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Abstract 

Monocytes play a crucial role in maintaining homeostasis and mediating a successful innate 

immune response. They also act as central players in diverse pathological conditions, thus making 

them an attractive therapeutic target. Within the bone marrow, monocytes arise from a committed 

precursor termed cMoP (Common Monocyte Progenitor). However, molecular mechanisms that 

regulate the differentiation of cMoP to various monocytic subsets remain unclear. Herein, we 

purified murine myeloid precursors for deep poly-A enriched RNA sequencing to understand the 

role of alternative splicing in the development and differentiation of monocytes under 

homeostasis. Our analyses revealed intron retention to be the major alternative splicing 

mechanism involved in the monocyte differentiation cascade, especially in the differentiation of 

Ly6Chi monocytes to Ly6Clo monocytes. Furthermore, we found that the key genes regulated by 

intron retention in the differentiation of murine Ly6Chi to Ly6Clo monocytes were also conserved 

in humans. Our data highlight the unique role of intron retention in the regulation of the monocytic 

differentiation pathway.

Introduction

Monocytes represent crucial effector cells of the myeloid lineage (Ginhoux and Jung, 2014). Their 

diverse roles in various physiological and pathological processes, such as the maintenance of 

homeostasis, host-defense, inflammation, and tissue development and repair, necessitate their 

continuous production within the bone marrow (Guilliams et al., 2018; Wolf et al., 2019). A
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Monocytes can broadly be classified into two distinct subsets: the “classical” 

CX3CR1lowCCR2+CD62L+CD43loLy6Chi monocytes and the CX3CR1hiCCR2-CD62L-

CD43hiLy6Clo monocytes (Geissmann et al., 2003; Mildner et al., 2017). Each of these monocytic 

subsets has distinct functions; for example, the Ly6Chi monocytes are crucial proinflammatory 

mediators, which primarily function by sensing injury and extravasating into tissues to give rise to 

macrophages and dendritic cells (Mildner et al., 2017). Ly6Clo monocytes, on the other hand, 

function in a surveillance role wherein they patrol the vasculature, act as scavengers and promote 

tissue regeneration (Auffray et al., 2007; Geissmann et al., 2003; Grainger et al., 2013; Mildner et 

al., 2017). Furthermore, Ly6Chi monocytes are considered the obligatory precursors of Ly6Clo 

monocytes; however, in the absence of Ly6Chi monocytes, the Ly6Clo monocytes can trigger a 

compensatory mechanism by extending their half-life (Mildner et al., 2017; Patel et al., 2017; 

Rahman et al., 2017; Yona et al., 2013). All monocytic lineage within the bone marrow arises 

from a monocyte and macrophage restricted clonogenic progenitor termed cMoP (Common 

Monocyte Progenitor) (Hettinger et al., 2013), which arises from the MDP (macrophage and DC 

precursor). But, insights into the molecular mechanisms detailing how cMoPs give rise to Ly6Chi 

monocytes which in turn give rise to Ly6Clo monocytes, are lacking. 

Alternative splicing occurs in 95% of mammalian multi-exonic genes and plays a critical role in 

cellular differentiation (Wang et al., 2008). Recent studies have demonstrated that alternative 

splicing plays a key role in the differentiation of various hematopoietic lineages. A notable 

example is the transcripts encoded by the zinc finger transcription factor, Ikaros, which are 

expressed as alternative isoforms to dictate the specification of distinct myeloid cells (Malinge et 

al., 2013; Payne et al., 2003). Differential expression of alternatively spliced isoforms encoded by 

immune genes including CD44, CD45, and MYD88 regulates the functions of terminally 

differentiated myeloid and lymphoid cells (Arch et al., 1992; De Arras and Alper, 2013; Shanafelt 

et al., 1996). Our previous work has revealed changes in alternative splicing during terminal 

granulopoiesis in mice (Gao et al., 2019; Schmitz et al., 2017; Wong et al., 2013). In particular, we 

have demonstrated that a specific mode of alternative splicing termed intron retention (IR) directly 

regulates granulopoiesis via triggering nonsense-mediated decay (NMD) of transcripts encoding 

the nuclear lamina protein, LMNB1 (Wong et al., 2013). This process is crucial for the remodeling 

of granulocyte nucleus, which is a hallmark of terminal granulopoiesis. IR has also been 

implicated in the development of thymic cells, erythroblasts, megakaryocyte progenitors, and A
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macrophages (Edwards et al., 2016; Green et al., 2020; Ni et al., 2016; Pimentel et al., 2016). 

However, whether dynamic changes in alternative splicing in general or intron retention, in 

particular, play a role in monocytic cell differentiation remains to be ascertained. 

Results and Discussion

The monocyte development cascade is associated with dynamic changes in intron retention

To delineate the role of alternative splicing during monocyte development, we performed deep 

poly-A-enriched mRNA sequencing (>100 million paired-end reads per sample) of FACS sorted 

monocytes (Ly6Chi and Ly6Clo) and known monocytic progenitors, namely MDP and cMoP cells 

present within the mouse bone marrow. A schematic representation of the experimental workflow 

is described in Fig. S1. We utilized the previously described flow cytometric strategy for sorting 

MDP, cMoP, Ly6Chi, and Ly6Clo monocytes (Hettinger et al., 2013) (Fig. 1A, top and middle 

panel ). The identities of these cell populations were validated utilizing Giemsa staining (Fig. 1A, 

bottom panel) and by evaluating the expression of genes associated with specific developmental 

stages (Fig. 1B). Consistent with previous reports, we observed highest expression of Cd34 in 

MDP (Yáñez et al., 2017) followed by cMoP but minimal expression in Ly6Chi or Ly6Clo 

monocytes (Fig. 1B). Ms4a3 expression was high in cMoP (Liu et al., 2019), whilst Ccr2 and 

Nr4a1 were highly expressed in Ly6Chi and Ly6Clo monocytes, respectively (Fig. 1B). The global 

gene signature of these cell populations closely mirrored the previously reported gene signatures 

(Mildner et al., 2017; Thomas et al., 2016) (Fig. 1C). 

Next, using replicate multivariate analysis of transcript splicing (rMATS) (Shen et al., 2014), we 

analyzed the frequency of differential alternative splicing events during 

MDPcMOPLy6ChiLy6Clo monocytic differentiation pathway. Our analysis indicated intron 

retention (IR) to be the most robust mechanism of alternative splicing employed in this pathway 

(Fig. 1D). We detected thousands of differential IR events as opposed to hundreds of differential 

events for exon skipping (SE), mutually exclusive exon (MXE), alternative 5′ splice site (A5SS), 

and alternative 3′ splice site (A3SS) usage (Fig 1D). Specifically, we identified 2793, 2343, 4227, 

and 3866 IR events in MDPs, cMoP, Ly6Chi, and Ly6Clo monocytes, respectively (Fig. 1E). 

Principal component analysis (PCA) based on IR events further demonstrated the capability of IR 

to uniquely distinguish the individual cell populations of the monocytic lineage (Fig. 1F). A
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Approximately 12.5% of all IR events (858/6824) were identified in the same introns in these four 

cell populations indicating a substantial overlap of genes that may be differentially regulated by IR 

during the monocyte differentiation cascade (Table S1, Fig. 1G). Gene Ontology (GO) analysis of 

858 overlapped IR genes showed enrichment of functions including DNA repair, histone 

modification, mRNA processing and ribosome biogenesis indicating that IR may fine-tune 

common biological processes that occur in these cell types (Fig. 1H). We performed pairwise 

comparisons to identify differentially expressed introns between two select cell types. We 

observed that global IR levels decreased from MDP to cMoP before increasing in Ly6Chi and 

Ly6Clo monocytes (Fig. 1I-K, Table S2-S4), revealing a dynamic pattern of IR during the 

MDPcMoPLy6ChiLy6Clo developmental continuum. The levels of IR generally increased 

during Ly6ChiLy6Clo differentiation (Fig. 1K), indicating that IR programming may play an 

important role in the conversion of circulating monocytes to their patrolling counterparts. Overall, 

by performing very deep sequencing of mRNA from monocytic progenitors (MDP and cMoP) and 

functionally distinct monocytes (Ly6Chi and Ly6Clo), we established that IR changes are involved 

in the differentiation of the monopoietic lineage. 

Hallmarks of intron retention are maintained during monopoiesis

As IR has previously been associated with smaller intron size and increased GC content 

(Monteuuis et al., 2019; Wong et al., 2017; Wong et al., 2013), we wanted to investigate whether 

this also held true for IR events detected during monopoiesis. As expected, we observed that 

within the analyzed populations, the introns subject to IR were significantly smaller in size 

(average size= 779 bp) compared to non-retained introns (average size =6143 bp) of all genes that 

were expressed in any of these cells (Fig. 2A). There was also a significantly higher GC content in 

the introns and exons flanking these retained introns (average GC content = 51%) compared to the 

introns that were not subject to IR (average GC content =46%) (Fig. 2B). 

To determine whether IR changes were associated with differential splicing factor expression, we 

analyzed the expression levels of mRNA encoding splicing factors known to be involved in 

various stages of splicing during the MDPLy6Clo differentiation pathway (Fig. 2C). During the 

MDP to cMoP transition, we observed an increase in overall splicing factor expression, which is 

indicative of efficient splicing and thus consistent with the general IR reduction observed in the 

MDP to cMoP transition. In contrast, from cMoPLy6Chi Ly6Clo, there was a general trend of A
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reduced splicing factor expression regardless of the splicing stage (Fig. 2C).  This observation 

shows that a decline in splicing activity marked by decreased splicing factor expression is 

associated with the increase in IR observed in Ly6Chi and Ly6Clo monocytes compared to the 

cMoP cells.

We further determined whether intron-retaining transcripts were sensitive to NMD by comparing 

IR in Ly6Chi monocytes purified from mice with conditional knockout of a core NMD factor, 

UPF2 (LysM-Cre:Upf2fl/fl) compared to Upf2fl/fl control mice (Fig. 2D and E). We detected 133 

differential IR events in Ly6Chi monocytes from LysM-Cre:Upf2fl/fl compared to Upf2fl/fl control, 

of which 56% (75/133) showed increased IR (ΔIR levels >10%, P<0.05 after BH correction) (Fig. 

2F, Table S4). This suggested that only 2.8% (75/4227) of IR-affected genes in Ly6Chi monocytes 

are regulated via NMD, indicating that the majority of intron-retaining transcripts in this cell type 

may be protected from degradation or may be degraded via NMD-independent mechanisms. This 

result was consistent with our observation in human monocytes that the majority of transcripts 

subject to IR are not substrates for NMD or nuclear exosome-mediated RNA decay (Green et al., 

2020). Alternative pathways and factors that regulate the fate of intron-retaining transcripts in 

monocytes remain to be determined. 

With the exception of Irf3, a transcription factor that regulates interferon-β induction in monocytes 

(Li et al., 2011), and Hspa5, a heat shock protein with anti-inflammatory function (Corrigall et al., 

2004), the remaining genes that exhibited increased IR following UPF2 depletion have no known 

functions directly related to monocytes (Table S4). The majority of these genes are known to be 

involved in processes related to actively proliferating cells, including cell cycle and DNA repair 

(Agcc, Mutyh), ribosomal RNA processing (Nat10, Nsun5), ribosome biogenesis (Ipo4, Gnl3), 

tRNA processing (Dalrd3, Qtrt1) and replication fork processing (Tonsl, Mus81, Thoc1). It is, 

therefore, plausible that IR-mediated NMD is a mechanism utilized to silence genes to facilitate 

the cessation of cell proliferation or genes that are not necessary for the functions of terminally 

differentiated monocytes. Indeed, widespread IR-mediated NMD has been reported as a 

mechanism to silence non-physiologically relevant transcripts in a tissue-type specific manner 

(Braunschweig et al., 2014).
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The IR level is inversely correlated with the expression of functionally important genes 

during monopoiesis

To determine whether IR profiles were associated with specific functions, we compared intron-

retaining transcripts in MDP, cMoP, Ly6Chi, and Ly6Clo monocytes for enriched gene ontology 

using K-means clustering analysis (Fig. 3A). A cluster defined by high levels of IR in MDP was 

enriched in functions related to negative regulation of cell cycle, chromosome organization and 

organelle organization, consistent with the potential role of IR in inhibiting the expression of 

genes that interfere with the proliferation of progenitor cells (Figs. 3A and 3B; Cluster I). Besides 

functions related to the cell cycle, the cluster with increased IR in cMoP (Figs. 3A and 3B; 

Cluster II) was enriched for cellular response to lipopolysaccharide and biotic stimulus. This 

observation indicates that IR may have been triggered to regulate genes that are relevant to 

monocyte activity as early as at the progenitor cell stage (Figs. 3A and 3B; Cluster II). 

Importantly, transcripts harboring high levels of IR in Ly6Chi monocytes were enriched for 

functions associated with the innate immune response and cell killing activity relevant to these 

cells (Figs. 3A and 3B; Cluster III). Cluster III also revealed an overlap of transcripts harboring 

high IR levels in both Ly6Chi and Ly6Clo monocytes, indicating the enrichment of common 

biological processes that differentiate mature monocytes from their progenitors. Consistent with 

other studies that reported the proliferative capacity of Ly6C+ monocytes (Hettinger et al., 2013; 

Mildner et al., 2017), transcripts with high IR levels in Cluster III were enriched for functions in 

mononuclear cell proliferation and related kinase signaling activities (Figs. 3A and 3B). Clusters 

IV and V, which were defined by high levels of IR in Ly6Clo monocytes, demonstrated 

enrichment for functions including DNA repair, regulation of cell cycle, mitochondrial function, 

and lipid metabolism (Figs. 3A and 3B). Notably, these functions overlap with the critical roles of 

a key transcription factor, Nr4a1, which drives Ly6Clo monocyte differentiation and survival 

(Bonta et al., 2006; Hanna et al., 2011; Koenis et al., 2018).

We further analyzed global changes in gene expression profile during various steps of the 

monocyte differentiation cascade and analyzed their relationship to the presence or absence of IR. 

This analysis revealed that during the differentiation of MDP to cMoP, decreased global IR was 

associated with increased gene expression (Fig. 3C). Conversely, increased IR was associated 

with a corresponding reduction in global gene expression (Fig. 3C). Transcripts regulated by IR 

include those encoding cell cycle regulators (Cdkn1a and Chd2) and transcription factors (Fos and A
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Klf2) (Fig. S2A). Thus, IR may play a role in fine-tuning the expression of genes that confer 

proliferative capacity to these progenitor cells.

However, while analyzing the cMoP to Ly6Chi monocyte transition, decreased IR did not show a 

trend towards increased gene expression (Fig. 3C). Also, an increase in IR levels did not appear to 

be more frequently associated with decreased gene expression (Fig. 3C). A similar lack of global 

inverse association between IR levels and gene expression was observed during the conversion of 

Ly6Chi to Ly6Clo monocytes (Fig. 3C). This observation was consistent with our recent finding in 

human monocytes and macrophages, whereby intron-retaining transcripts do not necessarily 

undergo degradation and are often protected from degradation via detention in the nucleus (Green 

et al., 2020). 

Despite the general trend that increased IR was associated with increased expression in Ly6Chi 

monocytes compared to cMoP, decreased IR was also associated with increased expression of 

several genes that are known to drive monocytic lineage differentiation and function, including 

Cxcl10 (Carvalheiro et al., 2018), Ecm1 (Schridde et al., 2017), Nlrp3 (Gaidt et al., 2016), and 

Cd14 (Mandl et al., 2014) (Fig. 3D and Figs. S2A and B). Our results indicate that IR may be an 

important mechanism to regulate the expression of a subset of key genes to maintain monocyte 

differentiation and identity.

IR changes affect key genes in Ly6Chi to Ly6Clo monocytic conversion 

Ly6Chi monocytes and Ly6Clo monocytes are primarily discriminated based on the expression of 

the surface marker Ly6C (Mildner et al., 2017). In our RNA-seq dataset, we observed minimal 

Ly6C expression in MDP, highest Ly6C expression in cMoPs and Ly6Chi monocytes followed by 

minimal expression in Ly6Clo monocytes (Fig. 4A). The corresponding IR pattern was completely 

congruent with this expression dataset with high IR observed in MDP, low IR observed in cMoP 

and Ly6Chi monocytes, and again high IR observed in Ly6Clo monocytes (Fig 4A). Therefore, IR 

may be important for downregulating the expression of Ly6C in Ly6Clo monocytes. 

Next, we observed the expression of Nr4a1 to be associated with changes in intron retention. 

NR4A1 is an orphan nuclear receptor known to be the master regulator of the differentiation and 

survival of Ly6Clo monocytes. In an elegant study, Hanna and co-workers demonstrated an A
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absence of Ly6Clo monocytes in NR4A1-/- mice (Hanna et al., 2011). However, these knockout 

mice harbored normal numbers of myeloid progenitor cells implicating that NR4A1 is essential in 

the later stages of monocyte development. Furthermore, bone marrow chimera experiments 

wherein wild-type mice received NR4A1-/- bone marrow cells showed lower numbers of Ly6Clo 

monocytes than did the control mice that received the wild-type bone marrow (Hanna et al., 2011). 

Congruent with these observations, our analysis revealed that Ly6Chi to Ly6Clo conversion 

showed a reduction in intron retention and a parallel increase in the expression of Nr4a1 (Fig. 

4A), suggesting that IR may be a mechanism modulating Nr4a1 transcript levels during the 

Ly6Chi to Ly6Clo conversion.

Expression of Klf2 (Kruppel-like factor 2) is known to inhibit proinflammatory activation of 

monocytes (Das et al., 2006). Klf2 also induces the expression of Nr4a1 via an enhancer and is 

highly expressed in Ly6Clo monocytes (Thomas et al., 2016). Indeed, we found the lowest 

expression levels of Klf2 in MDP and cMoP followed by Ly6Chi monocytes. There was a 

substantial increase in the expression of Klf2 in Ly6Clo monocytes compared to Ly6Chi 

monocytes. The IR levels in this whole developmental spectrum were inversely correlated with the 

expression dataset. We found the highest levels of IR in MDP and cMoPs followed by Ly6Chi 

monocytes. However, there was a considerable reduction in IR levels in Ly6Clo monocytes, which 

is consistent with the corresponding increase in Klf2 expression level (Fig. 4A). Similarly, 

downregulation of genes including Fos and Tcf19 and upregulation of genes such as Itgax in 

Ly6Clo monocytes, reported previously by others (Mildner et al., 2017), also seems to be 

associated with an inverse pattern in IR levels (Fig. S3A). 

For all the IR-affected genes we studied, the increase in IR levels is relatively modest compared to 

the magnitude of decrease in splice transcript expression. This observation may be explained in 

part by the constant degradation of intron-retaining transcripts, leading to an underestimation of 

their levels by RNA-seq. Alternatively, IR may be a mechanism involved in fine-tuning the 

expression of these key genes in Ly6Clo monocytes in addition to transcriptional regulation. 

Intron-retaining transcripts of Ly6C, Klf2, and Nr4a1 are unlikely to be substrates of NMD 

because they were not among intron-retaining transcripts with enhanced expression following 

UPF2 depletion (Table S5). Whether the degradation of these intron-retaining transcripts is A
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mediated by a nuclear-associated RNA degradation machinery to fine-tune their expression 

alongside transcriptional and enhancer activities remains to be determined. 

To determine the role of IR in the conversion of classical (CD14+CD16-) to non-classical 

(CD14dimCD16+) human monocytes, equivalent to Ly6Chi to Ly6Clo monocytes in mice, we 

analyzed a publicly available RNA-seq dataset of classical and non-classical human monocytes 

from two healthy donors available on the European Nucleotide Archive. The lower depth of 

sequencing in this dataset may result in less IR events being detected in human monocytes (Fig. 

4B, Table S5). Nevertheless, we observed a significant overlap of transcripts that showed 

differential IR during the conversion of CD14+CD16- to CD14dimCD16+ monocytes in human and 

Ly6Chi to Ly6Clo monocytes in mice (P=7.80e-62, Hypergeometric test, Fig. 4B). Gene ontology 

analysis performed on transcripts showing differential IR in CD14dimCD16+ compared to 

CD14+CD16- monocytes identified the enrichment of functions related to DNA repair, cell cycle, 

and metabolic processes (Fig. 4C), consistent with the observation in mice (Fig. 3B). 

Similar to the observation in Ly6Clo murine monocytes (Fig. 4A), a decrease in IR was associated 

with an increase in the expression of NR4A1 and KLF2 in CD14dimCD16+ human monocytes (Fig. 

4D). For KLF2/Klf2, IR was not detected in orthologous intron in human and mouse monocytes, 

which is in line with our previous report that IR affecting orthologous genes does not necessarily 

occur in orthologous introns of the same genes in different species (Wong et al., 2013). Intron-

retaining FOS mRNAs also increased in CD14dimCD16+ compared to CD14+CD16- monocytes in 

conjunction with decreased expression of this transcription factor in CD14dimCD16+ monocytes 

(Fig. S3B). These observations suggest that IR may facilitate the regulation of genes during the 

conversion of classical/circulating monocytes to non-classical monocytes, a mechanism conserved 

between human and mice.

Conclusions

Previous studies have established gene signatures for the MDPcMoPLy6ChiLy6Clo 

monocyte differentiation pathway (Mildner et al., 2017). However, the molecular mechanisms 

controlling the tightly regulated expression of genes in this pathway remain unclear. While 

additional biological replicates and independent analysis would be required to confirm our 

findings, our present study provides a novel insight that IR may play a role in the monocytic A
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differentiation pathway. Our findings expand our previous study of IR in human monocyte-

macrophage differentiation pathway (Green et al., 2020) by demonstrating that IR may also be an 

important event during the earlier stages of monocytic cell differentiation.  

Within the MDPcMoPLy6ChiLy6Clo differentiation pathway, the mechanism regulating 

Ly6ChiLy6Clo conversion is the least understood. A landmark study has demonstrated that the 

function of a super-enhancer of Nr4a1 is critical for the development and maintenance of Ly6Clo 

monocytes (Thomas et al., 2016). Notably, the binding of KLF2 to this enhancer triggers its 

activity (Thomas et al., 2016). Our findings provide further indication that the regulation of this 

enhancer may be dependent on IR-mediated modulation of Klf2 mRNA expression. IR also affects 

the expression of Nr4a1 potentially to ensure that this gene is repressed in monocytic populations 

other than Ly6Clo monocytes. Importantly, our data indicate the conservation of these IR events in 

human non-classical (CD14dimCD16+) monocytes. 

Our findings imply that IR in key genes may be targeted to fine-tune the differentiation and 

function of a specific monocyte population. This approach may be relevant in the context of 

inflammatory diseases with abnormal distribution patterns of specific subsets of monocytes. A 

clear example is the recent finding wherein the peripheral blood samples from patients with severe 

SARS-CoV-2 infection were depleted of non-classical CD14dimCD16+ monocytes (Silvin et al., 

2020). In the absence of deep mRNA-seq data for analyzing IR in COVID-19 patients, it remains 

unknown whether IR affecting KLF2 could explain this observation. Ultimately, modulating IR is 

a major challenge. Our results clearly indicate that targeting a specific splicing factor to modulate 

specific IR events is unlikely to be a viable approach, as the majority of splicing factors uniformly 

increase or decrease in expression during the course of monocytic differentiation. Alternatively, as 

shown in proof of concept studies in human cells in vitro, RNA-targeting antisense 

oligonucleotides to block or promote intron removal may be used to modulate IR (Dumbović et 

al., 2021; Flynn et al., 2018). Our present findings provide a rationale to establish such approaches 

in monocytic cells, both as a validation tool to confirm the role of IR in regulating the monocytic 

differentiation pathway and to develop potential therapeutic strategies to treat monocyte-related 

pathologies. 
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Mice 

UPF2fl/fl  mice on C57BL6/J background were originally generated in Bo Porse’s laboratory in 

Copenhagen (Weischenfeldt et al., 2008) and re-derived at the Centenary Institute, Sydney, 

Australia. These mice were crossed with the LysM-cre strain to allow for the conditional deletion 

of UPF2 in cells of myeloid origin including monocytes. All animal experiments were performed 

in the specific-pathogen free facility in accordance with the ethics approval from the Royal Prince 

Alfred Hospital Animal Ethics Committee (Protocol no. 2013/045).

Cell sorting and morphological confirmation

The FACS gating strategy utilized for sorting MDP, cMOPs, Ly6Chi and Ly6Clo monocytes is 

consistent with what has been used in the previous studies (Hettinger et al., 2013) (Figure 1A). 

Briefly, bone marrow was harvested from the femur, tibia, and spine of UPF2fl/fl mice or LysM-cre, 

UPF2fl/fl  mice as previously described. Harvested bone marrow cells were pre-stained with 

CD16/32 (Becton Dikinson 553142, 1:1000) and then incubated with lineage-specific antibodies 

conjugated to biotin: CD3 (Biolegend 100304, 1:800), CD19 (BioLegend 115504, 1:800), NK1.1 

(Biolegend 108704, 1:800), Ly6G/Ly6C (Gr-1) (Biolegend 108404, 1:400), together with anti-

CD117 (c-kit) (PE, Becton Dickinson 553355, 1:400), anti-CD115 (c-fms) (PECy7, eBioscience 

25-1152-82, 1:800), anti-CD135 (APC, Biolegend 135310, 1:100), anti-Ly6C (PacBlue, 

Biolegend 128014, 1:200), anti-CD11b (FITC, Biolegend 101205, 1:400) antibodies. Cells were 

washed twice in phosphate-buffered-saline (PBS) supplemented with 2% (v/v) fetal bovine serum 

(Hyclone, GE Healthcare Life Sciences) and 1mM Ethylenediaminetetraacetic acid (EDTA) 

followed by incubation with streptavidin-APC-Cy7 (BioLegend 405208, 1:1,000). Following a 

wash in PBS supplemented with 2% (v/v) fetal bovine serum and 1mM EDTA, cells were sorted 

on a FACSAria II (BD Biosciences).  Samples with >95% purity were used for further 

downstream analysis.

Morphological confirmation of sorted progenitors and monocytes was performed following the 

May-Grünwald Giemsa staining of cells spun onto poly-L-lysine slides.

RNA isolation, mRNA-sequencing, and qRT-PCR 

Total RNA extraction was performed using Trizol (Invitrogen). RNA quality (RNA integrity 

Number >7) was confirmed using RNA 6000 Nano Chips (Agilent Technologies). Poly-A A
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enriched stranded RNA library preparation was performed using the TruSeq Stranded mRNA 

Library Prep kit (Illumina). Sequencing was performed on an Illumina Hi-Seq 2500 platform. 

Both library preparation and sequencing were performed at Novogene (China). For each sample, 

approximately 100M paired-end 100bp strand-specific reads were acquired. RNA-seq was 

performed in single replicate for rare populations of MDP and Ly6Clo monocytes, and duplicates 

for cMOPs and Ly6Chi monocytes. RNA-seq of Ly6Chi monocytes from UPF2fl/fl mice and LysM-

cre:UPF2fl/fl  mice was performed in biological triplicates for each group. For qRT-PCR, cDNA 

was generated from DNAse I-treated total RNA using SuperScript III First-Strand Synthesis 

System (Invitrogen) in accordance with the manufacturers’ instructions. Reactions were in 20 ul 

volumes containing 1x IQ SyberGreen supermix and 0.3 mM of the respective forward and 

reverse primers using the CFX96 Real-Time PCR Machine (Bio-Rad). Cycling conditions were: 

95°C for 6min followed by 95°C for 30 s, primer-specific annealing temperature for 30 s, and 

extension at 72°C for 30 s. Primer sequences were: Upf2 ex2-3 Forward, 5′ 

GGCTGCTCAGCTGAAAGAGA-3′; Upf2 ex2-3 Reverse, 5′-TTTTCCTCTGGTCGGTTGTC-3′; 

Hprt Forward, 5′-AGTGTTGGATACAGGCCAGAC-3′; Hprt Reverse, 5′-

CGTGATTCAAATCCCTGAAGT-3′

Western blot

Total protein lysates were subjected to electrophoresis after being loaded onto precast SDS-PAGE 

gels (Invitrogen) and then transferred onto polyvinylidene difluoride (PVDF) membranes. 

Membranes were blocked with 5% (weight per volume) skim milk for 1 h at room temperature 

and incubated overnight with rabbit anti-UPF2 (1:20,000, a gift from Jens Lykke Anderson) or 

mouse anti-GAPDH (1:1,000, Abcam ab8245) antibodies. Following washes, membranes were 

incubated with HRP-conjugated secondary anti-rabbit or -mouse antibody (1:5,000; Chemicon 

AP182P or AP192P), and exposed using enhanced chemiluminescence reagents (Pierce) on a 

ChemiDoc Imaging Systems (Bio-Rad). Bands were quantified using ImageJ.

mRNA-seq read pre-processing and alignment

The base quality of raw mRNA-seq reads for each sample was checked and analyzed 

independently using FastQC. The raw data files were then processed to remove low-quality reads 

and adapters with trimmomatic (version 0.38) (Bolger et al., 2014). Cleaned up mRNA-seq reads 

were mapped to the mouse genome Ensembl Genome Browser Version 86 using STAR 2.5.2a. 

(Dobin et al., 2013) A
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Differential alternative splicing analysis

Alternative splicing (AS) genes for each pair were identified using rMATS (Shen et al., 2014). 

Only AS events with a false discovery rate of <5% were considered to be significant.

Intron retention analysis

IRFinder was used to detect IR and to measure variations in the levels of individual IR events 

between samples (Middleton 2017). Introns with IR ratio > 10%, intron depth >4 and splicing 

exact >10 were defined as being retained. Differential intron retention between samples was 

analyzed using the Audic and Claverie Test. Differential IR events with P<0.05 (Benjamini–

Hochberg (BH) correction) were considered significantly different between samples. IR ratio 

matrix was clustered using k-means algorithm (stats R package function kmeans) with correlation 

as the distance metric. The value of k was chosen by assessing the optimal number of clusters 

(NbClust R package function fviz_nbclust gap statistic method) for a range of possible values. 

Gene ontology (GO) enrichment was performed for each cluster using the clusterProfiler R 

package (Yu et al., 2012). GO categories with P<0.05 after BH correction were considered 

significant.

Gene expression analysis 

The expression level of each transcript was measured as the count number of clean reads aligned 

to the reference genome. We used the transcript quantification tool called RNA-seq by 

Expectation-Maximization (RSEM) to generate integer-based read counts from the spliced 

transcript alignments (Li and Dewey, 2011). The mapped clean read counts were normalized to 

FPKM (Fragments Per Kilobase of transcript sequence per Millions base pairs) with RSEM. 

Differential expression analysis of two conditions was performed using the DESeq2 R package 

(Love et al., 2014). P<0.05 with BH correction and fold change > 1.5 was set as the threshold for 

differential expressed genes (DEGs). 

Principal Component analysis

To perform principal component analysis, we first removed genes without variant expression 

levels and then log2-transformed the sample-gene FPKM value matrix. We then used the R A
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function ‘prcomp’ with an option ‘center=TRUE’ to perform principal component analysis. The 

two-dimensional PCA plot was created using the R function ‘ggplot2’.

Statistical analysis 

Unless stated otherwise, statistical analyses were performed using t test (parametric), and BH-

correction was used to control for a false discovery rate. Results with P < 0.05 were considered 

statistically significant.

Data access

mRNA-seq data generated in this study have been deposited in the Genome Expression Omnibus 

under accession number GSE168231. mRNA-seq from previously published studies are available 

via Genome Expression Omnibus under the accession numbers GSE95702 and GSE80040. 

Samples included in this study are detailed in Table S7. mRNA-seq data from human classical 

(CD14+CD16-) monocytes and non-classical (CD14dimCD16+) monocytes are available via 

European Nucleotide Archive under the accession number: PRJEB26403.
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Figure Legends

Figure 1. Intron retention is dynamically altered during murine monopoiesis. (A) 

Fluorescence-activated cell sorting strategy to purify MDP, cMoP, Ly6Chi and Ly6Clo monocytes. 

Morphology of purified cells is shown below the flow cytometry plots. (B) Expression of 

signature genes in monocytes and their upstream progenitors. (C) Principal component analysis 

based on gene expression performed for monocytes and their progenitors obtained in this and two 

independent studies. (D) Distribution of different types of alternative splicing events including 

alternative exon splicing (SE), mutually exclusive exon (MXE), alternative 5′ (A5SS) and 3′ 

(A3SS) spice site usage, and intron retention (IR) during different stages of monopoiesis. (E) 

Number of IR events detected in monocytes and their upstream progenitors. (F) Intron retention 

based principal component analysis to distinguish MDP, cMoP, Ly6Chi and Ly6Clo monocytes. 

(G) Four-way Venn diagram showing overlap of IR events in MDP, cMoP, Ly6Chi and Ly6Clo 

monocytes. (H) Gene ontology analysis of overlapping IR events in MDP, cMoP, Ly6Chi and 

Ly6Clo monocytes. (I-K) Volcano plots highlighting the association between IR ratio fold-change 

and their significance during different stages of MDPcMoPLy6ChiLy6Clo monocytic 

development. 

Figure 2. Intron retaining transcripts in monocytic cells are associated with specific features. 

(A) Box and whisker plots showing length distribution of non-retained versus retained introns in 

MDP, cMoP, Ly6Chi and Ly6Clo monocytes. **** denotes significance at P < 0.0001, binomial 

test. (B) GC content for introns and flanking exons of non-retained compared to retained introns 

spanning ±100 nucleotides from the 5′ and 3′ splice junctions, and from the middle of introns. 

**** denotes significance at P < 0.0001, binomial test. (C) Differential expression of splicing 

factors during different stages of MDPcMoPLy6ChiLy6Clo monocytic development. Upper 

panels illustrate specific stages of splicing. (D) mRNA expression of Upf2 in purified Ly6Chi 

monocytes from LysM-Cre: Upf2 fl/fl mice and Upf2 fl/fl controls. Data are from three 

independent experiments performed in triplicates. Bars show mean ±SEM. **** denotes 

significance at P < 0.0001 (two-tailed Student’s T-test). (E) Upf2 protein levels detected in 

purified Ly6Chi monocytes from and Upf2 fl/fl controls. Fold-change of normalized UPF2 levels in 

LysM-Cre: Upf2 fl/fl and Upf2 fl/fl mice was shown for each of the three biological replicates. (F) 

Volcano plot showing association between IR ratio fold-change and their significance following 

Upf2 depletion in primary Ly6Chi monocytes. A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Figure 3. Intron retention affects key genes during monopoiesis. (A) Heatmap showing 

differential intron retention levels during different stages of monocytic development. K-means 

clustering was set to n=5, which is the optimal number of clusters determined via Gap statistic 

method. (B) Significantly enriched functional categories (P < 0.05) determined by gene ontology 

analysis of genes in Cluster 1-V. (C) Waterfall plots showing mRNA expression fold-change of 

genes with decreasing and increasing intron retention (IR) during progressive stages of 

monopoiesis. Vertical dashed lines indicate inflection points. Green and pink shadings highlight 

genes with increased and decreased expression respectively. (D) Coverage plot of mRNA 

sequencing reads displaying levels of IR in Ly6Chi monocytes and their upstream progenitors. The 

range of reads per million-mapped reads detected for individual nucleotides are displayed on the 

top left-hand corner of each plot. Translational direction (red arrow), exons (blue boxes), 5′ and 3′ 

UTRs (thinner blue boxes), and introns (horizontal blue lines) are shown above. IR ratios of 

introns of interest (highlighted by orange boxes) are indicated in the coverage plot and displayed 

as bar plots in orange. Bars on the right show spliced mRNA expression as fragments per kilobase 

of transcript per million-mapped read (FPKM) for respective genes in each of the populations. 

Figure 4. Intron retention levels are inversely associated with the expression of key 

regulators of Ly6Chi to Ly6Clo monocyte conversion in both mouse and human. (A) Coverage 

plot of sequencing reads showing IR ratio of Ly6c, Nr4a1 and Klf2 transcripts in MDP, cMoP, 

Ly6Chi and Ly6Clo monocytes from mice. The range of reads per million-mapped reads detected 

for individual nucleotides are displayed on the top left hand corner of each plot. Translational 

direction (red arrow), exons (blue boxes), 5′ and 3′ UTRs (thinner blue boxes), and introns 

(horizontal blue lines) are shown above. IR ratios of introns of interest (highlighted by orange 

boxes) are also shown as bar plots in orange. Bars on the right show spliced mRNA expression as 

fragments per kilobase of transcript per million-mapped read (FPKM) for respective genes in each 

of the populations. (B) The overlap between differential IR events in mice Ly6Clo compared to 

Ly6Chi monocytes and their equivalent CD14dimCD16+ compared to CD14+CD16- monocytes in 

humans. Significance is denoted by P < 0.05, hypergeometric test. (C) Functional enrichment of 

genes showing differential IR in human CD14dimCD16+ compared to CD14+CD16- monocytes 

determined via gene ontology analysis. P < 0.05 denotes significance. (D) Coverage plot of 

mRNA sequencing reads showing IR ratio of NR4A1 and KLF2 transcripts in matched human A
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CD14dimCD16+ and CD14+CD16- monocytes from two healthy donors. Bar plots in the middle 

(orange) and on the right  (light blue) display IR ratio and corresponding spliced mRNA 

expression (FPKM). 

Figure S1. Framework of bioinformatics analysis pipeline. All human and mouse RNA-seq 

libraries are poly-A enriched and sequenced using an Illumina sequencing platform (blue). Quality 

control and preprocessing of raw FASTQ files were performed by FASTQC and Trimmomatic 

respectively (steel blue). Clean reads were mapped to mouse/human genome by STAR (purple). 

Mapped reads were used to build differential intron retention analysis using IRFinder (green), 

identify differential alternative splicing events using rMATS (light green) and detect differentially 

expressed genes using RSEM and DESeq2 (brown). Further integrative analysis (K-means 

clustering analysis, Gene Ontology analysis and correlation analysis) are presented in heatmap, 

bar plot and waterfall plot respectively (dark orange).

Figure S2. Genes showing differential intron retention during monopoiesis. (A) Top 30 genes 

showing differentially decreased or increased intron retention during different stages of 

MDPcMoPLy6ChiLy6Clo monocytic development. Matched spliced mRNA expression is 

shown for each of these intron-retaining genes. (B) Coverage plot of sequencing reads showing IR 

ratio of Nlrp3 and Cd14 transcripts in MDP, cMoP and Ly6Chi monocytes from mice. The range 

of reads per million-mapped reads detected for individual nucleotides are displayed on the top left 

hand corner of each plot. Translational direction (red arrow), exons (blue boxes), 5′ and 3′ UTRs 

(thinner blue boxes), and introns (horizontal blue lines) are shown above. IR ratios of introns of 

interest (highlighted by orange boxes) are also shown as bar plots in orange. Bars on the right 

show spliced mRNA expression as fragments per kilobase of transcript per million-mapped read 

(FPKM) for respective genes in each of the populations.

Figure S3. Key genes affected by intron retention during Ly6Chi to Ly6Clo monocyte 

conversion.  (A) Coverage plot of sequencing reads showing IR ratio of Fos, Tcf19 and Itgax 

transcripts in Ly6Chi and Ly6Clo monocytes from mice. The range of reads per million-mapped 

reads detected for individual nucleotides are displayed on the top left hand corner of each plot. 

Translational direction (red arrow), exons (blue boxes), 5′ and 3′ UTRs (thinner blue boxes), and 

introns (horizontal blue lines) are shown above. IR ratios of introns of interest (highlighted by A
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orange boxes) are also shown as bar plots in orange. Bars on the right show spliced mRNA 

expression as fragments per kilobase of transcript per million-mapped read (FPKM) for respective 

genes in each of the populations. (B) Coverage plot of sequencing reads and corresponding bar 

plots showing IR ratio and spliced mRNA expression of FOS in matched human CD14dimCD16+ 

and CD14+CD16- monocytes from two healthy donors.

Table S1. Overlapped IR events in MDP, cMOP, Ly6Chi and Ly6Clo monocytes 

Table S2. Differentially retained introns and corresponding gene expression changes in cMoP 

compared to MDP.

Table S3. Differentially retained introns and corresponding gene expression changes in Ly6Chi 

monocytes compared to cMoP.

Table S4. Differentially retained introns and corresponding gene expression changes in Ly6Clo 

monocytes compared to Ly6Chi monocytes.

Table S5. Differential IR changes in Ly6Chi monocytes from Lysm-Cre, Upf2 fl/fl mice compared 

to Upf2 fl/fl mice.

Table S6. Differentially retained introns and corresponding gene expression changes in human 

non-classical (CD14dimCD16+) monocytes compared to classical (CD14+CD16-) monocytes.

Table S7: Publicly available datasets used in this study
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