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ABSTRACT: 

While transcriptional control mechanisms of innate immune gene expression are well 

characterized, almost nothing is known about how pre-mRNA splicing decisions influence, or 

are influenced by, macrophage activation. Here, we demonstrate that the splicing factor hnRNP 

M can be controlled by pathogen sensing cascades and acts as a critical repressor of innate 

immune gene expression. In the absence of hnRNP M, a unique regulon of genes, including 

IL6, Mx1, and Gbp5, was hyperinduced following distinct innate immune stimuli. While a 

population of hnRNP M associated with chromatin-associated nascent transcripts in uninfected 

macrophages, Toll-like receptor 4 (TLR4) activation dissociated hnRNP M from the IL6 genomic 

locus and de-repressed IL6 expression. Mutating specific serines impacted hnRNP M’s ability to 

associate with the IL6 genomic locus and regulate IL6 and Mx1 expression, establishing a 

previously unappreciated role for innate immune sensor signaling in controlling splicing factor 

phosphorylation. Together, these results promote pre-mRNA splicing as a critical regulatory 

node in defining innate immune outcomes.  
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INTRODUCTION 

 When innate immune cells like macrophages sense pathogens, they undergo a massive 

reprogramming of gene-expression. Decades of research have described the transcription 

factors and signal transduction cascades that initiate transcription of innate immune defense 

molecules. However, the contribution of post-transcriptional regulatory events and pre-mRNA 

splicing decisions to innate immune outcomes during macrophage activation remains 

understudied.  

 Multiple lines of evidence support a crucial role for pre-mRNA splicing regulation in 

determining innate immune gene expression outcomes. When primary mouse macrophages are 

treated with a Toll-like receptor 4 (TLR4) agonist to activate innate immune gene expression, 

individual transcripts show significant variation in the time it takes for them to be fully spliced, 

with some pre-mRNAs remaining unprocessed for hours after transcriptional activation1,2. 

Likewise, computational analyses of human primary macrophages reveal a robust increase in 

mRNA isoform diversity and a global preference for exon inclusion following lipopolysaccharide 

(LPS) treatment or Salmonella enterica serovar Typhimurium infection3. The production of 

functionally diverse protein isoforms via alternative splicing is also known to influence innate 

immune responses. Several important innate immune molecules downstream of pattern 

recognition receptors, such as the TLR adapter protein MyD884, the interleukin-1 receptor 

associated kinase 1, IRAK15, and even some of the TLRs themselves (TLR3, TLR4 co-receptor 

MD2)6,7, are regulated through expression of truncated isoforms that auto-inhibit full length 

protein function and dampen inflammatory responses. In the case of MyD88, splicing factors like 

SF3a1 have been directly implicated in generating the MyD88 short isoform (MyD88-S), which 

inhibits expression of pro-inflammatory cytokines like interleukin-6 (IL-6) following LPS 

treatment8,9. Despite these and other lines of evidence pointing to an important role for splicing 

and alternative splicing in controlling innate immune outcomes, little is known about how splicing 

decisions are regulated in innate immune cells undergoing gene expression reprogramming.  

 To date, a handful of RNA binding proteins (RBPs) have a characterized role in 

controlling innate immune gene expression, and in some cases, innate immune signaling has 

been connected to RBP function. For example, TLR4 signaling via LPS treatment promotes the 

shuttling of hnRNP U (heterogeneous nuclear ribonucleoprotein particle U) from the nucleus to 

the cytosol, resulting in differential expression of several innate immune cytokines (Tnfα, IL6, 

and IL-1β) via hnRNP U-dependent stabilization of cytosolic mRNAs10. Tristetraprolin (TTP), 

human antigen R (HUR), T-cell intracellular antigen 1 related protein (TIAR), and hnRNP K have 

also been implicated in controlling gene expression in LPS-activated macrophages, with TTP 
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and HUR regulating mRNA decay and TIAR and hnRNP K causing translational repression11-13. 

Phosphorylation is generally thought to control subcellular localization and protein-protein 

interactions between these RBPs and others in the hnRNP and SR (serine-arginine rich) 

families14-19, but the kinases/phosphatases responsible for modifying them and the conditions 

under which these modifications are controlled remain poorly understood.  

 Two recent publications report changes to macrophage protein phosphorylation following 

infection with the intracellular pathogens bacterium Mycobacterium tuberculosis20 and 

Cryptococcus neoformans21. Intriguingly, a number of these differentially phosphorylated 

peptides were derived from splicing factors. In fact, “spliceosome” was the top over-represented 

phosphorylated pathway in C. neoformans-infected cells, suggesting that post-translational 

modification of splicing factors is critical for controlling innate immune responses to pathogens. 

One of the proteins that was significantly differentially phosphorylated in each of these datasets 

was hnRNP M. HnRNP M is a splicing factor and RBP that has been repeatedly implicated in 

cancer metastasis22-25 and muscle differentiation26. It has also been identified as a component of 

a large splicing regulatory complex containing Rbfox which controls alternative splicing in the 

brain27. Its role in regulating innate immune gene expression in macrophages is unknown, 

although interestingly, it is targeted by proteases from two positive strand RNA viruses (polio 

and coxsackievirus) in order to promote infection28,29. HnRNP M has also been found to 

influence dengue virus replication30, suggesting a role in regulating host antiviral responses.  

 Here, we demonstrate that abrogating hnRNP M expression in a macrophage cell line 

leads to hyperinduction of hundreds of transcripts following distinct innate immune stimuli, 

including infection with the gram-negative bacteria Salmonella enterica serovar Typhimurium, 

treatment with TLR2 and TLR4 agonists, and transfection of cytosolic dsDNA. While our data 

reveal that hnRNP M co-transcriptionally represses gene expression by influencing both 

constitutive and alternative splicing decisions, regulation of hnRNP M’s function via 

phosphorylation at S574 specifically controls the protein’s ability to inhibit intron removal of 

innate immune-activated transcripts. Consistent with its role in down-regulating macrophage 

activation, macrophages lacking hnRNP M were better able to control viral replication, 

emphasizing the importance of pre-mRNA splicing regulation in modulating the innate immune 

response to infection. 

 

RESULTS 

RNA-SEQ analysis reveals immune response genes are regulated by hnRNP M during 

Salmonella infection 
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 To investigate a role for hnRNP M in regulating the innate immune response, we first 

tested how loss of hnRNP M globally influenced macrophage gene expression. Stable hnRNP 

M knockdown cell lines (hnRNP M KD) were generated by transducing RAW 264.7 mouse 

macrophages with lentiviral shRNA constructs designed to target hnRNP M or a control 

scramble (SCR) shRNA. Western blot and RT-qPCR analysis confirmed ~80% and 60% 

knockdown of hnRNP M using two different shRNA constructs (in KD1 and KD2, respectively) 

(Fig. 1a). Numerous attempts to knockout hnRNP M in RAW 264.7 macrophages by 

CRISPR/Cas9 gRNAs resulted exclusively in clones with in-frame insertions or deletions (data 

not shown). Therefore, we concluded that hnRNP M is essential in macrophages and continued 

our experiments using the viable knockdown cell lines.  

 We next infected hnRNP M KD1 and SCR cell lines with Salmonella Typhimurium at an 

MOI of 10 and performed RNA-seq analysis on total polyA+ selected RNA collected from 

uninfected and infected cells at 4h post-infection. We chose 4h as a key innate immune time 

point as one would expect robust transcriptional activation downstream of TLR4 through both 

MyD88 and TRIF adapters by 4h31. To determine how loss of hnRNP M affected gene 

expression in both uninfected and Salmonella-infected RAW 264.7 macrophages, we used CLC 

Genomics Workbench differential expression pipeline to identify genes whose expression was 

regulated by hnRNP M. A number of genes were differentially expressed in uninfected hnRNP 

M KD cells when compared to SCR control cells, with 391 genes up-regulated and 174 down-

regulated (Fig. 1b and 1c) and similar ratios of up- and down-regulated genes were seen in 

hnRNP M KD cells infected with Salmonella compared to SCR control (Fig. 1d). In both 

conditions (+/- Salmonella), loss of hnRNP M led to far more upregulated genes (blue) than 

downregulated (red), indicating that hnRNP M generally acts as a repressor of gene expression, 

consistent with previous reports of it repressing pre-mRNA splicing32,33. Interestingly, we 

observed only 25% overlap between genes that were differentially expressed in uninfected and 

Salmonella-infected macrophages, suggesting that hnRNP M has distinct modes of operation 

depending on the activation state of a macrophage (Fig. S1). Unbiased canonical pathways 

analysis revealed strong enrichment for differentially expressed genes in innate immune 

signaling pathways in Salmonella-infected hnRNP M KD cells (Fig. 1e) and manual analysis of 

these lists revealed a number of important chemokines (e.g. Cxcl16, Ccl17, Ccl2, Ccl7), antiviral 

molecules (e.g. Isg15, Mx1), and pro-inflammatory cytokines (e.g. IL6, Mip-1α (Ccl3), IL-18) 

whose expression were dramatically affected by loss of hnRNP M (Fig. 1f). Additional pathways 

enriched for hnRNP M-dependent genes can be found in Fig. S1B and a list of all impacted 

genes (+/- 1.5 fold change) can be found in Table S1.  
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 To validate the RNA-SEQ gene expression changes, we used RT-qPCR to measure 

transcript levels of genes from both lists (uninfected SCR vs. hnRNP M KD and Salmonella-

infected SCR vs. hnRNP M KD). We confirmed overexpression of several genes in uninfected 

hnRNP M KD cells (Rnf26, Rnf128, Slc6a4; Fig. 1g), as well as hyperinduction of genes in 

hnRNP M KD cells 2h and 4h post-Salmonella infection (IL6, Mx1, Gbp5, Adora2a, and Marcks) 

(Fig. 1h and S1). Importantly, we found that induction of other pro-inflammatory mediators such 

as IL1β and Tnfα did not rely on hnRNP M (Fig. 1i), suggesting that hnRNP M’s ability to 

regulate gene expression is conferred by specificity at the individual transcript level, rather than 

being common to a transcriptional regulon (e.g. NFκB, IRF3, STAT1). Together, these results 

reveal a previously unappreciated role for hnRNP M in repressing specific innate immune 

transcripts in macrophages. 

 

hnRNP M regulates a specific subset of innate immune genes upon diverse innate 

immune stimuli 

Salmonella encodes several pathogen-associated molecular patterns (PAMPs) that 

serve as potent activators of pattern recognition receptors. Salmonella can also activate pro-

inflammatory gene expression via its virulence-associated type III secretion system	34. To begin 

to determine the nature of the signal through which hnRNP M-dependent gene expression 

changes occur, we first tested whether LPS, a potent agonist of TLR435 and component of the 

Salmonella outer membrane, was sufficient to hyperinduce IL6 expression (Fig. 2a). SCR 

control and hnRNP M KD cell lines were treated with 100 ng/mL of LPS, and IL6 mRNA levels 

were measured by RT-qPCR. Similar to Salmonella infection, we observed a 3-4-fold 

hyperinduction of IL6 in hnRNP M KD cells treated with LPS for 2h and 4h, confirming that 

transcriptional activation of IL6 occurs downstream TLR4 (Fig. 2b). Importantly, hyperinduction 

of IL6 mRNA in both LPS-treated and Salmonella-infected hnRNP M KD macrophages 

increased IL-6 protein levels 3-6 fold (Fig. 2c), indicating that hnRNP M repression of IL6 mRNA 

processing impacts protein outputs in a biologically meaningful way. We believe hnRNP M 

mainly functions to repress IL6 expression early in macrophage activation, as we did not 

observe a difference in IL6 mRNA levels between SCR and hnRNP M KD at later time points 

post-LPS treatment (Fig. S2).  

Consistent with our RNA-SEQ and RT-qPCR data from Salmonella-infected cells, IL1β 

(Fig. 2d) and Tnfα (Fig. S2), showed no changes in expression after LPS-treatment in hnRNP M 

KD cells, despite being tremendously upregulated. On the other hand, both Mx1 and Gbp5 were 

hyperinduced in hnRNP M KD cells after LPS treatment (Fig. 2e). Rather than being regulated 
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by NF-κB, transcription of Mx1 and Gbp5 is activated by STAT1 downstream of IFNβ signaling, 

following IFNβ expression via the TRIF/IRF3 axis (Fig. 2h). These results hinted at a 

mechanism for hnRNP M-dependent repression that is independent of transcription factor 

specificity and is instead dependent on individual transcripts.   

To more directly test the idea that hnRNP M’s target specificity is at the level of the 

transcript itself, we tested whether these same genes (IL6 or Mx1) were hyperinduced in hnRNP 

M KD cells treated with a panel of innate immune agonists. Treatment with 100 ng/ml of the 

TLR2/1 agonist PAM3CSK4 hyperinduced IL6 expression in hnRNP M KD cells compared to 

SCR controls (Fig. 2f), while Tnfα and IL1β mRNA levels remained similar (Fig. 2g). Likewise, 

transfection of hnRNP M KD cells with 1 µg/mL interferon stimulatory DNA (ISD), a potent 

agonist of cytosolic DNA sensing and IRF3-mediated transcription downstream of the 

cGAS/STING/TBK1 axis 36(Fig. 2h) led to hyperinduction of Mx1 in hnRNP M KD cells (Fig. 2i), 

whereas Ifnβ and other interferon-stimulated genes (ISGs) regulated by IRF3 (Ifit1 and Irf7) 

were expressed at similar levels (Fig. 2i and 2j). Direct engagement of the interferon receptor 

(IFNAR) with recombinant IFNβ also resulted in Mx1 hyperinduction in hnRNP M KD cells (Fig. 

2k). Collectively, these results bolster a model whereby hnRNP M represses mRNA expression 

of a specific subset of innate immune genes, regardless of how those genes are induced. 

 

hnRNP M influences gene expression outcomes at the level of pre-mRNA splicing 

 Previous studies of hnRNP M’s role in gene expression have shown that it can enhance 

or silence splicing of alternatively spliced exons32,37-39. However, because hnRNPs are known to 

regulate post-transcriptional gene expression at many steps (e.g. mRNA decay, mRNA export, 

translational repression), we first asked whether loss of hnRNP M could specifically influence 

constitutive intron removal and/or alternative splicing in LPS-activated macrophages. We chose 

IL6 as a model transcript because: (1) it has a simple intron-exon architecture for a mammalian 

gene, with four relatively short introns (165, 1271, 3059 and 1226 nucleotides, respectively); (2) 

it was significantly and robustly hyperinduced by loss of hnRNP M (Fig. 1f and 1h); and (3) it is a 

crucial component of the macrophage inflammatory response. Using RT-qPCR, we first 

measured the relative abundance of each IL6 intron-exon junction (Fig. 3a) in SCR control cells 

to assess how intron removal proceeded on IL6 pre-mRNAs in cells containing hnRNP M. 

Primers were designed so as to only amplify introns that are still part of pre-mRNAs and not 

released intron lariats. At two hours post-LPS treatment, most of the IL6 transcripts we detected 

are partially processed, with intron 1 and to some extent intron 4 being preferentially removed 

and introns 2 and 3 being retained (Fig. 3b). We then compared the relative abundance of IL6 
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introns in SCR control cells to those in hnRNP M KD macrophages and observed a dramatic 

and specific decrease in intron 3-containing IL6 pre-mRNAs in the absence of hnRNP M. This 

decrease in IL6 intron 3 starkly contrasted other IL6 intron-exon and exon-exon junctions, which 

were overall more abundant in the absence of hnRNP M (Fig. 3c). These data demonstrate that 

in IL6 pre-mRNAs accumulate in the absence of hnRNP M and suggest that IL6 intron 3 plays a 

privileged role in dictating the maturation of IL6 mRNAs. Based on this result, we propose that 

hnRNP M is important for controlling constitutive splicing of certain introns in macrophages and 

that it can inhibit removal of intron 3 from IL6 pre-mRNA in order to limit accumulation of the 

fully spliced mRNA. 

 We next wanted to explore if loss of hnRNP M also influenced alternative splicing in 

uninfected and Salmonella-infected macrophages. To do so, we employed an algorithm for local 

splice variation (LSV) analysis called MAJIQ (modeling alternative junction inclusion 

quantification)40. MAJIQ allows identification, quantification, and visualization of diverse LSVs, 

including alternative 5’ or 3’ splice site usage and exon skipping, across different experimental 

conditions. MAJIQ identified a total of 94 LSVs in uninfected SCR vs. hnRNP M KD 

macrophages and 67 LSVs in Salmonella-infected SCR vs. hnRNP M KD macrophages 

(probability [∣delta PSI∣, ≥20%], >95%) (Fig. 3d). The vast majority of the LSVs identified in 

SCR vs. hnRNP M KD cells were exon skipping events. Subsequent visualization of these LSVs 

by VOILA analysis revealed that loss of hnRNP M generally correlated with increased exon 

inclusion in both uninfected and Salmonella-infected macrophages. In other words, the 

presence of hnRNP M led to more exon skipping, which is consistent with a role for hnRNP M in 

splicing repression.  We also conducted IPA pathway analysis of alternatively spliced transcripts 

to identify pathways enriched for hnRNP M-dependent changes. In contrast to our global gene 

expression IPA analysis, we observed no enrichment for genes in innate immune-related 

pathways in either uninfected or Salmonella-infected macrophages (Fig. 3e). In fact, only 3 

transcripts had both significant expression changes (via RNA-SEQ) and significant delta PSI 

changes (via MAJIQ), suggesting that hnRNP M’s role in influencing steady state gene 

expression of innate immune transcripts is distinct from its role in controlling alternative splicing 

decisions (Fig. S3).  

 Mx1, an anti-viral GTPase, was one of the three transcripts significantly impacted by loss 

of hnRNP M at the levels of gene expression (Fig. 1f & 1h) and alternative splicing (Fig. 3f). 

Specifically, MAJIQ identified an exon inclusion event of Mx1 “exon 9” that was significantly 

more frequent in hnRNP M KD uninfected macrophages vs SCR control uninfected 

macrophages (delta PSI exon 8-exon 9 = 0.703 vs. exon 8-exon 10 = 0.298) (Fig. 3g). Inclusion 
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of this exon 9 introduces a premature stop codon and exon 9-containing transcript isoforms of 

Mx1 are annotated as nonsense mediated decay targets. Therefore, the overall abundance of 

MX1 protein may be regulated by hnRNP M at multiple post-transcriptional processing steps, 

i.e. bulk transcript abundance and proportion of functional protein-encoding transcripts. MAJIQ 

also reported increased exon inclusion events for Commd8, a putative transcriptional regulator, 

and Nmt2, an N-myristoyltransferase, and we confirmed each of these LSVs by semi-

quantitative RT-PCR (Fig. 3h & Fig. 3i). Collectively, these data illustrate that hnRNP M can 

repress splicing of both constitutive and alternative introns, leading to distinct gene expression 

outcomes and protein synthesis outcomes in macrophages.   

 

hnRNP M is enriched at the level of chromatin and at the IL6 genomic locus  

 To get a better understanding of how hnRNP M controls pre-mRNA splicing, we next 

asked where hnRNP M localized in RAW 264.7 macrophages and whether its localization 

changed upon TLR4 activation. Other hnRNP family members have been found to translocate 

to the cytoplasm in response to several different types of stimuli including Vesicular stomatitis 

virus (VSV) infection, osmotic shock, and inhibition of transcription14,41,42. In particular, previous 

reports of hnRNP U have shown that it shuttles out of the nucleus following LPS treatment of 

macrophages10, and hnRNP M itself has been shown to translocate from the nucleus to the 

cytoplasm during enterovirus infection of HeLa cells10,28. Based on our data implicating hnRNP 

M in splicing, we predicted that it can function in the nucleus and indeed, several algorithms 

including NLS Mapper43 and PredictProtein44 predicted hnRNP M is a predominantly nuclear 

protein (NLS Mapper score 8.5/10; PredictProtein 98/100) (Fig. 4a).  

 To examine hnRNP M localization, we performed immunofluorescence microscopy in 

uninfected macrophages using an antibody that detects endogenous hnRNP M and observed 

significant enrichment of hnRNP M in the nucleus (Fig. 4b). We next treated macrophages with 

LPS and analyzed hnRNP M localization at various timepoints to determine how activation 

might alter localization, but we observed no major changes to hnRNP M localization. (Fig. 4c). 

This was true for both endogenous hnRNP M and a 3xFLAG-hnRNP M allele stably expressed 

in macrophages (Fig. S4). As a control, we monitored the translocation of hnRNP U upon LPS 

treatment and observed nuclear to cytoplasmic translocation, consistent with previous reports 

(Fig. S4). Based on these results, we concluded that hnRNP M is a nuclear protein in 

macrophages and that LPS treatment does not trigger translocation to another cellular 

compartment.  
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 We next sought to understand more precisely where in the nucleus hnRNP M was 

enriched since intron recognition and removal can occur at the level of chromatin, while nascent 

transcripts are still tethered to RNA Polymerase II1,45-47, or in the nucleoplasm after pre-mRNAs 

have been fully transcribed and released. To this end, we performed a cellular fractionation 

experiment in RAW 264.7 macrophages over a time course of LPS treatment and visualized 

hnRNP M localization via western blot (Fig. 4d). Consistent with our immunofluorescence 

experiments, we did not detect hnRNP M in the cytoplasmic fraction at any time point. However, 

we observed hnRNP M in both the nucleoplasm and the chromatin over the LPS treatment. 

Macrophages stably expressing 3xFLAG-hnRNP M showed a similar hnRNP M distribution 

between the nucleoplasm and chromatin (Fig. S4). We did not observe significant redistribution 

of either endogenous or 3xFLAG-hnRNP M between the nucleoplasm and chromatin fractions 

upon LPS treatment (Fig. 4c and S4). Together, fractionation and immunofluorescence 

experiments confirm that a population of hnRNP M associates with chromatin and the protein 

does not grossly redistribute in the cell upon LPS treatment. 

 

hnRNP M’s association with the IL6 locus is RNA dependent and controlled by TLR4 

signaling 

 We next wanted to determine if hnRNP M’s association with chromatin was specific for 

the genomic loci of genes whose regulation was impacted by hnRNP M (Fig. 1f). We 

hypothesized that if hnRNP M repression of IL6 intron 3 removal occurs at the nascent 

transcript level, hnRNP M may associate with the IL6 genomic locus. To test this, we performed 

chromatin immunoprecipitation (ChIP)-qPCR. ChIP has been used extensively in yeast, and to 

some extent in mammals, as a spatiotemporal read out of splicing factor recruitment to nascent 

transcripts48-52. To test whether hnRNP M associated with the IL6 genomic locus, we 

immunoprecipitated endogenous hnRNP M from untreated macrophages and determined its 

association with the IL6 locus (DNA), using a series of tiling primers spaced approximately 500 

bp apart (Fig. 4e). We observed no enrichment of hnRNP M in the promoter region of IL6, 

consistent with it playing a mainly post-transcriptional role in IL6 processing (Fig. 4f, primer set 

1).  We did however, observe significant enrichment of hnRNP M at several primer sets in the 

IL6 gene, most notably over the intron 2-intron 3 region (Fig. 4f, primer set 4). Previously 

published CLIP-seq experiments identified a GUGGUGG consensus site for hnRNP M; such a 

site exists in intron 2 of IL6 and several similar motifs are found in IL6 intron 3 (Fig. S4). ChIP-

qPCR of histone H3, which showed clear depletion of nucleosomes around the IL6 transcription 

start site (primer sets 1 & 2), was performed to control for genomic DNA accessibility and/or 
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primer set efficiency (Fig. 4g). Together, these results reveal that hnRNP M can associate with 

the genomic locus of genes like IL6 whose splicing it represses, suggesting that it functions co-

transcriptionally, prior to release of transcripts from RNA polymerase II.  

 Because hnRNP M is an RNA binding protein by definition, the next question we asked 

was whether its association with the IL6 genomic locus was dependent on RNA or occurred 

through interactions with chromatin-associated proteins. To this end, we performed another 

cellular fractionation experiment with and without RNase A digestion52. We observed a dramatic 

redistribution of hnRNP M from the chromatin to the nucleoplasm following addition of RNase, 

providing strong evidence that its association with chromatin is through RNA (Fig. 4h). These 

data are consistent with a previously published screen of splicing factors where hnRNP M was 

found to have cell type-specific RNA-dependent chromatin association53. Based on these results 

looking at bulk chromatin, we next set out to test whether hnRNP M’s association with the IL6 

genomic locus was similarly RNA-dependent. We performed ChIP-qPCR as above but with an 

additional RNase treatment after sonication for 30 min at 37°C. RNase treatment completely 

abolished any enrichment of hnRNP M at the IL6 locus, confirming that its association with the 

IL6 gene depends on RNA (Fig. 4i).  

If hnRNP M acts as a repressor of IL6 splicing by binding to nascent transcripts at the 

IL6 locus, we hypothesized that this repression might be relieved upon TLR4 activation, which 

would allow a cell to robustly induce IL6 expression following pathogen sensing. To test this, we 

performed ChIP-qPCR of hnRNP M at the IL6 locus in RAW 264.7 macrophages treated with 

LPS for 1h. Remarkably, we observed a complete loss of hnRNP M enrichment at all primer 

sets along the IL6 gene body, including those over intron 2 and 3, following LPS treatment (Fig. 

4j). This result strongly links hnRNP M’s ability to repress IL6 with its presence at the IL6 

genomic locus and suggests that TLR4 signaling controls hnRNP M’s repressor activity. 

 

Phosphorylation of hnRNP M at S574 downstream of TLR4 activation controls its ability 

to repress expression of innate immune transcripts 

 A recently published phosphoproteomics dataset identified a number of splicing factors 

that were differentially phosphorylated during infection with the intracellular bacterium 

Mycobacterium tuberculosis20. Because it is not a gram-negative bacterium, M. tuberculosis 

does not activate TLR4 via LPS, but it does express surface peptidoglycan, which is an agonist 

of TLR2. Having confirmed hnRNP M-dependent regulation of IL6 following treatment with a 

TLR2 agonist (PAM3CSK4) (Fig. 2f), we reasoned that TLR2 activation upon M. tuberculosis 

infection may lead to the same changes in hnRNP M phosphorylation as would TLR4 activation 
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during Salmonella infection. We thus leveraged the M. tuberculosis global phosphoproteomics 

dataset from Penn et al.20, identified 5 differentially phosphorylated serine residues on hnRNP M  

(S85, S431, S480, S574, and S636) (Fig. 5a), and generated 3xFLAG-hnRNP M constructs with 

phosphomimic (SàD) or phosphodead (SàA) mutations at each of the serines. We then made 

stable RAW 264.7 macrophages expressing each of these alleles (Fig. 6b) and measured IL6 

and Mx1 expression 4 hours post-Salmonella infection. While overexpression of 3xFLAG-

hnRNP M itself did not have a major impact on IL6 or Mx1 induction, expression of hnRNP M 

S574D led to hyperinduction of these transcripts, essentially phenocopying hnRNP M KD cells 

(Fig. 5b & 5c). Several other phosphomutant alleles (S85D, red bar, S431A, light blue bar, 

S480A/D, green bars) also affected IL6 and Mx1 induction but to a much lesser extent (Fig. 5b 

and 5c). Interestingly, mutating S587, which is a repeat of the S574-containing sequence 

(MGANS(ph)LER), did not affect the regulation of IL6 or Mx1 (Fig. S5), suggesting the location 

of these serines is critical and that phosphorylation-dependent regulation of hnRNP M is specific 

for select serine residues (Fig. S5).  

 Having implicated hnRNP M phosphorylation in controlling IL6 and Mx1 expression, we 

next wanted to see how phosphorylation affected transcripts whose expression in uninfected 

cells was higher in the absence of hnRNP M (Fig. 1g). While we again observed elevated 

expression of these transcripts in the absence of hnRNP M (hnRNP M KD, grey bars), 

introduction of the phosphomutant alleles (S431A/D and S574A/D) had no effect on Rnf128, 

Rnf26, or Slc6a4 transcript levels (Fig. 5d). Expression of these genes was similarly unaffected 

by the other hnRNP M phosphomutants (Fig. S5). Alternative splicing of Commd8 was also 

unaffected by any of the phophosmutants in either uninfected or Salmonella-infected cells (Fig. 

5e). Together, these data provide strong evidence that hnRNP M’s ability to regulate the 

expression of constitutively expressed genes and/or influence alternative splicing decisions 

does not rely on phosphorylation at 574, whereas its role in regulating innate immune transcripts 

induced during infection is specifically controlled by this post-translational modification 

downstream of pathogen sensing. 

 To further examine how these phosphorylated residues contribute to hnRNP M’s 

function at an LPS-induced gene like IL6, we first performed cellular fractionation to determine 

the localization of mutant alleles. We found that like wild-type hnRNP M, each hnRNP M 

phsophomutant was, to some extent, enriched in the chromatin in untreated cells (Fig. S5). 

However, in ChIP experiments looking specifically at the IL6 locus, the S574D phosphomimic 

allele displayed virtually no enrichment compared to 574A phosphodead allele, whose 

enrichment profile was similar to that of wild-type hnRNP M (Fig. 5f and Fig. 4f). Indeed, hnRNP 
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M 574D ChIPs more closely resembled those from RNase or LPS-treated samples (Fig. 4i and 

4j). These data point to phosphorylation of residue S574 in controlling hnRNP M’s ability to co-

transcriptionally repress IL6 processing.  

We next sought to better understand how hnRNP M is phosphorylated at these key 

residues. TLR4 activation sets off a number of signaling cascades, including p38, MEK1/2 

(ERK), and JNK MAP kinases. Previous reports have implicated each of these pathways in 

regulating IL6 expression downstream of innate immune stimuli54, but it is not known if these 

cascades control splicing factor phosphorylation. To test the role of each cascade in hnRNP M-

dependent repression of IL6, we performed ChIP experiments in the presence of LPS and 

specific inhibitors of p38 (SB203580), JNK (SP600125), or MEK (U0126). We again observed 

LPS-dependent loss of hnRNP M enrichment at IL6 (primer sets 4, 5, and 6), and treatment with 

JNK and MEK inhibitors had no effect on hnRNP M release. However, in the presence of the 

p38 inhibitor, hnRNP M remained associated with the IL6 genomic locus after LPS treatment 

(Fig. 5h), demonstrating that p38 signaling promotes release of hnRNP M from the IL6 genomic 

locus. 

Lastly, to interrogate the mechanism driving IL6 hyperinduction in hnRNP M 574D-

expressing cells, we asked whether IL6 intron removal was affected by expression of the 

phosphomutant alleles. Using the same RT-qPCR approach used in Figure 2B, we detected an 

increase in IL6 pre-mRNAs containing introns 2 and 3 in macrophages overexpressing a wild-

type hnRNP M allele, consistent with hnRNP M slowing IL6 intron removal. Conversely, these 

same introns were removed more efficiently in the presence of hnRNP M 574D and no 

difference was observed in 574A-expressing cells (Fig. 5h). These data strongly support a 

model whereby phosphorylation of hnRNP M at S574 relieves its ability to act as a splicing 

repressor, allowing for rapid removal of IL6 introns and uprgulation of IL6 mRNA. Together, they 

demonstrate a novel role for constitutive intron removal in mediating IL6 expression in 

macrophages.  

 

Loss of hnRNP M enhances macrophage’s ability to control viral infection 

 Because loss of hnRNP M resulted in hyperinduction of a variety of cell-intrinsic 

antimicrobial molecules, we hypothesized that hnRNP M KD cells would be better at controlling 

viral replication at early time points. To test how loss of hnRNP M influenced viral replication, we 

infected SCR and hnRNP M KD RAW 264.7 macrophages with VSV, an enveloped RNA virus 

that can replicate and elicit robust gene expression changes in RAW 264.7 macrophages55. 

Viral replication (levels of VSV-G) was measured over an 8h time course by RT-qPCR in cells 
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infected with a viral MOI of 1 and 0.1. At both MOIs, loss of hnRNP M correlated with dramatic 

restriction of VSV replication, particularly at the 8h time point (Fig. 6a). Consistent with hnRNP 

M-dependent regulation occurring downstream of diverse immune stimuli (Fig. 2), hnRNP M KD 

cells hyperinduced both IL6 and Mx1 during infection with VSV, a potent activator of cytosolic 

RNA sensing via RIG-I/MAVS55, (Fig. 6c and d). No difference was seen in Ifnβ levels in VSV-

infected hnRNP M KD versus SCR control cells, as was previously observed in cells transfected 

with cytosolic dsDNA (Fig. 6c and 2i). While Mx1 itself is a known anti-viral molecule, several 

reports have noted that cell lines like RAW 264.7 that are derived from inbred mouse strains 

carry mutant, or in some cases non-functional, Mx1 alleles56. Therefore, to begin to predict what 

hnRNP M-regulated genes may be responsible for enhanced VSV restriction, we manually 

examined hnRNP M-regulated transcripts in our RNA-SEQ data from resting and Salmonella-

infected (i.e. TLR4-activated) macrophages and identified a number of genes known to be 

important for controlling RNA viral replication (Fig. 6b), including the virus inhibitory protein 

Viperin (Rsad2)57 and the growth arrest and damage-inducible protein GADD34 (encoded by 

Ppp1r15a)58. We propose that inhibition of VSV replication in hnRNP M KD macrophages 

ultimately results from a combination of pro-viral gene downregulation (red genes, Fig. 6b) and 

anti-viral gene upregulation (blue genes, Fig. 6b). Together, these data further support a critical 

role for hnRNP M in slowing early innate immune gene expression in activated macrophages.  

 

Discussion 

Despite the substantial impact pre-mRNA splicing has on gene expression outcomes, 

little is known about how components of the spliceosome are modified and regulated during 

cellular reprogramming events, such as macrophage pathogen sensing. Here, we demonstrate 

that the splicing protein hnRNP M is a critical repressor of a unique regulon of innate immune 

transcripts (see model in Fig. 7). These transcripts were hyperinduced in hnRNP M KD 

macrophages downstream of a variety of innate immune stimuli (i.e. Salmonella infection, 

TLR4/TLR2 agonists, recombinant IFN-β, cytosolic dsDNA, RNA virus infection (VSV)) (Fig. 2 

and Fig. 6). Remarkably, hyperinduction of this regulon correlated with enhanced capacity of 

hnRNP M KD macrophages to control VSV replication at early time points (Fig. 6), consistent 

with this splicing factor functioning as a novel repressor of macrophage activation. We propose 

that in innate immune cells like macrophages, repression of pre-mRNA splicing by hnRNP M 

serves as a safeguard, dampening the initial ramping up of innate immune gene expression and 

preventing spurious expression of potent pro-inflammatory molecules in situations where the 

cell has not fully engaged with a pathogen. The requirement for cells to tightly control 
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expression of potent inflammatory mediators like IL-6 is evidenced by the fact that multiple 

transcriptional and post-transcriptional mechanisms exist to regulate IL6, including chromatin 

remodeling59, mRNA stability60, subcellular localization61, and now, based on these data, pre-

mRNA splicing.   

These data point to target transcripts themselves dictating hnRNP M’s specificity, rather 

than a particular signaling cascade or transcription factor. Data from RNA-SEQ experiments 

revealed that hnRNP M can activate/repress a cohort of non-inducible “housekeeping” genes in 

uninfected macrophages and an entirely different set of genes, mainly comprised of innate 

immune transcripts, following innate immune stimuli. This “switch” in hnRNP M activity is 

regulated, at least in part, by p38 MAPK-dependent phosphorylation at hnRNP M S574, which 

impacts the protein’s ability to associate with the IL6 genomic locus and to repress IL6 intron 

removal (Fig. 4, 5, and 7). Our data argue that while hnRNP M influences alternative splicing 

decisions in resting macrophages, phosphorylation of hnRNP M specifically impacts its ability to 

regulate a cohort of innate immune transcripts. Based on these observations, we propose that 

hnRNP M and likely other splicing factors possess distinct capacities for interacting with RNAs 

and/or proteins depending on how they are post-translationally modified. In this way, innate 

immune sensing cascades may remodel splicing complexes, for example, by promoting release 

of hnRNP M from chromatin-associated RNAs via p38-MAPK cascades. 

While we do not fully understand the mechanisms driving hnRNP M’s target specificity, 

our RNA-SEQ data as well as other datasets1 demonstrate the presence of cryptic exons in a 

number of hnRNP M-regulated transcripts (Fig. S7). Previous work investigating the RNA 

binding landscape of a panel of hnRNP proteins in a non-macrophage cell line (HEK293Ts, 

human embryonic kidney cells) revealed that hnRNP M has a strong preference for binding 

distal intronic regions (>2kb from an exon-intron junction)62. Its binding profile was somewhat 

unique among the hnRNPs queried and was more reminiscent of another RNA binding protein, 

TDP-43. TDP-43 also binds UG-rich sites in distal introns and is crucial for repressing splicing of 

cryptic exons for a set of transcripts in the brain63,64. We speculate that hnRNP M regulates 

splicing of macrophages transcripts through a similar mechanism where it binds to UG-rich 

regions downstream of cryptic exons and inhibits assembly of the spliceosome on these introns, 

thus slowing intron removal. 

To fully elucidate how hnRNP M represses splicing at cryptic exon-containing 

transcripts, future experiments will need to identify the spliceosomal protein-binding partners of 

hnRNP M in macrophages. To date, reports in other cell types demonstrate that hnRNP M can 

bind to a number of splicing factors to influence RNA processing. In HeLa cells, hnRNP M can 
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directly interact with components of the nineteen complex (CDC5L and PLRG1)37, as well as the 

polypyrimidine tract-binding protein-associated splicing factor (PSF) and the related protein 

p54(nrb)33. Studies in mesenchymal cell lines have demonstrated a critical role for hnRNP M in 

co-regulating alternative splicing during the epithelial-mesenchymal transition (EMT) with 

another protein, ESRP1 (epithelial splicing regulatory protein 1), by competing for the same 

polyGU-rich motif65. It is likely that hnRNP M functions similarly in macrophages, either by 

competing with splicing activators at pre-mRNAs like IL6, or by repressing spliceosomal 

recruitment/assembly, as was recently purported for hnRNP L66. Curiously, the hnRNP M-

dependent transcript regulon we report in RAW 264.7 macrophages bears little resemblance to 

those reported in other cell types27,62, likely reflecting a cell type-specific catalog of hnRNP M 

protein-binding partners that can be regulated via phosphorylation downstream of innate 

immune sensing. 

While hnRNP M’s ability to associate with the IL6 genomic locus via chromatin 

immunoprecipitation is RNA-dependent, it is conceivable that hnRNP M controls innate immune 

gene expression through mechanisms that are independent of direct contacts between hnRNP 

M and regulated transcripts. Because a number of splicing factors have been shown to impact 

histone markers and chromatin remodeling, it is possible that hnRNP M promotes epigenetic 

changes at specific target transcripts67-70. hnRNP M may also interact with one or more 

lncRNAs, a number of which are regulated by TLR activation71 and have been shown to control 

IL6 expresion71,72. Experiments designed to identify hnRNP M-associated RNAs in uninfected 

and infected macrophages will provide important insights into how hnRNP M recognizes 

chromatin-associated target transcripts and help illuminate how pre-mRNA splicing decisions 

shape the innate immune transcriptome. 
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Figure Legends 

 

Figure 1. HnRNP M regulates expression of innate immune genes during Salmonella 

Typhimurium Infection. (a) Western analysis and RT-qPCR demonstrating effective depletion 

of hnRNP M in RAW 264.7 macrophages. ß-Actin was used as a loading control. (b) Volcano 

Plot (t-test) showing gene expression analysis of hnRNP M KD RNA-Seq data from uninfected 

cells. X-axis shows fold-change of gene expression and Y-axis shows statistical significance. 

Down-regulated genes are plotted on the left and up-regulated genes are on the right. Dots 

highlighted in red show genes included in our analysis. (c) Gene expression analysis of hnRNP 

M -KD cells compared to SCR control for uninfected cells. Each column represents a biological 

replicate. Genes that are down-regulated are shown in red and up-regulated genes are show in 

blue. (d) Gene expression analysis of hnRNP M KD cells compared to scramble control for 

Salmonella infected cells. Each column represents a biological replicate. Genes that are down-

regulated are shown in red and up-regulated genes are show in blue. (e) Ingenuity Pathway 

Analysis of gene expression changes in uninfected and Salmonella infected cells. (f) Innate 

immune gene expression analysis highlighting specific innate immune response genes in 

Salmonella infected hnRNP M KD cells compared to scramble control.  (g) RT-qPCR of Rnf26, 

Rnf128, and Slc6a4 in uninfected hnRNP M KD cells. (h) RT-qPCR of mature IL6, Mx1, and 

Gbp5 transcripts in Salmonella infected hnRNP M KD cells at 2h and 4h post-infection. (i) RT-

qPCR of IL-1β and Tnfα transcripts in Salmonella infected hnRNP M KD cells at 4 hours post-

infection. G, h, and i represent 3 biological replicates with error bars signifying the SEM. *P < 

0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001.  

 

Figure 2. hnRNP M-dependent regulation of innate immune gene expression occurs 

downstream of multiple innate immune stimuli. 

(a) Model of TLR4 and TLR2 signaling. (b) RT-qPCR of IL6 mRNA levels in SCR control and 

hnRNP M KD cells treated with LPS for 2 hours and 4 hours. (c) IL-6 ELISA with supernatants 

collected 4 hours post-infection and post-LPS treatment. (d) RT-qPCR of IL-1β transcripts in 

LPS treated hnRNP M KD cells at 4 hours post-activation. (e) RT-qPCR of Mx1 and Gbp5 

mRNA levels in SCR control and hnRNP M KD cells treated with LPS for 4 hours. (f) RT-qPCR 

of mature IL6 levels in SCR control and hnRNP M KD cells treated with PAM3CSK4 for 4 hours 

and 6 hours. (g) RT-qPCR of IL-1β transcripts in PAM3CSK4 treated hnRNP M KD cells at 4 

hours post-activation. (h) Model of cGAS-mediated cytosolic DNA sensing and IFNAR signaling. 

(i) RT-qPCR of Mx1 and Ifnβ mRNA levels in SCR control and hnRNP M KD cells at 4h 
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following ISD transfection. (j) RT-qPCR of interferon-stimulated genes (Ifit and Irf7) in SCR 

control and hnRNP M KD cells at 4h following ISD transfection (k) RT-qPCR of Mx1 transcript in 

SCR control and hnRNP M KD cells treated with IFN-β for 4 hours. B, c, d, e, f, g, i, j, and k 

represent 3 biological replicates with error bars signifying the SEM. *P < 0.05, **P < 0.01, ***P < 

0.001. ****P < 0.0001. 

 

Figure 3. hnRNP M influences gene expression outcomes at the level of pre-mRNA 

splicing (a) Diagram of IL6 pre-mRNA with introns (gray) and exons (blue). (b) RT-qPCR of IL6 

exon-exon and intron-exon junctions in SCR control macrophages at 2h post-LPS treatment. (c) 

RT-qPCR of IL6 exon-exon and intron-exon junctions in SCR vs. hnRNP M KD1 and KD2 at 2h 

post-LPS treatment. (d) Categorization of alternative splicing events identified via MAJIQ in 

uninfected SCR vs. hnRNP M KD1 samples and in Salmonella-infected SCR vs. hnRNP M KD1 

samples. (e) Ingenuity Pathway Analysis of genes from MAJIQ analysis in uninfected and 

Salmonella- infected cells. (f) VOILA output of Mx1 transcript model in SCR and hnRNP M KD1 

cells infected with Salmonella. (g) Violin plots depicting alternative splicing of Mx1. (h) Violin 

plots depicting alternative splicing of Commd8 with quantification of RT-PCR results. (i) Violin 

plots depicting alternative splicing of Nmt2 with quantification of RT-PCR results. B and c are 

representative of two independent experiments that showed the same result. Error bars 

represent SD. D was done with RNA-seq samples form 3 biological replicates. H and i are 

representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001. ****P < 

0.0001. 

 

Fig 4. hnRNP M is a nuclear protein that associates with the IL6 genomic locus in an 

RNA-dependent fashion (a) Schematic diagram of hnRNP M, highlighting the nuclear 

localization signal (purple) and three RNA Recognition Motifs (green). (b) Immunofluorescence 

images of uninfected RAW 264.7 macrophages immunostained with anti-hnRNP M (green). (c) 

Immunofluorescence images of RAW 264.7 macrophages stimulated with LPS for the 

respective time points and immunostained with anti-hnRNP M (green). (d) Western blot analysis 

of cellular fractions with anti-hnRNP M and loading controls of cytoplasm (tubulin), nucleoplasm 

(hnRNP L) and chromatin (H3) fractions of uninfected and LPS stimulated RAW 264.7 

macrophages. (e) CHIP-qPCR primers designed to tile IL6 locus. (f) RT-qPCR of ChIP at the 

IL6 genomic locus with anti-hnRNP M in resting RAW 264.7 macrophages. (g) RT-qPCR of 

histone H3 CHIP at the IL6 genomic locus in RAW 264.7 macrophages. (h) Western blot 

analysis of nuclear and chromatin fractions with anti-hnRNP M and Histone H3 (control) with 
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untreated and RNase treated nuclear fractions. (i) ChIP-qPCR with anti-hnRNP M in RAW 264.7 

macrophages treated with RNase. (j) ChIP qPCR of hnRNP M in macrophages treated with 

100ng/mL LPS for 1h. F and g are representative of 2 biological replicates with error bars 

signifying SEM. I and j are representative of 3 biological replicates with error bars signifying 

SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001. 

 

Figure 5. Phosphorylation of hnRNP M at S574 downstream of TLR4 activation controls 

its ability to repress expression of innate immune transcripts (a) Protein diagram of hnRNP 

M indicating location of phosphorylation sites identified by SILAC/mass spectrometry with 

nuclear localization signal shown in purple and RNA-Recognizing Motif (RRM) shown in in 

green. (b) RT-qPCR of mature IL6 in WT hnRNP M-FLAG and phosphomutants in 

macrophages infected with Salmonella 4 hours post-infection. (c) RT-qPCR of Mx1 in WT 

hnRNP M-FLAG and phosphomutants in macrophages infected with Salmonella 4 hours post-

infection. (d) RT-qPCR of Rnf128 and Slc6a4 in uninfected, WT 3xFL-hnRNP M, and 

phosphomutants. (e) Semi-quantitative PCR of Commd8 alternative splicing in cells expressing 

SCR or hnRNP M KD constructs alongside phosphomutant-expressing alleles. (f) ChIP-qPCR of 

hnRNP M-S574A/D alleles at the IL6 genomic locus. (g) ChIP-qPCR of wild-type 3xFL-hnRNP 

M in the presence of 100ng/mL LPS and various MAPK inhibitors (SB203580, SP600125, and 

U0126). (h) RT-qPCR of IL6 intron-exon junctions and the exon 4-5 mature junction in 3xFL-

hnRNP M, 3xFL-hnRNP M 574A and 574D phosphomutants, in macrophages infected with 

Salmonella 4 hours post-infection. B, c, and d are representative of 3 biological replicates with 

error bars signifying SEM. F and g are representative of 2 biological replicates with error bars 

signifying SEM. H is representative of two independent experiments that showed the same 

result with error bars signifying SD. *P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001. 

 

Figure 6. Knockdown of hnRNP M enhances macrophage’s ability to control viral 

infection. (a) Viral replication in hnRNP M KD and SCR control RAW 264.7 macrophages 

infected with VSV (MOI=1.0, MOI=0.1, or Mock) at 2h, 4h, and 8h post-infection. (b) Viral innate 

immune gene expression from earlier RNA-SEQ analysis (Fig. 1) highlighting specific viral 

response genes in hnRNP M KD cells compared to SCR control. (c) RT-qPCR of Ifnβ mRNA 

levels in SCR control and hnRNP M KD cells at 2h and 4h post-infection, MOI=1. (d) RT-qPCR 

of Mx1 transcript in VSV infected SCR control and hnRNP M KD cells at 2h, 4h, and 8h post-

infection, MOI=1. (e) RT-qPCR of IL6 transcript in SCR control and hnRNP M KD cells at 2h, 4h, 
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and 8h post-infection MOI=1. All figures are representative of 2 biological replicates with error 

bars signifying SEM. *P < 0.05, **P < 0.01, ***P < 0.001. ****P < 0.0001. 

 

Figure 7. Proposed model for hnRNP M-dependent repression for IL6 expression in 

resting, early-, and late-activated macrophages (Left panel) In resting macrophages, hnRNP 

M associates with chromatin, at the IL6 genomic locus, through interactions with RNA. These 

interactions may be direct with target transcripts, or indirect via protein-interactions with other 

RNA binding proteins or through interactions with other chromatin-associated RNAs, e.g. linc-

RNAs. (Middle panel) When macrophages receive an innate immune stimulus, they 

transcriptionally activate genes like IL6. hnRNP M associates with chromatin-bound, pre-

mRNAs in these cells, inhibiting IL6 intron removal, and preventing full maturation of IL6 

nascent transcripts. (Right panel) Following extended innate immune activation, hnRNP M is 

phosphorylated at S574 in a p38-MAPK-dependent fashion. Phosphorylation of hnRNP M 

releases it from the IL6 genomic locus, relieves inhibition of IL6 splicing, and allows for full 

induction of IL6 gene expression.  
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Methods 

Cell Lines and Culture Conditions 

RAW 264.7 macrophages (ATCC) were cultured at 37°C with a humidified atmosphere of 5% 

CO2 in DMEM (Thermo Fisher) with 10% FBS (Sigma Aldrich) 0.5% HEPES (Thermo Fisher). 

For RAW 264.7 macrophages stably expressing scramble knockdown and hnRNP M 

knockdown, cells were transfected with scramble non-targeting shRNA constructs and hnRNP 

M shRNA constructs targeted towards the 3’ UTR of hnRNP M. After 48 hours, media was 

supplemented with hygromycin (Invitrogen) to select for cells containing the shRNA plasmid. 

RAW 264.7 macrophages stably expressing GFP-FL and hnRNP M-FL were transfected for 48 

hours and then selected through addition of puromycin (Invivogen).  

 

LPS Treatment 

RAW 264.7 macrophages were plated on 12-well tissue-culture treated plates at a density of 

7.5x105 and allowed to acclimate overnight. Cells were then treated with E. Coli 

Lipopolysaccharide (Sigma-Aldrich) at 100ng/mL. for the respective time points where 

supernatants and RNA were collected for analysis. 

 

S. Typhimurium Infection 

Salmonella enterica serovar Typhimurium (SL1344) was obtained from Helene Andrews-

Polymenis, TAMHSC. Infections with S. Typhimurium were conducted by plating RAW 264.7 

macrophages on tissue-cultured treated 12-well dishes at 7.5 x105 and incubated overnight. 

Overnight cultures of S. Typhimurium were diluted 1:20 in LB broth containing 0.3M NaCl and 

grown until they reached an OD600 of 0.9. Unless specified, cell lines at a confluency of 80% 

were infected with the S. Typhimurium strains at an MOI of 10 for 30 minutes in Hank’s buffered 

salt solution (HBSS), and subsequently cells were spun for 10 minutes at 1,000rpm, washed 

twice in HBSS containing 100µg/ml of gentamycin, and refilled with media plus gentamicin (10 

µg/ml). Supernatants were collected at 2 hours and 4 hours and analyzed using IL-6  

(Biolegend). After removal of supernatant, cells were lysed in Trizol (Thermo Fisher) for RNA 

collection and analyzed using RT-qPCR.  

 

Immunofluorescence Microscopy 

RAW 264.7 macrophages were plated on glass coverslips in 48-well plates. Cells were treated 

with LPS as described above. At the designated time points, cells were washed with PBS 

(Thermo Fisher) and then fixed in 4% paraformaldehyde for 10 minutes. Cells were washed with 
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PBS 3x and then permeabilized with 0.2% Triton-X (Thermo Fisher). Coverslips were placed in 

primary antibody for 1 hour then washed 3x in PBS and placed in secondary antibody. These 

were washed twice in PBS and twice in deionized water, followed by mounting onto a glass 

slide using ProLong Diamond antifade mountant (Invitrogen). Images were acquired on a Nikon 

A1-Confocal Microscope.  

 

Western Blots 

Protein samples were run on Any kD Mini-PROTEAN TGX precast protein gels (BioRad) and 

transferred to .45 um nitrocellulose membranes (GE Healthcare). The membranes were 

incubated in the primary antibody of interest overnight and washed with TBS-Tween 20. 

Membranes were then incubated in secondary antibody for 1-2 hours and imaged using LI-COR 

Odyssey FC Imaging System.  

 

Antibodies 

The following primary antibodies were used: rabbit polyclonal hnRNP M (Abcam, #177957), 

rabbit polyclonal Histone 3 (Abcam, #1791), mouse monoclonal Beta-Actin (Abcam, #6276),  

mouse monoclonal hnRNP L (Abcam, #6106-100), rabbit polyclonal Beta-Tubulin (Abcam, 

#179513), mouse monoclonal hnRNP U (Santa-Cruz, sc-32315), DAPI nuclear staining 

(Thermo Fisher), and mouse monoclonal ANTI-FLAG M2 antibody (Sigma-Aldrich, F3165). 

Secondary antibodies used were as follows: IR Dye CW 680 goat anti-rabbit, IR Dye CW800 

goat anti-mouse (LI-COR), Alexfluor-488 anti-rabbit and Alexafluo-647 anti-mouse secondary 

antibodies for immunofluorescence (LI-COR). 

 

Cellular fractionation and RNA isolation 

Macrophage cellular fractionation was done as described in Pandya-Jones et al., 2013. Briefly, 

RAW 264.7 macrophages were plated on in 10 cm tissue-culture treated plates at 1-3x107 per 

plate. Cells and buffers were kept on ice unless noted otherwise. Cells were rinsed twice in cold 

PBS-EDTA (Lonza) and scraped into 15-ml conical tubes. Cells were spun at 1,000 g for 5 

minutes at 4C and resuspended in NP-40 lysis buffer (10 mM Tris-HCl [pH 7.5], 0.05% NP40 

[Sigma], 150 mM NaCl, protease inhibitor tablet (Thermo Fisher)) and incubated for 5 min on 

ice. Lysate was added to 2.5 volumes of a sucrose cushion (Lysis buffer with 24% sucrose) and 

centrifuged for at 14,000 rpm for 10min at 4C. The supernatant was collected and saved for 

cytoplasmic protein sample. The nuclear pellet was resuspended in glycerol buffer (20 mM Tris-

HCl [pH 7.9], 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT, 50% glycerol, protease inhibitor 
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tablet) and lysed with nuclear lysate buffer in equal volume and vortexed 2X for 2 seconds (10 

mM HEPES [pH 7.6], 1 mM DTT, 7.5 mM MgCl2, 0.2 mM EDTA, 0.3 M NaCl, 1 M UREA, 1% 

NP-40, protease inhibitor tablet). Lysates were chilled on ice for 2 minutes and then spun at 

10,000 rpm for 2 minutes at 4C. Supernatant was collected and used for nucleoplasmic protein 

samples. The remining chromatin pellet was gently rinsed in PBS-EDTA and treated with DNase 

in DNase buffer for 1 hr at 37C. After incubation, the supernatant was collected for chromatin 

protein samples. Sample buffer (BIO-RAD) and 2-Mercapoethanol (BIO-RAD) was added to 

every protein sample with 5 minutes boiling prior to running on gels for western blots. 

Approximately 10% of sample was loaded for western blots. 

 

RNase Fractionation 

For nuclear lysates treated with RNase, nuclear pellets were responded in glycerol buffer. 

Nuclear lysis buffer was added, and lysates were incubated on ice for 5 minutes. Samples were 

then divided into two samples with one receiving 1 ul of RNAse A (Thermo Fisher) per 50 ul 

sample and another with no RNAse A. Both were incubated at 37C for 30 mins. Lysates were 

then spun at 10,000rpm for 2 mins and the rest of the fractionation proceeded as described.  

 

Gene Ontology (GO) Canonical Pathway Analysis 

To determine the most affected pathways in control vs. hnRNP M knockdown RAW 264.7 

macrophages, canonical pathway analysis was conducted using Ingenuity Pathway Analysis 

software from Qiagen Bioinformatics. Genes that were differentially expressed wth a p-

value<0.05 from our RNA-SEQ analysis were used as input from uninfected and Salmonella 

Typhimurium infected cells. The top hits were represented in bar graphs by z-score. 

 

RNA isolation and qPCR analysis 

For transcript analysis, cells were harvested in Trizol and RNA was isolated using Direct-zol 

RNA Miniprep kits (Zymo Research) with 1 hr DNase treatment. cDNA was synthesized with 

iScript cDNA Synthesis Kit (Bio-Rad). CDNA was diluted to 1:20 for each sample. A pool of 

cDNA from each treated or infected sample was used to make a 1:10 standard curve with each 

standard sample diluted 1:5 to produce a linear curve. RT-qPCR was performed using Power-

Up SYBR Green Master Mix (Thermo Fisher) using a Quant Studio Flex 6 (Applied Biosystems). 

Samples were run in triplicate wells in a 96-well plate. Averages of the raw values were 

normalized to average values for the same sample with the control gene, beta-actin. To analyze 
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fold induction, the average of the treated sample was divided by the untreated control sample, 

which was set at 1. 

 

Chromatin Immunoprecipitation  

Chromatin Immunoprecipitation (ChIP) was adapted from Abcam’s protocol. Briefly, two 

confluent 15 cm dishes of RAW 264.7 macrophages were crosslinked in formaldehyde to a final 

concentration of 0.75% and rotated for 10 minutes. Glycine was added to stop the cross linking 

by shaking for 5 minutes at a concentration of 125 mM. Cells were rinsed with PBS twice and 

then scraped into 5 mL PBS and centrifuged at 1,000g for 5 min at 4C. Cellular pellets were 

resuspended in ChIP lysis buffer (750 µL per 1x107 cells) and incubated for 10 min on ice. 

Cellular lysates were sonicated for 40 minutes (30sec ON, 30sec OFF) on high in a Bioruptor 

UCD-200 (Diagenode). After sonication, cellular debris was pelleted by centrifugation for 10 

min, 4°C, 8,000 x g. Input samples were taken at this step and stored at -80C until 

decrosslinking.  For RNase treated samples, RNase A was added to cell lysates and incubated 

for 30 mins at 37C. Approximately 25 µg of DNA diluted to 1:10 with RIPA buffer was used for 

overnight immunoprecipitation. Each ChIP had one sample for the specific antibody and one 

sample for Protein G beads only which were pre-blocked for 1 hr with single stranded herring 

sperm DNA (75 ng/µL) and BSA (0.1 µg/µL). The respective primary antibody was added to all 

samples except the beads-only sample at a concentration of 5 ug and rotated at 4°C overnight. 

Beads were washed 3x in with a final wash in high salt (500mM NaCl). DNA was eluted with 

elution buffer and rotated for 15 min at 30C. Centrifuge for 1 min at 2,000 x g and transfer the 

supernatant into a fresh tube. Supernatant was incubated in NaCl, RNase A (10 mg/mL) and 

proteinase K (20 mg/mL) and incubated at 65°C for 1 h. The DNA was purified using 

phenol:chloroform extraction. DNA levels were measure by RT-qPCR. Primers were designed 

by tiling each respective gene every 500 base pairs that were inputted into NCBI primer design. 

 

FLAG Chromatin Immunoprecipitation  

In RAW 264.7 macrophages stably expressing hnRNP M-FL and GFP-FL, ChIP was conducted 

as described above with minor adjustments. Lysates were incubated overnight at 4C with ANTI-

FLAG M2 antibody. After washing, DNA was eluted with FLAG peptide (Sigma-Aldrich F4799) 

by adding 20 ul of 5X FLAG peptide, vortexed at room temperature for 15 mins and 

supernatants were collected. This process was repeated a total of 3x followed by decrosslinking 

as described.  
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RNA-SEQ  

Total RNA was extracted as previously described above. Preparation and sequencing of cDNA 

libraries were done by Texas A&M AgriLife Genomics and Bioinformatics Service using the 

Illumina HiSeq 4000. Reads were mapped to the reference genome sequence of Mus musculus 

from GRCm38 (RefSeq) using the CLC Genomics Workbench 8.0.1 (Qiagen). Relative 

transcript expression was calculated by counting the Reads Per Kilobase of exon model per 

Million mapped reads (RPKM). Statistical Analysis was conducted comparing scramble control 

cells vs. hnRNP M KD cells in uninfected and S. Typhimurium infected samples through CLC 

Genomics Workbench Empirical Analysis of DGE. Genes with p-values<0.05 were displayed in 

volcano plots and heat maps using GraphPad Prism software (GraphPad, San Diego, CA). 

 

Alternative Splicing Analysis 

Alternative splicing events were analyzed using MAJIQ and VOILA with the default parameters 

(Vaquero-Garcia, 2016). Briefly, uniquely mapped, junction-spanning reads were used by 

MAJIQ to construct splice graphs for transcripts by using the RefSeq annotation supplemented 

with de-novo detected junctions. Here, de-novo refers to junctions that were not in the RefSeq 

transcriptome database but had sufficient evidence in the RNA-Seq data. The resulting gene 

splice graphs were analyzed for all identified local splice variations (LSVs). For every junction in 

each LSV, MAJIQ then quantified expected percent spliced in (PSI) value in control and hnRNP 

M knockdown samples and expected change in PSI (dPSI) between control and hnRNP M KD 

samples. Results from VOILA were then filtered for high confidence changing LSVs (whereby 

one or more junctions had at least a 95% probability of expected dPSI of at least an absolute 

value of 20 PSI units (noted as “20% dPSI”) between control and hnRNP M KD) and candidate 

changing LSVs (95% probability, 10% dPSI). For the high confidence results (dPSI >= 20%), the 

events were further categorized as single exon cassette, multi-exon cassette, alternative 5’ 

and/or 3’ splice site, intron-retention.  

 

VSV infection 

7x105 RAW cells were seeded in 12-well plates 16h before infection. Cells were infected with 

VSV-GFP virus73 at multiplicity of infection (MOI) of 10, 1 and 0.1 in serum-free DMEM 

(HyClone SH30022.01). After 1h of incubation with media containing virus, supernatant was 

removed, and fresh DMEM plus 10% FBS was added to each well.  At indicated times post 

infection, cells were harvested with Trizol and prepared for RNA isolation.   
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Statistics 

Statistical analysis of data was performed using GraphPad Prism software. Two-tailed unpaired 

Student's t-tests were used for statistical analyses, and unless otherwise noted, all results are 

representative of at least three biological experiments and are reported as the mean ± SEM (n = 

3 per group). 
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