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Abstract 

The epicardium is a fundamental regulator of cardiac development, functioning to secrete 

essential growth factors and to produce epicardium-derived cells (EPDCs) that contribute 

most coronary vascular smooth muscle cells and cardiac fibroblasts. The molecular 

mechanisms that control epicardial formation and proliferation have not been fully elucidated. 

In this study, we found that the RNA-binding protein SRSF3 is highly expressed in the 

proepicardium and later in the epicardial layer during heart development. Deletion of Srsf3 

from the murine proepicardium using the Tg(Gata5-Cre) or embryonic day (E) 8.5 induction of 

Wt1CreERT2 led to proliferative arrest and impaired epithelial-to-mesenchymal transition (EMT), 

which prevented proper formation and function of the epicardial layer. Induction of Srsf3 

deletion with the Wt1CreERT2 after the proepicardial stage resulted in impaired EPDC formation 

and epicardial proliferation at E13.5. Single-cell RNA-sequencing showed SRSF3-depleted 

epicardial cells were removed by E15.5 and the remaining non-recombined cells became 

hyperproliferative and compensated for the loss via up-regulation of Srsf3. This research 

identifies SRSF3 as a master regulator of cellular proliferation in epicardial cells. 
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Introduction 

Understanding cardiac morphogenesis is essential for designing improved therapies to treat 

heart disease. The outer layer of the heart, the epicardium, is a major player in cardiovascular 

regeneration, shown to promote cardiomyocyte proliferation and vessel growth in developing 

embryos and in species that regenerate their hearts, through providing growth factors and 

perivascular support (Lepilina et al. 2006; Kikuchi et al. 2011; Smart and Riley 2012; Wang et 

al. 2015; Cao et al. 2016; Dubé et al. 2017; Cao and Cao 2018; Redpath and Smart 2021). 

For non-regenerative species, maximising the therapeutic potential of the epicardium depends 

upon augmenting the restricted reactivation and proliferation that occur endogenously 

(Redpath and Smart 2021). 

The epicardial layer originates from the proepicardial organ (PEO), a transient embryonic 

structure located at the venous pole of the developing heart (Schulte et al. 2007). After 

epicardial formation is complete, around embryonic day (E) 11.5 in mouse, some epicardial 

cells undergo epithelial-to-mesenchymal (EMT), leading to the formation of epicardium-

derived cells (EPDCs) that contribute most vascular smooth muscle cells (vSMCs) and cardiac 

fibroblasts (CFs) to the developing heart (Mellgren et al. 2008; Smith et al. 2011; Rudat et al. 

2013; Liu et al. 2016; Singh et al. 2016).  

A key process in epicardial formation and function is cellular proliferation. PEO cluster 

emergence in zebrafish was shown to be dependent on tension generated through 

regionalised proliferation of mesodermal progenitors (Andrés-Delgado et al. 2019). Epicardial 

EMT (epiEMT) also requires cell division, with orientation of the mitotic spindle dictating which 

cells remain on the surface, versus which cells invade the myocardium (Wu et al. 2010). 

Studies where epicardial proliferation rate was increased by Cyclin D1 overexpression (Wu et 

al. 2010) or deletion of neurofibromin1 (NF1), a negative regulator of Ras, (Baek and Tallquist 

2012) resulted in increased formation of EPDCs.  
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The RNA-binding protein Serine/arginine-rich splicing factor 3 (SRSF3) is the smallest 

member of the serine/arginine rich (SR) family of proteins,  master regulators of RNA 

metabolism in the cell, involved in multiple aspects of RNA processing, such as mRNA 

transcription, splicing, export, stability and translation (Zahler et al. 1992; Shen et al. 2004; 

Shepard and Hertel 2009; Änkö et al. 2012; Kim et al. 2014; Müller-McNicoll et al. 2016; Park 

and Jeong 2016; Mure et al. 2018; Ratnadiwakara et al. 2018). SRSF3 is also labelled as an 

oncogene due to its role in promoting cellular proliferation and migration in various cancers 

(Corbo et al. 2013; Kano et al. 2013; Kurokawa et al. 2013; Tang et al. 2013; Sen et al. 2015; 

Park and Jeong 2016; Kim et al. 2017; Ke et al. 2018). Recently, SRSF3 was shown to be 

required for cardiomyocyte proliferation during development, with conditional deletion of 

SRSF3 in NKX2.5 or αMHC expressing cells resulting in embryonic lethality mid-gestation 

(Ortiz-Sánchez et al. 2019). The role of SRSF3 in the formation of the epicardium has not 

been previously investigated, but SRSF3 has been implicated in multiple developmental 

transitions (Jumaa et al. 1999; Änkö et al. 2010; Sen et al. 2013; Do et al. 2018).  

Here, we show that SRSF3 is expressed ubiquitously in the heart during embryonic 

development, with the highest expression levels in the PEO and in the epicardium until E11.5. 

To address the role of SRSF3 in the epicardium, we generated two SRSF3 conditional-

knockout mice. Deletion of SRSF3 using the Tg(Gata5-Cre) resulted in embryonic lethality at 

E12.5 and impaired epicardial layer formation, due to decreased proliferation of epicardial 

progenitor cells. Epicardial-specific deletion later in development, using the inducible 

Wt1CreERT2, resulted in a less severe phenotype characterised by impaired coronary 

vascular formation and reduced cardiac compaction due to defective epicardial proliferation 

and EMT. These data reveal an essential role for SRSF3 in the proliferation of (pro)epicardial 

cells and in the epicardial processes that underpin cardiac morphogenesis.  

Results 

Characterisation of SRSF3 expression during development 
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The expression pattern of SRSF3 at key stages of epicardial activity was investigated by 

immunohistochemistry (IHC) of mouse embryo and heart cryosections: at E9.5, when 

epicardial progenitors first arise within the proepicardial organ (PEO), at E11.5, when the 

epicardium is most proliferative and has formed a layer (Wu et al. 2010; Lupu et al. 2020b); 

and at E15.5 when the epicardium downregulates key epicardial genes (Lupu et al. 2020b) 

and progresses toward quiescence (Wu et al. 2010; Liu et al. 2016). Highest levels of SRSF3 

were found in the PEO and in the early epicardium (E11.5), after which SRSF3 expression 

started to decrease (Fig.1A, B, Supplemental Fig. S1A) until postnatal stages, where SRSF3 

levels were low (Supplemental Fig. S1B). Notably, reduction in SRSF3 expression levels 

coincided with the downregulation of Wilms’ Tumor 1 (WT1) in the epicardium (Fig. 1A), a 

transcriptional regulator that marks the active epicardial state (Redpath and Smart 2021). 

Strong SRSF3 expression was maintained in E11.5 epicardial explant cultures (Fig. 1C), 

where outgrowth is governed by epicardial cell proliferation.  

SRSF3 is required for epicardial formation and cardiomyocyte survival 

To investigate the role of SRSF3 in the PEO, Tg(Gata5-Cre);Rosa26TdTomato mice (Merki et al. 

2005; Madisen et al. 2010) were crossed with Srsf3fl/fl mice (Ortiz-Sánchez et al. 2019) in order 

to deplete SRSF3 in epicardial progenitor cells,  and concomitantly label them to track their 

migration (defined as Srsf3 cKO; Fig.1D). Tg(Gata5-Cre) uses a chick enhancer of Gata5 that 

becomes active at E9.25 and drives Cre recombinase expression in the PEO (Merki et al. 

2005), septum transversum and a subset of cardiomyocytes (Vieira et al. 2017). Srsf3 cKO 

displayed embryonic lethality from E12.5, with no live embryos recovered beyond this stage 

(Supplemental Table S1). E12.5 Srsf3 cKO embryos presented gross morphological 

abnormalities of the heart, such as hypoplastic ventricles and dilated atria (Fig. 1E). Since the 

ventricles were smaller, cell death and proliferation were investigated by IHC. There was 

increased cell death and decreased proliferation in Srsf3 cKO hearts, as indicated by cleaved-

caspase 3 (CC3) and phospho-histone H3 (PHH3), respectively (Supplemental Fig. S1C-F). 

All the cells expressing CC3 were positive for sarcomeric-α-actinin (s-α-actinin), indicating that 
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SRSF3 is only required for cardiomyocyte survival (Supplemental Fig. S2C). There were fewer 

PHH3 positive tdTomato cells which consisted of both cardiomyocytes and epicardial cells 

(Supplemental Fig. S2E, F), indicating that SRSF3 is required for the proliferation of both cell 

types. The requirement for SRSF3 to enable cardiomyocyte proliferation in the developing 

embryo has been reported (Ortiz-Sánchez et al. 2019), however, the involvement of SRSF3 

in epicardial proliferation has not been addressed.  

To investigate the impact of SRSF3 depletion on epicardial formation, we immunostained 

E12.5 heart cryosections for WT1 (Fig. 1F, Supplemental Fig. S1G). We detected fewer WT1 

positive cells on the surface of Srsf3 cKO hearts compared to controls (Fig. 1F, G). It is 

important to note that ~90% of epicardial cells were tdTomato labelled in E12.5 control hearts, 

as Tg(Gata5-Cre) was not active in all epicardial progenitor cells. The proportion of epicardial 

cells positive for tdTomato was significantly decreased in Srsf3 cKO compared to controls 

(Fig. 1H, Supplemental Fig. S1G), suggesting that non-targeted cells are either more 

proliferative or more likely to migrate onto the heart.  

SRSF3 depletion in the PEO results in impaired proliferation and migration of epicardial 

progenitor cells 

The impaired epicardial formation phenotype was confirmed in ventricular epicardial explants 

from E11.5 Srsf3 cKO embryos, which demonstrated reduced outgrowth (Fig. 2A, B) and a 

lower proportion of tdTomato positive cells, compared with control (Fig. 2C). To assess if 

epicardial formation is disrupted from the outset, we checked for the presence of epicardial 

cells on the surface of the heart at E10.5, the stage when epicardial progenitor cells complete 

their migration. Few WT1 positive epicardial cells were detected in E10.5 Srsf3 cKO hearts, 

in contrast to the extensive coverage attained in controls (Fig. 2D, Supplemental Fig. S2A). 

This prompted us to determine whether the formation of the proepicardium itself was impaired 

by loss of Srsf3. Indeed, we observed fewer epicardial progenitor cells in the PEO of Srsf3 

cKO embryos at E9.5 compared to controls (Fig. 2E), with mostly non-targeted cells remaining 

(white arrows). This was likely a consequence of impaired proliferation, as demonstrated by 
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diminished Ki67 expression (Supplemental Fig. S2B). To confirm this, PEO explants were 

cultured from control and Srsf3 cKO embryos, and proliferation assessed (Fig. 2F - H, 

Supplemental Fig. S2C). As expected, Srsf3-depleted PEO explants were significantly smaller 

than controls (Fig. 2F, Supplemental Fig. S2C) and consisted of fewer Ki67 positive epicardial 

progenitor cells (Fig 2G, H), further supporting the notion that SRSF3 is required for 

proliferation of epicardial progenitor cells.  

SRSF3 depletion in the epicardium leads to impaired proliferation and enhanced cell death in 

epicardial cells 

To bypass the proepicardial defects and investigate SRSF3 function exclusively in the 

epicardium, we used the inducible Wt1CreERT2 line (Zhou et al. 2008; Xiao et al. 2018), with 

induction limited to E9.5 - E11.5 to avoid significant targeting of coronary endothelial cells 

(Lupu et al. 2020b). This strategy was adopted to generate an inducible Srsf3 KO (Srsf3 iKO), 

with capacity to trace and temporally target the epicardial lineage (Fig. 3A). Embryonic hearts 

were first evaluated at E13.5, when the epicardium is fully formed and epiEMT has initiated in 

control embryos. While the epicardium formed in Srsf3 iKO hearts, they exhibited a marked 

reduction in lineage-traced EPDCs (Fig. 3B), which coincided with impaired sprouting of 

vessels from the sinus venosus (Supplemental Fig. S3A), in keeping with the role of the 

epicardium in promoting coronary vessel growth (Lupu et al. 2020a). Since SRSF3 was 

required for proliferation of epicardial progenitors, we assessed Ki67 positive cells 

(Supplemental Fig. S3C - F). Epicardial explants cultured from E13.5 hearts revealed a mosaic 

loss of SRSF3, but, as expected, explants from Srsf3 iKO hearts contained fewer Ki67 positive 

cells (Supplemental Fig. S3D) due to loss of proliferation where Srsf3 was successfully deleted 

(Supplemental Fig S3E, F). Impaired epiEMT and diminished emergence of EPDCs at E13.5 

is consistent with the requirement of cell division for this process (Wu et al. 2010), further 

supporting the role of SRSF3 in epicardial proliferation.  

We then examined the major transcriptional changes that occur in Srsf3-depleted epicardial 

cells at E13.5. Whole heart 10X chromium scRNA-seq was performed as opposed to bulk 
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RNA-seq since variable recombination was expected in individual epicardial cells (Fernandez-

Chacon et al. 2019; Redpath and Smart 2021). Principal component analysis revealed 18 

clusters, largely corresponding to discrete cardiomyocyte types, epicardial, mesenchymal, 

endocardial, and coronary endothelial cells (Fig. 3C, Supplemental Fig. S3G). The epicardial 

(Epi) cluster was identified based on mesothelial markers (Supplemental Fig. S3G), such as 

Upk3b (Kanamori-Katayama et al. 2011; Lupu et al. 2020b). The mesenchymal (Mes) cluster 

was derived from the epicardium, as indicated by widespread reporter expression (tdTomato; 

Supplemental Fig. S3H), thus essentially constituting EPDCs. Proportionally fewer 

mesenchymal cells were recovered in Srsf3 iKO hearts in comparison to controls (Fig. 3C), 

supporting decreased EPDC formation. Next, we performed differential gene expression 

analysis guided by one clustering iteration of the Epi cluster in Srsf3 iKO hearts. This resulted 

in three subsets: one cluster associated with proliferation genes (Epi_G2M) and two clusters 

associated with epicardial genes (Epi and Epi2) (Supplemental Fig. S3I). Notably, the Epi2 

subset was enriched for genes associated with hypoxia, such as Slc2a1 (Supplemental Fig. 

S3I), hypoxia-induced cell death, like Fam162a, and attenuated proliferation, such as Ndrg1 

(Fig. 3D, Supplemental Fig. S3I). The Epi2 cluster was not present in the control epicardium 

(Fig. 3D). Indeed, an upregulation in hypoxia-related genes was detected throughout Srsf3 

iKO hearts (Supplemental Fig. S3J), likely as a result of the coronary vessel defects. To 

validate the scRNA-seq data, fluorescence in situ hybridization (ISH) analysis showed 

upregulated Ndrg1 in the epicardium of Srsf3 iKO hearts (Fig. 3E), particularly at the apex 

where epiEMT hotspots were reported to be located (Sun et al. 2021). Increased frequency of 

TUNEL positive apoptotic epicardial cells (Fig. 3F, G) were observed in Srsf3 iKO hearts 

compared to controls. The induction of apoptosis in Srsf3 iKO but not Srsf3 cKO epicardium 

suggests that SRSF3 depleted epicardial cells fail to cope with hypoxic stress and undergo 

cell death. Collectively, these data suggest that SRSF3 regulates epicardial proliferation and 

survival, to uphold epicardial function through EPDC contribution and promotion of coronary 

vessel growth. 
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SRSF3 regulates cell cycle progression in epicardial cells 

To further investigate the role of SRSF3 in epicardial cell proliferation and avoid problems 

associated with in vivo administration of tamoxifen, the active form of tamoxifen, 4-OHT, was 

used to induce gene deletion in vitro in E11.5 epicardial explants (Fig. 4A). Direct treatment 

resulted in fewer epicardial cells (Fig. 4B) and smaller outgrowth (Fig. 4C) from Srsf3 iKO 

explants compared to controls. While this strategy enabled more controlled targeting of cells, 

staining for SRSF3 still revealed mosaic depletion (Fig. 4D). In successfully targeted cells, 

(SRSF3-/lo), Ki67 expression was downregulated (Fig. 4D, E), reinforcing the finding that the 

proliferative capacity of SRSF3-depleted epicardial cells is impaired.  

We next utilised a mouse epicardial cell line (Austin et al. 2008) to knock-down SRSF3 using 

a Cre-independent strategy: RNA interference (Fig. 4F, Supplemental Fig. S4A). To further 

explore the mechanisms underlying decreased proliferation in SRSF3-depleted epicardial 

cells, we assessed cyclin D1 (CCND1) expression. CCND1 is a known target of SRSF3 and 

is required for cell cycle progression (Kurokawa et al. 2013). Immunostaining revealed a 

significant reduction of cells positive for CCND1 in siSRSF3 transfected epicardial cells (Fig. 

4G), further supporting that SRSF3 is required for production of CCND1 protein. Together, 

these results suggest depletion of SRSF3 in epicardial cells induces cell cycle arrest. 

Non-recombined epicardial lineage cells compensate for loss of SRSF3-depleted cells 

Having identified defects in epicardial activity at E13.5 due to SRSF3 loss, such as impaired 

proliferation and increased cell death, we next assessed Srsf3 iKO hearts at E15.5, using 

SMART-Seq2 (Picelli et al. 2014) of tdTomato positive FACS sorted cells.  At E15.5, the 

epicardial lineage in Srsf3 iKO hearts displayed similar composition to controls, consisting of 

a small epicardial cluster, two mesenchymal clusters, and a distinct cluster of mural cells (Fig. 

5A, Supplemental Fig. S5A). We previously characterised Mes1 as subepicardial 

mesenchyme and Mes2 as fibroblast-like cells (Lupu et al. 2020b). Since the plate-based 

SMART-Seq2 method allows recovery of full-length mRNA, we could establish that cells 

lacking Srsf3 exons 2/3 were absent at this stage, indicating that Srsf3-depleted cells were 
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lost earlier in development. To confirm that only non-recombined cells remained, E15.5 

explants were stained for SRSF3 (Supplemental Fig. S5B). All cells in the E15.5 epicardial 

explants had high levels of SRSF3, confirming that the SRSF3-depleted cells had been 

removed earlier in development. Surprisingly, the SMART-Seq2 data actually indicated 

increased Srsf3 expression in the Srsf3 iKO hearts in both epicardial and subepicardial 

mesenchymal cells, which was confirmed by SRSF3 IHC (Fig. 5B, C, Supplemental Fig. S5C). 

The increased SRSF3 expression coincided with increased proliferation, as indicated by 

Top2a expression and confirmed by TOP2A staining. (Fig. 5D, E, Supplemental Fig. S5D). 

We found that the reduced incidence of EPDCs invading the myocardium at E13.5 through to 

E15.5 (Fig. 5F, Supplemental Fig. S5E) was fully restored by E17.5 (Fig. 5G, Supplemental 

Fig. S5E), with hearts appearing morphologically normal (Supplemental Fig. S5F). Together, 

these data indicate that non-recombined epicardial cells compensate for the early loss of 

SRSF3-depleted cells, by using SRSF3-controlled mechanisms to promote epicardial 

proliferation and restore normal function. 

SRSF3 depletion in epicardial progenitors leads to compaction and coronary vasculature 

defects 

To explore more severe defects and the extent to which compensatory mechanisms could 

overcome early epicardial deficiencies (Supplementary Fig. S6A), we tested two strategies to 

achieve more efficient gene deletion in the Srsf3 iKO model with a higher dose of tamoxifen 

(80mg/kg): at i) E8.5, expected to target progenitors in the PEO; ii) E9.5, expected to improve 

targeting of epicardial founders. We observed that induction at E8.5 resulted in myocardial 

non-compaction, as revealed by the persistence of a highly trabeculated endocardium 

(EMCN+) at E17.5, which extended closer to the epicardial surface (Fig. 6A). Moreover, 

superficial vessels were more numerous in Srsf3 iKO hearts compared to littermate controls 

(Fig. 6A; arrows).In contrast, Srsf3 iKO hearts appeared normal when tamoxifen was 

administered at E9.5, similar to the E9.5/E11.5 phenotype (Fig. 6A) and presumably achieved 

by the SRSF3-dependent compensatory mechanisms described above. Impaired coronary 
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vasculature formation, appearance of ectopic subepicardial vessels and myocardial non-

compaction are defects frequently reported in hearts with compromised epicardial function 

(Smart et al. 2007; Phillips et al. 2008; Tian et al. 2013). Taken together, these data indicate 

that the transient functional impairments observed with the original tamoxifen regime persist 

when a higher efficiency SRSF3 depletion is achieved (Fig. 6A, Supplemental Fig. S6B), due 

to the essential role of cell division in epicardial function (Wu et al. 2010).  

Discussion 

Our study presents insight into the critical role of SRSF3 in the (pro)epicardium, particularly 

mediating proliferation during heart development. We show that SRSF3 expression is 

widespread in embryonic hearts, with highest levels detected in proepicardial cells and in the 

epicardial layer until E12.5. Constitutive SRSF3 depletion in epicardial progenitor cells 

resulted in gross morphological heart abnormalities and embryonic lethality at E12.5. Failure 

to form the epicardial layer was due to a diminished source of epicardial progenitor cells within 

the PEO, as a result of their decreased proliferative capacity in the absence of SRSF3. 

However, recombination in the Tg(Gata5-Cre) model also targeted a subset of 

cardiomyocytes, thus, combined depletion of SRSF3, in most epicardial progenitor cells and 

a subset of cardiomyocytes, contributed to the severe phenotype, as embryos with impaired 

epicardial formation generally die at later stages (von Gise et al. 2011; Li et al. 2017). Early 

stage embryonic lethality was previously reported in cardiac-specific SRSF3 knockout mice 

due to impaired cardiomyocyte proliferation and survival (Ortiz-Sánchez et al. 2019). 

Notably, peak epicardial SRSF3 expression at E11.5 coincides with the reported peak of 

proliferative activity (Wu et al. 2010). Temporal induction and selective deletion of SRSF3 in 

epicardial cells, using the Wt1CreERT2 line, resulted in impaired proliferation, ultimately 

leading to loss of SRSF3-depleted epicardial cells from the heart. SRSF3 was key to epicardial 

cell cycle progression as SRSF3-depleted cells in vitro downregulated expression of cyclin 

D1. This is consistent with the role of SRSF3 as a positive regulator of G1 to S phase transition, 
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via stimulation of cyclins (Kano et al. 2013; Kurokawa et al. 2013). Moreover, SRSF3 depletion 

upregulated Ndrg1 expression in the epicardium, a gene which was formerly identified to 

stimulate G1 phase cell cycle arrest in tumour cells (Akiba et al. 2011). Reinforcing the notion 

that SRSF3 critically drives cell cycle in the epicardium, a noteable finding was that epicardial 

cells which escaped recombination were able to hyper-proliferate and restore epicardial 

function, in part, by over-expressing SRSF3.  

SRSF3 depletion in the epicardium resulted in cell death typically associated with hypoxic 

stress, exemplified by upregulated Fam162a and increase in TUNEL+ epicardial cells. 

Fam162a is a transcriptional target of HIF-1α, to promote its expression under hypoxic 

conditions (Lee et al. 2004). It is probable that delayed sinus venosus sprouting in Srsf3 iKO 

hearts causes hypoxic stress. A limitation of our study, in this regard, is that we cannot 

distinguish whether SRSF3 directly regulates Fam162a, or whether upregulation is simply a 

consequence of impaired vascular development. Interestingly, acute hypoxia in tilapia fish 

resulted in alternative splicing of Fam162a (Xia et al. 2018). In cancer, de-regulated 

expression of RNA splicing factors such as SRSF3, were reported to mediate numerous 

alternative splicing events to promote evasion of apoptosis (Farina et al. 2020). Either way, 

SRSF3 depletion may expose epicardial cells to hypoxia-induced apoptosis, and the 

relationship between SRSF3 and Fam162a warrants further investigation. 

 

Induction of SRSF3 deletion using the Wt1CreERT2 at E8.5 did not result in failure of the 

epicardium to form, unlike Tg(Gata5-Cre) targeting. This could be due either to the reduced 

efficiency of the inducible Cre or the timing of Cre activation, at the onset of proepicardial 

formation with Tg(Gata5-Cre) and a considerable lag between tamoxifen delivery and 

recombination in the case of Wt1CreERT2 (Hayashi and McMahon 2002). Although the 

epicardial layer was established in Srsf3 iKO hearts, epicardial function was clearly defective, 

manifested as myocardial non-compaction and impaired coronary vessel formation, consistent 
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with other studies (Smart et al. 2007; Martínez-Estrada et al. 2010; von Gise et al. 2011; Tian 

et al. 2013). In contrast, induction of SRSF3 depletion at E9.5 or E9.5/ E11.5 resulted in normal 

heart morphology at E17.5 due to the ability of non-recombined cells to over-express SRSF3 

and “hyperproliferation” to restore the epicardial lineage. The compensation mechanism is 

probably facilitated by the loss of SRSF3-depleted cells and by cell competition mechanisms 

that are active in the epicardium, as previously demonstrated with overexpression of c-MYC 

(Villa Del Campo et al. 2016). c-MYC overexpressing cells similarly become hyperproliferative 

and out-compete wild-type cells in epicardial explants (Villa Del Campo et al. 2016). 

Alternatively, hypoxic stress generated by diminished SV sprouting may upregulate SRSF3 in 

non-recombined cells, in line with reported hypoxia-induced SRSF3 expression (Brady et al. 

2017), to enhance their proliferation. Thus, this study reveals an extraordinary potential of 

epicardial cells to hyperproliferate and compensate in the presence of genetic changes. It also 

highlights the limitations of variable recombination efficiency which may confound 

investigation of critical genes in the maturing epicardium.  

Our study adds to current literature describing the key role of SRSF3 in cellular proliferation 

(Gonçalves et al. 2009; Änkö et al. 2010; Jia et al. 2010; Corbo et al. 2013; Kano et al. 2013; 

Kurokawa et al. 2013; Ajiro et al. 2016). In the context of cardiac development, SRSF3 is 

required for the proliferation and survival of (pro)epicardial cells. SRSF3 regulation of cell cycle 

progression is essential to enable epicardial cells to undergo epiEMT and to subsequently 

support vascular development.  This study defines SRSF3 as a key regulator of epicardial cell 

behaviour during development. Moreover, the finding that compensatory restoration of the 

epicardium can be achieved by induction of cell cycling may provide relevant insights for 

regenerative therapies. 

Materials and methods 

Mouse strains 
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Conditional and inducible targeting of SRSF3 was achieved by crossing epicardial Cre lines. 

Tg(Gata5-Cre) (Merki et al. 2005) and Wt1CreERT2 (Zhou et al. 2008), respectively, with mice 

in which exons 2 and 3 of Srsf3 were flanked by loxP sites (Ortiz-Sánchez et al. 2019). The 

epicardial lineage was traced using Rosa26tdTomato (Madisen et al. 2010).  Pregnant females 

were oral gavaged with 40mg/kg at E9.5 and E11.5, or 80mg/kg tamoxifen at E8.5 or E9.5 

(where specifically stated). All procedures were approved by the University of Oxford Animal 

Welfare and Ethical Review Board, in accordance with Animals (Scientific Procedures) Act 

1986 (Home Office, UK).   

Tissue harvest and cryosections 

Embryos and embryonic hearts were harvested and fixed in 4% PFA for 2h at room 

temperature (RT). Following PBS washes, tissues were equilibrated overnight at 4°C in 30% 

sucrose/PBS, and then gradually transitioned into O.C.T. Samples were stored at -80°C, then 

cryosectioned at 8-12µm thickness. 

(Pro)epicardial explant and cell line culture 

Embryonic hearts were dissected into atrial and ventricular pieces and cultured on 1% gelatine 

in culture medium (15% FBS, 1% Penicillin/Streptomycin, DMEM high glucose Glutamax). 

Explants were incubated at 37°C in 5% CO2 for 3 days. Dissected proepicardia were subjected 

to the same culture conditions as above. The strategy to induce SRSF3 depletion in vitro 

involved culturing epicardial explants in culture medium supplemented with 1µM 4-

Hydroxytamoxifen (4-OHT). An immortalised epicardium-derived cell line (Austin et al. 2008) 

was cultured on 1% gelatine in immorto medium (10% FBS, 1% Penicillin/Streptomycin, ITS 

supplement, 0.1% INFγ, DMEM high glucose Glutamax) at 33°C in 5% CO2. Cells were 

transfected with 40nM siRNA (siControl;  silencer siRNA negative control Cat. #4390843, 

siSrsf3 #1; s73613, siSrsf3 #2; s73615, ThermoFisher) for 48h at 33°C using Lipofectamine 

RNAiMAX Transfection Procedure (ThermoFisher Cat.#13778-100). 

Immunofluorescence 
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Cryosections were subjected to a standard immunofluorescence protocol detailed in 

Supplemental Methods. Cultured explants and cell line were subjected to the same 

immunofluorescence protocol, but without the initial permeabilization (0.5% TX) step. Images 

were acquired using Leica DM6000 fluorescence microscope or Olympus Fluoview-1000 

confocal microscope and processed using Fiji software. Quantification was carried out in Fiji 

or CellProfiler software. 

RNA extraction and qRT-PCR 

RNA was extracted from embryonic hearts using RNeasy Mini kit (Qiagen) according to the 

manufacturer’s instructions. cDNA was prepared with High-Capacity cDNA Reverse 

Transcription kit (ThermoFisher) according to the manufacturer’s instructions and analysed by 

quantitative RT-PCR using the Fast SYBR Green Master Mix (ThermoFisher). Primers are 

listed in the Supplemental Methods Table S2. 

Flow cytometry 

Enzymatically dissociated hearts were stained for cell viability, and immunostained for CD31 

and cTNT as previously described (Lupu et al. 2020b; Redpath et al. 2021). Viability stains 

and antibodies are listed in the Supplemental Methods Table S1. Samples were processed 

on BD LSRFORTESSA X-20 cytometer and analysed using FlowJo software. 

Single-cell RNA-sequencing and analysis 

E13.5 heart and E15.5 ventricles were enzymatically dissociated and prepared for scRNA-seq 

as previously described (Lupu et al. 2020b; Redpath et al. 2021). E13.5 samples were used 

in Chromium 10X system. E15.5 samples were FACS-sorted for live epicardial lineage cells 

(tdTomato+) and subjected to plate-based Smart-Seq2 protocol, as described for the 

previously published control samples (Lupu et al. 2020b). Library preparation and sequencing 

details are provided in Supplemental Material. All scRNA-seq datasets were analysed using 

Seurat (Butler et al. 2018; Stuart et al. 2019) in R as follows: principal component analysis 

was used to cluster cells, which were visualised with the UMAP method (Becht et al. 2018; 
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Butler et al. 2018) and biological samples – control and Srsf3 iKO hearts – integrated using 

CCA- based Seurat Integration. 

Fluorescence in situ hybridization (mRNA) 

RNAscope Multiplex Fluorescent v2 assay (ACD) was performed on cryosections according 

to manufacturer’s instructions, with minor modifications as previously described (Lupu et al. 

2020b). Ndrg1 and negative control probe, and TSA plus fluorophores are listed in 

Supplemental Methods Table S3.  

TUNEL assay 

Click-iT™ Plus TUNEL Assay (ThermoFisher) was performed on cryosections according to 

the manufacturer’s instructions. 

Data access 

All sequencing data from this study are available in Gene Expression Omnibus database 

under accession number GSE145832 and TBC. 

Detailed protocols provided in Supplemental Methods. 
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Figure 1. SRSF3 is expressed in the developing heart and is required for epicardium 
formation. (A) Immunofluorescence cryosection images showing expression of SRSF3 and 
WT1 in embryonic mouse hearts at E9.5, E11.5 and E15.5. Scale bar, 100μm. Images 
representative of n > 4 embryos. (B) qRT-PCR analysis of Srsf3 transcript expression in whole 
heart lysates at E11.5, E13.5, E15.5 and E17.5. Values normalized to Actb. Error bars indicate 
mean ± SEM (n = 5).  (C) Immunofluorescence image showing expression of SRSF3 in a 
E11.5 epicardial explant. Scale bar, 200μm. Image representative of n = 8 embryos. (D) 
Generation of a conditional SRSF3 knock-out mouse (Srsf3 cKO) with lineage tracing 
capacity; targeting the epicardium lineage (Tg(Gata5-Cre)) and reported by tdTomato 
(Rosa26tdTomato). (E) Fluorescence stereo microscope images of control and Srsf3 cKO 
embryonic hearts at E12.5. Epicardial lineage reported by tdTomato fluorescence. Scale bar, 
500μm. Images representative of n = 3 embryos.  (F) Immunofluorescence cryosection images 
showing expression of WT1 in control and Srsf3 cKO embryonic hearts at E12.5. Scale bar, 
100μm. Images representative of n = 4 embryos. Quantification of (G) WT1+ cells and (H) 
percentage tdTomato+ epicardial lineage cells as a proportion of total WT1+ cells. Error bars 
indicate mean ± SEM (n = 3).  Unpaired t-test with Welch’s correction (*) P <0.05. myo; 
myocardium, peo; proepicardium, epi; epicardium, CEC; coronary endothelial cell, LV; left 
ventricle. RV; right ventricle, V; ventricles, RA; right atrium, LA; left atrium.   
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Figure 2. Impaired proliferation of epicardial progenitor cells in Srsf3 cKO hearts.            
(A) Brightfield and tdTomato fluorescence images of control and Srsf3 cKO E11.5 ventricular 
explants (day 3 culture). Scale bar, 200μm. Quantification of (B) epicardial cells and (C) 
percentage of tdTomato+ cells. Error bars indicate mean ± SEM (n = 6). Unpaired t-test with 
Welch’s correction (***) P <0.0001. (D) Immunofluorescence images showing WT1+ cells on 
the surface of control and Srsf3 cKO embryonic mouse hearts at E10.5. Scale bar, 100μm. 
Images representative of n = 3 embryos.  (E) Immunofluorescence cryosection images 
showing WT1+ epicardial progenitor cells situated in the PEO of control and Srsf3 cKO 
embryos at E9.5. White arrows highlight non-targeted cells. Scale bar, 100μm. Images 
representative of n = 5 embryos. (F) Quantification of (pro)epicardial cells from control and 
Srsf3 cKO E9.5 PEO explants (day 3 culture). Error bars indicate mean ± SEM (n = 3 - 4). 
Unpaired t-test with Welch’s correction (*) P <0.05. (G) Immunofluorescence images and 
corresponding quantification of (H) percentage Ki67+ (pro)epicardial cells in control and Srsf3 
cKO E9.5 PEO explants (day 3 culture). Scale bar, 50μm. Error bars indicate mean ± SEM (n 
= 3 - 4). Unpaired t-test with Welch’s correction (*) P <0.05. myo; myocardium, peo; 
proepicardium, epi; epicardium, LV; left ventricle.  
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Figure 3. Impaired proliferation and increased cell death of epicardial cells in Srsf3 iKO 
hearts. (A) Generation of an inducible SRSF3 knock-out mouse (Srsf3 iKO) with lineage 
tracing capacity; restricted to the epicardial lineage (Wt1-CreERT2) and reported by tdTomato 
(Rosa26tdTomato). (B) Fluorescence images showing epicardial lineage cells (tdTomato+) in 
control and Srsf3 iKO embryonic mouse hearts at E13.5. White arrows highlight invasion of 
epicardium-derived cells (EPDC) into the myocardium. Scale bar, 50μm. Images 
representative of n = 6 embryos.  (C) UMAP plots showing the major clusters in control and 
Srsf3 iKO embryonic mouse hearts at stage E13.5. (D) Feature plots representing range of 
(co)expression of Ndrg1 and Fam162a mRNA in individual cells of the epicardial (Epi) cluster. 
Chromium 10X scRNA-seq: control sample; total 6,977 cells, n = 3 hearts, Srsf3 iKO sample; 
total 3,701 cells, n = 2 hearts. (E) Fluorescence ISH of Ndrg1 mRNA in the epicardium of 
control and Srsf3 iKO mouse hearts at E13.5. Scale bar, 10μm. Images representative of n = 
4 embryos.  (F) TUNEL assay cryosection images and corresponding quantification of (G) 
percentage apoptotic (TUNEL+) epicardial cells in control and Srsf3 iKO embryonic mouse 
hearts at E13.5. White arrows highlight apoptotic epicardial cells. Scale bar, 20 μm. Error bars 
indicate mean ± SEM (n = 4). Unpaired t-test with Welch’s correction (**) P <0.01. myo; 
myocardium, epi; epicardium, LV; left ventricle, LA; left atrium, Endo; endocardial cells, Epi; 
epicardium, AVCu; atrioventricular cushion, Mes; mesenchymal cells, CM; cardiomyocytes, 
CM_Trab; trabecular cardiomyocytes,  CM_Atrial; atrial cardiomyocytes,  CM_AVC; CM 
atrioventricular canal, Endo_SV; sinus venosus endocardial cells, EndoMT; endocardial-to-
mesenchymal transition cells, CEC; coronary endothelial cells, CM_SV; sinus venosus 
cardiomyocytes, Mac; macrophages ,_G2M; proliferation cells. 
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Figure 4. SRSF3 regulates cell cycle progression in epicardial cell cultures. (A) Alternate 
strategy to induce SRSF3 deletion in E11.5 epicardial explants. (B) Quantification of epicardial 
cells from control and Srsf3 iKO explants (day 3 culture). Error bars indicate mean ± SEM (n 
= 4). Unpaired t-test with Welch’s correction (**) P <0.01. (C) Immunofluorescence images 
showing expression of SRSF3 in control and Srsf3 iKO explants. Scale bar, 200μm. Image 
representative of n = 4 embryos. (D) Immunofluorescence images and corresponding 
quantification of (E) percentage Ki67+ epicardial cells as a proportion of SRSF3+ and SRSF3 
negative/low (SRSF3-/lo) cells in Srsf3 iKO explants. Scale bar, 100μm. Error bars indicate 
mean ± SEM (n = 3). Unpaired t-test  with Welch’s correction (**) P <0.01. (F) 
Immunofluorescence images and corresponding quantification of (G) percentage CCND1+ 
epicardial cells in control and Srsf3 siRNA-trasnsfected cell line. Scale bar, 100μm. Error bars 
indicate mean ± SEM (N = 3). One-Way Welch ANOVA and Dunnett's multiple comparison 
test (**) P <0.01. LV; left ventricle. RV; right ventricle, V; ventricle, RA; right atrium, LA; left 
atrium. 
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Figure 5. Non-recombined epicardial lineage cells upregulate SRSF3 and 
hyperproliferate to compensate for loss of SRSF3-depleted cells in Srsf3 iKO hearts. 
(A) UMAP plots showing the major clusters in epicardial lineage cells of control and Srsf3 iKO 
embryonic mouse hearts at E15.5. (B) Violin plot showing relative expression of Srsf3 in 
individual clusters. FACS-sorted epicardium lineage (tdTomato+) cells plate-based scRNA-
seq: control sample; total 260 cells, n = 6 hearts, Srsf3 iKO sample; total 243 cells, n = 4 
hearts. (C) Immunofluorescence cryosection images showing expression of SRSF3 in the 
epicardium of control and Srsf3 iKO embryonic mouse hearts at E15.5. Scale bar, 50μm. 
Images representative of n = 4 (D) Quantification of percentage Top2a-expressing epicardial 
lineage cells in individual clusters of control and Srsf3 iKO scRNA-seq data at E15.5. (E) 
Immunofluorescence cryosection images showing expression of TOP2α in the epicardium of 
control and Srsf3 iKO embryonic mouse hearts at E15.5. Magenta arrowheads highlight 
upregulated expression of TOP2α in epicardial cells. Scale bar, 50μm. Images representative 
of n = 3. (F, G) Fluorescence images showing epicardial lineage cells (tdTomato+) in control 
and Srsf3 iKO embryonic mouse hearts at E15.5 (F) and E17.5 (G). Scale bar, 100μm. Images 
representative of n = 3 embryos.  myo; myocardium, epi; epicardium, EPDC; epicardium-
derived cells, Epi; epicardium cells, Mes; mesenchymal cells. 
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Figure 6. Defects in compaction and coronary vasculature with early-stage induction of 
SRSF3 depletion in Srsf3 iKO hearts. (A) Immunofluorescence cryosection images showing 
the endocardium and vascular network (EMCN+) in control and Srsf3 iKO embryonic mouse 
hearts at E17.5. Tamoxifen induction was administered at E8.5, E9.5, and E9.5/E11.5, 
respectively. White arrows highlight myocardial wall thickness and magenta arrows highlight 
presence of superficial vessels. Scale bar, 50μm. Images representative of n = 3 - 4 embryos. 
myo; myocardium, epi; epicardium, endo; endocardium.  
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