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I M M U N O L O G Y

SRSF1 serves as a critical posttranscriptional regulator 
at the late stage of thymocyte development
Zhihong Qi1†, Fang Wang1†, Guotao Yu1†, Di Wang2†, Yingpeng Yao1, Menghao You1, 
Jingjing Liu1, Juanjuan Liu1, Zhen Sun1, Ce Ji1, Yuanchao Xue2, Shuyang Yu1*

The underlying mechanisms of thymocyte maturation remain largely unknown. Here, we report that serine/
arginine-rich splicing factor 1 (SRSF1) intrinsically regulates the late stage of thymocyte development. Conditional 
deletion of SRSF1 resulted in severe defects in maintenance of late thymocyte survival and a blockade of the 
transition of TCRhiCD24+CD69+ immature to TCRhiCD24−CD69− mature thymocytes, corresponding to a notable 
reduction of recent thymic emigrants and diminished periphery T cell pool. Mechanistically, SRSF1 regulates the 
gene networks involved in thymocyte differentiation, proliferation, apoptosis, and type I interferon signaling 
pathway to safeguard T cell intrathymic maturation. In particular, SRSF1 directly binds and regulates Irf7 and Il-
27ra expression via alternative splicing in response to type I interferon signaling. Moreover, forced expression of 
interferon regulatory factor 7 rectifies the defects in SRSF1-deficient thymocyte maturation via restoring expres-
sion of type I interferon–related genes. Thus, our work provides new insight on SRSF1-mediated posttranscrip-
tional regulatory mechanism of thymocyte development.

INTRODUCTION
Intrathymic T cell precursors undergo a step-wise development, 
originating from CD4−CD8− double-negative (DN) thymocytes—
which can be further subcategorized into DN1, DN2, DN3, and 
DN4 subsets by tracking the expression of surface markers CD25 
and CD44—and then differentiate into the CD4+CD8+ double- 
positive (DP) cells (1). Those DP thymocytes expressing  T cell 
receptors (TCRs) that can interact with major histocompatibility 
complex (MHC) molecules undergo positive selection, resulting in 
commitment and differentiation into either CD4+CD8− or CD4−CD8+ 
single-positive (SP) thymocytes, respectively (2, 3). Both DP and SP 
thymocytes with high affinity for TCR-peptide-MHC interaction are 
forced into negative selection, also termed as clonal deletion by apop-
tosis, or diverted into alternative lineages, for example, Foxp3+ reg-
ulatory T cells (4). SP thymocytes that survive these processes must 
still undergo a series of steps for final maturation before they gain 
functional competency and enter the periphery T cell pool (5).

The dynamic alterations of surface markers associated with 
functional changes are important for understanding the molecular 
mechanisms guiding T cell intrathymic maturation. For instance, 
the expression of Qa2 and CD24 (also called heat-stable antigen) is 
used to define the maturation degree of thymocytes (6–9). According 
to the expression of CD24 and CD69, TCRhi thymocytes can 
be further subdivided into TCRhiCD69+CD24+ immature and 
TCRhiCD69−CD24− mature populations. The TCRhiCD69+CD24+ 
immature cells are composed of four subsets, including post-
selection DP thymocytes, CD4+CD8lo intermediate cells (IMs), 
and immature CD4 SP and CD8 SP thymocytes, whereas the 
TCRhiCD69−CD24− mature population contains mature CD4 and 
CD8 SP subsets (10). During the transition from immature to ma-
ture thymocytes, the expression of Qa2, CD62L, and sphingosine 
1–phosphate receptor 1 (S1PR1) is up-regulated accompanied with 

CD69 and CD24 down-regulation to access the emigration (11). 
The transition of thymocytes throughout the processes of matura-
tion is dependent on signals transmitted by TCR, cytokine recep-
tors, and various cell surface molecules (12, 13), which are critical to 
successfully sustain their differentiation, antiapoptosis, and prolif-
eration. Over the decades, accumulating studies have shown that a 
series of mediators are required for these processes, which are largely 
involved in nuclear factor B signaling pathway (14). A recent work 
by Xing and colleagues (15) reported that type I interferon signaling 
is correlated with terminal maturation via up-regulating signal 
transducer and activator of transcription 1 (STAT1) and interferon 
regulatory factor 7 (IRF7) expression and promoting the surface 
Qa2 expression, which provided a new insight into T cell matura-
tion in response to type I interferon signal. However, the complicated 
mechanisms of T cell terminal maturation are rarely understood.

Serine/arginine-rich splicing factor 1 (SRSF1; also known as 
SF2/ASF) is a pivotal posttranscriptional regulator for gene expres-
sion in various biological processes (16). A recent study demonstrated 
the essential roles of SRSF1 in controlling T cell hyperactivity and 
systemic autoimmunity (17). However, the roles of SRSF1 involved 
in thymocyte development remain unknown. In this study, we re-
port that conditional ablation of SRSF1 in DP thymocytes leads to 
substantial defects on terminal maturation. We further verified that 
SRSF1 promotes proliferation and survival of thymocytes by mod-
ulating the T cell regulatory networks posttranscriptionally. In 
particular, SRSF1 controls the abundances of Il27ra and Irf7 via 
alternative splicing (AS), which are critical in response to type I in-
terferon signaling for supporting thymocyte maturation.

RESULTS
SRSF1 plays critical roles in the late stage of  
thymocyte development
To elucidate the function of SRSF1 in the late stage of thymocyte 
development, we crossed Srsf1fl/fl mice (18) with Lck-Cre mice (19), 
which drives the Cre recombinase expression by proximal Lck pro-
moter (20) and effectively deletes the floxed gene fragment at the 
DP stage (21, 22), to conditionally inactivate SRSF1 (Fig. 1A). The 
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expression of SRSF1 at mRNA (fig. S1A) and protein levels (fig. S1B) 
was determined in distinct subsets including DN3, DN4, ISP, DP, 
CD4+ SP, and CD8+ SP thymocytes of Srsf1fl/flLckCre/+ mice and 
littermate Srsf1fl/fl (henceforth called control) mice as controls. The 
results indicated that SRSF1 was initially ablated from the immature 
single-positive (ISP) stage and effectively deleted in DP and SP thymo-
cytes from Srsf1fl/flLckCre/+ mice. Compared with controls, Srsf1fl/flLckCre/+ 
mice exhibited normal size and cellularity of thymus (Fig. 1B). The 
frequency and cell numbers of both CD4+ and CD8+ thymocytes 
from SRSF1-deficient mice were substantially decreased (Fig. 1, 
C and D). Whereas no statistical difference in absolute numbers of DP 
and DN thymocytes was observed, there was a notable increase in the 
frequency of these two subsets (Fig. 1, C and D). Since SRSF1 was not 
deleted in DN3 and DN4 subsets (fig. S1, A and B), Srsf1fl/flLckCre/+ 
mice exhibited normal early T cell development and TCR rearrange-
ment in DN3 and DN4 subsets (fig. S1, C to F).

We next focused on the postselection TCRhi thymocytes. The 
frequency and cell numbers of TCRhi thymocytes (top row in Fig. 1, 
E and F) and TCRhiCD69−CD24− mature subset (second row in 
Fig. 1, E and F) were decreased by ~50% or more from Srsf1fl/flLckCre/+ 
mice compared with those from controls. The frequency of TCRhi 
CD69+CD24+ immature T cell exhibited a relative increase, but the 
numbers were remarkably diminished (second row in Fig. 1, E 
and F). We further analyzed the subpopulations via the expression 
of CD4 and CD8, reflecting the subsequent developmental processes. 
Among the TCRhiCD69+CD24+ immature subsets, the percentages 
of DP, CD4+CD8lo IMs, and CD4+ SP subsets were not significantly 
alerted, but the absolute numbers of these subsets were remarkably 
decreased in Srsf1fl/flLckCre/+ mice (third row in Fig. 1, E and F). 
Both frequency and absolute numbers of CD8+ SP in TCRhi 
CD69+CD24+ immature subset were notably reduced in Srsf1fl/fl 
LckCre/+ mice (third row in Fig. 1, E and F). In SRSF1-deficient 
TCRhiCD69−CD24− mature population, the numbers of CD4+ 
and CD8+ SP were markedly diminished, although the frequency of 
CD4+ SP was increased, whereas the frequency of CD8+ SP was re-
duced (bottom row in Fig. 1, E and F). Moreover, TCRhiCD4+ 
CD69−Qa2+ and TCRhiCD8+CD69−Qa2+ mature thymocytes from 
Srsf1fl/flLckCre/+ mice were substantially decreased (Fig. 1, G and H). 
To exclude the possible effects of Lck-Cre transgene on thymocyte 
development, we next performed the phenotypic assay from litter-
mates Srsf1fl/fl, LckCre/+ (Lck-Cre transgene heterozygous), and Srsf1fl/fl 
LckCre/+ mice, respectively. The LckCre/+ mice exhibited normal thy-
mocyte development compared with that in control mice, whereas 
defective phenotype was only detected in Srsf1fl/flLckCre/+ mice (fig. 
S1, G and H). These data indicated that aberrant development of 
thymocytes in Srsf1fl/flLckCre/+ mice was attributed to SRSF1 deficien-
cy, but it was irrelevant to heterozygous Lck-Cre transgene. Collec-
tively, these results suggest that SRSF1 is essential for the late stage 
of T cell development and terminal maturation of SP thymocytes.

Ablation of SRSF1 impairs recent thymic emigrants 
and the peripheral T cell pool
We next investigated whether the peripheral T cell pool was affected 
in Srsf1fl/flLckCre/+ mice. The spleen exhibited normal size, but total 
cell numbers of spleen were noticeably decreased in Srsf1fl/flLckCre/+ 
mice (Fig. 2A). Both size and cell numbers of lymph nodes (LNs) 
from Srsf1fl/flLckCre/+ mice were substantially reduced compared with 
those from controls (Fig. 2A). Correspondingly, the mature CD4+ 
and CD8+ T cell populations in spleens, LNs, and peripheral blood 

cells (PBCs) were remarkably diminished in Srsf1fl/flLckCre/+ mice 
(Fig. 2, B and C). The residual peripheral T cells in spleen from 
SRSF1-deficient mice were predominantly CD44hiCD62Llo subset 
(fig. S2, A and B), exhibiting an activated/effector phenotype, which 
is generally associated with “homeostatic” expansion owing to 
lymphopenia (23). We further confirmed that the remaining T cells 
in spleen are “escapees” without effective deletion of SRSF1 (fig. S2C). 
Given that aberrant thymocyte emigration is one of the crucial fac-
tors contributing to impaired peripheral mature T cell pool (11, 24), 
we set up mice models to directly trace the recent thymic emigrants 
(RTEs) in vivo by crossing Srsf1f l/f lLckCre/+ or control mice to RAG2p- 
GFP (green fluorescent protein) transgenic mice (termed as Rag2GFP 
mice), which were applied for identifying the RTEs in periphery 
based on GFP expression (25). We observed that both the frequency 
and absolute numbers of RTEs were markedly decreased in spleens, 
LNs, and PBCs from Srsf1fl/flLckCre/+Rag2GFP mice in comparison 
with those from Rag2GFP mice (Fig. 2, D  to F). Expression of 
molecules related to migration such as CD62L, CCR7, and S1PR1 
was determined in TCRhiCD69−CD24− mature thymocytes. We 
found that all three makers had no altered expression in TCRhi 
CD69−CD24−CD4+ SP thymocytes, and S1PR1 expression was not 
changed in TCRhiCD69−CD24−CD8+ SP thymocytes from Srsf1fl/fl 
LckCre/+ mice. Whereas CD62L expression was down-regulated, CCR7 
expression was up-regulated in SRSF1-deficient TCRhiCD69− 
CD24−CD8+ SP thymocytes, respectively (fig. S2, D and E). We fur-
ther performed analysis of the RTEs in spleen. Although most RTEs 
kept the naïve status right after egress from the thymus, the percent-
age of naïve RTEs (CD44loCD62Lhi) was still lower in Srsf1fl/fl 
LckCre/+Rag2GFP mice than that in littermate Rag2GFP mice, whereas 
the frequency of activated RTEs (CD44loCD62Lhi) was elevated due 
to SRSF1 deficiency (fig. S2, F and G). However, the absolute numbers 
of both naïve and activated RTEs were notably diminished due to 
the ablation of SRSF1 (fig. S2G). Meanwhile, the SRSF1- deficient 
splenic RTEs retained efficient deletion of SRSF1 (fig. S2H) and exhib-
ited elevated apoptosis (fig. S2, I and J), resulting in failure to replenish 
the peripheral T cell pool. Collectively, SRSF1 deficiency resulted in 
notably diminished RTEs and impaired peripheral T cell pool.

SRSF1 is critical for survival of postselection thymocytes 
and proliferation of mature thymocytes
Given the elevated apoptosis in SRSF1-deficient RTEs, we extended 
the apoptosis assay in distinct subsets of postselection TCRhi thymo-
cytes during the maturation from CD69+CD24+ to CD69−CD24− 
thymocytes. We found that the percentages of annexin V+ cells were 
substantially increased in all subsets of TCRhi thymocytes (Fig. 3, 
A and B), indicating that SRSF1 is crucial for survival of thymocytes 
during the late stage development. To determine the role of SRSF1 
in thymocyte proliferation, we performed 5-bromo-2′-deoxyuridine 
(BrdU) incorporation assay in DP and mature thymocytes. We 
found that SRSF1 deficiency leads to a substantial defect in prolifer-
ation of mature CD4+ SP and CD8+ SP thymocytes but does not 
affect the expansion in both TCRloCD69−CD4+CD8+ pre-DP cells 
and TCRhiCD69+CD24+CD4+CD8+ post-DP cells (Fig. 3, C and D). 
These results indicated that SRSF1 deficiency specially caused de-
fects in proliferation of mature thymocytes before egress. Given 
that interleukin-7 (IL-7) signaling is essential for T cell survival and 
proliferation of the late stage of thymocyte subpopulations (26), 
IL-7R is down-regulated in DP thymocytes but up-regulated in SP 
thymocytes (27). We then detected IL-7R expression in mature 
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Fig. 1. SRSF1 is critical for T cell late stage development. (A) Lck-Cre (proximal) mice were crossed with Srsf1fl/fl strain to generate conditional knockout mice. Exons 2, 
3, and 4 of the Srsf1 gene flanked by LoxP sites were removed after recombination to inactivate the SRSF1. (B) Thymus images and total cell numbers of thymocytes from 
control (n = 9) and Srsf1fl/flLckCre/+ (n = 8) mice. Photo credit: Z. Qi, China Agricultural University. (C) Representative pseudocolor plot shows classic subsets of thymocytes 
with CD4 and CD8 staining. (D) Frequency and numbers of DN, DP, CD4+, and CD8+ thymocytes are statistically shown, respectively (control: n = 9; Srsf1fl/flLckCre/+: n = 8). 
(E) Characterization of postselection thymocytes. TCRhi thymocytes (top row) were detected by flow cytometry and further fractionated into CD69+CD24+ immature and 
CD69−CD24− mature subsets (second row). The immature subsets were subdivided into CD4+ SP, CD4+CD8lo, DP, and CD8+ SP populations (clockwise from top left in the 
third row), and the mature subsets were further subdivided into CD4+ and CD8+ populations (bottom row). (F) Frequency and numbers of indicated subsets are shown 
accordingly (control: n = 9; Srsf1fl/flLckCre/+: n = 8). (G) Qa2 and CD69 expression on TCRhi SP thymocytes. (H) Frequency and numbers of Qa2−CD69−and Qa2+CD69− pop-
ulations of TCRhi SP thymocytes are shown, respectively (control: n = 4; Srsf1fl/flLckCre/+: n = 5). Cumulative data are means ± SEM. ns, not statistically significant; *P < 0.05, 
**P < 0.01, and ***P < 0.001 (Student’s t test). Data are from at least three independent experiments.
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TCRhiCD69−CD24− CD4+ or CD8+ SP thymocytes. The expression 
level of IL-7R was remarkably reduced in mature SP thymocytes 
from Srsf1fl/flLckCre/+ mice (Fig. 3, E and F). Accordingly, the expres-
sion of proapoptotic genes Bax and Bcl2l11 was notably up-regulated 
in SRSF1-deficient mature CD4+ or CD8+ SP thymocytes (Fig. 3G). 

These data thus demonstrated that SRSF1 deficiency resulted in de-
fective proliferation, which is in accordance with the impaired IL-7R 
expression in mature SP thymocytes.

To further confirm the defects in thymocyte survival and prolif-
eration, excluding the microenvironment factors, we performed 
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Fig. 3. SRSF1 is required for thymocyte proliferation and survival. (A and B) Apoptosis in postselection thymocyte subsets was analyzed with annexin V staining. 
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thymocyte transfer assay in vivo as depicted in fig. S3A. Compared 
with the well-maintained wild-type (WT) donor cells in the hosts, 
those cells derived from SRSF1-deficient donor were substantially 
decreased on both days 3 and 7 after transfer (fig. S3, B and C). The 
transferred cells did not undergo proliferation on day 3, and the 
expansion of donor cells can be traced on day 7 after transfer (28). 
Therefore, the results on these two check time points strongly sug-
gested that SRSF1 deletion resulted in inherent survival and prolif-
eration defects in the thymocytes from Srsf1fl/flLckCre/+ mice.

SRSF1 regulates T cell development in a cell-intrinsic manner
To determine whether the defects on thymocyte development in the ab-
sence of SRSF1 are caused in a cell-intrinsic manner, we generated bone 
marrow (BM) chimeric mice as the flowchart depicted in Fig. 4A, 
and the recipient mice were analyzed 10 weeks after reconstitution. 
Under the identical environment from recipients, Srsf1fl/flLckCre/+ 
(CD45.2+) BM-derived thymocytes phenocopied primary SRSF1- 
deficient mice, exhibiting an increase in the frequency of DP cells and 
a remarkable decrease in percentages of CD4+ and CD8+ SP cells 
(Fig. 4, B and C). Consistently, Srsf1fl/flLckCre/+ donor-derived thymo-
cytes in chimeric mice exhibited the same developmental defects ob-
served in primary Srsf1fl/flLckCre/+ mice (Fig. 4, D and E). Srsf1fl/flLckCre/+ 
donor-derived mature CD4+ and CD8+ T cells in spleens, LNs, and 
PBCs were notably reduced (fig. S4, A and B). Thus, these data indi-
cated that SRSF1 is intrinsically required for the late stage develop-
ment of thymocytes.

Genome-wide analysis of SRSF1-binding genes  
in mouse thymocytes
To further explore the molecular mechanisms by which SRSF1 reg-
ulates thymocyte development, we performed irCLIP-seq (infrared 
crosslinking-immunoprecipitation and high-throughput sequencing) 
to profile SRSF1-binding events in thymocytes, and two independent 
replicates with a high correlation in read counts (Spearman = 0.84) 
were pooled together for the following analysis (fig. S5, A and B). 
We found that more than half of the SRSF1-RNA cross-link sites 
mapped to exonic sequences (Fig. 5A). Through calculating the dis-
tributions of SRSF1-binding peaks within 100 to 300 nucleotides 
(nt) upstream or downstream of the constitutive splice site, we ob-
served that SRSF1 “preferentially” bound to exons and enriched 
between 0 and 100 nt of the 5′ and 3′ exonic sequences flanking 
the constitutive splice sites (Fig. 5B). SRSF1-binding peaks in mouse 
thymocytes were significantly enriched in GA-rich consensus motifs 
(Fig. 5C), which was consistent with the consensus deduced from the 
mouse embryo fibroblast CLIP-seq (29). To gain insight into the 
potential function of SRSF1, we performed Gene Ontology (GO) 
analysis of SRSF1-binding genes and found that they were signifi-
cantly enriched in critical events related to thymocyte development 
including T cell differentiation, T cell proliferation, apoptotic signal-
ing pathway, and type I interferon signaling pathway (Fig. 5, D and E). 
It is worth mentioning that apoptosis-related genes Il7ra, Bax, and 
Bcl2l11 described in Fig. 3 (E to G) were directly bound by SRSF1. 
These data imply SRSF1 functions as a crucial regulator in the de-
velopment of thymocytes.

SRSF1 deficiency globally alters the gene expression 
and splicing
To explore the underlying mechanism of SRSF1-regulated gene ex-
pression involved in the late stage of thymocyte development, we 

performed RNA sequencing (RNA-seq) in TCRhi DP thymocytes, 
which is the unique developmental stage with effectively deactivated 
SRSF1 and initially exhibited the defects in thymocytes from Srsf1fl/fl 
LckCre/+ mice. A total of 731 genes were down-regulated, and 485 
genes were up-regulated in SRSF1-deficient cells (P value of <0.05, 
|log2FoldChange| ≥ 0.6) (Fig. 6A). Among these up-regulated 
genes, the pathways related to T cell apoptotic process and negative 
regulation of cell cycle were significantly enriched, and the down- 
regulated genes were involved in T cell proliferation, T cell differ-
entiation, T cell activation, and pathways related to response to 
interferon-, interferon-beta, and interferon-gamma (Fig. 6B). We 
next performed gene set enrichment analysis (GSEA), which does 
not set a preset fold change threshold but interrogates the behavior 
of the whole gene set changes. The gene sets of interferon-, 
interferon-, and interferon- response were positively enriched in 
control cells (down-regulated in SRSF1-deficient cells) (Fig. 6C). By 
quantitative polymerase chain reaction (qPCR) validation, several 
down-regulated genes that are essential for T cell development, pro-
liferation, or survival were further confirmed (Fig. 6, D and E). 
Among these genes, Runx3, Myc, Foxo1, Il2rb, and Smad7 were di-
rectly bound by SRSF1 (Fig. 5E), whereas Icos and Irf4 without 
SRSF1-binding site were regarded as indirectly down-regulated 
genes in SRSF1-deficient cells. By contrast, the expression of several 
T cell regulators involved in the late stage development of thymo-
cytes was not changed, including Bcl11b, Itk, Jun, Mcl1, Runx1, 
Ube2i, and Zap70, reflecting the specificity of the alterations in 
mRNA abundance due to ablation of SRSF1 (fig. S6A). Moreover, a 
group of type I interferon–related genes including Ifi27l2a, Ifit1, 
Il27ra, Irf7, Isg15, Oas3, Oasl2, Slfn1, Stat1, and Xaf1 were down- 
regulated in SRSF1-deficient TCRhi DP thymocytes (Fig. 6, F and G). 
However, only Il27ra, Irf7, and Stat1 gene loci have the SRSF1-binding 
sites (Fig. 5E), reflecting that most of them were regulated by SRSF1 
via an indirect manner. Together, these results indicated that abla-
tion of SRSF1 directly or indirectly alters the expression of hallmark 
genes involved in T cell development, proliferation, survival, and 
type I interferon response.

Given the biological function of SRSF1 in modulating RNA 
splicing, the inclusion-level differences of five different types of AS 
events between Srsf1fl/flLckCre/+ and control groups were calculated 
using the rMATS computational tool (fig. S6B). A total of 2317 AS 
events were identified, and those included 1742 skipped exons (SEs), 
155 retained introns (RIs), 159 mutually exclusive exons (MXEs), 
119 alternative 5′ splice sites (A5SSs), and 142 alternative 3′ splice 
sites (A3SSs). The abolishment of SRSF1 was associated with more 
skip of SEs and A3SSs or A5SSs, more retention of introns, and use 
of MXEs (fig. S6B). To better gain mechanistic insight into the direct 
role of SRSF1 in mRNA splicing of thymocytes, we further interro-
gated the SRSF1 CLIP-seq data and inferred that SRSF1 directly 
regulated AS events from the binding of SRSF1 in the vicinity of the 
AS events. The proportion of SRSF1 that directly regulated AS 
events varied according to the types of AS events. The fraction of 
SRSF1-binding events in more skipped AS was comparable with 
those in more included AS events (fig. S6C), which suggested that 
the AS factor SRSF1 both repressed and activated AS in thymocytes. 
Together, our data identified that SRSF1 functions as a posttran-
scriptional regulator in thymocytes and specifically controls the 
mRNA abundance and AS in direct or indirect manners.

To address the direct targets that account for the T cell defects in 
SRSF1-deficient mice, we interrogated genes bound by SRSF1 and 
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differentially expressed or alternatively spliced due to SRSF1 defi-
ciency. Forty-six SRSF1 directly binding genes including Irf7 and 
Il27ra were differentially spliced and down-regulated (Fig. 6, H 
and I), and both of them were known as essential regulators for the 
late stages of T cell development (15, 30, 31). Irf7 also stands out as 
a common master regulator involved in response to type I interferons 
and interferon-gamma (32), both of which were impaired in SRSF1- 
deficient TCRhi DP thymocytes (Fig. 6I). In addition, IL-27R 
functions as the receptor in IL-27 signaling, which is essential for 
the expression of Qa2 and IRF7 in the late stages of thymocyte de-
velopment (31, 33). Thus, the down-regulation and differentially 

alternative splicing of Irf7 and Il27ra may account for the defective 
development of late thymocytes in Srsf1fl/flLckCre/+ mice.

SRSF1 directly regulates splicing and expression  
of Irf7 and Il27ra
We next investigated SRSF1-mediated regulation on the expression 
of Irf7 and Il27ra via an integrated analysis of the RNA-seq and 
CLIP-seq data. A complex AS pattern in Irf7 mRNA with increased 
inclusion of distal 3′ splicing site of exon 6 and retention of intron 5 
was exhibited, and Il27ra mRNA showed reduced abundance and 
increased the ratio of exon 3 skipping in SRSF1-deficient cells 
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Fig. 4. SRSF1 regulates T cell development in a cell-intrinsic manner. (A) Flowchart of generation and analysis of BM chimeric mice. (B) Representative pseudocolor 
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(Fig. 7A). Contrastively, a series of key T cell genes were bound by 
SRSF1 without ectopic AS, including Bcl11b, Mcl1, Ube2i, and 
Zap70. There is no difference in the number of reads for mapping to 
exon-exon junctions (fig. S7A), which suggested the specificity of 
SRSF1-related mRNA splicing. Further, the ectopic splicing due to 
SRSF1 deletion was confirmed by semiquantitative reverse tran-
scription PCR (RT-PCR). The normal spliced full-length transcripts 

of Irf7 (the intron 5 was spliced out, and the proximal 3′ splicing site 
was used) and Il27ra (the exon 3 was included) were markedly re-
duced due to ablation of SRSF1 (Fig. 7B). Through sequence analysis, 
we found that the increased intron 5 retention in Irf7 mRNA gives 
rise to the premature termination codon (PTC) (fig. S7B), which 
resulted in the quick degradation of this transcript in both nucleus 
and cytoplasm as previously reported (34). On the other aspect, the 
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increased usage of the distal 3′ splicing site of exon 6 with the loss of 
96 base pairs (bp) compromised the abundance of full-length Irf7 
transcript (Fig. 7B and fig. S7B). Meanwhile, the skipping of exon 3 
in Il27ra mRNA caused a frameshift and introduced PTC (fig. S7C), 
which subsequently resulted in nonsense-mediated mRNA decay 
(NMD) (35). Western blot analysis further confirmed that AS events 

described as above led to severe reduction of IRF7 and IL-27R pro-
teins in SRSF1-deficient cells (Fig. 7C).

To verify the role of SRSF1 via directly binding in regulating AS 
of Irf7 and Il27ra RNA, we constructed minigene vectors contain-
ing the mouse genomic DNA fragment with/without SRSF1-binding 
motifs of Irf7 exon 6 and Il27ra exon 3, respectively (Fig. 7D). 
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Splicing assay in vitro was carried out in 293T cells transfected by 
minigene vectors together with KD/EV/OE plasmid of SRSF1. In 
accordance with the endogenous splicing pattern, the proportion of 
inclusion in Irf7 and Il27ra minigene was increased in the presence 
of SRSF1 compared with empty vectors, whereas SRSF1 knockdown 
markedly inhibited the inclusion of the relative exons (Fig. 7E). The 
deletion of SRSF1-binding site in exon 6 of Irf7 caused the switching 
of SRSF1-dependent inclusion to skipping of a part of exon 6. Sim-
ilarly, the deletion of SRSF1-binding site in exon 3 of Il27ra caused 
the switching of SRSF1-dependent inclusion to skipping of exon 3 
(Fig. 7E). These data thus suggested that SRSF1 controls the expres-
sion levels of IRF7 and IL-27R by directly binding and modulating 
their transcript splicing.

Enforced expression of IRF7 could rectify the defects 
in the maturation of SRSF1-deficient thymocytes
IRF7 was previously reported as a master regulator in response to 
type I interferon, which serves as the downstream target of IL-27 
signaling during the late stage of T cell development (31). Thus, we 
next attempted to explore whether enforced expression of IRF7 could 
rectify the defects in the maturation of late thymocytes caused by 
SRSF1 deficiency. To achieve this goal, lineage-negative BM cells of 
chimeric mice were constructed and analyzed as described in the 
flowchart (fig. S8A). We verified Srsf1 expression and confirmed that 
Irf7 was successfully overexpressed in donor-derived cells with in-
dicated genotypes (fig. S8, B and C). Analysis of CD45.2+GFP+TCRhi 
postselection thymocytes showed that the reduction of mature 
(TCRhiCD69−CD24−) thymocytes was substantially restored by 
forced expression of IRF7 compared with those derived from Control- 
MigR1 or Srsf1fl/flLckCre/+-MigR1 donors (top row in Fig. 8, A and B). 
We further analyzed the reconstitution of CD4+ and CD8+ T cells in 
CD45.2+GFP+ immature and mature thymocyte subsets; the frequency 
of both immature and mature CD8+ SP cells was rescued with the 
forced expression of IRF7 (second and bottom rows in Fig. 8, A 
and B). In addition, ectopic expression of IRF7 also rectified the 
proportions of CD4+ and CD8+ T cells in SRSF1-deficient CD45.2+ 
GFP+TCRhi postselection thymocytes (Fig. 8C). Furthermore, IRF7 
overexpression also elevated the cell proportion of CD69−Qa2+ cells 
in both CD45.2+GFP+TCRhi CD4+ and CD8+ SP thymocytes (Fig. 8, 
D and E). Meanwhile, the mature CD4+ or CD8+ T cells in spleen 
and LNs were significantly increased in IRF7 overexpressed cells 
compared with those from MigR1-transduced SRSF1-deficient con-
trols but were still not comparable with MigR1-transduced WT 
controls (fig. S8, D and E). Besides, we also confirmed that ectopic 
overexpression of IRF7 could largely restore the expression levels of 
type I interferon–related genes in CD45.2+GFP+TCRhi DP thymo-
cytes (Fig. 8F). Collectively, these data demonstrated that enforced 
expression of IRF7 substantially restores defects on the maturation 
of SRSF1-deficient thymocytes and rectifies the expression of a set 
of type I interferon–related genes corresponding to T cell late stage 
development.

In summary, conditional deletion of SRSF1 in DP thymocytes 
leads to a substantial reduction of TCRhi population and a severe 
blockade of the transition of TCRhiCD24+CD69+ immature thymo-
cytes to TCRhiCD24−CD69− mature thymocytes. Meanwhile, loss 
of SRSF1 leads to the down-regulated expression of Qa2 in both 
mature CD4 SP and CD8 SP thymocytes. As a result, the RTEs were 
markedly diminished corresponding to the impaired periphery T cell 
pool in SRSF1-deficient mice. SRSF1 intrinsically promotes the 

proliferation and inhibits apoptosis of those thymocytes by modu-
lating a series of genes, which are essential for T cell intrathymic 
maturation. Meanwhile, SRSF1 regulates the AS of type I interferon 
pathway–related factors IRF7 and IL-27R to safeguard the late 
stage of thymocyte development in a cell-intrinsic manner (Fig. 9).

DISCUSSION
Elucidation of the mechanism by T cell intrathymic maturation has 
always been one of the major quests in developmental immunology. 
Although the transcriptional regulation programs of T cell develop-
ment have been extensively investigated, it remains largely unknown 
about the posttranscriptional regulation mechanisms that control 
the late stage of thymocyte fate. The impact of RNA binding pro-
teins (RBPs) that have the potential to integrate multiple aspects of 
gene expression provides emerging directions in deciphering the 
complicated regulatory layers of T cell development. SRSF1 as a pivotal 
RBP has well-documented roles that functions as posttranscriptional 
regulator for mRNA splicing and translation, which are involved in 
basic physiological processes and multiple cancer genesis (36, 37). A 
recent study reported that conditional targeting of SRSF1 with dis-
tal Lck-Cre resulted in aberrant mature T cell activation and sys-
temic autoimmunity due to limitation on expression of the mTOR 
repressor PTEN (17). However, there are no obvious defects in T cell 
development in their SRSF1-deficient mice owing to the effective 
deletion that occurs in thymocytes at a very late stage (38).

In this study, we demonstrate the crucial roles of SRSF1 in pro-
moting late thymocyte development. SRSF1 plays a critical role in 
promoting the development of late thymocyte and maintaining 
peripheral T cell pool. On one hand, SRSF1 inhibits apoptosis of 
postselection thymocytes and upholds the mature thymocyte prolif-
eration by modulating a series of genes, which are essential for T cell 
expansion and survival. On the other hand, SRSF1 regulates the ex-
pression of IRF7 and IL-27R via AS in response to type I interferon 
signal pathway to safeguard the down-regulation of CD69 and CD24 
and the up-regulation of Qa2 for terminal maturation before egress. 
These findings illustrate that SRSF1 has a previously unknown role 
in the late stage of T cell development by posttranscriptional regu-
latory mechanisms.

All thymocytes that express TCRs are subjected to a selection 
process at the DP stage and are triggered to progress to the differen-
tiation and proliferation of CD4 SP and CD8 SP stage or undergo 
apoptotic death (39, 40). Loss of SRSF1 in the TCRhi DP stage leads 
to compromised proliferation of TCRhiCD69−CD24− mature SP 
thymocytes. Meanwhile, the elevated apoptosis in SRSF1-deficient 
thymocytes was exhibited throughout the developmental process 
from the TCRhi DP to TCRhiCD24−CD69− mature SP stage. Con-
sistent with the previous studies that the proliferation and survival 
of thymocytes at late stage are associated with IL-7 signaling de-
pending on the intrinsic expression of IL-7R (26, 41), we found 
substantial down-regulation of IL-7R in SRSF1-deficient TCRhi 
CD24−CD69− mature subsets. Correspondingly, the abundance of 
Bax and Bcl2l11, both of which function as proapoptotic factors in 
thymocytes (42, 43), was up-regulated in mature thymocytes due to 
SRSF1 deletion. These findings thus suggested that SRSF1 is essential 
for the differentiation, proliferation, and survival of late thymocytes.

The analysis of CLIP-seq in thymocytes showed that a large 
number of genes were directly bound by SRSF1, which are involved 
in T cell differentiation, proliferation, survival, and especially in 
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type I interferon signaling pathway. Our RNA-seq data further in-
dicated that SRSF1 deficiency resulted in global changes of mRNA 
abundance and ectopic splicing of pre-mRNA. We found that ~70% 
of those differentially expressed genes (DEGs) have SRSF1-RNA 
interactions and that approximately half of the ectopic splicing 
events have SRSF1 binding in the vicinity of corresponding tran-
scripts. By combining RNA-seq and CLIP-seq analyses, we found 
that Foxo1, Myc, Runx3, and Smad7 as direct binding targets of 
SRSF1 were notably down-regulated in TCRhi DP thymocytes, 
whereas the reduced expression of Icos, Il2rb, and Irf4 was indirectly 
regulated by SRSF1. These genes described above were tightly 

correlated with thymocyte proliferation and survival (44–48). Foxo1 
links T cell homing and survival by regulating L-selectin, CCR7, 
and IL-7 receptor (49); the lack of Smad7 blunts T cell proliferation 
(45); CD122 (encoded by Il2rb) is essential for IL-2– or IL-15–driven 
T cell proliferation (50); Myc is a well-known regulator for T cell 
proliferation and survival (51). Thus, the reduced abundance of 
these genes accounts for the severe reduction of immature and ma-
ture SP thymocytes in the absence of SRSF1.

The impairment of type I interferon treatment on T cell develop-
ment was previously reported (30), and there is an increasing ap-
preciation that type I interferon signaling sustains homeostasis of 
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Fig. 8. Forced expression of IRF7 substantially rectified the terminal maturation of SRSF1-deficient thymocytes. (A) Analysis of late thymocyte development in 
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pression of CD69 and Qa2 in donor-derived CD45.2+GFP+TCRhi CD4+ and CD8+ SP thymocytes (control-MigR1: n = 7; Srsf1fl/flLckCre/+-MigR1: n = 9; Srsf1fl/flLckCre/+-Irf7-RV: 
n = 7). (E) Frequency of CD69−Qa2+ T cells from indicated subsets is shown accordingly (control-MigR1: n = 7; Srsf1fl/flLckCre/+-MigR1: n = 9; Srsf1fl/flLckCre/+-Irf7-RV: n = 7). 
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n = 6; Srsf1fl/flLckCre/+-Irf7-RV: n = 6). The relative expression of each target transcript was normalized as described in Fig. 3G. Data are means ± SEM. *P < 0.05, **P < 0.01, 
and ***P < 0.001 (Student’s t test). Data are representative from three independent experiments.
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other hematopoietic lineages (32). Type I interferon signaling also 
plays cell-intrinsic roles in promoting T cell reconstruction in mixed 
BM chimeras (52). A recent study found that the expression of 
Qa2 in mature SP thymocytes was strongly dependent on type I 
interferon signaling (15). In this study, we observed that SRSF1-binding 
genes are strongly associated with the type I interferon signaling 
pathway, and loss of SRSF1 resulted in the marked down-regulation 
of a group of type I interferon–related genes. In particular, SRSF1 
directly binds the transcripts of Il27ra and Irf7 and regulates their 
expression via controlling AS. As the mediator of type Ι interferon 
signaling, IRF7 is constitutively expressed in thymocytes (53, 54), 
which plays essential roles for thymic epithelial cell development 
and maintenance of the intact thymic architecture in responses to 
interferons (55). Our results suggested that SRSF1 regulated the ex-
pression of Irf7 in a direct manner by facilitating the use of proximal 
3′ splicing site of exon 6 and the splicing out of intron 5, which 
synthetically resulted in a deduction of IRF7 at protein level. Forc-
ing expression of IRF7 not only restored the expression of type I 
interferon–related genes but also rectified the blocking pheno-
type in the transition from TCRhiCD24+CD69+ immature to 
TCRhiCD69−CD24− mature SP thymocytes with elevated expres-
sion level of Qa2 in SRSF1-deficient thymocytes. Thus, as a bona 
fide target of SRSF1, IRF7 plays pivotal roles via modulating type I 
interferon– related genes in choreographing thymocyte terminal 
maturation.

The IL-27 signaling transduced by the receptor complex composed 
of the cytokine receptor IL-27R and GP130 is also indispensable 
for maintaining the expression of IRF7 and Qa2 during thymocyte 
maturation (31). Here, we found that SRSF1 deletion promoted the 
skipping of Il27ra exon 3 and consequently led to a frameshift and 
PTC generation in pre-mRNA, which would be eliminated by a sur-
veillance mechanism termed as NMD (35). Together, the low 

abundance of IL-27R in SRSF1-deficient thymocytes would atten-
uate the strength of the IL-27 signaling response, which also con-
tributed to the phenotype of reduced mature SP thymocytes.

In summary, the present study has provided a pivotal insight 
into the SRSF1-dependent posttranscriptional regulations govern-
ing the late stage of thymocyte development and sustaining the pe-
ripheral T cell pool. Our results reveal previously unknown roles of 
SRSF1 in the control of regulatory programs for late thymocytes in 
proliferation and apoptosis and in response to type I interferon sig-
naling for terminal maturation. Further investigations of the mech-
anisms by which direct targets downstream of IRF7 and type I 
interferon signal contribute to the late stage of thymocyte develop-
ment will be important to understand how they precisely modulate 
thymocyte maturation.

MATERIALS AND METHODS
Study design
SRSF1 is a pivotal splicing regulator involved in AS, mRNA decay, 
and translation to regulate cell fate. The aim of this study was to 
characterize the role of SRSF1 in the late stage of thymocyte devel-
opment. Lck cre transgenic mice and Srsf1fl/fl mice on C57BL/6J 
background were bred together to generate the mice model with 
conditional deletion of SRSF1 in thymocytes beyond the ISP stage. 
To avoid the potential effects caused by Lck Cre transgene from homo-
zygous mice, we performed all the experiments with Srsf1fl/flLckCre/+ 
mice (Lck Cre transgene is hemizygous) in comparison with mice 
without Lck Cre transgene as their littermate controls. All experi-
ments were repeated at least three times with the exception of BM 
chimeric models, which were repeated two times. Multiple cell and 
molecular biological approaches were applied for the phenotype 
and mechanism assays, including cell isolation, flow cytometry, cell 
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sorting, cell proliferation, apoptosis, qPCR, RNA-seq, and CLIP-seq. 
Specific information about sample numbers and data analysis is de-
scribed in the figure legends.

Animals
Srsf1fl/fl mice were provided by X.-D. Fu (University of California, 
San Diego). RAG2p-GFP transgenic mice were provided by R. Jin 
(NHC Key Laboratory of Medical Immunology, Peking University). 
Lck-Cre (JAX: 006889), C57BL/6, and B6.SJL (CD45.1+) mice were 
obtained from the Jackson laboratory. Six- to 10-week-old mice were 
used for the overall experiments in this study. All mice were bred 
and housed under specific pathogen–free conditions under controlled 
temperature (22° ± 1°C) and exposed to a constant 12-hour light-
dark cycle in the animal facilities at China Agricultural University. 
All experiments were conducted in accordance with the guidelines 
and with the approval of the Institutional Animal Care and Use 
Committee of China Agricultural University.

Flow cytometry
Single-cell suspensions were isolated and prepared from thymus, 
spleen, LNs, and PBCs. Cells were stained with indicated antibodies. 
Fluorochrome-conjugated antibodies against CD24 (M1/69), CD69 
(H1.2F3), CD4 (RM4-5), TCR (H57-597), CD8a (53-6.7), CD44 
(IM7), CD25 (PC61.5), CD3e (145-2C11), Gr.1 (RB6-8C5), B220 
(RA3-6B2), TER119 (TER-119), CD11b (M1/70), CD11c (N418), 
CD49b (DX5), TCR (GL-3), CCR7 (4B12), CD62L (MEL-14), 
CD45.2 (104), CD45.1 (A20), and annexin V (BMS306PE) were 
from eBioscience. Streptavidin (554063) was from BD Biosciences. 
Qa2 (6951-11-9-9) antibody was from BioLegend. S1P1/EDG-1 
(713412) antibody was from R&D company. SRSF1 antibody 
(sc-33652) was from Santa Cruz Biotechnology. For the intracellular 
staining, cells were first stained by surface antibodies and then fixed 
and permeabilized with a Foxp3 staining buffer set (catalog no. 
00-5523-00, eBioscience) according to the manufacturer’s instruc-
tions. Subsequently, the permeabilized cells were stained by indicated 
antibodies diluted in permeabilization buffer. Data were acquired 
on a FACSVerse or an LSRFortessa (BD Biosciences) and analyzed 
with FlowJo software (version 10.4.0, Tree Star Inc.). For cell 
sorting, single-cell suspensions from control or Srsf1fl/flLckCre/+ 
mice were surface-stained with indicated antibodies and sorted on a 
FACSAria II (BD Biosciences).

Gene expression analysis
Total RNA was extracted from sorted cells using the RNeasy Mini Kit 
(catalog no. 74106, Qiagen), following the manufacturer’s instruc-
tions. The first-strand complementary DNA (cDNA) was synthe-
sized using the FastQuant RT Kit (catalog no. KR106-02, Tiangen). 
Relative gene expression levels were analyzed by quantitative RT-PCR 
with the SYBR Green Master Mix (catalog no. FP205-02, Tiangen) 
using the CFX96 Connect Real-Time System (Bio-Rad). The prim-
ers are listed in table S1. Gapdh was used to normalize the relative 
expression of indicated genes, and the method of 2–CT was used to 
calculate the expression levels of target mRNAs.

Semiquantitative PCR was carried out with primers amplifying 
endogenous transcripts (listed in table S1). The PCR products were 
analyzed on 2% agarose gels, and the percentage of each band was 
quantified with Image Lab 5.1 (Bio-Rad) software. The ratio among 
various isoforms was normalized to the total amount to calculate 
the relative abundance.

Proliferation and apoptosis analysis
For thymocyte proliferation assay by BrdU incorporation, the mice 
with indicated genotype were injected intraperitoneally with BrdU 
at the dosage of 100 mg/kg of body weight and analyzed 16 hours 
after injection. Cells were surface-stained, and then intracellular 
staining of BrdU was carried out using an FITC or APC BrdU Flow kit 
(catalog no. 559619 or 552598, BD Biosciences) following the man-
ufacturer’s instruction. For detection of thymocyte apoptosis, cells 
were stained with indicated surface antibodies and then stained 
with anti–annexin V and 7-AAD using the PE annexin V Apoptosis 
Detection Kit (catalog no. 559763, BD Biosciences) following the 
manufacturer’s instruction.

Tracing cell survival in vivo
Thymocytes from control or Srsf1fl/flLckCre/+ (CD45.2+) mice were 
isolated as donors, and the thymocytes from WT mice on identical 
genetic background were used as competitors (CD45.1+CD45.2+). 
Cells from control or Srsf1fl/flLckCre/+ mice were mixed with WT 
competitors at a 1:1 ratio, respectively, based on the number of CD4 
SP T cells. Subsequently, 2 × 106 mixed cells were transferred via tail 
vein injection into each B6.SJL (CD45.1+) recipient, which were ir-
radiated half-lethally by a dose of 5 grays (Gy). On days 3 and 7 after 
cell transfer, the recipients were euthanized, and the proportion of 
T cells from blood, spleens, and LNs was analyzed to examine the 
contributions of donor cells.

Immunoblot analysis
To analyze IRF7 and IL-27R expression in CD4+CD8+ DP cells, the 
cell lysates were prepared, then separated by 10% SDS–polyacrylamide 
gel electrophoresis (PAGE), and transferred to a polyvinylidene di-
fluoride membrane (catalog no. IPVH00010, Merck Millipore). 
IRF7 and IL-27R were detected with rabbit monoclonal antibodies 
from Abcam (anti-IRF7, ab238137; anti–IL-27R, ab220359). Visu-
alization of anti-IRF7 and anti–IL-27R was carried out with a 
horseradish peroxidase–conjugated goat anti-rabbit immuno-
globulin G (ZB-2301, ZSGB-BIO), respectively.

Minigene reporter assay
The WT Il27ra minigene was constructed by inserting an additional 
1526 bp from exon 2 (corresponding to chr8: 84042202-84040677, 
mm10) into pcDNA3.1 vector between the Bam HI and Xba I sites. 
The WT Irf7 minigene was constructed by inserting an additional 
312 bp from exon 5 (corresponding to chr7: 141264487-141264798, 
mm10) into pcDNA3.1 vector between the Bam HI and Eco RI 
sites. The plasmids containing the mutant-binding site of SRSF1 
were cloned with appropriate primers adjacent to the binding site 
using the site-directed mutagenesis approach.

To generate the expression plasmid for SRSF1, the CDS region 
of Srsf1 was amplified and cloned into pcDNA3.1 vector with Eco RI 
and Xba I sites. To generate the SRSF1 knockdown vector, designed 
sequence for producing SRSF1 short hairpin RNA was amplified and 
cloned into pMKO.1 vector with Age I and Eco RI sites. 293T cells 
were transfected with the SRSF1-expressing or knockdown plasmid 
together with indicated minigene plasmids using Lipofectamine 2000 
(catalog no. 11668019, Life Technologies) following the manufac-
turer’s instruction. The transfected cells were harvested for RNA 
and protein analyses 48 hours later. Semiquantitative PCR was per-
formed with primers amplifying endogenous transcripts, and the 
relative DNA binds were further confirmed through sequencing.
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BM chimeras and retroviral transduction
BM cells were isolated from control, Srsf1fl/flLckCre/+ (CD45.2+) 
mice, and B6.SJL (CD45.1+) mice. The lethally irradiated (7.5 Gy) 
WT B6.SJL (CD45.1+) mice were regarded as recipients. A 1:1 mix-
ture of BM cells (a total of 4 × 106 cells) from control (CD45.2+) and 
B6.SJL (CD45.1+) mice or from Srsf1fl/flLckCre/+ (CD45.2+) mice and 
WT B6.SJL (CD45.1+) mice was transferred into the irradiated re-
cipients. Then, the recipients were continuously administered with 
antibiotic-containing water for 2 weeks. Eight to 10 weeks later, the 
recipients were analyzed.

BM cells from control or Srsf1fl/flLckCre/+ mice were lineage-depleted 
and then infected with pMigR1 empty vector or Irf7-expressing pMig 
retrovirus. Briefly, the retrovirus-bearing Irf7 cDNA or pMigR1 along 
with pCLeco was packaged with 293T cells and collected at 48 and 
72 hours. The retrovirus-containing medium was filtered by 0.45-m 
filters and loaded onto non–tissue culture 24-well plates (catalog 
no. 351147, Falcon), which were precoated with RetroNectin (10 g/ml; 
catalog no. T100A, TaKaRa) following the manufacturer’s instruc-
tion. The lineage-depleted BM cells were cultured for 24 hours in 
Iscove’s Modified Dulbecco’s Medium (IMDM) [supplemented with 
streptomycin and penicillin (100 g/ml), 50 M 2-mercaptoethanol, 
15% fetal bovine serum, thrombopoietin (20 ng/ml), and stem cell 
factor (50 ng/ml)] on the retrovirus-containing RetroNectin plate 
as described above. Then, the cells were spinofected at 1000 rcf for 
90 min at 30°C in the presence of Polybrene (4 g/ml; catalog no. 
H9268, Sigma-Aldrich). After spinofection, the cells were cultured 
at 37°C in 5% CO2 incubator for another 2 hours and then replaced 
with full IMDM medium containing components and cytokines as 
above for 24 to 48 hours. The infected lineage-negative BM cells con-
taining 2000 to 5000 GFP+ Lin−Sca1+c-Kit+ (LSK) cells were then 
transplanted into irradiated B6.SJL mice at the dosage of 7.5 Gy. 
The recipients were analyzed at 8 to 10 weeks after transplantation.

RNA-seq and data analysis
TCRhi DP cells were sorted from control and Srsf1fl/flLckCre/+ mice, 
and the total RNAs were extracted following the protocol as de-
scribed above. The quality of RNA samples was examined by a 2100 
pico chip on the Bioanalyzer (Agilent). The high-quality RNAs were 
used to prepare the libraries, followed by high-throughput sequenc-
ing on an Illumina Xten platform with 150-bp paired-end reads.

For the RNA-seq data analysis, raw reads and adapter sequences 
were checked using FastQC (version 0.11.5). Cutadapt (version 1.17) 
and trim galore (version 0.6.0) were used to filter low-quality bases 
and artifacts. Next, clean reads were mapped to the mm10 reference 
genome using STAR (version 2.6). HTSeq (version 0.6.1) was used 
to count RNA-seq reads at gene level with parameters “-f bam -r 
name -a 10 -t exon -s no -i gene_id -m union.” Subsequently, DESeq2 
(version 1.20.0) was applied on gene counts to identify DEGs be-
tween control and Srsf1fl/flLckCre/+ samples after removing zero counts 
in all replicates. DEGs were identified between the two groups at a 
P value of <5% and absolute log2FoldChange ≥ 0.6. The quality of 
replicates was assessed by calculating the pairwise Spearman cor-
relation coefficient. Meanwhile, the expression values normalized by 
fragments per kilobase million (FPKM) are presented as a heatmap.

AS analysis
To identify the differentially alternative splicing events due to abla-
tion of SRSF1, rMATS (version 4.0.2) software was used to calculate 
inclusion levels for different types of AS events: SEs, RIs, MXEs, 

A5SSs, and A3SSs in samples from control or Srsf1fl/flLckCre/+ cells. 
Then, the differences were calculated by subtracting the inclusion 
levels in control mice from those in Srsf1fl/flLckCre/+ samples. Splicing 
events with a false discovery rate (FDR) of <0.001 and the inclusion- 
level difference greater than 5% (0.05) were considered as statisti-
cally significant. Sashimi plots in IGV (version 2.8.10) were used to 
visualize and confirm events of AS in RNA-seq data.

irCLIP-seq and data analysis
Total thymocytes were isolated from WT C57BL/6 mice, and then 
the cells were cross-linked by ultraviolet light (254 nm) to maintain 
covalent binding of RBPs to their cognate RNA. Subsequently, the 
SRSF1 and cross-linked RNAs were immunoprecipitated with anti- 
SRSF1 antibody and digested with Micrococcal nuclease (catalog 
no. EN0181, Thermo Fisher Scientific). An IR800-biotin adapter 
was ligated to the 3′ end of the RNA fragment. Then, the SRSF1/
RNA complexes were separated by SDS-PAGE gel and transferred 
to the nitrocellulose membrane (catalog no. HATF00010, Millipore). 
These RNA and protein complexes from about 47 to 62 kDa were 
extracted from the nitrocellulose membrane and followed by pro-
teinase K (catalog no. 9034, TaKaRa) digestion. RNAs were isolated 
with saturated phenol (catalog no. AM9712, Ambion), ligated with 
adaptors, and converted to cDNAs by the SuperScript III First-
Strand Kit (catalog no. 18080-051, Invitrogen). cDNAs were ampli-
fied by PCR to prepare the relative libraries and then sequenced on 
the HiSeq 2500 Illumina platform.

For the analysis of CLIP-seq data, the reads were first trimmed of 
adaptor sequences by Trimmomatic (version 0.36). Subsequently, 
bowtie 2 (version 2.1.0) was applied for mapping clean reads to the 
mm10 reference genome with parameters “-p 10 -L 15 -N 1 -D 50 -R 
50 --phred33 --qc-filter --very-sensitive --end-to-end.” CLIP-seq 
peaks were identified by Piranha (version 1.2.1) with the following 
parameters: “-s -b 20 -d Zero Truncated Negative Binomial -p 0.05.” 
Homer (version 4.9.1) was used for peak annotation based on the 
mm10 genome assembly and for analysis of SRSF1-binding motifs. 
The quality of replicates was assessed by calculating the pairwise 
Spearman correlation coefficient.

GO and GSEA analysis
GO and pathway analysis were carried out using the online database 
String (version 10.5) with the default mouse genome as background 
and R package clusterProfiler (version 3.12.0). The mouse genome 
data were used as the reference, and Benjamini-Hochberg multiple 
tests were applied for adjustment of multiple testing. Functional 
category terms with an FDR of no more than 0.05 were regarded as 
significant categories. GSEA (version 3.0) (www.broadinstitute.
org/gsea/downloads.jsp) was performed with default settings, and 
gene sets were selected from GSEA database. The relative gene 
expression profiles were used as the input dataset. Enrichment 
was considered significant at an FDR of ≤0.1 and the nominal 
P value of ≤0.05.

Regulatory network analysis
Network analysis was visualized using Cytoscape software (3.7.2). 
We first computed the AS genes and DEGs by RNA-seq data and 
the SRSF1-binding genes by CLIP-seq data for further analysis. We 
used the regulation of selected genes as input into the Cytoscape. 
Border color for each gene represented the AS or not. Fill color of 
nodes indicated the gene expression, which was up-regulated or 

http://www.broadinstitute.org/gsea/downloads.jsp
http://www.broadinstitute.org/gsea/downloads.jsp


Qi et al., Sci. Adv. 2021; 7 : eabf0753     16 April 2021

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

16 of 17

down-regulated. The edges between SRSF1 and other nodes repre-
sented the binding events.

Statistical analysis
GraphPad Prism software (version 8.0) was used to perform statis-
tical analysis. The statistical significances were determined with 
Student’s t test. A P value of less than 0.05 was considered statisti-
cally significant (*P < 0.05, **P < 0.01, and ***P < 0.001; ns denotes 
not statistically significant throughout the paper). Additional de-
tails about sample size and statistical tests used in different experi-
ments can be found in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/16/eabf0753/DC1
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