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Summary 

The Ribosome-associated Quality Control (RQC) pathway serves to resolve ribosomes stalled 

during the translation process and degrade the associated mRNA and nascent polypeptide. 

Here we identify the 2',3' cyclic phosphatase Angel1 as a rate-limiting factor for this process in 

human cells. Angel1 associates with proteins of the RQC pathway and with mRNA coding 

regions, consistent with a factor that monitors the translation process. Depletion of Angel1 

causes stabilization of reporter mRNAs that are targeted for RQC by the absence of stop 

codons, but not an mRNA targeted for nonsense-mediated decay. Angel1 catalytic activity is 

critical for its function in RQC, as a catalytic inactivating mutation causes loss of RQC function. 

We also identify N4BP2 as the human RQC endonuclease. Given the biochemical activity of 

Angel1 as a 2',3' cyclic phosphatase, our findings suggest that a rate-limiting step in RQC-

mediated mRNA decay is the resolution of a cyclic phosphate, possibly one generated upon 

N4BP2 cleavage. 
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Introduction 

 

Faithful and accurate expression of the cell’s repertoire of protein coding genes is vital to 

proper cellular function. However, certain cell contexts and problematic mRNA substrates can, 

if unresolved, lock up translational machinery in unproductive events or create potentially toxic 

non-functional protein products.  Quality control pathways for these aberrant translation 

events are necessary to maintain the integrity of the proteome (Ermolaeva et al. 2015; Doma 

and Parker 2007; Chen et al. 2011; Lykke-Andersen and Bennett 2014). One such pathway is 

ribosome-associated quality control (RQC), which is promoted by local stalling of a ribosome 

during translation (Joazeiro 2019) and is sensed by a trailing ribosome colliding with the stalled 

ribosome (Simms et al. 2017). The collided ribosomes create a unique surface that is recognized 

by the E3 ubiquitin ligase ZNF598 (Hel2 in the budding yeast Saccharomyces cerevisiae) 

(Juszkiewicz et al. 2018; Ikeuchi et al. 2019). This activates a cascade of events that results in 

degradation of the nascent polypeptide as well as the mRNA (D’Orazio and Green 2021). 

 

mRNAs targeted by RQC are broadly categorized into two pathways for historical reasons rather 

than any clear mechanistic distinction. One is No-Go Decay (NGD), which is defined by 

translational stalls that occur in the coding region (Doma and Parker 2006), for example due to 

strong RNA structures including G-quadruplexes (Bao et al. 2020; Endoh and Sugimoto 2016), 

certain amino-acid tracts (Huter et al. 2017), or oxidative damage (Simms et al. 2014). Another 

is Non-Stop Decay (NSD) in which the ribosome stalls at the end of the mRNA because it never 

encounters a stop codon (Frischmeyer et al. 2002; Van Hoof et al. 2002); this can occur due to 
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mRNA truncation (Pisareva et al. 2011) or an improper polyadenylation event, such as at a 

coding region cryptic poly(A) site, which leads to translation into the poly(A) tail causing a stall 

due to inefficient tRNA loading impairing translation elongation (Chandrasekaran et al. 2019). In 

either case, collided ribosomes are what appear to be sensed by the RQC system. 

 

Our best understanding of RQC-targeted mRNA decay comes from budding yeast. It has been 

long understood that decay of NGD substrates in budding yeast involves endonucleolytic 

cleavage at the site of the stall (Doma and Parker 2006). Endonucleolytic cleavage is believed to 

also be an initiating event for NSD substrates (Glover et al. 2020), but cleavage would occur 

close to the mRNA 3' end which is technically difficult to monitor. The 5’ RNA fragment is 

subsequently degraded in a process dependent on the exosome and its associated Ski complex, 

whereas the 3’ fragment is degraded in a manner dependent on the 5'–3' exonuclease Xrn1 

(Frischmeyer et al. 2002; Tsuboi et al. 2012). A recent study found that RQC mRNA substrates in 

budding yeast also undergo degradation independently of endonucleolytic cleavage in an Xrn1-

dependent manner (D’Orazio et al. 2019). 

 

The RQC-mediated mRNA decay pathway is poorly understood in mammals and is likely distinct 

from the pathway in budding yeast given that mammals lack an ortholog of Ski7, an important 

component of budding yeast NSD (Van Hoof et al. 2002). Ribosome collisions or pauses appear 

to be common in mammals and occur at predictable motifs (Han et al. 2020). Some evidence 

suggests the presence of cleaved native mRNAs, possibly generated  by endonucleolytic 

cleavage during stall resolution (Ibrahim et al. 2018). Furthermore, NSD mRNA substrates have 
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been shown to be unstable in Hela cells and require the ribosome rescue factors HBS1 and 

DOM34, and the Exosome-SKI complex for decay (Saito et al. 2013).  

 

Recent studies have identified Cue2 in budding yeast—and its homolog NONU-1 in the worm 

Caenorhabditis elegans—as the endonuclease responsible for the initial cleavage event of NGD 

substrates (D’Orazio et al. 2019; Glover et al. 2020). Humans have a putative homolog of 

Cue2/NONU-1, called N4BP2, but its function in RQC has yet to be confirmed. Cue2 and NONU-

1 share homology with endonucleases that cleave RNA in a divalent metal ion-independent 

manner and generate RNA fragments terminating in 2',3' cyclic phosphates (D’Orazio et al. 

2019; Glover et al. 2020) rather than the 3’OH typically produced by divalent metal ion-

dependent endonucleases. Indeed, endonucleolytic cleavage of RQC substrates was found to 

produce 5' hydroxylated 3' RNA fragments, consistent with a cleavage generating a 2',3' cyclic 

phosphate (Navickas et al. 2020).  

 

RNAs terminating with 2',3' cyclic phosphates are common products of RNA cleavage or 

trimming. Yet, little is known about how this modification affects RNA metabolism. A recent 

study identified the human Angel2 and Angel1 proteins as 2’,3’ cyclic phosphatases (Pinto et al. 

2020). The Angel protein family is conserved in eukaryotes and evolutionarily related to the 

catalytic CCR4 subunit of the CCR4-NOT deadenylase complex (Goldstrohm and Wickens 2008; 

Kurzik-Dumke and Zengerle 1996). Yet, Angel2 was not observed to possess deadenylase 

activity in biochemical assays, and instead both Angel1 and Angel2 were found to hydrolyze 

2’,3’ cyclic phosphates (Pinto et al. 2020). 
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In this work, we identify the 2',3' cyclic phosphatase Angel1 as a factor that facilitates RQC-

mediated mRNA decay in human cells. Angel1 associates with proteins known to be involved in 

RQC and with mRNA coding regions, including near sequences that are associated with 

ribosome stalling. Depletion of Angel1 and the human RQC endonuclease homolog N4BP2 

causes stabilization of RQC reporter mRNAs targeted for NSD, and the catalytic activity of 

Angel1 is critical for this activity. These observations demonstrate that Angel1 functions in 

human RQC-mediated mRNA decay and suggest that a rate-limiting step of the pathway is 

removal of a 2’,3’ cyclic phosphate. 
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Results 

Angel1 associates with components of the RQC pathway 

To gain insight into possible functions for Angel1, we first established an assay to identify 

Angel1 protein binding partners. Using the Flp-In T-REx system, we constructed stable human 

embryonic kidney (HEK) 293 cell lines expressing N-terminally FLAG-tagged Angel1 under the 

control of a tetracycline-regulated promoter that we titrated to express Angel1 at close to 

endogenous levels (Supplementary Figure S1A; see also Materials and Methods). We 

performed immunoprecipitation (IP) against the FLAG-tag (Supplementary Figure S1B) and 

identified associated proteins by liquid chromatography followed by tandem mass 

spectrometry (LC-MS/MS). IPs were performed with or without prior RNase A treatment to help 

distinguish between RNA- and protein-mediated interactions. To identify interactions specific to 

Angel1, the IPs were normalized to IPs from a parental Flp-In T-REx cell line expressing no FLAG-

tagged fusion protein and compared to a cell line expressing FLAG-tagged TOE1, a better 

understood DEDD-type deadenylase with a role in snRNA processing (Lardelli et al. 2017) 

(Figure 1A).  

 

Among the most abundant proteins that specifically co-purified with FLAG-tagged Angel1 

(Supplementary Table S1), was the mRNA cap-binding protein eIF4E, which, importantly, 

reproduces a previously described interaction (Gosselin et al. 2013). Other proteins that 

specifically co-purified with Angel1 included additional mRNP components (LARP4, LARP4B, 

DDX6, LSM14A, ATXN2, and PABPC), all components of the GATOR2 complex (MIOS, WDR24, 

WDR59, and SEH1L) involved in activation of mTORC1 (Cai et al. 2016), and components of a 
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complex important for cytoskeletal functions of neurons and synaptic plasticity (DISC1, NDE1 

and NDEL1; Tropea et al. 2018).  

 

A striking subset of Angel1-associated proteins were components of the RQC pathway (Figure 

1A). These included RACK1, LTN1, ubiquitin, and all three components of the SKI complex, a 

cytoplasmic adapter and RNA helicase for the RNA exosome. With the exception of RACK1, 

these all associated with Angel1 in a manner resistant to RNase A treatment (Figure 1A), 

suggesting protein-mediated interactions that are independent of RNA. We confirmed the 

association of Angel1 with eIF4E and the SKIV2L subunit of the SKI complex by IP followed by 

immunoblotting (Figure 1B). Given the homology of Angel1 with 3’ RNA processing factors and, 

in particular, its association with components of the RQC pathway, we explored the hypothesis 

that Angel1 is involved in quality control-dependent degradation of mRNAs associated with 

stalled ribosomes.  

 

Angel1 associates with mRNA coding regions and sequence features correlated with stalled 

ribosomes 

Pursuing this hypothesis, we were interested in understanding what RNA transcripts and 

sequence motifs Angel1 interacts with, reasoning that it may show preference for regions of 

transcripts associated with stalled ribosomes. To that end, we performed enhanced cross-

linking and immunoprecipitation followed by sequencing (eCLIP-seq) (Van Nostrand et al. 

2016). Two replicates of FLAG-Angel1 eCLIP-seq were performed on our Flp-In T-REx HEK293 

cell lines expressing Angel1 at close to endogenous levels. We also performed eCLIP-seq with 
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the parental cell line as a background control. When evaluating differential enrichment of genes 

in IPs over input, we found high agreement between the two Angel1 eCLIP replicates (Figure 2A 

and Supplementary Figures 2A and 2B). Consistent with a factor that may monitor translation, 

Angel1 eCLIP reads were significantly enriched for coding regions of mRNAs and depleted for 

intronic regions (Figures 2B and 2C). Angel1 eCLIP also showed an enrichment for reads 

mapping to 5’UTRs (Figure 2C), another part of mRNAs engaged with ribosomal subunits and 

consistent with the association of Angel1 with eIF4E. Using an eCLIP-Seq analysis pipeline (Van 

Nostrand et al. 2016), we identified CLIP peaks for each replicate (p<0.05). Limiting the analysis 

to CLIP peaks that were reproducible between the two replicates (cutoff threshold p < 0.001) 

showed a further increase in the percentage of peaks mapping to coding regions (Figure 2B).  

 

Typically, nucleotide motifs for RNA binding proteins are identified by applying motif finding 

algorithms to the sequences of reproducible peaks. However, this analysis failed to produce 

strong nucleotide or codon motifs in Angel1-associated peaks. We reasoned that, if involved in 

RQC, Angel1 might be recruited to regions upstream or downstream of ribosome stalls and 

therefore examined regions within 50 nucleotides upstream and downstream of each peak. 

Motif analysis (Bailey et al. 2009) of these Angel1-associated regions revealed an abundance of 

guanosine-rich sequences (Supplementary Figure S2C) and several amino acid-coding motifs 

that have been associated with stalled ribosomes (Chyzyńska et al. 2021), including poly-glycine 

and poly-glutamate/aspartate—which were the two most significantly enriched motifs in the 

analysis—and, less enriched, poly-proline codons (Figure 2D). We also examined nucleotide 

content of regions around peaks and found that they contained, on average, higher GC content 
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than regions surrounding reads the control samples (Figure 2E) and were more likely to contain 

what are predicted to be stronger structures (Supplementary Figure S2D). Using a G-quadruplex 

prediction algorithm (Kikin et al. 2006), we found that regions around peaks were also 

predicted to more likely form G-quadruplexes (Figure 2F), a secondary structure element that 

has also been associated with ribosome stalling (Endoh and Sugimoto 2016). These associations 

are consistent with a factor involved in RQC and the wide variety of nucleotide and nascent 

oligopeptide sequences that may induce ribosome stalling. 

 

Development of a human NSD assay 

While many factors involved in RQC-mediated mRNA degradation have been identified in 

budding yeast (D’Orazio et al. 2019; Van Hoof et al. 2002; Frischmeyer et al. 2002; Tsuboi et al. 

2012) and in C. elegans (Glover et al. 2020), much less is known about factors that may mediate 

RQC-mediated mRNA decay in human cells (Saito et al. 2013). To establish an assay to monitor 

mRNA degradation in human cells mediated by RQC, we adapted the well-characterized b-

globin mRNA pulse-chase system (Lykke-Andersen et al. 2000) by generating an NSD reporter 

mRNA with no stop codons. In this system, wild-type b-globin mRNA is highly stable with a half-

life of over 600 minutes (Durand and Lykke-Andersen 2013). Removal of all stop codons created 

an unstable mRNA (BG-NSD) that is degraded at a rate faster than the well-characterized b-

globin Nonsense-Mediated Decay (NMD) reporter mRNA containing a premature termination 

codon at position 39 (BG-NMD) (Durand et al. 2016) (Figures 3A and 3B). A single point 

mutation reintroducing a stop codon nine nucleotides upstream of the cleavage and 

polyadenylation site of the BG-NSD reporter (BG-NSD+Stop) rescued stability (Figures 3A and 
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3B). These substrates provide a platform for investigating the effects of human RQC machinery 

perturbations on substrate mRNA decay rates. 

 

The human RQC endonuclease homolog N4BP2 contributes to NSD 

To further validate our NSD reporter mRNA we tested the effect of depleting SKIV2L, a 

component of the human SKI complex with an established function in RQC (Saito et al. 2013). 

As expected, SKIV2L depletion led to stabilization of the NSD reporter (Figure 4A and 

Supplementary Figures S3A and S3B). We next tested whether N4BP2, a mammalian homolog 

of the initiating RQC endonuclease Cue2/NONU-1, plays a role in targeting the NSD substrate 

for mRNA decay. Indeed, depletion of N4BP2 led to stabilization of the NSD reporter (Figure 4B 

and supplementary Figure S3A). In contrast to the other tested RQC factors, depletion of XRN1, 

using knock-down conditions that stabilize a cleavage intermediate in the NMD pathway 

(Franks et al. 2010) (Supplementary Figure S3B), did not stabilize the b-globin NSD substrate 

(Figure 4C), likely reflecting that our assay is unable to monitor the fate of the portion of the 

RNA located downstream of the ribosome stalling site. These observations identify SKIV2L and 

N4BP2 as rate-limiting for the degradation of the NSD reporter mRNA, and suggest that N4BP2 

is the human ortholog of the S. cerevisiae and C. elegans RQC endonuclease.  

 

Angel1 and its catalytic residues are limiting for NSD 

We next tested whether Angel1 contributes to human NSD. Indeed, siRNA-mediated depletion 

of Angel1 (Supplementary Figure S4A) resulted in stabilization of the b-globin NSD reporter 

mRNA (BG-NSD) (Figure 5A). This effect was observed for two independent siRNAs targeting 
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Angel1 (Supplementary Figure S4B). By contrast, depletion of Angel1 did not alter the stability 

of the b-globin NMD reporter mRNA (BG-NMD) (Figure 5B), showing that the effect is specific to 

turnover of the NSD substrate and not due to general repression of mRNA turnover or 

translation. Depletion of Angel1 also resulted in stabilization of an NSD reporter based on TPI 

mRNA (Supplementary Figure S4C), showing that the effect of Angel1 is not specific to a b-

globin mRNA substrate.  

 

Finally, to test whether Angel1 catalytic activity is important for its function in RQC, we 

generated an Angel1 protein containing a glutamate to alanine substitution previously shown 

to disrupt 2',3' cyclic phosphatase activity of the Angel1 homolog Angel2 (Pinto et al. 2020). 

Exogenous expression (Supplementary Figure S4D) of wild-type Angel1 partially rescued the 

effect of Angel1 depletion on NSD reporter stability (Figure 5C). By contrast, no rescue of 

activity was observed upon expression of the catalytically inactive Angel1 mutant (Angel1 EA) 

despite expression at equal levels as wild-type Angel1 (Supplementary Figure S4D), 

demonstrating that the activity of Angel1 in NSD depends on a central catalytic residue. Thus, 

the 2',3' cyclic phosphatase Angel1 and its catalytic activity is a rate-limiting component of RQC-

mediated mRNA degradation in human cells. 
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Discussion 
 

The mechanism by which mRNAs subjected to RQC in human cells are targeted for degradation 

remains poorly understood. In this work, we present evidence that the 2’,3’ cyclic phosphatase 

Angel1 facilitates decay of mRNAs targeted for RQC. Indeed, Angel1 associates with proteins 

involved in RQC (Figure 1) and with coding regions of mRNAs, including RNA sequences that 

have been associated with translational stalling (Figure 2). Depletion of Angel1, as well as of 

N4BP2, a human homolog of the RQC endonuclease, stabilizes NSD reporter mRNAs, and a 

conserved catalytic residue is critical for this activity (Figures 3-5). Thus, Angel1, and its catalytic 

activity, contributes to RQC-mediated mRNA decay in human cells. 

 

By what mechanism does Angel1 facilitate RQC? 

Angel1 is a homolog of EEP-type CCR4 deadenylases, but we (Supplementary Figure S5) and 

others (Pinto et al. 2020) have observed no deadenylase activity for human Angel proteins in 

biochemical assays. Instead, Angel1 and its homolog Angel2 were found to have activities as 

2’,3’ cyclic phosphatases, dependent on a highly conserved catalytic glutamate residue (Pinto et 

al. 2020). Our observation that Angel1’s activity in RQC is dependent on the same glutamate 

residue suggests that Angel1 functions as a cyclic phosphatase in the pathway. The initial 

cleavage of the RNA substrate during RQC occurs independently of divalent metal ions and 

leaves a 5’OH on the 3’ RNA fragment (Navickas et al. 2020), suggesting that this cleavage 

generates a 2’,3’ cyclic phosphate on the 5' RNA fragment, consistent with the general 

biochemical activity of divalent metal ion-independent RNases with homology to N4BP2 (Yang 

2011). Thus, the most likely function for Angel1 in RQC is the hydrolysis of this cyclic phosphate, 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 28, 2022. ; https://doi.org/10.1101/2022.04.28.489582doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.28.489582
http://creativecommons.org/licenses/by/4.0/


which may have to be resolved before the RNA can be degraded in the 3’–5’ direction. Another 

potential substrate for a cyclic phosphatase in the RQC pathway could be the P-site tRNA which 

is left with a 2',3' cyclic phosphate after removal and degradation of the nascent polypeptide 

(Yip et al. 2019). However, the resolution of this phosphate seems a less likely candidate to 

explain the impact of Angel1 on mRNA degradation. While its demonstrated cyclic phosphatase 

activity is the most parsimonious explanation for the function of Angel1 in RQC, it cannot be 

ruled out that Angel1 functions by a different mechanism, such as by acting as a deadenylase 

despite the absence of such an activity in vitro. If the function of Angel1 in RQC is indeed as a 

cyclic phosphatase, this would describe an activity in RNA decay that is poorly understood but 

likely to be widespread. For example, U6 snRNA is known to be stabilized by a terminal 2',3' 

cyclic phosphate (Gu et al. 1997) and many RNA endonucleases generate 2',3' cyclic phosphates 

that may have to be resolved prior to exonucleolytic degradation of RNA fragments. While 

assays have been developed to monitor 2',3' cyclic phosphates in vitro and on stable non-

coding RNAs (Gu et al. 1997; Shigematsu et al. 2018), an important goal of future studies will be 

to establish assays with sufficient sensitivity to monitor this modification when occurring 

transiently, such as during RNA decay. 

 

Possible functions for Angel1 outside of RQC 

In addition to RQC factors, we also found association in our IP-MS/MS analysis of Angel1 with 

the Gator2 complex which, along with Sestrins and Gator1, is important for sensing amino acid 

deprivation and signaling through mTORC1 (Bar-Peled et al. 2013; Kowalsky et al. 2020). The 

association of Angel1 with these components suggests a potential role in sensing or modulating 
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amino acid deprivation. Given Angel1’s biochemical activity, such a function could be related to 

tRNAs which can be cleaved during tRNA splicing and stress conditions to create 2’,3’ cyclic 

phosphate-containing species (Zillmann et al. 1991; Shigematsu and Kirino 2020). Furthermore, 

Angel1’s association with DISC1-NDE1/NDEL1 suggests a function for Angel1 in cytoskeletal 

functions of neurons, although these proteins have no currently known role in RNA 

metabolism. Angel1 could also be involved in additional processes that involve cyclic 

phosphates, such as the metabolism of RNAs that feature cyclic phosphates during their life-

cycles, including U6 snRNA (Gu et al. 1997), spliced tRNAs (Zillmann et al. 1991), or XBP1 mRNA 

(Jurkin et al. 2014). 

 

What are the endogenous substrates of Angel1 and the human RQC pathway? 

While our reporter assays show that Angel1 is rate-limiting for decay of engineered human NSD 

substrates (Figure 5), our eCLIP experiments suggest that Angel1 associates broadly with 

protein coding regions of mRNAs (Figure 2). Indeed, depletion of RQC factors such as ZNF598 

have shown broad, low-level, effects on the transcriptome (Tuck et al. 2020; Kalisiak et al. 2017; 

Weber et al. 2020; Sundaramoorthy et al. 2021). Identification of endogenous substrates of 

RQC has been generally unsuccessful with only a few potential examples, including the ER 

stress-induced XBP1, which in human cells is upregulated at the protein level upon depletion of 

ZNF598 (Han et al. 2020). These observations suggest broad pleiotropic effects of perturbations 

in this system, perhaps reflecting a process that occurs stochastically at individual mRNAs in 

normal conditions. We also observed association of Angel1 with mRNA 5'UTRs, which is 

consistent with the association of Angel1 with eIF4E and could potentially relate to mRNA 
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upstream open reading frames, or to the recently described RQC pathway detecting collisions 

between scanning pre-initiation complexes (Garshott et al. 2021). 

 

Potential differences between the degradation of RQC mRNA substrates in budding yeast and 

humans 

Information on RQC-mediated mRNA decay in mammalian cells has so far been limited. A 

previous study identified the SKIV2L component of the SKI complex and ribosome recycling 

factors HBS1 and DOM34 as limiting for degradation of an NSD reporter mRNA (Saito et al. 

2013). Here, in addition to Angel1, we identified the human RQC endonuclease homolog N4BP2 

as a component of the pathway. In a potential departure from the yeast pathway, we observed 

no effect on degradation of our NSD reporter mRNA upon depletion of XRN1, despite using 

conditions that stabilized a cleavage intermediate of the NMD pathway (Franks et al. 2010). 

That XRN1 was not rate-limiting for degradation of the b-globin NSD substrate is perhaps not 

unexpected given the predicted position of the ribosome stall and endonucleolytic cleavage at 

the extreme 3’ end of the tested substrate. However, this contrasts the predominance of Xrn1-

mediated degradation over a cleavage-initiated pathway observed for NGD mRNA substrates in 

budding yeast (D’Orazio et al. 2019). This indicates that an endonucleolytic cleavage-mediated 

pathway is more predominant in mammalian cells, at least for the NSD substrate tested here, 

consistent with our observation that N4BP2 is rate-limiting for its degradation. Altogether, our 

study identifies Angel1 and N4BP2 as factors involved in human RQC-mediated mRNA decay, 

suggesting a rate-limiting role in RQC mRNA degradation for the hydrolysis of a 2',3' cyclic 

phosphate, possibly one generated upon the initial cleavage of the mRNA by N4BP2. 
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Figure Legends 

 

FIGURE 1. Angel1 associates with components of the ribosome-associated quality control 

pathway. (A) Select proteins enriched in FLAG immune-complexes for FLAG-tagged Angel1 or 

TOE1 over an IP performed with a cell line expressing no FLAG-tagged protein as determined by 

mass spectrometry. IPs were performed in the absence (-) or presence (+) of RNase A. Fold 

enrichment was calculated as number of peptides per 10,000 total observed in the test IP over 

the negative control IP after adding a pseudocount of 1 to each identified protein. See also 

Supplementary Table S1. (B) Co-IP assays followed by Western blotting monitoring specific 

proteins associated with Angel1. Actin served as a negative control. Input: 10% of the total cell 

extract used for IP. *: non-specific band. 

 

FIGURE 2. Angel1 associates with coding regions of mRNAs and with sequences associated 

with ribosomal stalling. (A) Log2 fold enrichment of IP reads over input compared between the 

two Flag-tagged Angel1 eCLIP replicates. Grey dots represent individual genes and the blue 

contour lines represent a 2D kernel density estimate. A pearson correlation is shown.  (B) 

Fraction of reads mapping to different functional regions of RNAs in control versus FLAG-tagged 

Angel1 input and eCLIP (IP) samples, and in reproducible peaks (p<0.001) between the two 

FLAG-tagged Angel1 eCLIP experiments. (C) Fold enrichment violin plot distributions separated 

by annotation. The line within each distribution represents the median averaged between each 

replicate and the median of each individual replicate is shown with a dot. IP1: light blue, IP2: 

dark blue. (D) Peptide motifs enriched in areas within 50 nucleotides upstream or downstream 
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of identified peaks as compared to areas around reads from the control sample. E-values are 

listed. The two leftmost shown motifs were the most highly enriched motifs in the MEME 

analysis. (E) GC content of sequences between 50 nucleotides upstream or downstream of 

identified Angel1 eCLIP peaks as compared to areas around reads from the control sample. *: 

p<2.2e-22 (KS-test). (F) Calculated guanosine quadruplex (G4) formation capacity of sequences 

between 50 nucleotides upstream or downstream of identified Angel1 eCLIP peaks as 

compared to areas around reads from the control sample. *: p<2.2e-22 (KS-test).   

 

FIGURE 3. Establishment of a human NSD reporter mRNA decay assay. (A) Representative 

Northern blot of a pulse-chase mRNA decay assay in HeLa Tet-off cells monitoring degradation 

of BG-NSD+STOP, BG-NSD and BG-NMD mRNAs (Substrate) as compared with constitutively 

expressed b-globin-GAP3 control mRNA (Control). Numbers above lanes refer to hours after 

transcription shut-off of the substrate mRNAs by tetracycline. Bands were quantified and 

normalized to the constitutively expressed b-globin-GAP3 mRNA to calculate mRNA half-lives 

assuming first-order kinetics, which are given below the blot with standard error of the mean 

from three experiments. (B) Exponential decay plots of the experiment in panel A performed in 

triplicate (n=3). Error bars represent standard error of the mean. 

 

FIGURE 4. Depletion of SKIV2L and N4BP2 stabilizes the human NSD reporter mRNA. (A) 

Exponential decay plots of the BG-NSD substrate after depletion of known RQC factor SKIV2L. 

(B) Exponential decay plots of the BG-NSD substrate after depletion of N4BP2. (C) Exponential 

decay plots of the BG-NSD substrate after depletion of XRN1. Error bars represent standard 
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error of the mean (n=3). *: p<0.05, calculated by one-tailed Student’s t-test compared to the 

control knockdown targeting luciferase (siLuc). 

 

FIGURE 5. Angel1 and its catalytic activity is rate-limiting for the degradation of an NSD target 

mRNA. (A) Exponential decay plots of the BG-NSD substrate after depletion of Angel1 or using a 

control siRNA (siLuc). (B) Exponential decay plots of a substrate containing a premature 

termination codon that is targeted for Nonsense-Mediated Decay (BG-NMD) after depletion of 

Angel1 or using a control siRNA. (C) Exponential decay plots of the BG-NSD substrate after 

depletion of Angel1 and complementing with exogenous Angel1 WT or catalytic inactive Angel1 

EA. *: p<0.05 calculated by a one-tailed Student’s t-test. Error bars represent standard error of 

the mean (n=3). 
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Materials and Methods 

 

Antibodies 

Western blotting was performed with anti-FLAG (Sigma F7425; 1:1,000), anti-eIF4E (Cell 

Signaling Technologies 9742; 1:1,000), anti-SKIV2L (Thermo Fisher 11462-1-AP; 1:500), anti-β-

actin (Cell Signaling Technologies 4967; 1:1,000).  

 

Plasmids 

Gibson assembly (New England Biolabs) was used to insert the coding region of Angel1 with an 

engineered N-terminal FLAG-tag into pcDNA5/FRT/TO and pcDNA3 to create pcDNA5/FRT/TO-

FLAG-Angel1 WT and pcDNA3-FLAG-Angel1 WT. Site-directed mutagenesis (New England 

Biolabs, E0554S) was used to create an E298A catalytically inactivating mutation, generating 

pcDNA3-FLAG-Angel1 EA. Pulse-chase constructs were created from the previously described 

plasmid, pcTet2-BWT (Damgaard and Lykke-Andersen 2011). pcTet2-BG-NSD was created by 3 

rounds of site-directed mutagenesis that removed all in-frame stop codons before the cleavage 

and polyadenylation site through deletion of a 70 bp region and 6 point mutations. A point 

mutation was introduced 10 nucleotides upstream of the cleavage and polyadenylation site to 

create a stop codon, generating pcTet2-BG-NSD+stop. pcTet2-BG-NMD was created by site-

directed mutagenesis introducing a stop codon at codon 39 of pcTet2-BWT. pcBGAP3 was used 

as an internal control for pulse-chase experiments (Clement and Lykke-Andersen 2008). pcTet2-

TPI-NSD was generated from pcTet2-TPI (Singh et al. 2008) using a synthesized double stranded 

gene fragment (IDT, gBlock) of the 3’UTR of pcTet2-TPI edited to remove all in-frame stop 
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codons. The gene fragment was used to replace the 3’UTR of pcTet2-TPI by Gibson assembly. 

Plasmid sequences are available upon request. 

 

 

Stable cell line construction and titration of FLAG-Angel1 levels 

pcDNA5/FRT/TO-FLAG-Angel1 WT was used to generate stable HEK FLp-In T-REx-293 cell lines 

(Invitrogen) according to the manufacturer’s protocol, in which FLAG-Angel1 expression can be 

titrated with tetracycline. In the absence of an Angel1 antibody, we used an anti-FLAG antibody 

to estimate FLAG-Angel1 expression levels in comparison to FLAG-TOE1, which had been 

titrated to endogenous levels as monitored by a TOE1 antibody (Wagner et al. 2007; Lardelli et 

al. 2017). TOE1 is approximately 25 times more abundant than Angel1 in HeLa cells according to 

global mass spectrometry measurements (Nagaraj et al. 2011). We therefore titrated FLAG-

Angel1 expression with tetracycline to match a level of approximately 1:25 relative to TOE1, 

which was reached at 5 ng/ml of tetracycline. This concentration of tetracycline was used in all 

experiments when expressing FLAG-Angel1 in the stable HEK Flp-In T-REx-293 line. 

 

Cell growth and depletions 

Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, 11965092) with 

10% fetal bovine serum (Gibco, 10437028). Flp-In T-REx lines were induced with 5 ng/ml 

tetracycline 24 hours before harvest. Knockdowns were performed using 20 nM of small 

interfering RNAs (siRNAs) custom ordered from Horizon Discovery (Supplementary Table S2). 
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The control siRNA targeted luciferase mRNA. Knockdowns were performed with siLentFect 

reagent (Bio-Rad, 703362) according to the manufacturer’s specifications. 

 

Pulse-chase mRNA decay assays 

Hela Tet-off cells were plated at 15x104 cells per well in a 6-well plate. siRNA-mediated 

knockdowns were performed at 72 hours and 24 hours prior to cell harvest. In addition, 48 

hours prior to cell harvest, cells were transfected with 0.5 µg of the test construct (pcTet2-BG-

NSD, -BG-NSD+Stop, or -BG-NMD), 0.5 µg of pcDNA3-based Angel1 addback construct (if 

applicable), 0.1 µg of a pcBGAP3 loading control plasmid, and empty pcDNA3 plasmid stuffer to 

a total of 2 µg. Cells were maintained with 50 ng/ml tetracycline to prevent expression from the 

test plasmid. 72 hours after the initial siRNA transfection, cells were rinsed with PBS, and 

transcription from the test plasmids was pulsed by addition of 2 ml of fresh medium free of 

tetracycline for 6 hours. Medium was subsequently replaced with DMEM/10% FBS containing 

1,000 ng/ml tetracycline to shut off test plasmid transcription and cells were collected every 2 

hours thereafter in Trizol reagent (Thermo Fisher, 15596026). RNA was isolated and substrate 

levels were analyzed by Northern blotting as previously described (Clement and Lykke-

Andersen 2008). 

 

Immunoprecipitation assays 

Flp-In T-REx lines expressing FLAG-tagged Angel1, FLAG-tagged TOE1, or no FLAG-tagged fusion 

protein were grown to approximately 50% confluency and induced with 5 ng/ml tetracycline for 

24 hours. Cells were harvested by scraping into ice cold PBS and flash frozen in liquid nitrogen. 
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Pellets were resuspended in isotonic lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.2 mM 

EDTA, 0.5% Triton X-100) with 80 units/ml RNaseOUT (Thermo Fisher, 10777019) or 125 µg/ml 

RNase A (Sigma, R4875), and 1 tablet/10 ml of protease inhibitor (Thermo Fisher, 88666)) for 10 

minutes on ice. Lysates were spun down at 20,000 g for 15 minutes at 4˚C. FLAG peptide 

(ApexBio, A6002) was added to lysates to a concentration of 1 µg/ml to reduce non-specific 

interactions. Samples were incubated with pre-washed anti-FLAG M2 agarose beads (Sigma, 

A2220) for 2 hours at 4˚C with rotation. Beads were washed 9 times with NET2 buffer (10 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Triton X-100). Protein was eluted by treating beads three 

times for 30 minutes at 4˚C with NET2 containing 200 µg/ml FLAG peptide and elutions were 

subsequently pooled. Samples from input, the unbound fraction, and elution were separated by 

gel electrophoresis and visualized by silver staining (Thermo Fisher, 24580) according to the 

manufacturer’s protocol. Protein amounts for deadenylation assays were estimated against BSA 

standards (New England Biolabs, B9000S). 

 

Mass Spectrometry analysis 

In brief, the Immunoprecipitated samples were in-solution digested overnight at 37 °C in 400 ng 

of mass spectrometry grade trypsin (Promega) enzyme. The digestion was stopped by adding 

formic acid to the 0.5% final concentration. The digested peptides were desalted by using C18 

StageTips and were transferred to a fresh tubes and then vacuum dried.  The vacuum-dried 

peptides were resuspended in 5% formic acid/5% acetonitrile buffer and added to the vials for 

mass spectrometry analysis. Samples were analyzed with duplicate injections by LC-MS-MS 

using EASY-nLC 1000 liquid chromatography connected with Q-Exactive mass spectrometer 
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(Thermo Scientific) as described previously (Sundaramoorthy et al. 2017) with some 

modification as follows. The peptides were eluted using the 60 min acetonitrile gradient (45 

min 2%−30% ACN gradient followed by 5 min 30%− 60% ACN gradient, a 2 min 60−95% ACN 

gradient, and a final 8 min isocratic column equilibration step at 0% ACN) at a 250 nl/min flow 

rate. All the gradient mobile phases contained 0.1% formic acid. The data dependent analysis 

(DDA) was done using the top 10 method with a positive polarity, scan range of 400−1800 m/z, 

a 70,000 resolution, and an AGC target of 3e6. A dynamic exclusion time of 20 s was 

implemented and unassigned; singly charged and charge states above 6 were excluded for the 

data dependent MS/MS scans. The MS2 scans were triggered with a minimum AGC target 

threshold of 1e5 and with a maximum injection time of 60 ms. The peptides were fragmented 

using a normalized collision energy (NCE) setting of 25. Apex trigger and peptide match settings 

were disabled. RAW files were processed, searched, and analyzed essentially as described 

previously (Reinke et al. 2017). To calculate the fold enrichment of individual proteins in the 

Angel1 IP over the matched FLAG control, the number of peptides for each protein were 

normalized to counts per 10,000 in the total count for each sample, and the normalized counts 

for Angel1 IP were divided by normalized counts for the control after adding a pseudocount of 

1 to every normalized peptide count to prevent division by zero errors. All experiment related 

RAW mass-spectrometry data files were deposited at the MassIVE repository using the 

accession identifier MassIVE: MSV000089129.  

 

eCLIP assays 
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Flp-In TREx lines expressing FLAG-tagged Angel1 or no FLAG-tagged fusion protein were grown 

to approximately 50% confluency and induced with 5 ng/ml tetracycline for 24 hours. Cells 

were crosslinked to preserve protein-RNA interactions by treatment with UV (Stratalinker, 254 

nm, 400 mJ/cm2, on ice). One sample was not exposed to UV as a no-crosslink control. eCLIP 

library preparation was performed as previously detailed (Van Nostrand et al. 2017). Samples 

were mapped to the hg37 human genome and features from the Gencode 19 annotation were 

counted with featureCounts (Liao et al. 2014). Reads were annotated with a Yeo lab annotation 

pipeline (Annotator v0.0.13). Fold enrichment was calculated as enrichment of IP reads over 

input reads for genes with mapped reads in the input condition above a threshold. Areas 50 

nucleotides upstream and downstream from peaks were extracted with custom python scripts 

that used transcripts tagged as Appris principal (Rodriguez et al. 2013) to limit genes to one 

transcript. In cases where genes had multiple principal transcripts, the longest transcript was 

selected. G/C content was calculated with custom scripts for those regions. G quadruplex 

formation potential was measured for those sequences using QGRS (Kikin et al. 2006). 

Significance was tested with a Kolmogorov-Smirnov (KS) test. Sequencing data have been 

deposited into the Gene Expression Omnibus (GEO) under accession number GSE199650. 

 

RT-qPCR assays 

After total RNA isolation from cells, reverse transcription was performed using Superscript III 

(Thermo Fisher, 18080044) according to manufacturer’s protocol. qPCR was performed with a 

master mix (Thermo Fisher, 4385612) and using a Quantstudio 3 machine according to 
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manufacturer specifications. Angel1 qPCR was carried out using pre-validated primers (Bio-Rad, 

10025636). All other qPCR primer pairs are listed in Supplementary Table S2.  

 

Deadenylation assay 

A custom poly-A RNA substrate terminating in 20 adenosines (Dharmacon) and a DNA loading 

control also terminating in 20 adenosines (IDT) (Supplementary Table S2) were 5’ labelled with 

[γ-32P]-ATP (PerkinElmer) using T4 poly-nucleotide kinase (NEB) according to manufacturer's 

protocol. The deadenylation assay was adapted from a previously described protocol (Wagner 

et al. 2007). Approximately 50 nM of the indicated protein was added to approximately 5,000 

CPM each of DNA loading control and RNA substrate and incubated at 37°C in deadenylation 

buffer (20mM HEPES, pH7.4, 2mM MgCl2, 0.1 mg/ml bovine serum albumin, 1 mM spermidine, 

0.1% Igepal CA-630 (Sigma), 0.5 units/µl RNase-Out, and 0.5 μg/µl yeast total RNA). Formamide 

loading buffer was added to stop the reaction and samples were separated in a 9% 

polyacrylamide-6M urea denaturing gel. The gel was dried and imaged using a phosphorimager. 
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Supplementary figure legends 

  

SUPPLEMENTARY FIGURE S1. FLAG-Angel1 HEK293 Flp-In T-REx cell line validation. (A) 

Western blot showing expression of FLAG-Angel1 WT with titration of tetracycline (Tet) as 

indicated above lanes. The parental Flp-In T-REx line expressing no fusion protein serves as a 

negative control (FLAG-only), and Flp-In T-REx expressing FLAG-TOE1 at near endogenous levels 

was included as a reference. Β-Actin was used as a loading control. *: non-specific bands. (B) 

Silver-stained SDS-PAGE gel examining protein from FLAG-Angel1-WT IPs. An input sample of 

10% of the total cell extract used for the IP (Input), a sample from the remaining lysate after IP 

containing unbound proteins (Unbound), and a sample of the pooled elutions (Elution) were 

run. A control IP using a Flp-In T-REx line expressing no fusion protein (FLAG) was run alongside. 

*: denotes the antibody heavy and light chain. 

 

SUPPLEMENTARY FIGURE S2. Extended eCLIP analysis. (A and B) Log2 fold enrichment of IP 

reads over input compared between either Flag-tagged Angel1 eCLIP replicate and the parental 

Flag control. Grey dots represent individual genes and the blue contour lines represent a 2D 

kernel density estimate. Pearson correlations are shown. (C) Logo plots of top three enriched 

nucleotide motifs identified by MEME analysis of sequences within 50 nucleotides upstream or 

downstream of Angel1 CLIP peaks as compared to sequences within 50 nucleotides of mapped 

reads in the FLAG input sample. E-values are displayed above each plot. (D) Box plots 

comparing predicted mean free energy (MFE) calculated by RNAfold for regions within 50 

nucleotides upstream or downstream of Angel1 CLIP peaks and within 50 nucleotides of 
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mapped reads in the FLAG input sample. Lower MFE scores are associated with stronger 

predicted secondary structure. *: p-value < 2.2e-22 (KS-test).  

 

SUPPLEMENTARY FIGURE S3. Validation of siRNA-mediated depletions. (A) Relative 

expression of knockdown targets compared to a control knockdown (siLuc) obtained from RT-

qPCR. Error bars represent standard error of the mean (n=3). Comparisons between each 

knockdown and its control had a p-value < 0.05 as calculated by a one-tailed Student’s t-test. 

(B) Western blots examining levels of SKIV2L and XRN1 proteins after siRNA-mediated 

knockdown (KD) in triplicate or knockdown with a non-targeting control siRNA (Ctrl). β-Actin is 

shown as a loading control. 

 

SUPPLEMENTARY FIGURE S4. Additional BG-NSD validation. (A) Relative expression of Angel1 

mRNA levels determined by RT-qPCR for two independent Angel1 siRNAs compared to a non-

targeting control (siLuc). Comparisons between each knockdown and its control had a p-value 

of < 0.05 as calculated by a one-tailed Student’s t-test. Error bars represent standard error of 

the mean (n=3). siRNA#1, which targets endogenous but not exogenous Angel1, was used for 

all other depletions. (B) Exponential decay graphs of pulse-chase mRNA decay experiments 

using the BG-NSD substrate with depletion using the Angel1-targeting siRNAs shown in panel A 

and siLuc siRNA. (C) Exponential decay graphs of pulse-chase mRNA decay experiments using 

the TPI-NSD substrate with depletion of Angel1 or a non-targeting control. Error bars represent 

standard error of the mean. *: p-value < 0.05. n=3. (D) A Western blot examining total protein 

from Hela Tet-off cells either depleted by a non-targeting siRNA (siLuc) or an siRNA targeting 
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endogenous Angel1 (siAngel1). Lanes 3 and 4 represent cells that were transfected with 

constructs expressing siRNA-resistant active (WT) or catalytically dead (EA) FLAG-Angel1 to 

complement depletion. β-Actin is shown as a loading control. 

 

SUPPLEMENTARY FIGURE S5. Angel1 shows no activity in a deadenylation assay. 

Phosphorimager scan of a 5’ 32P-labelled poly-A RNA substrate incubated with the indicated 

active (WT) or catalytically dead (DEAA, EA) proteins (≈50nM) for the indicated amounts of time 

and subsequently separated in a denaturing gel. A 5’ 32P-labelled DNA substrate was included in 

each reaction as an internal loading control.  
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A B

Figure 1. Angel 1 associates with components of the ribosome-associated quality control
pathway. 
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B

Figure 2. Angel 1 associates with coding regions of mRNAs and with sequences
associated with ribosomal stalling 
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A B

Figure 3. Establishment of a human NSD reporter mRNA decay assay
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Figure 4. Depletion of SKIV2L and N4BP2 stabilizes the human NSD reporter mRNA. 
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B

Figure 5. Angel 1 and its catalytic activity is rate-limiting for the degradation 
of an NSD target mRNA 
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Supplementary Figure S1. FLAG-Angel1 HEK293 FlpIn T-REx cell line validation
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Supplementary Figure S2. Extended eCLIP analysis
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Supplementary Figure S3. Validation of siRNA-mediated depletions
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Supplementary Figure S4.  Additional BG-NSD validation
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Supplementary Figure S5. Angel1 shows no activity in a deadenylation assay
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