport, and ribonucleoprotein complex 
biogenesis) and cell cycle (Fig. 3E and table S3B), consistent with the 
activate RNA processing and cycling of HECs, in contrast to the qui-
escent state of ECs (6). The 517 CDS-restricted T1 pre-HSC– initiated 
included AS events mainly affected the products of genes associated 
with cell cycle and cellular catabolic pathways, including DNA repli-
cation, protein acetylation, and peroxisome (Fig. 3F and table S3C). 

Notably, the peroxisome pathway is linked with steroid hormone 
synthesis and cholesterol biosynthesis, which have been reported to 
promote the formation of HSC from HEC (28, 29). In addition, we 
also performed functional enrichment analysis using HEC- and T1 
pre-HSC–initiated included AS events detected by MAJIQ, and the 
top enriched terms between MISO and MAJIQ showed high simi-
larity, such as RNA metabolism and cell cycle (fig. S3K).

Furthermore, 246 of the HEC-initiated included AS events 
maintained their included modality in the subsequent mature HSC 
stages (T2 pre-HSCs, E12 and E14 fetal liver HSCs, and adult HSCs) 
(Fig. 3G, fig. S3L, and table S3A), in line with the observation that 
cell fate choice is initiated at the HEC stage (6). Gene Ontology (GO) 
enrichment analysis of these 246 HEC-initiated and persistently in-
cluded AS events during HSC development revealed overrepre-
sentation of RNA metabolic genes (Fig. 3H). In contrast with the 
maintenance of HEC-initiated inclusions, T1 pre-HSC–initiated in-
clusions lost their included modality in mature HSC populations, with 
most becoming undetectable (Fig. 3G, fig. S3L, and table S3A). This 
is consistent with the finding that a specific group of enhancers was 
also transiently activated at the pre-HSC stage but subsequently lost 
their activating markers (30). These data suggest a specific require-
ment of these AS events to support the transition from dual-featured 
transient HECs to committed T1 pre-HSCs, but not thereafter.

Hemogenic-specific included AS events are detectable 
in vivo and are required for hematopoietic cell 
generation in vitro
We next asked whether the HEC-initiated and T1 pre-HSC–initiated 
included AS events really existed in vivo. We randomly selected six 
HEC-initiated included AS events (from Sec31a, Tmpo, Ntmt1, Zfpl, 
Mpdu1, and Coro1a), which remained included in T1 pre-HSCs, and 
five T1 pre-HSC–initiated included AS events (from Pisd, Clk1, 
E130309D02Rik, Nkb1, and Ttll4) for detection by fluorescence in 
situ hybridization (FISH) with probes recognizing the specifically 
included and shared exon sequences, respectively (Fig. 4A, fig. S4A, 
and table S4A). We isolated the AGM region from E11 mouse 
embryos and used Runx1 antibodies before probing for the selected 
exons (Fig. 4B), as T1 pre-HSCs reside in the intra-aortic hemato-
poietic clusters marked by Runx1 expression (31, 32). We consist-
ently detected the 11 inclusion events in Runx1-labeled hematopoietic 
cells (Fig. 4B and fig. S4B).

We generated lentivirus expressing short hairpin RNAs (shRNAs) 
targeting the specifically included or shared exon sequences to 
knock down either isoforms containing the exon or all the isoforms 
in E11 AGM-derived CD31+ cells (Fig. 4C and table S4B), which 
include nearly all pre-HSCs, HSCs, and hematopoietic progenitor 
cells in addition to ECs. We first determined the lentivirus infection 
efficiency in CD31+ cells and found that it was more than 90% 
(fig. S4C). Consistently, the expression level of targeted isoforms 
was reduced by 50 to 90% (fig. S4, D and E, and table S4C). We then 
measured the colony-forming capacity of CD31+ cells and found 
that decreased expression of four of the specifically included exons 
(Sec31a, Pisd, Tmpo, and Ntmt1) led to significantly less colony 
formation compared to the vector controls (Fig. 4D), whereas re-
pression of the shared exons from all the five genes consistently 
resulted in reduced colony formation capacity of CD31+ cells (fig. S4F). 
Notably, knockdown of the included or shared exons from the same 
gene has distinct effect, especially Clk1 (Fig. 4D and fig. S4F), 
suggesting that the included exon might play a specific role.
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In addition, the specific inclusion of such exons would alter 
protein structures and functions to a different extent. For example, 
AS events from Ntmt1, Clk1, and Pisd could influence their methyl-
transferase, protein kinase, and phosphatidylserine decarboxylase–
related domain, respectively (fig. S4G).

Srsf2 orchestrates the inclusion of hemogenic-specific 
included AS events
Having demonstrated the in vivo presence and in vitro functional 
importance of the selected hemogenic-specific included AS events, 
we next aimed to identify the splicing regulators responsible for 
them. We used an online web server named rMAPS2 (RNA Map 
Analysis and Plotting Server 2) (33) to identify discriminative 
cis-regulatory sequence motifs enriched in the cassette exons that 

are preferentially included in HECs or T1 pre-HSCs, as well as 
motifs in their flanking introns. These identified motifs corresponded 
to seven predicted RNA binding proteins (RBPs) for the HEC- 
specific included events: SRSF3, SRSF2, SFPQ, SRSF1, SRSF5, SRSF10, 
and SRSF9 (Fig. 5A and table S5A). Another nine RBPs were over-
represented for the T1 pre-HSC–specific included events: PCBP1, 
PCBP2, SRSF3, SRSF2, SRSF6, SFPQ, SRSF5, SRSF10, and SRSF9 
(Fig. 5B and table S5A). The result that six of the RBPs (SRSF3, 
SRSF2, SFPQ, SRSF5, SRSF10, and SRSF9) were predicted from 
both HEC and T1 pre-HSC stages suggested a common regulatory 
effect of these splicing factors throughout the entire EHT pro-
cess. In line with the inclusion of these AS events accompa-
nied by hematopoietic specification, the accumulated expression 
of splicing factors Srsf2 (Fig. 5C), Sfpq (fig. S5A), Srsf5 (fig. S5B), 
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and Srsf10 (fig. S5C) was greater in HEC and T1 pre-HSC stages 
compared with AEC (Fig. 5, D and E, and table S5B). Notably, 
the relative expression level of Srsf2, a splicing factor with a known 
pivotal role for HSC survival in fetal liver and bone marrow (34), 
as well as for T cell development (35), was higher in both HECs 

and T1 pre-HSCs compared with AECs (Fig.  5D). Moreover, 
Srsf2 is one of the most frequently mutated genes in myelodysplasia/
myeloproliferative neoplasm overlap syndromes (36, 37). Thus, 
we selected Srsf2 for further investigation of its role in HSC 
emergence.
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Loss of Srsf2 from the endothelial stage disrupts EHT
To determine whether Srsf2 is required for the process of EHT, we 
disrupted Srsf2 expression from the embryonic endothelial stage 
using Vec-Cre transgenic mice (fig. S6, A and B). As most of the 
mutant (Vec-cre;Srsf2f/f) embryos died from E11, we used morpho-
logically normal E10.0 or E10.5 embryos for the subsequent experi-
ments (Fig. 6A). By fluorescence-activated cell sorting (FACS) 
analysis, we witnessed a comparable constitution of CD44+ ECs at 
the E10.0 AGM region between mutant and control embryos. Notably, 
the immunohistochemistry on the AGM region from mutant 
embryos showed that the number of small intra-aortic clusters (less 
than five cells) was significantly reduced upon Srsf2 deficiency (fig. 
S6, C and D). In addition, the frequency of the immunophenotypic 
HECs (CD31+CD45−CD41−CD43−CD201+Kit+CD44+) in the mutant 
embryos was clearly decreased, featured by the obvious decrease in 
the expression of CD201 (Fig. 6B). Then, we assessed the influence 
of Srsf2 on the hemogenic capacity of ECs (CD31+CD41−CD43− 
CD45−) sorted from the E10 AGM region of these mice by measur-
ing the number and type of hematopoietic cells generated following 
coculture with the stromal cells OP9-DL1 in vitro (Fig. 6C). We 
found that Srsf2-deficient ECs generated remarkably fewer hemato-
poietic cells than the ones from the littermate control embryos, 
evidenced by both morphological observation and FACS analysis 
(Fig. 6, D and E). These results together suggested that the hemo-
genic specification of ECs in the AGM region was at least partially 
blocked in the absence of Srsf2.

We next used an organ culture and transplantation strategy to 
determine whether Srsf2 deletion would affect the ontogeny of 
HSCs in vivo. E10.5 AGM regions from Srsf2 mutant and control 
embryos (CD45.2/2) were isolated and cultured for 3 days in a 
growth factor cocktail to promote HSC formation. Then, the tissues 
were digested into single cells that were subsequently injected into 
the tail veins of lethally irradiated CD45.1/1 adult recipients (Fig. 6F). 
After 16 weeks, we euthanized the recipient mice and measured the 
degree of donor cell (CD45.2/2) chimerism and the relative fre-
quencies of key hematopoietic cell populations. We found that the 
recipients of cells from littermate control embryos exhibited an 
average of 83.96% chimerism in the peripheral blood, while those 
from Srsf2 mutant embryos showed an average of only 30.93% 
chimerism (Fig. 6G), with this decrease in donor cell frequency 
affecting myeloid, B, and T cell lineages (Fig. 6H). Together, the 
splicing factor Srsf2 is required for the normal generation of HSCs 
in the AGM region, probably acting on the initial specification 
of HECs.

Srsf2 coordinates hemogenic-specific AS events
To understand the role of Srsf2 in hemogenic potential, we compared 
the transcriptomes of CD44+ ECs, involving both phenotypic AECs 
and HECs, from E10 AGM regions of Srsf2 mutant and control 
embryos. We identified 2026 genes with significantly different 
expression between Srsf2 mutant and control ECs, of which 1036 
were decreased and 990 were increased in the mutants (Fig. 7A and 
table S6A). In ECs lacking Srsf2, the expression of several hemato-
poietic regulators was down-regulated including Gata2 (38), Dnmt1 
(39), Cd40 (40), Jag1 (41), and Wnt2 (42) (Fig. 7A and table S6A). In 
contrast, endothelium-associated factors such as Sox7 (43) and 
Sox17 (44) were up-regulated (Fig. 7A and table S6A). Overall, the 
expression of many of the HEC or T1 pre-HSC signature genes 
(Fig. 2A) was lower under Srsf2 deficiency (Fig. 7B and table S6B). 

These results reflect a profound disruption to the gene expression 
programs required for EHT, accounting for the hematopoietic defi-
ciency observed in Srsf2 mutant embryos and strongly evidencing 
the key role of this splicing regulator in embryonic hematopoiesis.

We next went on to determine the molecular changes underpinning 
the profound effects of Srsf2 deficiency on the transcriptomes of 
ECs. We first quantified global changes in the inclusion of exons in 
Srsf2 mutant and control ECs and found that the PSI of certain AS 
events was slightly lower in Srsf2 mutants than controls, indicating 
reduced exon inclusion (Fig. 7C). This is consistent with the bias of 
SRSF2 toward exon recognition and inclusion (45, 46). Notably, 
among the down-regulated AS events, several were annotated to 
essential EHT regulators, including the transcription factors Runx1 
and Myb and the vesicular transport COPII (coat protein complex II) 
component Sec31a (Fig. 7, D and E, and table S6C) whose alterna-
tive exon 14 affected hemogenic function in vitro (Fig. 4D). More-
over, the PSI of changed AS events during EHT was more decreased 
after Srsf2 knockout (KO) (Fig. 7F), including AS events from 
Runx1 and Myb. RNA motif enrichment analyses showed that the 
down-regulated AS events were significantly enriched with Srsf2 
recognition sequences (GGAG[AU][AGU]), while the up-regulated 
AS events were not (Fig. 7G), suggesting a specific requirement for 
Srsf2 on the inclusion of its target AS events. Together, these results 
indicate that Srsf2 regulates the emergence of HSC during embryonic 
hematopoiesis, which is likely through defining the splicing patterns 
of essential EHT regulators.

DISCUSSION
The current interest in stem cell–based therapies has emphasized 
the importance of understanding how tissue-specific stem cells are 
specified during development. The hematopoietic system may be a 
paradigm for this. Research over recent decades has begun to clarify 
the cellular and molecular processes underlining the initial emer-
gence of HSCs (47, 48). However, our current knowledge of gene 
expression and function is mainly based on the observations at the 
gene level. This is problematic, because it is well established that 
transcribed mRNAs commonly undergo AS to generate distinct 
transcript isoforms and ultimately yield protein products that differ 
in their functional properties; therefore, transcriptome analyses 
that do not consider transcriptional isoforms will miss important 
information and paint an incomplete or misleading picture of the 
complex process of hematopoietic development. In the current 
study, we described the genome-wide isoform-based transcriptome 
landscape at single-cell resolution, which enabled the identification 
of cell type–specific isoforms, AS events, and a previously unidenti-
fied regulatory mechanism of HSC formation.

Our analysis of transcriptional isoform expression during EHT 
identified numerous previously undetected AS switches that 
occurred in the absence of appreciable changes at the gene expres-
sion level, providing evidence of an additional layer of regulation of 
HSC formation in the embryo. For example, we illustrated that AS 
events in the products of genes Sec31a, Pisd, Tmpo, and Ntmt1 had 
a positive hemogenic effect in in vitro functional assays. Among 
these, Sec31a encodes a core component of the COPII complex, 
trafficking newly synthesized membrane and secretory proteins 
from the endoplasmic reticulum to Golgi (49). Because the impaired 
hematopoiesis seen in congenital dyserythropoietic anemia type II 
and combined deficiency of coagulation factors V and VIII (F5F8D) 
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Fig. 6. Srsf2 was required for HSC emergence in AGM. (A) Morphology of E10 Srsf2f/+ or Srsf2f/f (33 somite pairs) and Vec-Cre;Srsf2f/f (33 somite pairs) embryos. (B) Representative 
flow cytometry analysis of the frequencies of CD44+ ECs and immunophenotypic defined HECs in the E10 AGM of Srsf2f/+ or Srsf2f/f and Vec-Cre;Srsf2f/f embryos. APC, 
allophycocyanin; PE, phycoerythrin. (C) Schematic illustration of hematopoietic induction from ECs. IL-3, interleukin-3. FL, FLT-3 ligand. (D) Representative view of the 
hematopoietic cells (round) generated from 500 ECs after coculture with OP9-DL1 cells for 7 days. (E) Representative flow cytometry analysis of the frequencies of 
CD45+Kit+ hematopoietic progenitors and Gr1/Mac1+myeloid cells after OP9-DL1 coculture. (F) Schematic illustration of E10.5 AGM organ culture. (G) Donor chimerism 
in peripheral blood of recipients after transplantation of E10.5 AGM organ culture. Data are collected from 13 (Srsf2f/+ or Srsf2f/f) and 11 (Vec-Cre; Srsf2f/f) recipients. (Data 
are represented as means ± SEM.) (H) Donor chimerism of myeloid (Gr1+/Mac1+), B lymphoid (B220+), and T lymphoid (CD3+) cells repopulated by E10.5 AGM organ culture 
after 16 weeks of transplantation. (Data are represented as means ± SEM.)
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results from defects in the COPII transport system (50), the involve-
ment of Sec31a, and especially the Sec31a-202 isoform, in embryonic 
hematopoiesis should be further explored. Moreover, genes in-
volved in other cellular processes, including Pisd, which is associated 
with mitochondrial functions (51), and Tmpo, which is related to 
cell proliferation and tumorigenesis (52), might also contribute to 
the embryonic hematopoiesis. Although the precise expression and 
roles of these genes and their specific isoforms need to be further 
defined in hematopoietic context, there is already evidence of the 
isoform-specific functions in different systems. As to the essential 
regulator of HSC formation, Runx1, we detected two isoforms, 
Runx1-201 and Runx1-207, respectively, corresponding to protein 

isoform Runx1c and a noncoding transcript, in HECs and T1 
pre-HSCs, indicating the importance of Runx1c for pre-HSC emer-
gence. Although data from an in vitro mouse pluripotent stem cell 
system indicate that the protein levels of the Runx1b isoform need 
to be restricted for the successful completion of EHT (53), the exact 
roles of Runx1c and Runx1b isoforms during AGM EHT need to be 
further investigated in vivo. There is already evidence from other 
systems that specific AS isoforms can have key regulatory roles: the 
Rbfox1 isoforms, which have different cellular localizations and are 
associated with distinct gene expression programs in neuronal 
differentiation (54); the exon 2–skipping MKK7 isoform, which is 
specifically required for T cell activation as it includes an additional 
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Fig. 7. Loss of Srsf2 disrupts gene programs required for HSC formation. (A) Heatmap showing the differential expressed genes between Srsf2f/+ or Srsf2f/f (f/+ or f/f) 
and Vec-Cre;Srsf2f/f (Vec-Cre;f/f) cells. (B) Dot plot showing the expression comparison between HEC (left) or T1 pre-HSC (right) signature genes (x axis) and differentially 
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site for c-Jun N-terminal kinase docking (55); and the titin isoforms, 
whose precise ratios determine the passive tension of cardiomyocytes 
and the stiffness of the myocardium wall (56). Together, with our 
own findings, these studies provide further evidence of the need for 
a paradigm shift from the current “gene centric” to an “isoform 
centric” approach to transcriptional analyses, making the study of gene 
isoforms an important aspect of biological networks. Accordingly, 
acquiring knowledge of transcript diversity during EHT is a neces-
sary first step for understanding the isoform-specific functions of 
key proteins and their regulators during embryonic hematopoiesis.

The role of AS in expanding transcriptomic diversity is already 
known. Using full-length single-cell transcriptome data, we were 
able to explore the distribution and variation of AS events at the 
single-cell level using the modality strategy. The representation of 
AS modalities across different cell populations was remarkably 
consistent, with nearly 70% of AS events being unimodal (~26% 
inclusion, ~31% exclusion, and ~17% middle). A distinct property 
of included AS events is high evolutionary conservation, possibly to 
endow cells with specific functions. As to the HEC- or T1 pre-HSC–
specific included events, almost half were switched from other 
modalities in their adjacent early developmental stages. This gradual 
modality switch occurred concomitantly with the stepwise cell fate 
commitment from AEC to HEC and then to T1 pre-HSC. A major 
cluster of the hemogenic-specific included exons were enriched for 
genes involved in the posttranscriptional regulation of gene expres-
sion, indicating a previously unrecognized importance of RNA 
regulation in this process.

Notably, a large subset of HEC- and pre-HSC–specific included 
AS events were predicted to be under the control of Srsf2, one of the 
founding members of the serine/arginine-rich protein family of 
splicing factors that is involved in both constitutive and AS. The 
potential close relationship between Srsf2 and the hematopoietic 
system is evidenced by the frequent mutation in Srsf2 gene in 
myelodysplastic syndromes and chronic myelomonocytic leukemia 
(36, 37). Mechanicistic investigation of its role in leukemia indicated 
that mutations altered the RNA-binding characteristics of Srsf2 and 
caused extensive mis-splicing of hundreds of genes (57). Here, we 
showed that Srsf2 was essential for the onset of hematopoiesis, as 
Srsf2 deficiency in endothelial cells resulted in failure to generate 
HSCs from endothelial precursors. By comparison, Srsf2 deletion 
from mature HSCs led to enhanced apoptosis and decreased HSPCs 
(34), suggesting the sustainable requirement of Srsf2 from HSC 
emergence to maintenance. Loss of Srsf2 changed the splicing 
pattern of two master EHT regulators, Runx1 and Myb, in HECs, 
the transient population between endothelial cells and specified HSCs. 
As to Runx1, the Srsf2-orcherasted alternative usage of exon 6 led to 
the generation of Runx1 isoforms with (canonical Runx1c) or with-
out exon 6 (Runx1cEx6−), which have been demonstrated to have 
distinct roles in the maintenance of HSC pool size (58). Moreover, 
the expression of the two best known Myb isoforms, p75 and p89, of 
which the larger isoform is encoded by a transcript containing the 
additional exon 10 (59), was also disturbed by loss of Srsf2. The 
inclusion of exon 10 equips Myb p89 with additional amino acids 
involved in protein-protein interaction (59), possibly rendering it 
specifically required for HSC emergence. Yet, the exact function of 
these isoforms needs to be further investigated in the context of 
embryonic hematopoiesis.

Characterizing the landscape of AS profiles during hematopoietic 
ontogeny allowed us to explore previously unidentified regulatory 

mechanisms that complement the conventional epigenetic and tran-
scriptional processes at work in EHT. These findings also contribute 
to the functional annotation of the genome by indicating the necessity 
for the study of alternatively spliced isoforms during transcriptional 
analysis. Regulators that govern the selection of cell type–specific 
AS events may have dominant functions in driving the completion 
of these cellular processes. This knowledge will be essential for the 
continued effort to validate the existence and molecular significance 
of transcript diversity across all biological systems.

MATERIALS AND METHODS
Mice
Mice were bred in specific pathogen–free condition, and mice experi-
ments were approved by the ethics committee of the affiliated hospital 
of Academy of Military Medical Sciences. Vec-Cre mice were purchased 
from the Jackson Laboratory. Srsr2fl/fl (B6.129S4-SRsf2tm1Xdfu/J, 
the Jackson Laboratory) mice on c57BL/6 background (CD45.2/2) 
were provided by X.-D. Fu. Vec-Cre male mice were crossed with 
female Srsr2fl/fl mice to obtain conditional Srsf2 KO embryos and 
littermate controls at E10.0 (31 to 35 somite pairs) or E10.5 (36 to 40 
somite pairs).

Flow cytometry
Cells were sorted and analyzed by flow cytometers FACSAria 2 and 
Calibur (BD Biosciences), and the data were analyzed using FlowJo 
software (Tree Star). 7-aminoactinomycin D (eBioscience) was 
used to exclude dead cells. For index sorting, the FACSDiva 8 
“index sorting” function was activated, and sorting was performed 
in single-cell mode.

Preparation of single-cell RNA-seq library
FACS-enriched cells were kept on ice until lysed and reverse- 
transcribed. Morphologically deformed cells were discarded. Single 
cells were rinsed in phosphate-buffered saline–bovine serum albu-
min and manually transferred into cell lysis buffer with a mouth 
pipette; 0.05 l of 1:200,000 dilution of External RNA Controls 
Consortium (ERCC) RNA spike-in Mix1 (Ambion) was added to 
lysis buffer per reaction. The cDNA libraries from single cells were 
generated as described previously (7). Fifty to 200 ng of amplified 
single-cell or 10-cell-pool cDNAs were sonicated to ~250–base pair 
fragments by the Covaris S2 system, and libraries were generated 
using a NEBNext Ultra DNA Prep Kit for Illumina (New England 
Biolabs, E7370) following the manufacturer’s protocol.

Single-cell Nanopore-seq library preparation 
and sequencing
After digestion, single cells were placed into 1.35-l lysis buffer by 
mouth pipette. Then, the cDNA libraries from single cells were 
generated and amplified as described using a method named 
SCAN-seq (60).

Colony-forming unit assay
Lentivirus-infected CD31+ cells were seeded onto OP9-DL1 stromal 
cells and cocultured 3 days for subsequent colony-forming unit–C 
(CFU-C) assay. These cells were collected and plated in a 35-mm 
petri dish containing 2 ml of methylcellulose-based medium with 
recombinant cytokines (MethoCult). The cells were incubated at 
37°C with 5% CO2 for 7 days for colony quantification.
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Hematopoietic induction on OP9
E10.0 AGM was dissected into single-cell suspensions as routine aseptic 
operation. After antibody staining, 500 FACS-sorted CD31+CD41− 
CD43−CD45− endothelial cells were cultured on mouse OP9 stromal 
cells and supplemented with hematopoietic cytokines [stem cell factor 
(SCF), 50 ng/ml; interleukin-3 (IL-3), 10 ng/ml; and FLT-3 ligand 
(FL), 10 ng/ml]. After culture for 7 days, cells were harvested by 
mechanical pipetting for flow cytometry analysis.

Organ culture and transplantation
AGMs were isolated from the caudal of E10.5 embryos (four female 
mice) and cultured using an ex vivo organ culture system as 
previously described (61). The medium used for the AGM culture 
contained M5300 (STEMCELL Technologies), 1% penicillin/
streptomycin (Gibco), 10−6 M hydrocortisone (STEMCELL Tech-
nologies), and cytokines cocktail (SCF, 50 ng/ml; IL-3, 10 ng/ml; 
and Flt3 ligand, 10 ng/ml). After being cultured for 3 days, AGMs 
were dissociated in collagenase for transplantation. Either 0.5 or 
1 embryo equivalent (ee) of donor mice was transplanted into one 
recipient mouse (one AGM from one donor mouse for one or two 
recipient mice equally). The ee of KO and control mice in each 
experiment was consistent. Eight- to 12-week-old female C57BL/6 
(CD45.1/1) mice were exposed to a dose of 4.5-gray -irradiation 
(60Co) twice with a 2-hour interval. AGM cells (CD45.2/2), together 
with 2 × 104 nucleated bone marrow cells (CD45.1/2), were injected 
into irradiated adult recipients via the tail vein. Peripheral blood 
samples from recipients were analyzed to assess donor chimerism 
every 4 weeks until 16 weeks after transplantation. Peripheral blood 
samples from recipients were analyzed to assess donor chimerism 
every 4 weeks until 16 weeks after transplantation. Red blood cells 
(RBCs) were lysed with RBC lysis buffer before antibody staining. 
The recipients demonstrating ≥5% donor-derived chimerism in 
peripheral blood were counted as successfully reconstituted (11).

DNA extraction and genotyping
For adult mouse or mouse embryo genotyping, the mouse tails or 
embryonic tails were separated and digested. DNA was briefly 
centrifuged and isolated as a template for polymerase chain reac-
tion (PCR). PCR genotyping for Srsf2 mice was performed on the 
mouse tail DNA using a cocktail of two primers (forward: GGT-
TATTTGGCCAAGAATCAC; reverse: CCATGGACCGATG-
GACTGAG). Thermal cycling was carried out as follows: initial 
denaturation at 94°C for 5 min, followed by 35 cycles of denaturation 
at 94°C for 30 s; primer annealing at 60°C for 30 s, chain elongation 
at 72°C for 90 s, and final extension at 72°C for 10 min. PCR 
genotyping for Vec-Cre mice was performed using a cocktail of two 
primers (forward: CCAGGCTGACCAAGCTGAG; reverse: CCT-
GGCGATCCCTGAACA). Thermal cycling was carried out as 
follows: initial denaturation at 94°C for 5 min, followed by 35 cycles 
of denaturation at 94°C for 30 s, primer annealing at 57°C for 30s, 
chain elongation at 72°C for 90 s, and final extension at 72°C 
for 10 min.

RNA FISH
E11 mouse embryos were isolated, fixed with 10% neutral buffered 
formalin for 24 hours at 4°C, embedded in paraffin, and sectioned 
at 5 to 6 m with Leica RM2235. Slides were baked at 60°C for 
1 hour and deparaffinized with xylene followed by 100% alcohol for 
two rounds and then subjected to the manufacturer’s instruction 

provided with the BaseScope Duplex Detection Reagent Kit (ACD, 
a Bio-Techne brand). Briefly, slides were incubated with hydrogen 
peroxide for 10 min before boiled in RNAscope 1× Target Retrieval 
Reagent at 95 to ~99°C for 15 min. After target retrieval, the sec-
tions were treated with RNAscope Protease IV and incubated at 
40°C for 30 min. The prepared sections were then hybridized with 
corresponding probes (each specific probe was mixed with Runx1 
probe, and the specific probes and Runx1 probe were labeled by 
different dyes), and 12 steps of signal amplification treatment with 
BaseScope Duplex Amp 1 to 12 reagents and 2 steps of dyeing. After 
all the hybridization and sequential amplification, the slides were 
stained with 4′,6-diamidino-2-phenylindole. Images were collected 
with a fluorescence microscope (Zeiss Axio Imager M2).

Lentivirus infection
For lentivirus production, recombination lentiviruses expressing 
shRNAs against T1 pre-HSC specific isoforms or empty vector were 
produced using pSIH-based constructs, and the lentivirus packaging 
was performed using the pPACKH1 Lentiviral Vector Packaging Kit 
(LV500A-1, SBI System Biosciences) according to the manufacturer’s 
instructions. The virus particles were collected and condensed using 
the PEG-it Virus Precipitation Solution (SBI System Biosciences).

Magnetic-activated cell sorting–sorted AGM CD31+ cells were 
first cultured in 24-well plate for 12 hours before lentivirus infection 
and then were infected with lentivirus at a multiplicity of infection 
of 100 in the presence of polybrene (8 g/ml) for 6 hours.

Quantitative PCR
Total RNA was extracted from cells using TRIzol reagent (Invitrogen) 
according to the manufacturer’s instruction. The RNA was quanti-
fied by absorbance at 260 nm. cDNA was synthesized by Moloney 
Murine Leukemia Virus (M-MLV) reverse transcriptase (Invitrogen) 
from total RNA. Oligo(dT) 18 primers were used as the reverse tran-
scription (RT) primers for reverse transcription of mRNAs. Quan-
titative real-time PCR was carried out using LightCycler 480 
Instrument II (Roche) in triplicate. The data were normalized to 
glyceraldehyde-3-phosphate dehydrogenase mRNA expression.

RNA-seq data processing
All single-cell RNA-seq data were firstly trimmed for adaptor 
sequences and low-quality bases using trimmomatic (version 0.36) 
(62) with parameters “LEADING:5 TRAILING:5 SLIDINGWIN-
DOW:4:15 HEADCROP:20 CROP:101 MINLEN:101.” Trimmed reads 
were mapped to GENCODE (version M22) mouse genome (mm10) 
with STAR (version 2.7.3a) (63) using parameters “--outSAMattri-
butes All --outSAMtype BAM SortedByCoordinate --quantMode 
TranscriptomeSAM GeneCounts --twopassMode Basic.” Then, 
SAMtools (version 1.9) (64) was used to sort and index aligned 
BAM files. Isoform-level expression was quantified as transcripts 
per million reads (TPM) with Salmon (version 1.1.0) (65) using 
aligned transcriptome BAM files from STAR output. R package 
“tximport” (version 1.16.1) (66) was used to map transcripts to 
gene-level expression.

Single-cell Nanopore-seq processing
Guppy (version 3.5.2) was used for basecalling and for generating 
the FASTQ data from electric signals. Then, the nanopack software 
(https://github.com/wdecoster/nanopack) were used to perform 
quality control. After that, all sequenced reads were mapped to 

https://github.com/wdecoster/nanopack
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GENCODE (version M22) mouse genome (mm10) with minimap2 
(version 2.18-r1015) (67) with default parameters. Isoform-level 
expression was firstly quantified as counts with Salmon (version 1.1.0) 
(65) and then normalized as reads per transcript per 10,000 reads.

Transcriptional diversity analysis
Genes and isoforms with TPM > 1 in at least one cell were kept for 
further analysis. The UMAP analysis was applied to isoform and 
gene levels for dimensional reduction and clustering with R package 
“Seurat” (version 3.1.4) (68) using normalized value TPM as input. 
Top 10,000 features with high variation were kept for dimensional 
reduction and clustering analysis. Genes with more than one iso-
form expressed (TPM > 1) in one cell were consider as “multi- 
isoform gene.” In Fig. 1E, a multi-isoform gene detected in at least 
five cells in a stage was regarded as a multiple type in this stage. 
HEC-initiated multi-isoform genes were defined as genes that do not 
express any or express only one isoform at AEC stage but express 
multiple isoforms in both the HEC and T1 pre-HSC stages. T1 pre-
HSC–initiated multi-isoform genes were defined as genes that do 
not express any or express only one isoform at the AEC and HEC 
stages but express multiple isoforms in the T1 pre-HSC stage. R pack-
age “ggalluvial” (version 0.11.3) was used to draw a Sankey diagram.

Differential expression analysis
A gene/isoform expressed in at least five cells was remained for 
differential analysis. Two-tailed Wilcoxon rank sum test was used 
to estimate the statistical significance of differential expressed 
isoforms and genes between neighboring stages. Log2-transformed 
fold change of a gene was calculated as follows

   logFC =  log  2   (     median( E  x   ) + c  ─  median( E  y   ) + c   )     

where Ex and Ey represent the expression values of stages x and y, 
while c is a minimum constant (0.01) set to avoid infinite value.

Differential expressed genes and isoforms between two stages 
were identified with Benjamini-Hochberg correction P value < 0.05 
as the cutoff, while nondifferential expressed genes were calculated 
with false discovery rate > 0.1 as the cutoff. Differential expressed 
genes or isoforms with median TPM > 1 in at least one of the two 
stages were kept for further analysis.

HEC and T1 pre-HSC signature genes in fig. S2A were defined 
as up-regulated genes in HECs and T1 pre-HSCs compared with 
adjacent early developmental stages. Overlap genes between HEC 
and T1 pre-HSC signature genes were regarded as HEC signature 
genes. Signature isoforms in Fig. 2A were obtained in a similar way 
as signature genes expect that the differentially expressed isoforms 
at only the isoform level but not the gene level were kept. R package 
“ggtern” (version 3.3.0) was used to draw a ternary phase diagram.

AS analysis
PSI () of alternative spliced events were quantified with filtered 
and sorted BAM files using MISO (version 0.5.4) (25) and MAJIQ 
(version 2.0) (27) with default parameters. The minimum counts of 
junction reads were set to 5. We developed Perl scripts to map AS 
events to genes with exon location. Meanwhile, we developed an R 
script to map AS event IDs from MISO and MAJIQ together on the 
basis of the alternative spliced exon location. Anchor (version 1.1.1) 
(26) was used to estimate the modalities of AS events per stage. Only 

the AS events observed in at least five cells per stage were considered. 
The modalities of AS events were assigned according to the maximum 
values of log2 Bayes factor with a cutoff of 1.

Two-tailed Wilcoxon rank sum test was used to estimate the 
statistical significance of differential AS events between AEC and 
HEC stages. If the PSI of AS events was detected within less than 
five cells in one of the two compared stages, then the PSI of the AS 
events in the stage was set to 0 before testing.

AS events with modality change from nonincluded to included 
modality from AEC to HEC and remained included in T1 pre-HSC were 
defined as HEC-initiated included AS events. AS events with nonin-
cluded modalities in AEC and HEC but changed to included modality 
in T1 pre-HSC were defined as T1 pre-HSC–initiated included events.

Motif enrichment, GSEA, and functional enrichment analysis
Motif enrichment analysis of alternative spliced exons was per-
formed with ES events using rMAPS2 (version 2.2.0) (33) with 
default parameters. Eighty-one human RBPs in rMAPS2 were 
transformed into mouse homolog genes and then used for motif 
enrichment (table S5C). Motif enrichment in Fig. 5 (A and B) was 
performed using HEC- and T1 pre-HSC–initiated included ES 
events against with background ES events. The nonmultimodal ES 
events with no modality change during EHT and the absolute value 
of PSI (differences between the median PSI of two stages) less than 
0.05 were selected as background events. The significant enriched 
RBPs of HEC- and T1 pre-HSC–initiated included ES events were 
determined with following strategies: The minimum P value in at 
least one of the four regions should be less than 0.05, and the maxi-
mum mean motif enrichment score in at least one of the four 
regions should be more than 0.1. Only the smallest P value in an 
individual enriched region of each RBP was used to plot the bubble 
plot in Fig. 5 (A and B).

GSEA was performed with neighboring stages during the EHT 
process by using GSEA software (http://software.broadinstitute.
org/gsea/index.jsp) (69) against Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways.

The Metascape online web server (70) was used to perform GO 
and pathway enrichment analysis with the “Express Analysis” 
option. Top 10 enriched terms were selected for enrichment network 
visualization. Cytoscape (version 3.7.1) (71) was used to modify and 
visualize the network of enriched terms. To perform enrichment 
analysis of isoform with protein coding abilities, we first mapped 
ensembl isoform IDs to ensembl protein IDs and then input them 
into Metascape. At the AS event level, we only selected the AS events 
that fall into the CDS region and then mapped AS event IDs to 
ensembl gene IDs before functional enrichment analysis.

Srsf2 KO analysis
All bulk RNA-seq data were processed and aligned with the same 
strategy as single-cell RNA-seq data. Then, gatk MarkDuplicates 
(72) was used to remove PCR duplicates. Gene level expression was 
quantified as raw counts and TPM with salmon. R package “edgeR” 
(version 3.26.8) (73) was applied to determine the statistical signifi-
cance between f/+ or f/f and Vec-Cre;f/f samples. Genes with P value 
< 0.05 and absolute value of logFC more than 1 were identified as 
differential expressed gene. R package “pheatmap” (version 1.0.12) 
was used to draw a heatmap.

MISO (version 0.5.4) (25) was used to identify differential AS 
events between f/+ or f/f and Vec-Cre;f/f samples. AS events with 
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Bayes factors >5 and absolute value of PSI more than 0.1 were 
identified as differential. Kolmogorov-Smirnov test was used to 
determine the significance of PSI distribution between f/+ or f/f and 
Vec-Cre;f/f samples. Motif enrichment analysis of Srsf2 was per-
formed using rMAPS2 with up-regulated and down-regulated AS 
events between f/+ or f/f and Vec-Cre;f/f samples against background 
AS events. AS events with Bayes factors <2 and absolute value of 
PSI less than 0.05 were selected as background events when 
performing motif enrichment analysis. Sashimi plots and peak 
distribution of indicated AS events were visualized with Integrative 
Genomics Viewer (version 2.3.83) (74).

Statistics
No statistical methods were used to predetermine sample size. In 
general, chimerism comparisons and CFU-C number comparisons 
were performed using two-sided Wilcoxon rank sum test. Statistical 
analysis was performed using R.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg5369

View/request a protocol for this paper from Bio-protocol.
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