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ABSTRACT OF THE DISSERTATION 

 

Chromatin Association of mRNAs Regulates Expression of Genes Important in Mouse 

Embryonic Stem Cell Biology 

by 

Han Young Lim 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

Professor Douglas L. Black, Chair 

 

 Gene expression involves multiple layers of regulation to change the amount of 

proteins produced. The complexity of this phenomenon starts in the nucleus, where 

various cis-regulatory elements near genes can engage in transcriptional regulation by 

association with transcription factors that often function in diverse combinations to 

enhance or silence transcription. In addition, chemical modifications of DNA such as 

methylation can have varying impacts on the rate of transcription. Furthermore, 

molecular events that occur to a maturing pre-mRNA synthesized by RNA polymerase 

II, notably 5’ capping, splicing and 3’ end processing, all contribute to the intricacies of 

gene regulation. Whereas these processes need to successfully occur to a maturing 

pre-mRNA to make it competent for export, malfunction in any of these steps can 

compromise the RNA’s nuclear export, often leading to its sequestration in the nucleus. 

Despite ongoing research in the nuclear retention of various RNAs, including mRNAs, 

mechanisms and tissue-specific consequences of this surveillance mechanism are 
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poorly understood. This work aims to better our understanding of the molecular 

mechanisms leading to chromatin association of RNAs, particularly mRNAs, by RNA 

binding proteins PTBP1 and NXF1. Our work demonstrates that these proteins play key 

roles in altering gene expression in mouse embryonic stem cells (mESCs) through 

manipulation of splicing and subcellular localization of their target RNAs. We discovered 

that these mechanisms can have direct consequences on the biology of the mESCs, 

affecting their pluripotency and differentiation. 
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Chapter 1: Introduction
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 Gene expression is a highly complex process that begins with transcription of 

nascent pre-mRNA on the chromatin and ends with translation of the mature mRNA in 

the cytoplasm. In the nucleus, numerous processes exist to modulate processing of a 

pre-mRNA to make it suitable for nuclear export and translation (Bentley 2014). 5’ 

capping, which is the first step in mRNA processing and occurs as early as after 

synthesis of 20 nucleotides, has been implicated to occur in a co-transcriptional manner 

due to association of capping proteins with the C-terminal domain of RNA polymerase II 

(Ho and Shuman 1999; Rasmussen and Lis 1993). Splicing, another crucial process in 

pre-mRNA processing, has been long known to occur by recruitment of spliceosome 

factors to a growing strand of mRNA during transcription (Görnemann et al. 2005). 3’ 

end cleavage and polyadenylation, which is considered one of the final processing 

steps as full-length transcription of the pre-mRNA completes, most often follows 

completion or near-completion of splicing (Schmidt et al. 2011). Since each major 

processing event involves recruitment and dissociation of multiple RNA binding proteins 

on and from a pre-mRNA, with interactions often occurring between proteins from more 

than one event,  it is not surprising that misregulation and appropriate quality check 

measures exist to prevent export of incompletely processed transcripts (Fasken and 

Corbett 2009). 

 While the vast majority of RNAs exist in the cytoplasm as mature transcripts for 

translation, incompletely-spliced transcripts are often found in the nucleus at specific 

sites that show as puncta representing their sites of transcription (Vargas et al. 2011). 

When splicing isn’t complete following transcription, mRNAs can be retained in the 

nucleus, specifically nuclear speckles, until splicing finishes in a post-transcriptional 
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manner and nuclear export ensues (Girard et al. 2012). Some RNAs, including mRNAs 

with detained introns and long non-coding RNAs, have been shown to be sequestered 

in the nucleus and have varying consequences related to gene expression and 

chromatin structure (Boutz, Bhutkar, and Sharp 2015; Quinn and Chang 2016). An 

example of this was described in a previous work where abundant full-length yet 

incompletely spliced transcripts accumulate on and associate with the chromatin in lipid 

A-stimulated macrophages (Bhatt et al. 2012; Pandya-Jones et al. 2013). These 

transcripts are mostly likely productive mRNAs as opposed to nonproductive “dead-end” 

transcripts because their accumulation on chromatin was observed to follow 

accumulation in the nucleoplasm and cytoplasm with a defined temporal delay (Bhatt et 

al. 2012; Pandya-Jones et al. 2013). Similar mechanism was observed in neurons 

where polyadenylated yet incompletely spliced transcripts retained in the nucleus are 

fully spliced and loaded onto ribosomes in response to stimulation (Mauger, Lemoine, 

and Scheiffele 2016). These findings reveal an intricate mechanism for regulating gene 

expression in a spatial and temporal manner involving delayed splicing and 

nuclear/chromatin sequestration of mRNAs encoding regulatory proteins. Despite 

ongoing research such as ones mentioned, modulation of gene expression through 

nuclear and intron retention of regulatory transcripts is still largely not understood. 

Specifically, polyadenylated yet incompletely spliced transcripts, which have been 

frequently observed in the nucleus, require further investigation since their subnuclear 

localization and mechanism of retention remain mostly unknown. 

 In Chapter 2, we present a detailed work of understanding subcellular 

localization and intron retention of transcripts in mouse embryonic stem cells (mESCs), 
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neuronal progenitor cells and postmitotic neurons. Using biochemical fractionation and 

RNA sequencing of the individual fractions, we find defined RNA partitioning between 

cellular compartments of genes that undergo co-transcriptional and sometimes post-

transcriptional splicing of select introns. We also categorize polyadenylated transcripts 

into four groups based on their level of intron retention across the three subcellular 

fractions, and we discover that many of the introns are differentially spliced across the 

three cell types. Finally, we discuss polypyrimidine tract binding protein (PTBP1) as an 

important regulator of intron retention in neuronal development and present transcripts 

of the Gamma-Aminobutyric Acid Type B Receptor Subunit 1 (GABBR1) gene as 

chromatin-associated polyadenylated mRNAs that are developmentally regulated in 

expression through splicing and localization. This work has been published as: 

 Yeom KH, Pan Z, Lin CH, Lim HY, Xiao W, Xing Y, Black DL. Tracking pre-

mRNA maturation across subcellular compartments identifies developmental gene 

regulation through intron retention and nuclear anchoring. Genome Res. 2021 

Jun;31(6):1106-1119. doi: 10.1101/gr.273904.120. Epub 2021 Apr 8. PMID: 33832989; 

PMCID: PMC8168582. 

 In addition to perturbation in splicing and release of RNA from chromatin, nuclear 

export of transcripts is a crucial step in controlling gene expression. Joining of two 

exons after splicing deposits a protein complex called exon junction complex (EJC) that 

lies ~24 nucleotides upstream of the exon-exon junction. Several reports showed that 

the EJC serves as a landing pad for export factors and thus a primary driver of mRNA 

nuclear export (Le Hir et al. 2001; Singh et al. 2012). However, reports that showed 

inconsistent results pointed to the cap binding complex as the main recruiter of export 
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factors including the TREX complex (Cheng et al. 2006). A recent work seemed to 

reconcile these two mechanisms through an in vivo study that revealed binding of 

export adapters such as NXF1 occurring throughout the RNA during 5’ capping and 

splicing but before 3’ end processing (Viphakone et al. 2019). Despite the varying 

observations on the mechanism of RNA export, NXF1 and its cofactor NXT1 have 

always been recognized as the prominent heterodimeric export factor that shuttles 

mature mRNA through the nuclear pore into the cytoplasm. However, recent 

transcriptomic analyses using cell fractionation and RNAi knockdown revealed that 

NXF1 and another export factor TPR are selective in their export targets (Lee et al. 

2020; Zuckerman et al. 2020). In two separate studies conducted using human breast 

cancer MCF7 or osteosarcoma U2OS cells, researchers observed that transcripts of 

short and intron-poor genes are most strongly affected in export by NXF1 or TPR (Lee 

et al. 2020; Zuckerman et al. 2020). Nevertheless, exploration of NXF1’s role in RNA 

export has largely not been done in multiple cell lines, and the mechanism and 

biological consequence of its selectivity remain poorly understood. 

 In Chapter 3, we present a comprehensive approach to investigating NXF1’s role 

in RNA export of polyadenylated mESC transcripts. We show through subcellular 

fraction and RNA sequencing that a defined set of short and intron-poor RNAs encoding 

immediately early response proteins and other transcription factors are most strongly 

regulated by NXF1. In addition, we present an in vivo binding data of NXF1 showing 

that the export factor’s association with RNAs occurs throughout the transcript. Lastly, 

we present evidence of NXF1 targeting mRNAs critical in pluripotency for nuclear 

export, and its depletion leads to differentiation.   
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Nuclear export of mRNAs encoding transcription factors by NXF1 influences mESC 

pluripotency 

Han Young Lim1,2, Chia-Ho Lin1, Kathrin Plath3, Douglas L. Black1 

1UCLA Department of Microbiology, Immunology, and Molecular Genetics 

2Molecular Biology Interdepartmental Graduate Program at UCLA 

3Department of Biological Chemistry, University of California, Los Angeles 

 

Abstract 

After synthesis and processing in the nucleus, messenger RNAs must be recognized as 

fully mature and ready for export to the cytoplasm for translation. The nuclear RNA export factor 

1 (NXF1) protein acts as a shuttle for the nucleocytoplasmic transport of mRNAs, however the 

mechanisms of NXF1 recruitment are heterogeneous and data indicate that different classes of 

mRNA differ in the factors needed for their export. To broadly examine effects of NXF1 on the 

nuclear export of mRNAs, we depleted the protein from mouse embryonic stem cells (mESCs) 

before fractionating the cells into cytoplasmic, soluble nuclear, and chromatin-associated 

compartments. We extracted and sequenced the polyA+ RNA from each subcellular fraction, 

and assessed how loss of Nxf1 affected their nucleocytoplasmic distribution. We find that many 

mRNAs are relatively insensitive to Nxf1 depletion and Nxf1 dependence is variable between 

individual genes. Confirming the results of others, we find that transcripts that are short and 

have a low number of introns are most strongly affected. We further find that these genes 

strongly affected by NXF1 knockdown include many that encode transcription factors and other 

transcripts of immediate early genes. It appears that the rapid transcription and maturation of 

these RNAs is accompanied by rapid NXF1 binding and export. To examine Nxf1 recruitment to 

RNAs expressed in response to cellular stimuli, we performed individual-nucleotide resolution 

cross-linking and immunoprecipitation (iCLIP) analysis of FLAG-tagged NXF1 before and after 

serum stimulation. This identified new NXF1-sensitive mRNAs bound by FLAG-NXF1. Among 
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the mRNAs most dependent on Nxf1 for export is that encoding Sox2, a key regulator of 

pluripotency and differentiation. We find that loss of Nxf1 leads to a loss of Sox2 and other 

pluripotency factors in ESC, including Nanog, Oct4, and Rex1. Our findings indicate that mESC 

pluripotency requires the maintenance of cytoplasmic Sox2 and other mRNAs through their 

specific dependency on Nxf1. 
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INTRODUCTION 

The subcellular compartmentalization of eukaryotic cells enables multiple 

posttranscriptional gene regulatory mechanisms. In the nucleus, after transcription and complex 

processing events a mature mRNA is exported to the cytoplasm for translation via the action of 

the Nxf1/Nxt1 heterodimer that shuttles through the nuclear pore complex (Hocine, Singer, and 

Grünwald 2010; Katahira 2015; Okamura, Inose, and Masuda 2015). The recognition of an 

mRNA as fully mature requires the TREX/THO complex that recruits Nxf1, and this recruitment 

can occur co-transcriptionally to the whole mRNA starting at the 5’ end (Viphakone et al. 2019). 

In addition to TREX/THO, other proteins can act as adapters to recruit Nxf1, including SR 

proteins binding to exons (Moore and Proudfoot 2009; Müller-McNicoll et al. 2016; Huang and 

Steitz 2001; Reed and Cheng 2005). How TREX/THO can exclude incompletely processed 

mRNAs from the export pathway or sometimes allow export of alternative transcripts containing 

introns is not well understood. Some RNAs containing retained introns can be exported through 

the action of proteins that recruit exporters directly to the intron sequence. The unspliced viral 

RNAs of HIV are bound by the viral REV protein that binds to an intronic element in the HIV 

RNA and acts as an adapter to recruit the Crm1 exportin protein. Similarly, viral RNAs of the 

Mason Pfizer monkey virus (MPMV) contain a structure called the constitutive transport element 

(CTE) that directly recruits the host NXF1 for export of incompletely-spliced transcripts 

(Pasquinelli et al. 1997). Interestingly, the NXF1 transcript itself contains a CTE within intron 10. 

This causes some export of the NXF1 mRNA retaining intron 10, giving rise to a truncated NXF1 

sNXF1 protein whose expression varies with cell type (Li et al. 2006; 2016). These findings 

indicate that mRNAs can employ multiple mechanisms for export than can be either NXF1 

dependent or independent. 

 NXF1 is a 70 kDa protein with an N-terminal arginine-rich non-sequence specific RNA 

binding domain and a C-terminal domain that allows interaction with the FG-repeat nucleoporins 

during export (Viphakone et al. 2012). Several recent studies have indicated that NXF1 is 
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selective in targeting RNAs for export, presumably mediated by its different interactions with 

adapter proteins (Zuckerman et al. 2020; Lee et al. 2020; Aksenova et al. 2020). These findings 

imply that specialized factors may mediate export of different groups of RNAs.  

 Here we examine NXF1’s role in the export of RNAs in mouse embryonic stem cells 

(mESCs). Using siRNA knockdown and subcellular fractionation, we find that depletion of NXF1 

from mESCs primarily alters the nuclear/cytoplasmic accumulation of mRNAs encoding 

transcription factors and early response genes. NXF1 iCLIP-seq identified additional 

transcription factors and other targets of NXF1. Finally, we find that through its effect on the 

export of Sox2 and other transcription factors NXF1 plays an essential role in maintaining 

pluripotency in mESC. 
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RESULTS 

Depletion of NXF1 from mESCs alters RNA partitioning between cellular compartments. 

 To broadly examine NXF1’s role in the subcellular localization of RNAs, we depleted the 

protein from mESC by RNAi. SiRNAs targeting NXF1 transcripts reduced NXF1 protein levels 

by 70% (Figure 1A and 1B). This partial depletion led to a loss of cell proliferation, with 

increased cell numbers in the G2/M phase of the cell cycle (Figure 1C and 1D). These 

observations are consistent with results from NXF1 depletion by degron tagging, and from 

CRISPR screens indicating an essential role for NXF1 in cell growth, and indicate that full 

depletion of the protein may not be achievable without significant cell death (Aksenova et al. 

2020; data from DepMap Portal [https://depmap.org/portal]). After siRNA treatment, we 

fractionated the cells into three compartments: chromatin, nucleoplasm and cytoplasm. The 

nucleoplasmic fraction contains nuclear material that is soluble in the nuclear lysis buffer 

containing urea and non-ionic detergent. The chromatin compartment contains insoluble buffer-

resistant material that pellets with chromatin, including ternary RNA polymerase II complexes 

and nascent RNA, as well as molecules such as the nuclear speckle marker MALAT1 RNA 

(Figure 1E). Using α-tubulin, U1-70K and histone H3 as diagnostic protein markers for the 

cytoplasm, nucleoplasm and chromatin fractions, respectively, we confirmed the isolation of 

compartment-specific RNAs with minimal cross-contamination (Figure 1F). RNA was extracted 

from each fraction and polyA+ RNA was isolated for sequencing. RNA was converted into 

standard Illumina libraries and sequenced to identify RNAs whose subcellular localization is 

dependent on NXF1. 

 

Transcripts encoding immediate early genes and transcription factors are among the 

most strongly dependent on NXF1 for nuclear export. 

 To examine the global effect of NXF1 depletion on RNA localization, we examined the 

ratios of read numbers between the chromatin, nuclear, or cytoplasmic compartments. We 
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defined the transcripts per million reads (TPM) value for each gene in each subcellular 

compartment, and calculated the ratios of the chromatin (CH) over cytoplasm (CY) read 

numbers. Since the complexity of the libraries differs between compartments, this is not an 

absolute measure of RNA ratio between the two compartments (Yeom et al. 2021). However, 

changes in this ratio provides a useful metric for the redistribution of RNAs between 

compartments. Comparing CH/CY values between control cells (siGFP) and after knockdown 

(siNXF1), we found that most transcripts showed less than two-fold changes. Transcripts of 60 

genes were more than two-fold more enriched in the cytoplasm after NXF1 depletion, whereas 

73 transcripts were more enriched in the chromatin and these tended to show larger changes 

than those shifted to the cytoplasm (Figure 2A). We also compared read numbers in the 

chromatin fraction to nucleoplasm fraction (CH/NP), as well as between nucleoplasm and 

cytoplasm (NP/CY) (Supplemental Fig. S1A). These comparisons yielded fewer transcripts 

shifting compartments after NXF1 depletion (Supplemental Fig. S1A). At this level of depletion, 

NXF1 is relatively selective in its effects on nucleocytoplasmic transport. It is likely that if NXF1 

were depleted to lower levels, the effect mRNA export would become more profound, although 

we note that even at this level of depletion, cellular growth is strongly impacted. It is also 

possible that some mRNAs are exported through additional non-NXF1-dependent pathways, 

although many of them overlap with targets of other export factors TPR and GANP (Aksenova 

et al. 2020; Wickramasinghe et al. 2014).  

 We next examined whether the transcripts whose export was reduced by NXF1 

depletion exhibited a sequence architecture that distinguishes them from other RNAs. Binning 

the genes into groups based on their fold change in CH/CY ratio after NXF1 depletion, we found 

transcripts showing a greater than 2 fold increase in this ratio arise from genes that are much 

shorter than average and have significantly fewer introns (Figure 2B). A similar enrichment of 

short genes with few introns was seen for transcripts that increase in CH/NP or NP/CY ratios 

after NXF1 depletion (Supplemental Fig. S1B), although these groups had many fewer genes. 
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Scatterplots displaying each transcript according to its change in CH/CY ratio and length or 

intron number are shown in Figure 2C. The majority of RNAs with a greater than two-fold 

change in CH/CY have three or fewer introns, with many having zero. These results are in 

agreement with previous findings, both for depletion of NXF1 and of other export factors such as 

TPR and GANP (Zuckerman et al. 2020; Lee et al. 2020; Wickramasinghe et al. 2014). 

 A change in CH/CY ratio after NXF1 depletion could be due to selective degradation of 

the RNA in the cytoplasm rather than a change in export. To assess this, we compared the total 

transcript abundance (TPM) in each subcellular compartment after NXF1 depletion compared to 

the control siRNA treatment. We found that the decrease in the cytoplasm TPM values is 

accompanied by an increase in TPM in the chromatin fraction (Supplemental Fig. S1C). Thus, 

the change in CH/CY ratio after NXF1 depletion is likely due to a loss of movement of RNA 

between fractions, although we can’t rule out some contribution of RNA degradation in the 

cytoplasm (Wickramasinghe et al. 2014). 

 Short overall gene length and few introns are common characteristics of immediate early 

genes that are optimized for rapid expression in response to a stimulus (Herschman 1991; 

Bahrami and Drabløs 2016). To assess the types of genes most sensitive to loss of NXF1, we 

determined the gene ontology (GO) terms enriched in genes whose log 2 change in CH/CY was 

greater than or equal to 1 compared with all genes expressed in mESC (TPM > 1). Indeed, we 

found that the top GO term enriched in the NXF1 sensitive gene set was “DNA binding 

transcription factor activity” for RNA Pol II. The majority of the other enriched GO terms were 

also related to transcription (Figure 3A). Looking at specific genes within these groups, we 

found that polyA+ transcripts of Egr1, an immediate early response gene, strongly shifted to the 

chromatin fraction after NXF1 knockdown (Figure 3B). Transcripts of Sox2, a gene important for 

pluripotency in mESCs, also became more enriched in the chromatin (Figure 3B). Other 

transcription factor genes whose transcripts shifted from cytoplasm to chromatin after NXF1 

depletion included immediate early genes Jun and Dusp6 (Supplemental Fig. S2A). Thus, we 
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find that mRNAs encoding transcription factors and particularly immediate early genes are 

among those most sensitive to the loss of NXF1. 

 

iCLIP-seq to identify direct binding sites of NXF1 in the mESC transcriptome. 

 NXF1 can be directly recruited to mRNAs for export by specific RNA binding or be 

indirectly recruited via a variety of adapter proteins (Hocine, Singer, and Grünwald 2010; Müller-

McNicoll et al. 2016). Binding to these adapters is thought to expose an RNA binding surface of 

the NXF1 protein that then binds non-sequence specifically to the RNA. This mode of binding 

may or may not allow efficient RNA/protein crosslinking by UV light. Nevertheless, there have 

been CLIP studies that have successfully identified NXF1 binding sites in mRNAs (Müller-

McNicoll et al. 2016; Viphakone et al. 2019). To examine NXF1 binding to the NXF1 dependent 

transcripts identified in mESC, we performed iCLIP-seq in cells stably expressing a FLAG-

tagged NXF1 gene introduced into a Flip-In locus at the COL1A1 gene (Figure 4A; 

Supplemental Fig. S3A). Some of the NXF1 dependent transcripts, such as Sox2, are well 

expressed in mESCs. Others such as Jun and Egr1 are not highly expressed unless the cells 

are stimulated to induce the immediate early response. To assay both sets of genes, we 

cultured the mESCs in the absence of serum and then performed iCLIP at 0 minutes and 60 

minutes after serum addition, which stimulated expression of Jun, Egr1 and other genes (Figure 

4A). Triplicate cultures of these cells were crosslinked and then subjected to a modified iCLIP 

protocol described previously (Damianov et al. 2016). RNA fragments interacting with NXF1 

were recovered with FLAG antibodies and compared to fragments from isolated cells not 

expressing FLAG-tagged NXF1. RNAs were converted to Illumina sequencing libraries, 

sequenced, and after processing aligned to the mouse genome. This generated an average of 

700,000 aligned reads per replicate from the no serum condition and 300,000 reads per 

replicate from serum stimulated cells. The RNA isolated on FLAG antibodies from cells not 

expressing FLAG-NXF1 yielded very low read numbers. This minimal background from 
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antibodies not binding to FLAG-NXF1, and from the gel isolation of RNA fragments indicates 

that virtually all the reads isolated from the FLAG-NXF1 expressing cells arise from RNA 

interactions of the FLAG-NXF1 protein. 

Since NXF1 is thought to largely be recruited to RNA by adapter proteins and not direct 

RNA interactions, its crosslinking is likely to vary in efficiency between different targets. Indeed, 

the NXF1 bound fragments sometimes distributed across mRNAs rather than coalescing into a 

limited number of peaks. This may be indicative of more distributed, less sequence specific, 

binding to its targets. We found that the peaks of recovered RNA fragments were variable 

between conditions and replicates indicating that the recovery of binding sites was not 

saturating. To identify a set of confident binding sites for use in subsequent analyses, we 

compiled iCLIP peaks that were present in at least two replicates. The most consistent iCLIP 

peak was within the NXF1 transcript itself at the constitutive transport element, a known direct 

binding site within intron 10 (Li et al. 2006; Figure 4B). NXF1 binding sites were abundant in 5’ 

and 3’ UTRs and in coding regions, but relatively fewer were found in introns, consistent with 

the protein binding to mature mRNAs prior to export (Figure 4C). Peaks in the serum stimulated 

datasets were much sparser, but largely overlapped with the more numerous peaks from the 

unstimulated cells (Figure 4D). 

An earlier study performed iCLIP analysis of GFP-NXF1 in mouse P19 embryonal 

carcinoma cells (Müller-McNicoll et al. 2016). A majority of the target genes in our analyses 

overlap with the targets identified in P19 cells, indicating good agreement between these two 

analyses (Supplemental Fig. S3B). GO analysis of our combined NXF1 targets yielded enriched 

terms related to translation and tRNA maturation, as well as terms for pluripotency and 

developmental processes (Supplemental Fig. S3C). These enrichments indicate that NXF1 

mediated export may play a special role in maintaining mESC pluripotency. 

 Among transcripts affected by NXF1 depletion, Sox2 exhibited multiple NXF1 binding 

sites. These isolated fragments were distributed broadly across the Sox2 3’ UTR, with additional 
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fragments in the coding region. The control IP produced virtually no apparent background 

binding. NXF1 bound fragments of SOX2 mRNA were also observed in the serum stimulated 

samples, but again were sparser (Figure 5A).  

The Jun and Egr1 mRNAs are induced by serum. These showed essentially no reads in 

the unstimulated samples but NXF1 binding could be observed after stimulation that like Sox2 

was distributed across the RNA (Supplemental Fig. S4A). Again samples from the cells not 

expressing FLAG tagged NXF1 generated no reads, so these reads appear to reflect true 

binding events. However, the limited numbers of reads in the Flag-NXF1 sample did not 

produce much overlap between replicates (Supplemental Fig. S4A). To confirm NXF1 binding to 

these RNAs, we repeated UV crosslinking and immunoprecipitation of the FLAG-NXF1-

expressing mESCs and then performed RT-PCR to assay for Jun and Egr1 transcripts within 

the immunoprecipitated RNA. Krt17 RNA, which was not observed to bind NXF1 binding by 

iCLIP, served as a negative control (Figure 5B). These data confirmed that NXF1 binds to the 

Jun and Egr1 mRNAs after serum stimulation in vivo (Figure 5B). Despite the sparse coverage, 

the iCLIP-seq performed after serum stimulation allowed discovery of new NXF1 targets. 

 

NXF1 controls expression of pluripotency factors in mESCs. 

 We found that the NXF1 targeted transcripts identified by iCLIP were enriched in factors 

affecting pluripotency, including Sox2 (Figure 5A). Sox2 is a key factor in the maintenance of 

pluripotency. Relatively small changes in Sox2 concentration determine whether the pluripotent 

state will be sustained or the cells will exit from it. We found that after NXF1 depletion, Sox2, 

Oct4 and Nanog all decreased relative to housekeeping factors such as GAPDH and U1-70K 

(Figure 6A; Supplemental Fig. S5A). These pluripotency factors were thus specifically sensitive 

to the loss of NXF1 (Figure 6A). 

 Another protein marker for naïve pluripotency in mESC is Rex1, which is repressed very 

early in differentiation and the exit from the pluripotent state. To examine the effect of NXF1 
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depletion on Rex1 expression, we used an engineered mESC line carrying a Rex1::GFPd2 

(RGd2) reporter. In this cell line, one allele of Zfp42 (coding for Rex1) is replaced with a gene 

encoding a destabilized GFP (Kalkan et al. 2017). When pluripotency is compromised in 

response to cues such as removal of leukemia inhibitory factor (LIF), the loss of Rex1 can be 

monitored by GFP flow cytometry. We treated these RGd2 ESCs with NXF1 siRNA, and after 

72 hours analyzed their GFP fluorescence by flow cytometry (Figure 6B). In agreement with the 

loss of other pluripotency factors, NXF1 knockdown led to dramatic loss GFP signal from the 

Rex1 reporter indicating an exit from naïve pluripotency (Figure 6B).  
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DISCUSSION 

 As part of a larger study assessing the role of RNA binding proteins in maintaining the 

chromatin association of nuclear RNA, we tested NXF1 as a factor that should affect the 

cytoplasmic concentration of mRNAs. NXF1 is widely studied as the major export factor for 

mRNAs, yet we found that upon 70% depletion of NXF1 from mESC most transcripts 

maintained their cytoplasmic concentrations. Despite a profound reduction in cell proliferation, 

only a subset of mRNAs were shifted to the nucleus and chromatin fractions by the loss of 

NXF1. It is likely that the unaffected RNAs are able to make use of the remaining NXF1 to 

sustain their nuclear export, and the proliferation defect indicates that it will be difficult to 

generate cells showing more complete depletion. The transcripts that are observed shifting to 

the chromatin fraction are presumably those most sensitive to the concentration of NXF1. 

 We find that in mESCs, transcripts of genes that are short and have few introns are most 

strongly regulated by NXF1. These properties have been previously in transcripts most affected 

by NXF1 depletion, as well as by depletion of export cofactors such as TPR and GANP 

(Zuckerman et al. 2020; Lee et al. 2020; Wickramasinghe et al. 2014). We note that this short 

gene architecture is commonly found in immediate early genes that are needed to rapidly 

respond to cellular stimuli. Indeed we find that immediate early genes and other transcription 

factor genes are enriched in the set most strongly affected by NXF1 depletion (Figure 2B; 

Figure 3A). These genes with short length and minimal splicing, along with induced transcription 

allow them to mediate rapid changes in gene expression in response to stimuli. Their unusual 

dependence on NXF1 levels indicates that rapid nuclear export also likely also contributes to 

their response to extracellular stimuli. 

 To confirm that NXF1 was mediating the export of immediate early genes and other 

transcription factors, we performed iCLIP-seq to identify NXF1 binding sites. Consistent with 

previous findings, NXF1 predominantly binds within exons (Müller-McNicoll et al. 2016; 

Viphakone et al. 2019). From our analysis, we find that binding primarily occurs in the 3’ UTR, 
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which often serves as a landing pad for diverse array of RNA binding proteins to regulate 

transcript expression at the post-transcriptional level. Moreover, GO analysis of NXF1 targets 

from 0m and 60m combined resulted in terms that are similar to some of the terms identified in 

the earlier studies of NXF1 targets. The differences in these lists likely result from different 

numbers of genes identified and different cell types analyzed. While showing reproduceable 

binding at the intron 10 of the NXF1 gene by all biological replicates, iCLIP reads were in 

general sparse. This indicates that NXF1 most likely binds to target RNAs in a non-specific 

manner, and its activity seems to be mostly from recruitment by export adapters that bind first 

and “hand-over” the mRNA to NXF1-NXT1 for exit through the nuclear pore complex 

(Hautbergue et al. 2008). It would be interesting to see whether NXF1 and other export factors 

such as TPR bind at the same sites of a transcript or co-regulate its export by CLIP strategy. If 

such sites are discovered, discovery of a common binding motif would reveal a conserved 

mechanism of RNA export. 

 Our flow cytometry results describe NXF1 as a major regulator of mESC pluripotency, 

with its depletion leading to substantial loss of Rex1 after 72 hours. This is consistent with 

depletion effects from other proteins involved in export, such as Thoc2 or Thoc5 of the THO 

complex (Wang et al. 2013). However, NXF1 mRNAs stay mostly unperturbed throughout the 

course of mESC differentiation, indicating that the export factor is most likely involved in 

localization of mRNAs encoding proteins important for both pluripotency and differentiation 

(Duren et al. 2020). An interesting experiment to further explore this idea would be to examine 

transcripts that associate with NXF1 throughout the course of differentiation. 
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MATERIALS AND METHODS 

Cell lines and tissue culture 

 The E14 mouse embryonic stem cell (mESC) line (Hooper et al. 1987) was thawed and 

cultured on mitotically-inactivated mouse embryonic fibroblasts (MEFs) (CF1, Applied StemCell, 

Inc.) in tissue culture wells and plates that were coated with 0.1% gelatin. Prior to performing 

any experiments, the mESCs were passaged on MEFs at least twice before culturing them on 

gelatin-coated plates without MEFs. mESC media consisted of DMEM (Fisher Scientific) 

supplemented with 15% ESC-qualified fetal bovine serum (Thermo Fisher Scientific), 1x non-

essential amino acids (Thermo Fisher Scientific), 1x GlutaMAX (Thermo Fisher Scientific), 1x 

ESC-qualified nucleosides (EMD Millipore), 0.1 mM β-Mercaptoethanol (Sigma-Aldrich), and 103 

units/ml ESGRO leukemia inhibitor factor (LIF) (EMD Millipore). The same culture conditions 

were used for maintaining mESCs containing a FRT site for Flp recombinase-mediated DNA 

recombination and generation of a cell line expressing 1x FLAG-tagged NXF1. The wildtype 

“Flp-In mESCs” were a kind gift from Kathrin Plath at the University of California, Los Angeles. 

Rex1GFP mESCs were a kind gift from Kathrin Plath, and the media consisted of the N2B27 

base (47.4% DMEM/F12 (v/v) (Thermo Fisher), 47.4% Neurobasal (v/v) (Thermo Fisher), 0.95x 

N-2 supplement (Thermo Fisher Scientific), 0.95x B-27 supplement, minus Vitamin A (Thermo 

Fisher Scientific), 0.95x GlutaMAX (Thermo Fisher Scientific), 0.95x non-essential amino acids 

(Thermo Fisher Scientific), 0.95x Pen/Strep (Thermo Fisher Scientific), 0.1 mM β-

Mercaptoethanol (Sigma-Aldrich)) supplemented with 2iL (3 μM CHIR99021 (Tocris), 0.4 μM 

PD0325901 (Tocris), 103 units/ml ESGRO LIF (EMD Millipore)). 

 

Knockdown of NXF1 in mESCs 

 siRNAs that target NXF1 (s79093, Thermo Fisher Scientific), eGFP (Silencer Select 

AM4626), and random sequences (AM4611, Thermo Fisher Scientific) were transfected into 

mESCs twice using Lipofectamine RNAiMAX (Invitrogen). The first transfection was performed 
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while the cells were in suspension, and the second transfection was performed 24 hours after 

when the cells had already attached to the surface of the cell culture dish. The cells were 

harvested and fractionated 24 hours after the second transfection.  

 

Subcellular fractionation, RNA extraction and library preparation 

 Total RNA from mESCs after siRNA transfections was isolated from the cytoplasmic, 

soluble nuclear, and chromatin pellet compartments as described previously (Pandya-Jones 

and Black 2009; Wuarin and Schibler 1994; Yeom and Damianov 2017; Yeom et al. 2021). 

Briefly, the cells were washed twice with 1X PBS/1 mM EDTA (pH 8.0) and trypsinized to collect 

the cell pellet by centrifugation. 0.5 - 1 X 107 cells from the pellet were transferred into a 2.0 mL 

low adhesion microcentrifuge tube (USA Scientific) and washed twice with 1X PBS/1 mM EDTA 

(pH 8.0) to remove debris from prematurely-lysed cells. The cells were then incubated first in 

ice-cold hypotonic buffer (10 mM Tris–HCl [pH 7.5], 15 mM KCl, 1 mM EDTA [pH 8.0], 0.15 mM 

Spermine, 0.5 mM Spermidine, 0.5 mM DTT, and 1X Protease inhibitor) for 5 minutes and lysed 

in ice-cold lysis buffer (10 mM Tris–HCl [pH 7.5], 15 mM KCl, 1 mM EDTA [pH 8.0], 0.15 mM 

Spermine, 0.5 mM Spermidine, 0.5 mM DTT, and 1X Protease inhibitor, and 0.0375% Igepal 

CA-630) for 1 minute. The resulting lysate was immediately layered on top of a chilled sucrose 

cushion (hypotonic buffer with 24% (w/v) sucrose without detergent) and centrifuged for 10 

minutes, 4 °C, 6000 x g. 10% of the supernatant, which is the cytoplasmic fraction, was used for 

immunoblot to check for contamination from nuclear materials, and the rest was mixed with 

Trizol LS (Invitrogen) to extract cytoplasmic RNA. The nuclear pellet was washed once with 1X 

PBS/1 mM EDTA (pH 8.0) before being resuspended in chilled glycerol buffer (20mM Tris-HCl 

[pH 7.9], 75 mM NaCl, 0.5 mM EDTA [pH 8.0], 50% glycerol (v/v), 0.85 mM DTT, and 0.125 mM 

PMSF). Equal volume of cold nuclear lysis buffer (20 mM HEPES [pH 7.6], 7.5 mM MgCl2, 0.2 

mM EDTA [pH 8.0], 300 mM NaCl, 1M urea, 1% Igepal CA-630, 0.3 mM Spermine, 1.0 mM 

Spermidine, 1× Protease inhibitor) was then added and the mixture incubated on ice for 2 
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minutes after 2 X 2 s of vortexing. After the 2 minutes incubation period, 1/8 of the nuclear 

lysate was transferred to a separate 1.5 mL microcentrifuge tube for each sample. After 

centrifugation for 2 minutes, 4 °C, 6000 x g, the supernatant (soluble nuclear fraction) from both 

tubes were pooled. 10% of the pooled supernatant was used to check its purity by western blot, 

and the rest was mixed with Trizol LS to extract nucleoplasmic RNA. The resulting two insoluble 

nuclear pellets (one large, one small) were washed once with 1X PBS/1 mM EDTA (pH 8.0) 

before incubation of the large pellet in Trizol at 50 °C until the pellet was completely solubilized 

to extract chromatin-associated RNA (from 7/8 nuclear lysate). After washing, the small pellet 

(from 1/8 nuclear lysate) was resuspended in 5% SDS sample buffer (5% SDS, 30% glycerol 

(v/v) and 150 mM Tris–HCl [pH 8.0]) at 55 °C for 15 minutes to extract proteins from the 

chromatin fraction and checked for purity. Each fractionation experiment was performed in 

triplicate. 

 RNA from each fraction was treated with DNase I (Takara) followed by phenol 

extraction. Following QC, poly(A)+ libraries were generated using the TruSeq Stranded mRNA 

Library Prep Kit (Illumina). Note that the sum of the RNAs from the chromatin, nucleoplasmic 

and cytoplasmic fractions does not represent total cellular RNA when combined due to 

extensive washing steps during fractionation. 

 

Immunoblotting 

To check for success of subcellular fractionation, protein samples from each fraction 

were loaded on a 4-12% Bis-Tris SDS-PAGE gel (NuPAGE) by equal fractions of their original 

volume. Transfer to a PVDF membrane was conducted using the Trans-Blot Semi-Dry transfer 

apparatus (Bio-Rad). After incubation of the membrane with primary and fluorescent (Cy3 or 

Cy5) secondary antibodies, images were taken on a Typhoon Imager (GE Healthcare). For 

detection using HRP-conjugated secondary antibodies, LAS-3000 Imaging System (Fuji) and 

iBright 1500 (Invitrogen) were used. To check for success of NXF1 depletion and abundance of 
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mESC pluripotency factors, protein samples for western blotting were prepared from whole cell 

lysates using RIPA buffer and sonication of the insoluble chromatin using Bioruptor Pico Plus 

sonicator (Diagenode). Quantification of the lysates was performed using Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific). Antibodies used in this study are listed in Table 1. 

 

mESC proliferation assay 

 Throughout the course of the 48 hours NXF1 knockdown, mESCs at hour 0, 24 and 48 

were extracted and their concentrations determined using Countess II Automated Cell Counter 

(Thermo Fisher Scientific).  

 

Gene ontology analysis 

 Gene ontology analysis was performed using PANTHER (Protein ANalysis Through 

Evolutionary Relationships) (Ashburner et al. 2000) and Metascape (Zhou et al. 2019). For 

accurate gene enrichment analysis, all genes expressed in the mESCs with a TPM > 1 were 

utilized as background gene list.  

 

Preparation of iCLIP-seq libraries after serum stimulation 

 mESCs expressing 1X FLAG-tagged NXF1 were plated on tissue culture plates with 

mESC media overnight. Following their attachment, the cells were incubated in mESC media 

excluding serum for 24 hours. For “0m” samples, the cells were irradiated and harvested after 

the 24 hours of serum starvation. For “60m” samples, the cells were incubated in mESC media 

with 15% serum post-starvation for an hour, irradiated and harvested. The harvested cells were 

then processed for iCLIP-seq library preparation as previously described (Damianov et al. 

2016). 

 

Crosslinking RNA immunoprecipitation 
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 Cells were UV crosslinked and harvested. After complete lysis, the cell lysate was used 

to perform immunoprecipitation using anti-FLAG antibodies immobilized to Dynabeads. After 5X 

washing of the immunoprecipitated FLAG-NXF1-RNA complexes with WB750 from the iCLIP 

protocol, they were washed twice with WB150. The complexes were eluted using 30 ul of the 

Dynabeads elution buffer (100 mM Tris pH 7.5, 0.6% SDS, 5 mM EDTA, 50 mM DTT, 50 ng/ul 

YtRNA) at 85°C for 10 minutes with constant shaking. To digest the associated proteins, the 

eluted complexes were incubated in deproteinization buffer (270 ul containing 100 mM Tris pH 

7.5, 55.56 mM NaCl, 10.56 mM EDTA, 2.22 ug/ul Proteinase K) at 55°C for 30 minutes. The 

same procedure was done for input by adding the buffer until 300 ul. After pre-incubation of the 

iCLIP PK-urea buffer (100 mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM EDTA, 7 M Urea, and 

0.5 µg/µl proteinase K) for 2 min at 55 ˚C, 300 ul of the buffer was added to the samples to the 

final volume of 600 ul and incubated at 55°C for an additional 30 minutes. Following 

precipitation with acid phenol:chloroform and isopropanol overnight, the RNA-protein fragments 

were resuspended in 8.2 ul RNase-free water, and 8.0 ul was used to perform DNA digestion 

with 1 ul of DNase I (Ambion) and 1 ul of its 10X buffer in a PCR tube at 37 °C for 20 minutes. 

At the end of the reaction, 1 ul of 35 mM EDTA was added and the reaction incubated at 65 °C 

for 10 minutes to inactivate the DNase I. With the resulting volume of 11 ul, reverse transcription 

with SuperScript III (Invitrogen) was performed with the final reaction volume of 20 ul with 

random hexamers and manufacturer-recommended thermocycler settings. 1 – 2 ul of the cDNA 

was used to amplify transcripts crosslinked to FLAG-NXF1. 

 

Flow cytometry of Rex1GFP mESCs and WT mESCs after NXF1 knockdown 

 For cell cycle analysis, mESCs underwent 48 hours of NXF1 knockdown as described 

above. For GFP flow cytometry, the cells underwent 72 hours of knockdown with replacement of 

media at 48 hours with fresh mESC media. After the knockdown, the cells were washed once 

with PBS and harvested by incubation for 5 minutes at 37 °C with Accutase (Innovative Cell 
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Technologies). The cell pellet was washed twice with cold PBS before proceeding to flow 

cytometry using the LSR II Flow Cytometer (BD Biosciences) and analysis using the FACSDiva 

software (BD Biosciences).   

 

RNA sequencing and alignment. 

The libraries were subjected to 75 nt paired-end sequencing at the UCLA Neuroscience 

Genomics Core on an Illumina HiSeq 4000 to generate about 25 million mapped reads per 

sample (each fraction constitutes a sample). RNA-seq data was aligned using STAR (version 

020210) (Dobin et al. 2013) on mm10. Sequencing reads and mapping results are summarized 

in Table 2. Reads per million read values (RPM) were calculated and displayed in UCSC 

Genome Browser sessions including strand information. TPM values obtained from Kallisto 

(version 0.43.0) were used in gene expression analyses (Bray et al. 2016).  

 

Ratio analysis 

To analyze differential compartmentalization of RNAs, genes were selected that had 

chromatin, nucleoplasm and cytoplasm expression greater or equal to TPM of 1 as reported by 

Kallisto and had read counts greater than zero in the cytoplasmic fractions as measured by 

FeatureCount. DESeq2 was used to measure fold change in read counts between two fractions 

by calculating the average read count among replicates of one fraction divided by the average 

read counts of the other fraction. The ratios were log 2 transformed and analyzed using ggplot2 

(Figure 2A). 

 

iCLIP-seq data analysis 

The libraries were subjected to single-end 100 bp sequencing on a NovaSeq 6000 

(Illumina) at the UCLA Broad Stem Cell Research Center. Sequencing reads and mapping 

results are summarized in Table 3. Data analyses were performed with iCount with few 
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modifications. In brief, PCR duplicate iCLIP reads were removed using random barcodes. 

Unique reads were mapped to mm10 using STAR, allowing two mismatches. Mapped reads 

were assigned to the longest transcripts in the Known Gene table (Hsu et al., 2006) and divided 

into 5′ UTR, CDS, intron, and 3′ UTR regions. 
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Figure 1. 

Isolation of RNAs from three subcellular compartments after NXF1 knockdown 

A. Immunoblot showing depletion of NXF1 in the three biological replicates.  

B. Quantification of A as a percentage of control. For siNXF1, mean NXF1 level is plotted. Error 

bar is SEM; Student’s t-test; **: p ≤ 0.01. 

C. Cell proliferation assay of mESCs over the course of NXF1 depletion.  

D. Cell cycle analysis of NXF1-depleted mESCs using flow cytometry. 

E. Experimental outline for extracting chromatin-associated, nucleoplasmic and cytoplasmic 

RNAs from NXF1-depleted mESCs for polyA+ RNA sequencing. The stringent buffer was 

composed of high salt, urea and non-ionic detergent. 

F. Immunoblot showing fractionation quality of GFP- (negative control) and NXF1-depleted cells 

using antibodies against diagnostic proteins for each compartment (α-tubulin for cytoplasm, U1-

70K for nucleoplasm, and histone H3 for chromatin). CY = cytoplasm, NP = nucleoplasm, CH = 

chromatin. 
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Figure 2. 

NXF1 most strongly regulates export of RNAs that are short and have low number of introns 

A. Scatterplot depicting relationship between CH/CY values of siGFP and siNXF1 (log2-

transformed). Each gene has a CH/CY value of before (siGFP) and after (siNXF1) protein 

depletion. Red-colored points are genes that become at least 2-fold more chromatin-associated 

after knockdown, while blue-colored points are genes that become at least 2-fold more 

cytoplasm-enriched after knockdown. Only genes that have change in the ratio with p < 0.05 are 

plotted. 

B. Box plots showing relationship between log-2 fold change in CH/CY after NXF1 knockdown 

and length or number of introns of the respective genes. The upper and lower hinges displayed 

represent the 25th and 75th percentiles; Wilcoxon rank-sum test; ns: p > 0.05, *: p ≤ 0.05, ****: p 

≤ 0.0001. Only genes that have change in the ratio with p < 0.05 are plotted. 

C. Log-2 fold change of all genes from the ratio analysis (Figure 2B) is plotted against their 

number of introns or length.  
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Figure 3. 

NXF1 selectively regulates export of transcripts encoding DNA binding proteins 

A. Gene ontology analysis of genes that become at least 2-fold chromatin-enriched over 

cytoplasm after knockdown using PANTHER for molecular function. Results only display terms 

with a FDR of less than 0.05. 

B. UCSC Genome Browser sessions showing chromatin enrichment of Egr1 (top) and Sox2 

(bottom) transcripts after NXF1 depletion. Reads in green represent those from the control 

libraries (siGFP) while ones in blue represent those from the knockdown libraries (siNXF1). 

Black arrows next to the gene body diagrams indicate direction of transcription. Read numbers 

are in RPM. 
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Figure 4. 

iCLIP-seq to interrogate NXF1 binding sites in the mESC transcriptome 

A. Workflow of iCLIP-seq library preparation. Initially, cells were passaged onto gelatin-coated 

plates without feeder cells in mESC medium. After attachment, the cells were starved from 

serum for 24 hours. Following serum depletion, “0m” cells were UV-crosslinked and harvested 

for immunoprecipitation, while “60m” cells were incubated in serum+ medium for one hour until 

crosslinking, harvesting and immunoprecipitation.  

B. UCSC Genome Browser showing FLAG-NXF1 iCLIP peaks at intron 10 of the NXF1 

transcript (Li et al., 2006). Black arrow indicates direction of transcription. 

C. Crosslinking events from iCLIP-seq for each sample (0m and 60m, both in triplicate) are 

displayed after normalization using total feature length and library size. 

D. Venn diagram showing significant events that overlap between 0m and 60m.  
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Figure 5. 

Transcription induction of genes by serum withdrawal followed by its reintroduction allows for 

discovery of novel NXF1 targets 

A. UCSC Genome Browser session of Sox2 from FLAG-NXF1 iCLIP-seq. Black arrow indicates 

direction of transcription. 

B. RT-PCR polyacrylamide gel showing amplified Egr1, Jun and Krt17 (negative control) 

mRNAs using cDNAs from RNAs extracted after UV crosslinking and immunoprecipitation with 

anti-FLAG antibodies against FLAG-NXF1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80 
 

 

 



81 
 

Figure 6. 

NXF1 depletion in mESCs causes loss of pluripotency 

A. Immunoblot showing loss of pluripotency factors upon 48 hours of NXF1 knockdown. NT = 

non-targeting. Levels of depletion compared to siNT (1.0 relative protein level) are quantified on 

the right. Mean protein levels are plotted. Error bars are SEM; Student’s t-test; **: p ≤ 0.01, ***: 

p ≤ 0.001. 

B. Flow cytometry analysis of GFP signal from Rex1GFP mESCs 72 hours post-siRNA 

transfections as indicated. “Rex1GFP mESCs” flow data shows GFP signal from Rex1GFP 

mESCs that had been growing for 72 hours without transfection. GFP+ gates are shown as 

enclosed areas in the plots in between two vertical lines.  
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Supplemental Figure S1. 

NXF1 most strongly regulates export of RNAs that are short and have low number of introns 

A. Scatterplots illustrating relationship between CH/NP (left) or NP/CY (right) values of siGFP 

and siNXF1 (log2-transformed). Each gene has its own CH/NP and NP/CY value of before 

(siGFP) and after (siNXF1) protein depletion. Red-colored points are genes that become at least 

2-fold more chromatin- or nucleoplasm-enriched after knockdown, while blue-colored points are 

genes that become at least 2-fold more nucleoplasm- or cytoplasm-enriched after knockdown. 

Only genes that have change in the ratio with p < 0.05 are plotted. 

B. Box plots showing relationship between log-2 fold change in CH/NP (left) or NP/CY (right) 

after NXF1 knockdown and length or number of introns of the respective genes. The upper and 

lower hinges displayed represent the 25th and 75th percentiles; Wilcoxon rank-sum test; ns: p > 

0.05, ***: p ≤ 0.001, ****: p ≤ 0.0001. Only genes that have change in the ratio with p < 0.05 are 

plotted. 

C. Box plots comparing CH, NP and CY TPM of genes before and after NXF1 depletion. Only 

genes with log-2 fold change in CH/CY of 1 or greater are plotted. Only genes that have change 

in the ratio with p < 0.05 are plotted. The upper and lower hinges displayed represent the 25th 

and 75th percentiles; Wilcoxon rank-sum test; ns: p > 0.05, *: p ≤ 0.05, **: p ≤ 0.01, ****: p ≤ 

0.0001.  

 

 

 

 

 

 

 

 



84 
 

 

 



85 
 

Supplemental Figure S2. 

NXF1 regulates export of transcripts encoding proteins involved in the immediate early 

response 

A. UCSC Genome Browser sessions showing Jun and Dusp6 mRNAs being sequestered in the 

chromatin fraction after NXF1 knockdown. Black arrows indicate direction of transcription. 
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Supplemental Figure S3. 

FLAG-NXF1 iCLIP-seq reveals the protein binding to NXF1 mRNA at intron 10 

A. Autoradiographs of FLAG-NXF1-RNA complexes using SDS-PAGE. Complexes that are 

~20-50 kDa heavier than FLAG-NXF1 (~71 kDa) were extracted from the membrane for library 

preparation (regions bordered by dotted lines). “No FLAG” is negative control sample from 

FLAG-IP using lysate of cells not expressing FLAG-NXF1. “0m” and “60m” indicate time elapsed 

since serum stimulation. 

B. Overlap of 0m and 60m significant crosslinking events with those from Müller-McNicoll et al., 

2016.  

C. Gene ontology analysis of genes containing significant crosslinking events from either 0m or 

60m group using Metascape. Events are considered significant when they occur in at least two 

biological replicates. Dotted vertical line represents FDR = 0.05. 
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Supplemental Figure S4. 

Transcription induction of genes by serum withdrawal followed by its reintroduction allows for 

discovery of novel NXF1 targets 

A. UCSC Genome Browser sessions of Jun and Egr1 from FLAG-NXF1 iCLIP-seq. Black 

arrows indicate direction of transcription. 
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Supplemental Figure S5. 

NXF1 depletion in mESCs causes loss of pluripotency 

A. Immunoblot of more housekeeping proteins to show that the reduction in protein levels of 

pluripotency factors isn’t due to global reduction in protein levels. 
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