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ABSTRACT OF THE DISSERTATION

Dynamic Quality Control by RNA 3’ End Modifying Enzymes

by

Timothy Luis Cabrera Nicholson-Shaw
Doctor of Philosophy in Biology

University of California San Diego, 2022

Professor Jens Lykke-Andersen, Chair

All RNAs in the cell are monitored by robust molecular machinery that ensures
its fidelity and quality. Maintenance of the integrity of the transcriptome is vital to the
proper functioning of the cell. Dysfunctions in the machinery responsible for this
quality control can lead to physiological problems for the cell and wide-ranging

diseases in the context of a whole organism. A deeper understanding of these

XVii



systems is critically important to illuminate the workings of the cell, multi-cellular
organisms, and to provide new therapeutic handles to treat human disease.

The cell contains multiple overlapping quality control pathways to monitor
RNAs that are tailored to the type and purpose of a particular RNA. RNAs that do not
code for proteins, non-coding RNAs (ncRNAs), are increasingly being understood for
the dynamic trimming and tailing that occurs in their 3’ end to control their maturation
and quality. Advances in next generation sequencing have allowed researchers to
examine the changing 3’ ends of ncRNAs at nucleotide resolution, but robust, open
source, and publicly available tools to analyze this data have been missing from the
field. In chapter 2 of this dissertation, | outline a bioinformatic tool dubbed “Tailer” that
allows for visualization and quantification of this kind of data. This tool is thoroughly
validated on public datasets and faithfully recapitulates the findings of the original
studies from which they were drawn.

Another key hub for RNA quality control, specifically for mRNAs, is translation.
When translating a dysfunctional mMRNA or an mRNA in a difficult context, a ribosome
can run into regions that cause a local ribosome stall. This allows a trailing ribosome
to collide, signaling to the cell that the nascent protein and mRNA template need to
be degraded. In chapter 3, | present evidence that Angel1, a 2’,3’ cyclic phosphatase,
is a novel rate-limiting factor for this ribosome-associated quality control (RQC)
pathway. Angel1 associates with proteins important for this process and nucleotide
sequences that have been implicated in ribosome stalling. Angel1 depletion also

stabilizes reporter substrates that are targets of this pathway. | also show evidence

XViii



that NABP2 is the human ortholog of the RQC endonuclease identified in
Saccharomyces cerevisiae and Caenorhabditis elegans.

Lastly, in chapter 4, | examine Angel2, a protein homologous to Angel1, that
was recently identified as a 2’,3’ cyclic phosphatase. Using discovery-based
techniques, | look for clues that could suggest Angel2’s function. With IP-MS/MS |
find that Angel2 associates with components of the tRNA splicing ligase. Using
eCLIP, I find evidence that Angel2 directly associates with tRNAs but is not
necessarily enriched for the subset of tRNAs that undergo splicing. Finally, with RNA-
seq, | find that Angel2 depletion upregulates mRNAs with a low fraction of rare
codons and codons decoded by intron-containing tRNAs.

These studies provide new insights into RNA quality control and provide a
leaping off point for future studies into the modification and processing of RNA 3'

ends.
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Chapter 1

Introduction

1.1 Quality control is critical to gene regulation

RNA is a key mediator between the cell’s genetic material, DNA, and how the
cell responds to its context and environment. A flurry of experimentation in the late
1950’s and early 1960’s led to the conclusion that several different types of RNA
were essential for the production of proteins (Watson 1963). This concept has been
pithily encapsulated as the central dogma; DNA codes for RNA and RNA in turn
codes for proteins that perform the functional business of the cell. However, with the
sequencing of the human genome (Lander et al. 2001; Venter et al. 2001), we
learned that most of our DNA does not code for protein. Work done before this
milestone and after has elucidated the wide variety of RNA molecules that exist in the
cell and their broad range of functions beyond coding for proteins. This body of work
underscores the versatility and fundamental importance of RNA to the cell and our
framework for how life exists.

One of the fundamental challenges of the cell is to properly control and
modulate this vast and complex pool of RNA known collectively as the

“transcriptome.” The cell needs to not only maintain the transcriptome but also remain



flexible enough to make sweeping changes in its composition depending on the
context of the cell. Importantly, levels of RNA transcripts are tightly controlled by
cellular processes and dysregulation of these systems can have detrimental effects
on an organism.

Beyond maintaining correct levels of RNA transcripts, cells also need to
ensure the quality and fidelity of transcribed RNAs. Cellular machinery, like any other
machine, can make mistakes and these mistakes can potentially create dysfunctional
transcripts. Furthermore, RNAs are susceptible to damage and being rendered non-
productive through normal cellular wear-and-tear, such as through self-cleavage or
damage by environmental agents like UV light or chemicals. Recognition and
disposal of these problematic transcripts is necessary to prevent trapping cellular
machinery in unproductive events and the accumulation of toxic products. Problems
with the machineries necessary for this function are associated with many disease
states (Nguyen et al. 2014; Frischmeyer and Dietz 1999; Terrey et al. 2020; Lardelli

et al. 2017).

1.2 Non-coding RNA quality control by 3’ modifying
enzymes
Rather than code for protein, the majority of RNA in the cell participates in

critical cellular functions including splicing by small nuclear RNAs (snRNAs), direction

of RNA modifications by small nucleolar RNAs (snoRNAs), translation using



ribosomal RNAs (rRNAs), and gene silencing by microRNAs (miRNAs) (Eddy 2001).
Given their importance to fundamental cellular processes, a robust system to ensure
proper protein loading, modification, and localization is necessary to protect their
function. An important way that cells regulate quality for non-coding RNAs is through
modification of their 3’ ends. The 3’ ends of ncRNAs are dynamic and will often
change many times over the life of the transcript. Modifications include addition of
nucleotides post-transcriptionally through the action of terminal end nucleotidyl
transferases (TENTSs) (Scott and Norbury 2013; Aphasizhev et al. 2016; Heo et al.
2012; Berndt et al. 2012), trimming of genomically encoded nucleotides or
nucleotides added post-transcriptionally (Lardelli et al. 2017; Son et al. 2018; Shukla
and Parker 2017), and through chemical modification of the terminal nucleotide of
RNA (Gu et al. 1997).

Depending on the type of modification, timing, location, and context, 3’ end
modification can have drastically different functional outcomes. Trimming of ncRNAs
has been demonstrated to promote maturation as is the case with snRNAs that are
trimmed after cleavage by the mediator complex (Lardelli et al. 2017) or trimming can
trigger decay by more processive 3'-5’ exonucleases (Labno et al. 2016). Post-
transcriptional addition of nucleotides has been shown to promote maturation (Berndt
et al. 2012), promote decay (Scott and Norbury 2013; Aphasizhev et al. 2016), be
necessary for proper function as is the case with tRNAs (Deutscher 1973), or have
yet to be determined consequences as is the case for the single A addition given to

7SL RNA (Sinha et al. 1998).



One prevailing view of ncRNA maturation is that it is a balance or competition
between factors that promote maturation and those that promote degradation
(Lardelli and Lykke-Andersen 2020). ncRNAs are thought to progress through
maturation at a steady rate. However, if for some reason maturation slows or stops—
potentially because of a dysfunctional ncRNA or improper loading of proteins—it can
allow factors that promote degradation to “win out” in the balance and push the
scales toward decay (Figure 1.1). The factors that are important for this dance
between maturation and degradation are poorly described. Understanding the factors
involved in this competition and the consequences of their actions is vital to
understanding the life cycle of ncRNAs.

The eukaryotic proteome contains many enzymes that have been shown to or
are predicted to alter the 3’ end of ncRNAs. Which ncRNA targets are regulated by a
particular 3’ modifying enzyme and how the enzyme shapes that 3' end is a
fundamental question in the field of ncRNA quality control and maturation. A typical
paradigm for investigating this question is to deplete or remove a potential processing
enzyme and then use sequencing techniques to identify changes in 3’ ends (Labno et
al. 2016; Son et al. 2018). Problems of this approach include that it is often extremely
targeted and therefore low throughput and that the tools used to analyze these
datasets are often lab, protocol, and machine specific. This requires labs working in
this field to create their own unique scripts and bioinformatic workflows potentially
leading to errors and variability between groups. Chapter two of this dissertation
outlines and makes available to the public an open-source tool, Tailer, that

standardizes this type of workflow and allows for rapid visual analysis.
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Figure 1.1: Examples of ways that 3’ end tailing is thought to control ncRNA
quality control and maturation. Non-coding RNAs (ncRNAs) are often transcribed
with genomic encoded 3' end extensions. This 3' end is thought to be competed over
by the action of exonucleases and Terminal End Nucleotidyl Transferases (TENTS)
which can promote decay or maturation. At many steps of maturation, problems are
thought to allow the action of subsequent TENTs which promote decay.

1.3 mRNA surveillance by the ribosome

While ncRNAs are often surveilled for quality by modifications to their 3’ ends,

a major route of quality control for RNAs made from protein coding genes (MRNAs) is



through the ribosome. During translation, the cell can sense irregularities in the
function of the ribosome that imply problems with the mRNA. This often triggers
disposal of the potentially problematic nascent protein and the troublesome mRNA.

The best understood example of this kind of surveillance is the Nonsense-
Mediated Decay pathway (NMD), responsible for degrading mRNAs containing
premature termination codons (PTCs) (Maquat 2004). PTCs are often created by
mistakes made during splicing and are sensed by a ribosome that terminates
translation prematurely. In human cells, this is often while an exon junction complex
is still on the mRNA, which can be detected by the NMD machinery (Lykke-Andersen
et al. 2000; Kishor et al. 2019). PTCs can also be introduced through genomic
mutations that create a stop codon in the coding region of a gene and are the main
cause of many congenital diseases, such as cystic fibrosis (Nguyen et al. 2014).

Another mechanism of ribosomal surveillance, which is less well understood,
is the Ribosome-associated Quality Control (RQC) pathway. RQC begins when a
ribosome stalls during translation. This allows a trailing ribosome to catch up and
collide with it, presenting a unique surface that is recognized by the ubiquitin ligase
ZNF598 (Sundaramoorthy et al. 2017; Juszkiewicz et al. 2018). Collided ribosomes
indicate a problem to cellular machinery, triggering ubiquitylation of the nascent
polypeptide chain by another ubiquitin ligase Ltn1 and decay by the proteasome
(Bengtson and Joazeiro 2010). In certain contexts, this can also trigger decay of the
mMRNA, though much is still unknown about the factors that promote this.

The types of issues that can stall ribosomes are broadly grouped into two

pathways based on historical rather than functional reasons: No-Go Decay and Non-



Stop Decay (Doma and Parker 2006; Frischmeyer et al. 2002; Van Hoof et al. 2002)
(Figure 1.2). No-Go Decay typically refers to mRNA degradation that occurs upon
stalling of ribosomes in the coding region of an mRNA. Stall-inducing contexts
include strong secondary structural elements (Bao et al. 2020; Endoh and Sugimoto
2016), certain amino acid motifs (Huter et al. 2017), rare codons, lack of decoding
tRNAs (Yang et al. 2019), and oxidative or UV damage to an mRNA (Simms et al.
2014). Non-stop decay refers to mMRNA decay triggered by translation events that
stall because the ribosome never encounters a stop codon; this can be caused by
truncation in the coding sequence (CDS) or an improper polyadenylation event
(Frischmeyer et al. 2002; Van Hoof et al. 2002). This latter event leads to translation
into the poly-A tail and stalling of the ribosome through a recently elucidated
mechanism (Chandrasekaran et al. 2019). In either case, the signal is fundamentally

the same, a stalled ribosome that undergoes collision by a trailing ribosome.
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Figure 1.2: Features of transcripts that can cause ribosome stalling. A wide
variety of features can cause the ribosome to stall depending on environment and
context. NGD typically refers to ribosomes that becomes stalled in the coding region,
while NSD typically refers to ribosomes that never encounter a stop codon and
cannot be released from the mRNA. Either way, the functional output is the same, a
collided ribosome that triggers downstream decay of the nascent polypeptide and
MmRNA.



While mechanisms of protein degradation during RQC are well studied, the
mechanisms concerning disposal of the mRNA are poorly described in humans. We
have the most insight into this process through work done in the budding yeast
Saccharomyces cerevisiae (Goldman et al. 2021). Decay of the mRNA substrate is
often initiated by cleavage at the site of the stall by the recently identified
endonuclease, Cue?2 in budding yeast (D’Orazio et al. 2019), and Nonu-1 in
Caenorhabditis elegans (Glover et al. 2020). The 3’ fragment is then degraded in the
53’ direction in a process dependent on the exonuclease Xrn1 (Tsuboi et al. 2012).
The 5’ fragment is ratcheted out of the ribosome by the activity of the Ski helicase
complex and is degraded in the 3’-5’ direction by the cytoplasmic exosome (Zinoviev
et al. 2020) (Figure 1.3).

Collisions in the coding transcriptome appear to happen often and at
repeatable motifs (Chyzynska et al. 2021). However, it seems that these collisions
are not always monitored by RQC and do not necessarily lead to decay of the mRNA.
On the other hand, some evidence appears to indicate that endonucleolytic cleavage
is widespread in the transcriptome and may be the outcome of stalling events
(Ibrahim et al. 2018). The factors that determine the fate of these problematic
mRNAs, the enzymatic machinery, and the mechanisms of mMRNA decay are poorly
understood, especially in humans. Chapter 3 of this dissertation shows the use of a
reporter substrate to interrogate this system in human cells and the identification of a

novel factor, Angel1, that is involved in the disposal of NSD substrates.
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Figure 1.3 Mechanism of RNA decay by RQC. While translating an mRNA, a
ribosome can reach a problematic region, causing the ribosome to stall. This allows a
trailing ribosome to collide with it, presenting a unique surface that is recognized and
ubiquitylated by ZNF598. This triggers ribosome rescue and cleavage of the RNA
substrate by an endonuclease (CueZ2 in budding yeast and Nonu-1 in C. elegans).
Decay of the 5’ fragment is facilitated by the Ski complex and the exosome. Decay of
the 3’ fragment is facilitated by XRN1.

1.4 Cyclic phosphates are a poorly understood 3’

terminal modification
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The last nucleotide on an RNA molecule typically terminates in a 3’'OH.
However, certain endonucleases, 3'-5’ exonucleases, and random self-cleavage of
RNAs can leave behind a 2°,3’ cyclic phosphate (Shigematsu et al. 2018) (Figure
1.4). The best known ncRNA with this modification is U6 snRNA whose 3’ end is
trimmed to a correct number of uracil nucleotides by the action of USB1, leaving
behind a 2°,3’ cyclic phosphate (Mroczek and Dziembowski 2013). The function of
the terminating cyclic phosphate is poorly understood but may help to stabilize U6
snRNA and protect its 3’ end from the action of exonucleases.

2’,3’ cyclic phosphates are difficult to study in part because RNA species
terminating in them are essentially invisible to the most common types of sequencing
protocols (Shigematsu et al. 2018). Most library preparation methods that capture
non-polyadenylated RNAs begin with a ligation step. Because 2',3’ cyclic phosphate
terminating species are not capable of being ligated by typical enzymes, they are lost
early in library preparation. Capture of RNAs with cyclic phosphates requires a mild
acid hydrolysis or treatment with poly-nucleotide kinase (PNK) (Honda et al. 2016)
which will remove the cyclic phosphate and leave behind a 3'OH. However,
information about which species originally terminated in a cyclic phosphate will be
lost. A protocol called cP-seq was recently developed, allowing for specific capture
and sequencing of cyclic phosphate-containing species. cP-seq leverages a
periodate treatment that destroys the ends of any RNA that does not contain a cyclic

phosphate (Honda et al. 2016).
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While the existence of cyclic phosphates have been known for some time,
identification of eukaryotic enzymes capable of removing a cyclic phosphate have not
been described until recently (Pinto et al. 2020). Using biochemical fractionation and
an in vitro cyclic phosphatase assay, Angel2 and, to a lesser extent, Angel1 were
identified as enzymes in human cells that are capable of this function. Further
investigation of the functions of Angel2 and Angel1 require assays that will allow us
to measure proportions of cyclic phosphate-containing RNA species in the cell.
Chapter four of this dissertation explores potential roles for Angel2 and outlines a

protocol that may be used to measure changes in cyclic phosphorylation in the cell.
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Figure 1.4: Structure of 3’'0OH and 2’,3’ Cyclic Phosphate terminating RNA
species. RNA typically terminates in a 3’OH. Certain cleavage reactions will leave
behind a cyclic phosphate.
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Chapter 2

Tailer: A Pipeline for Sequencing-
Based Analysis of Non-Polyadenylated
RNA 3’ End Processing

2.1 Abstract

Post-transcriptional trimming and tailing of RNA 3’ ends play key roles in the
processing and quality control of non-coding RNAs (ncRNAs). However, bioinformatic
tools to examine changes in the RNA 3’ “tailome” are sparse and not standardized.
Here we present Tailer, a bioinformatic pipeline in two parts that allows for robust
quantification and analysis of tail information from next generation sequencing
experiments that preserve RNA 3’ end information. The first part of Tailer, Tailer-
Processing, uses genome annotation or reference FASTA gene sequences to
quantify RNA 3’ ends from SAM-formatted alignment files or FASTQ sequence read
files produced from sequencing experiments. The second part, Tailer-Analysis, uses
the output of Tailer-Processing to identify statistically significant RNA targets of
trimming and tailing and create graphs for data exploration. We apply Tailer to RNA

3’ end sequencing experiments from three published studies and find that it

accurately and reproducibly recapitulates key findings. Thus, Tailer should be a
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useful and easily accessible tool to globally investigate tailing dynamics of non-

polyadenylated RNAs and conditions that perturb them.

2.2 Introduction

Dynamic post-transcriptional addition and removal of nucleotides from the 3’
ends of RNAs is a key hub for RNA maturation and regulation. While these dynamics
are perhaps best understood for eukaryotic mRNAs that undergo polyadenylation
(Lee et al. 1971; Darnell et al. 1971; Edmonds et al. 1971) and deadenylation
(Goldstrohm and Wickens 2008) to regulate translation and stability (Nicholson and
Pasquinelli 2019), non-coding RNAs also experience a wide variety of 3’ end
modifications. These events, which include 3’ end trimming, tailing, or chemical
modification (Yu and Kim 2020; Liudkovska and Dziembowski 2021; Perumal and
Reddy 2002), can have different functional consequences depending on the RNA,
the modification, and the cellular context. Some 3’ end modification events,
exemplified by CCA addition to tRNAs (Deutscher 1973), play key roles in RNA
maturation and serve to produce mature 3’ ends that promote RNA stability and/or
function (Dupasquier et al. 2008; Katoh et al. 2009; Nguyen et al. 2015; Shukla and
Parker 2017). Other modifications promote rapid degradation, for example as part of
quality control pathways that detect and degrade aberrant or damaged transcripts
(LaCava et al. 2005; Shcherbik et al. 2010; Liu et al. 2014; Lardelli and Lykke-
Andersen 2020). These processes are essential to life and their dysfunction can lead

to human disease (Wolin and Maquat 2019); yet, how enzymes acting at RNA 3’
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ends cooperate and compete to dictate RNA function and stability remains poorly
defined for the majority of RNAs.

Early characterizations of non-coding (nc)RNAs and their 3’ end sequences
focused on single RNA species, initially using radioisotope labeling and enzymatic
digestions, and later, RNA 3’ end amplification methods coupled with cloning and
sequencing (Rinke and Steitz 1982; Frohman et al. 1988; Lund and Dahlberg 1992).
More recent advances in sequencing technology have allowed for examination of
ncRNA ends on a transcriptome-wide level, and for monitoring how those ends
change globally in response to perturbations. Techniques such as ligation-based 3’
Rapid Amplification of cDNA Ends (3’'RACE) coupled with high-throughput
sequencing (Lee et al. 2014; Shukla and Parker 2017) can provide a snapshot at
nucleotide level resolution of RNA 3’ ends globally. A typical reverse genetics
approach to understanding RNA 3’ end dynamics involves identifying enzymes
capable of modulating RNA tails, depleting them from cells, and monitoring changes
in RNA 3’ ends, thereby identifying potential direct targets of those enzymes (Allmang
et al. 1999; Berndt et al. 2012; tabno et al. 2016; Lardelli et al. 2017; Son et al. 2018;
Lardelli and Lykke-Andersen 2020). During data analysis, changes to RNA 3’ ends
are generally quantified with scripts and pipelines individual to each lab. While some
of these scripts have been made publicly available (for example (Welch et al. 2015;
Pirouz et al. 2019)), easy-to-use and generalizable tools have been missing to make
these types of analyses accessible to the broader research community.

Here we present Tailer, an easy to use and open-source pipeline that can

analyze the status and perturbations of non-coding RNA 3’ ends from sequencing
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datasets for which RNA 3’ ends have been preserved. Tailer is fully featured, easily
installable, and allows for analysis of new and previously published datasets. This
pipeline takes mapped SAM or BAM files from 3’ end sequencing experiments,
globally identifies positions and compositions of RNA 3’ ends, including their post-
transcriptional tails, and outputs the data into a human readable CSV format. This
output CSV file can then be uploaded to a web server, which provides utilities to
discover RNAs undergoing statistically significant changes at their 3’ ends and to
visualize RNA tail dynamics. The pipeline also allows for analysis of individual RNAs
of interest from global or gene-specific sequencing experiments using local
alignment.

To validate Tailer, we reanalyzed publicly available global and gene-specific 3’
end sequencing datasets from three studies focused on the exonucleases DIS3L2,
TOE1 and PARN in human cells (Labno et al. 2016; Son et al. 2018; Lardelli and
Lykke-Andersen 2020). In all cases, Tailer identified target RNAs highlighted in the
studies and faithfully reproduced observed effects on RNA 3’ ends. This validates the
utility of Tailer as a tool to monitor global and gene-specific 3’ end processing of non-
coding RNAs. While applied here to human RNA sequencing datasets, the pipeline is
compatible with datasets from any organism of interest with reliable annotation

information.

2.3 Results and Discussion

2.3.1 Pipeline Overview
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Tailer is comprised of two arms (Fig. 1.1), Tailer-Processing, which identifies
and quantifies 3’ end compositions of non-polyadenylated RNAs from 3’ end
sequencing data, and Tailer-Analysis, an R-based Shiny app for candidate discovery
and data visualization. Tailer is written in Python 3 (Van Rossum G and Drake FL.
2019), can be installed using the Package Installer for Python (PIP) accessed from
the PyPi index (detailed installation instructions can be found on the readme page),
and can be run from the command-line. The output of Tailer-Processing is a comma
separated values (CSV) file, hereafter referred to as a Tail CSV file, which lists the
identity and quantity of all 3’ ends of RNAs observed in the analyzed 3’ sequencing
experiment that match a given annotation file, or a given list of genes. The Tail CSV
file can then be fed into the Shiny-based (Chang et al. 2021) Tailer-Analysis web

application for further analysis.
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Figure 2.1: A general overview of Tailer’s workflow. Tailer is split into two major
parts, a processing function, and an analysis webserver. Tailer-Processing infers
RNA 3’ ends using a BAM/SAM alignment file and a GTF formatted annotation file, or
a FASTQ sequence read file and a reference FASTA gene file (which can be
generated from Ensembl IDs). For either method, the output is a standardized Tail
CSV file, which can be analyzed directly, or fed into the Tailer-Analysis web server
for discovery of candidate tailing changes in comparison between datasets as well as
visualization of tails with a variety of graphing tools.

2.3.2 Tailer-Processing in global mode annotates
SAM/BAM files and calculates RNA 3’ end
information

Tailer-Processing can be run from the command-line and can be used in a
global mode to identify all RNA 3’ ends matching a genome annotation, or in local

mode to identify 3’ ends of specific RNAs of interest (Fig. 2.2A). When used in global

18



mode (Fig. 2.2B, left), Tailer-Processing requires two inputs, a SAM or BAM
formatted alignment file and a GTF formatted annotation database. Experimentally,
the sequencing data entered into Tailer-Processing should be generated using a
library preparation method that preserves the 3’ end information of RNAs, such as a
3’ RACE (Frohman et al. 1988) experiment, and should be performed on RNA that is
not poly(A)-selected. For small RNA 3’ end analyses, the RNA can be size selected
prior to sequencing, but analyses can be performed on any sequencing experiment
that preserves RNA 3’ ends. For longer RNAs, some platforms, such as current
lllumina platforms, require nucleotide input below a certain size range, which would
require a method that made use of &' truncation prior to sequencing such as internal
upstream priming or limited RNase-treatment after ligation of a 3’ adapter.
Sequencing can be performed either as single end reads from the 3’ end, or as
paired end reads for improved alignment accuracy. Sequencing outputs need to be
pre-processed by trimming of any adapters and linkers and removal of PCR
duplicates, and subsequently aligned to a reference genome using any aligner that
supports soft-clipping and produces a SAM/BAM-formatted alignment file output.
Care should be taken to ensure that pre-processing does not introduce any artifacts
such as improper trimming, which would lead to incorrect 3’ end calls. It is important
that the aligner supports soft-clipping as Tailer uses this feature to determine post-
transcriptional tailing (for options that bypass soft-clipping, see below). Typically, we
use STAR aligner (Dobin et al. 2013) with the following settings from Son, et al 2018
when interested in small non-coding RNAs (--alignintronMin 9999999 --

outFilterMultimapNmax 1000), which allows alignment to multicopy genes and
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disallows unannotated introns. The GTF file can be provided to Tailer as a full
genome annotation or filtered to contain only genes of interest to create smaller sized
output files. In case of paired-end sequencing, the specific read that corresponds to
the RNA 3’ end needs to be specified with the “--read” flag. This pipeline has been
most rigorously tested with annotations provided by the Ensembl database (Howe et

al. 2021).
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~ % Tailer -a annotation.gtf [SAM/BAM Files]
~ % Tailer -e [Comma separated Ensembl IDs] [Trimmed FASTQs]

~ % Tailer -f [Reference FASTA] [Trimmed FASTQs]

B Sample Reads

i|..CGCGCTTTCCCCTTTT
Reads.fastq i|...CGCGCTTTCCCCTTTT

i] ...CGCGCTTTCC
Ali f Choi v| --.CGCGCTTTCCCCTGA
onere e ' v| ...CGCGCTTTCCCCTGAA

RNU1-1 Gene_..CGCGCTTngCgCﬁICgBACT...

1
1
Genome ! . 3
SAM CIGAR Sequence : Annotated Mature End <
i ...13M3S 1
i ... 13M3S . :
i 11M Alignment.sam 1 Ensembl IDs Local Tailer
v ...15M : or
A
5SS 1 Reference FASTA
1
GTF formatted 1
[ Global Tailer j Annotation File :
|
/Tail.csv\ / Talesy \
Sequence(Optional) Count EnsID Gene_Name End_Position Tail_Length Tail_Sequence
...CGCGCTTTCCCCTTTT 2 ENSG00000206652 RNU1-1 5 3 TTT
...CGCGCTTTCC 1 ENSG00000206652 RNU1-1 -1 0
...CGCGCTTTCCCCTGA 1 ENSG00000206652 RNU1-1 4 0
...CGCGCTTTCCCCTGAA 1 ENSG00000206652 RNU1-1 5 1 A

Figure 2.2: Tailer-Processing commands and examples of tail inference. (A)
Example commands to run Tailer-Processing. After installation with PIP, Tailer-
Processing can be invoked by typing “Tailer” into the command line. An “-h” flag will
provide usage information that is also available in a readme.txt file. Examples of
running Tailer-Processing in global mode, in local mode using Ensembl IDs, and local
mode with a reference FASTA gene file are shown. (B) Global Tailer-Processing (left)
uses SAM/BAM-formatted alignment files to infer RNA 3’ ends and post-
transcriptional tails based on the SAM CIGAR and GTF annotation files. Local Tailer
(right) does not require pre-alignment of the sequencing data and uses BLAST to
align to a user provided FASTA gene database or one generated from provided
Ensembl IDs. Local Tailer makes use of reported BLAST metrics of last query
mapping position and last reference mapping position to infer tail information. Both
modes produce a Tail CSV file with the same columns (bottom). An example output
from five reads aligning to the RNU1-1 gene with corresponding SAM-file CIGAR
strings is shown.
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The output tail CSV file produced by Tailer-Processing reports the number of
occurrences of each type of RNA 3’ end that is detected in the sequencing data (Fig.
2.2B, bottom). For each alignment reported in the input SAM alignment file, Tailer-
Processing identifies the corresponding gene from the input annotation GTF file,
identifies the 3’ end position of the read relative to the annotated gene 3’ end, and
predicts any post-transcriptionally added tail. The gene, which is reported in the
‘Gene’ column, is identified as the gene in the same orientation as the aligned read
that has the closest annotated 3’ end to the 3’-most aligned nucleotide of the read,
with a requirement that the 3’ ends are within a default of 100 nucleotides of one
another, an option that can be modified with the “-t” flag. To identify the read 3’ end
position and predict any post-transcriptional tail, Tailer examines the CIGAR string
reported in the SAM alignment file and searches for soft-clipping at the 3’ end of the
read, i.e. the 3’ terminal nucleotides of the read that did not align to the genome (Fig.
2.2B, left). The length and composition of the soft-clipped nucleotides are reported as
the post-transcriptional tail of the read in the output tail file (“Tail_Length” and
“Tail_Sequence” columns). The position, including any post-transcriptional tail, of the
last nucleotide of the read relative to the annotated 3’ end of the gene is reported as
the 3’ end position of the read (“End_Position” column). For multi-mapped reads, all
annotated genes aligning to the read are reported in the output file, which allows for
more accurate downstream analyses of RNAs that are produced from multiple loci or
have closely related pseudogenes (see below). In cases where reads align to

multiple genes that are annotated with different 3’ ends, Tailer reports only the gene
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whose annotated 3’ end is closest to the calculated genome-encoded 3’ end of the
read. Reads corresponding to identical RNA 3’ end sequences are finally combined
and the number of reads for each are reported in the “Counts” column. This output
format greatly reduces the size of the file to focus on information that is pertinent to
tail analysis and can be reasonably uploaded to a web server. An optional column
with 3’ end read sequences that can be useful for verification and troubleshooting

purposes can be included in the tail file by implementing an “-s” flag.

2.3.3 Running Tailer-Processing in local mode allows for
rapid analysis of specific RNAs without the necessity
for previous alignment or reliance on soft-clipping

Analysis by Tailer also lends itself to a gene-specific approach for greater
depth on specific genes of interest using local alignments (Fig. 2.2B, right). This
mode requires the user to have command line BLAST installed and a reference to it
stored in the PATH variable on their workstation
(https://www.ncbi.nlm.nih.gov/books/NBK279690/). The required inputs are a FASTQ
file containing the called bases from the sequencing experiment, trimmed of any
linkers and PCR duplicates, and one or more genes, either identified by their
Ensembl IDs or provided in a FASTA file. For paired-end sequencing, the FASTQ file
used should be the read file that corresponds to the 3’ end (typically read 1 for

lllumina sequencing).

23



This mode is most useful for analyses of gene-specific 3’ end sequencing data
(Lardelli et al. 2017; Lardelli and Lykke-Andersen 2020). It is also useful in cases
where soft-clipping is problematic for correct alignments (Suzuki et al. 2011), such as
for genes that have closely related variants. In this case, initial global sequence
alignments can be performed in the absence of soft-clipping and reads aligning to
specific genes can subsequently be extracted from the SAM/BAM alignment files and
converted back to FASTQ files with tools such as Bedtools (Quinlan and Hall 2010)
and Samtools (Li et al. 2009). The local gene-specific Tailer can also be used directly
on large FASTQ files from global sequencing experiments, but this is not
recommended as processing will be much slower than using global Tailer. The gene-
specific mode downloads gene information from Ensembl along with 50 nucleotides
of downstream sequence to aid in distinguishing between genome-encoded tails and
post-transcriptionally added tails. Alternatively, a custom FASTA-formatted reference
sequence can be provided instead with the “-f” flag (Fig. 2.2A). This reference
sequence should contain genomic sequence downstream of the gene for accurate
distinction between genomic-encoded and post-transcriptional tails. When including
downstream sequence, the “-m” flag should be used to specify the number of
downstream nucleotides included in the reference to ensure that the mature end is
correctly annotated.

After building a BLAST formatted database with the downloaded sequences,
gene-specific Tailer aligns each read in the FASTQ file and uses the alignment
information to calculate the read 3’ end position relative to the annotated gene 3’ end

and identify the composition of any predicted post-transcriptional tail, producing an
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output Tail CSV file identical to that produced by global Tailer-Processing. It is
important to note that for both the global and local methods, post-transcriptional tails
are predictions based on absence of alignment. These generally represent the most
conservative predictions for the actual post-transcriptional tail, since any post-
transcriptionally added nucleotide that matches a nucleotide encoded from the

genome will be assigned as genome-encoded by default.

2.3.4 Using Tailer on published datasets identifies ncRNA
tails and compresses them into a human readable,

portable, CSV format

To develop and validate this workflow, we used global 3’ end sequencing data
from two previously published datasets, Labno et al. 2016 (hereafter called the Labno
dataset) which investigated targets of human DIS3L2, and Son et al. 2018 (the Son
dataset) which investigated targets of human PARN and TOE1. We also used a
gene-specific 3’ end sequencing dataset from Lardelli and Lykke-Andersen 2020 (the
Lardelli dataset), which investigated snRNA targets of human TOE1. After producing
SAM alignment files using STAR with settings discussed above, Tailer, using a full
genome annotation file (Ensembl 104), reduced gigabyte (Gb)-sized SAM files into
megabyte (Mb)-sized Tail CSV files (Table 2.1), which makes uploading and
analyzing on a web server practical. Output Tail CSV file sizes can be further
reduced by using subset annotations with only genes of interest. The Tail CSV file

can be used directly for visualization or analysis for users experienced with this type
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of data, or it can be fed into the Tailer-Analysis web app described below, or used

directly in R with individual Tailer-Analysis functions available from the GitHub

repository.

Table 2.1: Dataset Summary

Reference

tabno, et al. 2016. "Perlman Syndrome Nuclease DIS3L2 Controls
Cytoplasmic Non-Coding RNAs and Provides Surveillance Pathway for
Maturing SnRNAs." Nucleic Acids Research 44 (21): 10437-53.

Son, et al. 2018. “PARN and TOE1 Constitute a 3 End Maturation
Module for Nuclear Non-Coding RNAs End Maturation Module for
Nuclear Non-Coding RNAs." CellReports 23: 888-98.

Lardelli and Lykke-Andersen 2020. “Competition between Maturation
and Degradation Drives Human SnRNA 3' End Quality Control.” Genes
& Development 34 (13-14).

Method

3' RACE

3'RACE

Gene-
specific 3"
seq

Protein of
Interest

Dis3L2

TOE1 and
PARN

TOE1

Identified Targets

snRNAs, Vault RNAs,

YRNAs

18S rRNA, snoRNAs,
TERC, scaRNAs,
snRNAs

pol-1l snRNAs

Average
Average  Alignment File Average Tail
Read Depth Size File Size
6.25M 794Mb 3.4Mb
21.4M 19.5Gb 80Mb
4.9K NA 0.2 Mb

2.3.5 Tailer-Analysis: A Shiny webapp for candidate

discovery and 3’ end data visualization

Tailer-Analysis provides a simple, user-friendly, and open-source GUI and is

built using the R Shiny library (Chang et al. 2021). As an input, this analysis app

takes the Tail CSV files generated from Tailer-Processing as described above.

Multiple tail files can be uploaded in the “Tail File Upload” tab, including different

experimental conditions to be compared, and experimental replicates (Fig. 2.3A).

Using the table interface, users can enter metadata information which will group and

average replicates, allowing for easy downstream comparisons and statistical

analyses.

On the “Candidate Finder” tab, users can compare two of their experimental

conditions (Fig. 2.3B). RNAs with significant changes at their 3’ ends are found by
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comparing two conditions to look for statistically significant differences. The app first
generates a list of all genes identified by Tailer-Processing. For each gene, the
replicate data is then pooled and 3’ end positions and tail lengths are compared
between experimental conditions using a Kolmogorov-Smirnov (KS) test. Pooled
replicate data is used in the Candidate Finder to allow for greater computational
throughput. However subsequent modules maintain separation between replicates
for greater statistical power. Candidate genes are reported in order of p-value for
changes in 3’ end position but can also be sorted based on changes in tail length.
This helps distinguish between conditions that may be affecting the trimming or
extension of RNA molecules in general, versus conditions that affect post-
transcriptionally added nucleotides specifically. Candidates can be filtered by
minimum number of observations, p-value, and magnitude of difference in end

position.
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Figure 2.3: Example screenshots of the Tailer-Analysis Shiny interface. (A)
Individual sample tail files can be uploaded to the webserver. Using the table
interface, users can set grouping metadata, which will be used to bin replicates. After
selecting the format data option, the user is provided with feedback on the conditions
provided and number of samples. The user is also able to alter the order in which
samples will be displayed using a simple drag and drop interface. (B) After uploading
and setting metadata, users can use the Candidate Finder tab to rank RNAs based
on their changes in tailing between the uploaded datasets. Reads can be filtered by
minimum number of observations, magnitude of difference between conditions, and
p-value. Hits are reported and ordered initially by statistical changes in RNA 3’ end
positions but can also be re-ordered by statistical changes in post-transcriptional tail
length by selecting the corresponding column. The candidate data can be
downloaded and saved as a CSV file. (C) Every graph page contains an options side
panel, which can be used to set the desired gene to be graphed and set different
parameters for graphing. A checkbox for multi-locus genes is available to enable a
slower but more accurate analysis of RNAs produced from multiple loci (see also Fig
2.6 below).
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RNVU1-27 13.41182 0.03912 0.26727 0.93107 66 190
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Tail files generated from the Labno dataset were uploaded to the Shiny App
web server and binned into a WT or a Mutant DIS3L2 condition. Using the built-in
candidate discovery tool, a list of candidates with a minimum of 10 observed reads
was generated (Supplemental Table 2.1). Among the top candidates with significantly
altered 3’ ends were Vault RNA-1 (VTRNA-1), Y3 RNA (RNY3), and U6atac shnRNA
(UBATAC), all of which were identified by Labno et al. Similarly, tail files from the Son
dataset were subjected to candidate analysis using the Tailer-Analysis webapp.
Identified potential targets (Supplemental Table 2.2) included many snoRNAs and
scaRNAs which were targets also identified by Son et al. Thus, the Tailer pipeline
faithfully recapitulates the identification of small RNA targets of 3’ end processing

enzymes from published studies.

2.3.6 Rapid visualization of 3’ end dynamics with the
Tailer-Analysis webapp

The remaining tabs in the shiny app each correspond to graphs that can be
used to individually explore RNA 3’ ends. 3’ ends of individual RNAs, either identified
from the candidate discovery tool or of specific interest to the user, can be visually
analyzed and compared between experiments as described in more detail below.
These graph functions are written in ggplot2 (Wickham 2016; R Core Team 2021).
For each graph, position 0 corresponds to the annotated mature RNA 3’ end. In
cases where the mature 3’ ends of RNAs are incorrectly annotated in the provided

annotation file, the position of the mature 3’ end can be manually adjusted using the
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options panel (Fig. 2.3C). Each plot also has an analysis window option whereby the
user can limit their analysis to specific windows of 3’ end mapping. This can be used
to exclude potential truncated RNAs from the analysis. Plotting and examining
individual RNAs of interest can help distinguish between spurious hits and actual
biological targets and can confirm that length changes are in the predicted direction
and are of a sufficient magnitude to warrant further investigation.

The first two graphs visualize 3’ end positions of the sequenced population of
the selected RNA. A bar graph gives a distribution of where the 3’ ends of the
sequence reads are mapping in relation to the annotated mature 3’ end (Fig. 2.4A-C).
Grey bars represent the positions, as fractions of the overall population, of the last
genome-encoded nucleotide of the plotted RNA population. The colored bars
represent the fraction of RNA molecules that contain post-transcriptionally added
nucleotides at the indicated positions, broken down by nucleotide identity. It is
important to emphasize, as detailed above, that post-transcriptional tails predicted by
Tailer are the most conservative post-transcriptional tails based on the alignments.

Plotting VTRNA-1 from the Labno dataset recapitulates the presence of a
post-transcriptional tail that consists primarily of uridines (dark blue bars) in the
absence of DIS3L2 activity, which is observed on about half of the population and
extends from the mature 3’ end (position 0), ranging from one to over ten uridines
(Fig. 2.4A). Plotting U1 snRNA from the Lardelli dataset demonstrates accumulation
of extended U1 snRNAs that are partially tailed with adenosines (light blue bars) in
the absence of TOE1 (Fig. 2.4B). Furthermore, plotting SCARNA-22 from the Son

dataset recapitulates the accumulation of extended RNA species terminating at the
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+10 position that accumulate with oligo-adenosine tails upon PARN and TOE1
depletion and a synergistic extension when both are depleted (Fig. 2.4C).

The second graph is a cumulative plot, which shows the cumulative fraction of
RNA reads that map to specific 3’ end positions (Fig. 2.4D). Solid lines represent
cumulative 3’ end positions of the RNA population when including post-transcriptional
tails, and dotted lines represent the predicted 3’ ends excluding the post-
transcriptional tails, with shading in between representing the extent of post-
transcriptional tailing. The cumulative plots are particularly useful for comparing
effects of different experimental conditions on specific RNAs in single graphs.
Visualizing VTRNA1, SCARNA22 and U1 snRNA using this tool in Figure 2.4D
recapitulates the overall extension of these transcripts upon depletion of the
respective exonucleases, as observed by the overall right-shifts of the corresponding
step plots. It can also be seen, by examining the extent of shading, that in the case of
DIS3L2 inactivation (top panel) most of the difference in the VTRNA-1 3’ end is
accounted for by differences in post-transcriptional tailing, consistent with the
observations from the original study, whereas for PARN and TOE1 depletion (bottom
two panels), effects are seen on both genome-encoded and post-transcriptional
nucleotides of the target RNAs consistent with these enzymes trimming both post-
transcriptional tails and genome-encoded nucleotides (Son et al. 2018; Lardelli and

Lykke-Andersen 2020).
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Figure 2.4: Sample plots of RNA 3’ end dynamics in response to processing
factor depletion. (A-C) Tail bar graphs for indicated RNAs from the Labno (A),
Lardelli (B) and Son (C) datasets, with grey bars showing the position of the terminal
genomic encoded nucleotide as a fraction of the RNA population, and stacked
colored bars showing the fraction of the RNA population containing post-
transcriptional nucleotides at the indicated positions. (D) Cumulative plots displaying
the cumulative fraction of overall 3’ end positions of the indicated RNA populations
(including any post-transcriptional tail; solid lines) and the 3’ terminal genome-
encoded nucleotide (dotted lines) with shading in between indicating the extent of
post-transcriptional tailing. Dots to mark individual experiments can be toggled on
and off using the options panel (Supplemental Figure 2.1).

2.3.7 Using Tailer-Analysis to visualize post-

transcriptional tails
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The next set of graphs focus on information concerning predicted post-
transcriptionally added tails. The first graph is a logo plot containing information about
proportions and compositions of post-transcriptional tails, with the 1 position
corresponding to the first nucleotide of the tail and the height of each nucleotide
representing the fraction of the RNA population that contains the modification (Fig.
2.5A-C). Plotting the datasets from Figure 2.4 in this manner reveals oligo-U tails that
accumulate on VTRNA-1 in the absence of DIS3L2 activity (Fig. 2.5A) and oligo-A
tails that accumulate on U1 snRNA (Fig. 2.5B) and SCARNAZ22 (Fig. 2.5C) in the
absence of TOE1 and/or PARN activities. A background of primarily guanosines
(denoted by a star in Fig. 2.5A) observed on VTRNA-1 appears, upon inspection of
individual reads, to originate from an unknown linker in the Labno dataset.

The final graph shows the average number of post-transcriptional adenosines,
uridines, guanosines, and cytidines found per read for the RNA of interest (Fig. 2.5D).
In cases where replicates are included, this graph will show dots representing each
experiment, bars for standard deviation, and, optionally, a p-value from a Student’s T-
test. When applied to the analyzed datasets, these graphs again highlight the U-
tailing observed for VTRNA-1, and A-tailing for SCARNAZ22 and U1 snRNAs upon
depletion of the respective exonucleases. The source R code for generating all four
types of graphs is available from our GitHub repository, are well documented, and
can be imported and used in an active R session. Furthermore, below each graph is
an option to download the raw plot data in CSV format. This option facilitates

graphing using alternative software.
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Figure 2.5: Sample plots of post-transcriptional tailing created by Tailer-
Analysis. (A-C) Logo plots showing compositions of indicated RNA post-
transcriptional tails as a fraction of the overall population. (D) Graphs showing
average number of individual post-transcriptional nucleotides per RNA molecule as
horizontal bars, with values for individual experiments shown by dots. In cases where
multiple replicates are included (i.e. the Labno and Lardelli datasets), vertical lines
show standard error of the mean (SEM) between experiments, and p-values from
Student’s T-tests are reported to monitor significance.

2.3.8 Statistical outputs

The final tab of Tailer-Analysis contains utilities for testing statistical
significance between groups (Supplementary Figure 2.2). After selecting two
conditions to compare, the user is presented with tables of pair-wise KS-tests
between each replicate in each condition. Statistical testing is done for both overall

end position and total post-transcriptional tail length, which, as noted above, can help
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to distinguish between perturbations that affect post-transcriptional tailing only and
those that also affect genome encoded tails. The page will also output a KS-test after

pooling all replicates in each condition.

2.3.9 Inclusive alignments to multi-loci genes prevents
spurious tailing calls

A subset of small ncRNAs are produced from multiple loci in the genome,
which in many cases are identical to one another except for their downstream
sequences. Forcing multi-locus RNA reads to map to single loci can lead to tails
being falsely called that originate from the downstream sequence of a different locus
from which the RNA was actually transcribed. As an example, human U1 snRNA
originates from multiple active genes. Using any single locus in the Tailer analysis
leads to the calling of spurious C- and U- post-transcriptional tails, which actually
originate from other transcribed loci (Fig. 2.6A and B). In order to accurately assign
reads, both global and local modes of Tailer allow for all loci to be considered when
analyzing 3’ end tails, in which case the spuriously called C- and U-tailing of U1
snRNA is much reduced as reads are mapped to their proper loci (Fig. 2.6A). This
demonstrates the importance of considering information from all gene loci when
analyzing 3’ tailing data. Since post-transcriptional tail calls are conservative based
on best alignment fits, analyses using multiple loci are more likely to miss a subset of
actual short post-transcriptional tails, but, importantly, they help reduce the rate of

false positive calls as observed for U1 snRNA.

36



A RNUA1 Multiple Loci

1
" 0.8
5 06 B
(=] 0.4 =
Multi-locus A ’8'2 S
- I I I I 1 I I | I I b4
Alignment c
1 o
, F0.8 @
& 0.6 g._
o F0.4 g
02 @
e 7777770
B RNU1-1 1
0.8
hT] 0.6
= —8.421
1 -CI-‘T. 1 I I 1 T I I 0-

Single-locus
Alignment

TOE1-
0
C
STTTTL

NSO
ap13o9|aNN uoloe.l

RNU1-27P 1
0.8
b} 0.6
{life
P 0.2

I‘ | .‘T‘! 1 | | I | | | 0

12 3 45 6 7 8 910
Tail length

Figure 2.6: Logo plots of tails of a multi-locus RNA called with incomplete
locus information. (A) U1 snRNAs from the Lardelli dataset aligned to all regular U1
loci of the genome, showing accumulation of post-transcriptional A-tails in the
absence of TOE1. (B) The same dataset as in panel A, aligned to single U1 snRNA
gene loci, leading to erroneous post-transcriptional tail calls.

2.4 Conclusions

Trimming and tailing of RNA 3’ ends play key roles in the processing and
quality control of non-coding RNAs. Advances in deep sequencing technologies and

methods for library preparation have provided the tools to generate hordes of RNA 3’
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end data. However, tools to analyze these types of data have remained limited. We
developed Tailer to help spur inquiry into this important regulatory mechanism with a
particular focus on ease of installation and use. Distribution of Tailer-Processing
through PyPi allows for quick and easy installation in a wide variety of environments
without end-users needing to manage dependencies and compatibility. Furthermore,
users are not required to work with and manipulate genome or annotation data, such
as making artificial genomes with singular loci for each gene. Tailer-Analysis as a
web server allows users with no experience in R or coding to upload and explore
datasets, and open-source distribution of the code allows for more advanced users to
work more rapidly with their data using R.

It is important to note that with current protocols, because RNA 3’ end
information is typically preserved using a ligation step, biases in the data are likely
introduced due to effects of RNA structure or sequence on ligation efficiencies (Fuchs
et al. 2015). Furthermore, certain RNAs terminate with a 3’ end modification that
inhibits ligation (e.g. U6 snRNA terminating in a 2’-3’ cyclic phosphate (Gu et al.
1997; Honda et al. 2016)), which needs to be removed prior to ligation to prevent
exclusion of the RNA from the analysis, or bias of the analysis towards a state of
maturation that does not contain the modification. In addition, since post-
transcriptional tails are distinguished from nucleotides introduced during transcription
by genome alignment, post-transcriptional tails can be missed, particularly short
ones. Biases can also be introduced based on RNA length. For example, sequencing
using current lllumina platforms requires short amplicons, which necessitates a

truncation step after the initial 3’ end ligation step (such as Rnase treatment or
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internal upstream priming), for analysis of 3’ ends of long transcripts. Lastly,
depending on the choice of library preparation, some amplicons could arise from mis-
priming events within the cDNA sequence rather than the adapter (Roy and
Chanfreau 2020). This should reveal itself as an apparent truncated transcript in
Tailer-Analysis, which can be excluded from the analysis by limiting the analysis
window. Thus, analysis strategies based on ligation-mediated sequencing lend
themselves best to monitoring RNA-specific changes to 3’ ends between different
cellular conditions (such as depletion of processing factors), rather than measuring
accurate levels of tailing of one RNA over another. However, the development of
direct RNA sequencing methods (Byrne et al. 2017), which can also readily be
analyzed by the tools developed here, promise to alleviate many of these concerns.
Through a combined approach of local and global alignment, Tailer can,
reproducibly and transparently, address many of the issues common with working
with non-coding RNA sequencing data including the analysis of RNAs produced from
multiple loci. Other approaches for analysis of RNA 3’ end processing have been
published including one specifically for microRNAs (Newman et al. 2011), one
published for use with circular RACE data (Pirouz et al. 2019) and AppEnD (Welch et
al. 2015), which was used to examine histone mRNAs but in principle could be
applied to many different types of RNAs with non-templated additions. Compared to
AppEnND, Tailer does not require a linker to be present in the sequencing data to
identify 3’ ends, which facilities analysis of sequencing data deposited without linker
information. Tailer also comes with a robust graphing and visualization suite for 3’

end data that is unique to this pipeline. The Tailer suite is validated by extensive
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analysis of datasets from three different studies using three different methods of
library preparation. Thus, Tailer should allow more investigators to enter this research
space and improve our understanding of this important mechanism of RNA

regulation.

2.5 Materials and Methods

2.5.1 Tailer-Processing and Tailer-Analysis Access

Source code for Tailer-Processing, the Tailer-Analysis Shiny app, further
examples, and usage instructions can be found on our GitHub
(https://github.com/TimNicholsonShaw/tailer and
https://github.com/TimNicholsonShaw/tailer-analysis) and are available for use under
the MIT license. Tailer-Analysis is available as a web server at

https://timnicholsonshaw.shinyapps.io/tailer-analysis/.

2.5.2 Data pre-processing

Data for these analyses was obtained from the NCBI GEO repository using the
FASTQ-dump utility (Labno: GSE82336, Son: GSE111511, Lardelli: GSE141709).
The Labno dataset, which was reported in the NCBI GEO repository trimmed of
linkers, was aligned without modification using the STAR aligner as described above.
The Son dataset contained a four nucleotide 3’ adapter sequence which was trimmed

using the FASTQ/A Trimmer from the FASTX-Toolkit and then aligned as above. The
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Lardelli dataset needed to have a 13-nucleotide barcode trimmed from the 3’ end
which was performed using options provided by Tailer-Processing’s local mode and

described in more detail in the repository’s readme (-x 13 flag).

2.5.3 Tailer-Processing global

Global Tailer-Processing begins by generating a Search Query Language
(SQL) database of all genes in the annotation file using the GFFutils module which
allows for rapid look up. Tailer then reads in the provided SAM/BAM file using the
PySam module, iterates through every read, discarding members of read pairs that
originate from the 5’ end of the RNA (typically read 2 in a paired-end sequencing
experiment, which does not provide reliable information about the 3’ end of the
original molecule), and tags them with every gene that they overlap within all their
possible alignments using the SQL database, while combining identical reads
together. For each aligned gene, tail position and composition are inferred using the
soft-clipping flag in the CIGAR string of the SAM/BAM file and the annotated 3’ end of
the gene from the GTF annotation file. This analysis of soft-clipping approach is
fundamentally identical to the approach taken by the authors of the Labno and Son
datasets. Tail information is compared for all possible genes and the gene that gives
an alignment closest to the annotated 3’ mature end is reported. In cases where
multiple genes produce identical tail information, all genes are reported. The resulting

tail information is then written to a CSV file referred to as a Tail CSV file.
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2.5.4 Tailer-Processing local

If provided with Ensembl IDs of interest, Tailer-Processing in local mode will
contact Ensembl servers (requiring an internet connection), download their gene
sequences via Ensembl’'s REST API, and build a FASTA file. If provided with a
reference FASTA file, it will instead use that reference, which should include
downstream sequence for accurate distinction between encoded and post-
transcriptional tails, in which case the length of the downstream sequence should be
indicated with the -m flag for accurate annotation of the mature 3’ end. This is done
automatically when providing an Ensembl ID. The mature end can also be adjusted
later in the options panel of Tailer-Analysis. Using the command line BLAST utility
makeBlastDb, Tailer creates a database compatible with BLAST searches. Tailer
then uses the query FASTQ to generate a BLAST compatible query file and, using
command-line blast, searches the query against the reference outputting the results
in JSON format. After parsing the output, Tailer infers tails for each aligned read
using alignment to the reference sequence and reports the tail for the gene(s) whose
3’ end is closest to the 3’ end of the gene. The resulting tail information is then written
to a Tail CSV file. With the largest dataset, the Son dataset (Table 2.1), on a 2 GHz
Quad-Core Intel i5 processor, Tailer-Processing takes approximately 30 minutes to

complete.

2.5.5 Tailer-Analysis
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Tailer-Analysis takes Tail CSV files generated above and metadata provided
by the user indicating replicate groups and creates a singular data frame in long
format (1 observation per row). This data frame is then fed into the other tools
provided by Tailer-Analysis. For the candidate finder, replicates from two different
groups are pooled and compared with a K-S test which is reported for End Position
and for Tail Length. This list is sorted by End Position P-value and reported to the
user. Tail bar graphs are initiated by creating a matrix of frequencies of each
nucleotide or genome encoded end at every requested position. This matrix is fed to
ggplot’'s geom_bar function and faceted based on the experimental condition.
Cumulative plots are created by calculating cumulative sums at each position for both
End Position (total tail length with post-transcriptional additions) and End Position
minus Tail Length (location of the genome-encoded end). This data is summarized
and averaged based on condition and position and fed to a geom_step ggplot
function. The tail logo grapher calculates nucleotide frequencies at all requested
positions and feeds the frequency matrix to ggseqglogo’s geom_logo function (Wagih
2017). The post-transcriptional nucleotide graph is created by first finding the number
of each nucleotide in the Tail Sequence column for each sample and calculating the
mean count of each nucleotide per RNA molecule. Data is then summarized based
on condition and nucleotide and fed to ggplot using geom_jitter for dots,
geom_segment for lines, and geom_errorbar (SEM reported). Uniform theming is
accomplished with a single defined common theme that is applied to all graphs and

can be reviewed on the GitHub repository for Tailer-Analysis.

43



2.6 Supplemental Figures
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Supplementary Figure 2.1: Recreation of cumulative plots from Figure 2.4D
with optional replicate dots. Replicate dots can be toggled on and off using the
options panel.
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VTRNA1-1 (Labno) RNU1-1 (Lardelli)

End Position KS-test Matrix End Position KS-test Matrix
DIS3L2WT_1 DIS3L2WT_2 DIS3L2 WT_3 TOE1+1 TOE1+2 TOE1+3 TOE1+_4
DIS3L2 Mut_1  4.829023E-05  4.339632E-04  2.187131E-01 TOE1-_1  <1e-50 <1e-50 <1e-50 <1e-50
DIS3L2 Mut 2 7.084303E-04  1.295540E-03  3.120647E-01 TOE1-2  <1e-50 <1e-50 <1e-50 <1e-50
DIS3L2 Mut_3  9.286356E-06  1.645482E-04  2.532410E-01 TOE1-3  <1e-50 <1e-50 2.81840850657744e-09  <1e-50
TOE1- 4  <1e-50 <1e-50 <1e-50 <1e-50
Pooled End Position KS-test
1.852351e-09 Pooled End Position KS-test
Tail Length KS-test Matrix <1e-50
DIS3L2WT 1 DIS3BL2WT 2  DIS3L2 WT_3 Tail Length KS-test Matrix
DIS3L2 Mut 1 2.377555E-05  7.524774E-05  2.187131E-01 TOE1+ 1 TOE1+2 TOE1+3 TOE1+ 4
DIS3L2 Mut_2 1.222320E-03 2.284022E-03 6.107870E-01 TOE1-_1 <1e-50 <1e-50 3.30846461338297e-14 8.8159308742064e-09
DIS3L2 Mut_3 5.426585E-06 4.051894E-05 1.465849E-01 TOE1-_2 <1e-50 <1e-50 9.64485158405637e-11 4.19450031485802e-07

TOE1-_3  <1e-50 <1e-50 0.000124527617351933  0.000211237539438636
Pooled Tail Length KS-test
TOE1-_4  <1e-50 <1e-50 6.50890452646991e-12 2.96518487430397e-07

1.34335e-09

Number of Observations Pooled Tail Length KS-test
Condition n <1e-50
DIS3L2 WT_1 21 Number of Observations
DIS3L2 WT_2 20 Condition n
DIS3L2 WT_3 35 TOE1+_1 3495
DIS3L2 Mut_1 54 TOE1+_2 4576
DIS3L2 Mut_2 118 TOE1+_3 2567
DIS3L2 Mut_3 33 TOE1+_4 8044

TOE1-_1 1704
TOE1-_2 1355
TOE1-_3 1644

TOE1-_4 1285

Supplementary Figure 2.2: Example output from Tailer-Analysis’ statistics tab.
After selecting a gene of interest, each replicate in a condition is compared pairwise
to every other replicate in the comparison condition using a KS test. Comparisons are
performed for the End Position metric and the Tail Length metric described above.
Statistics are also performed after pooling all samples to get a singular pooled KS
test metric. The number of observation in each condition is also reported in a table.
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Chapter 3

The 2',3' cyclic phosphatase Angel1

facilitates mMRNA degradation during
human ribosome-associated quality
control

3.1 Abstract

The Ribosome-associated Quality Control (RQC) pathway serves to resolve
ribosomes stalled during the translation process and degrade the associated mRNA
and nascent polypeptide. The machinery responsible for RQC-mediated mRNA
degradation in human cells remains poorly understood. Here we identify the 2',3'
cyclic phosphatase Angel1 as a rate-limiting factor in this process. We find that
Angel1 associates with proteins of the RQC pathway and with mRNA coding regions,
consistent with a factor that monitors the translation process. Angel1 depletion
causes stabilization of reporter mRNAs that are targeted for RQC by the absence of
stop codons, but not a reporter mRNA targeted for nonsense-mediated decay, an
unrelated mRNA quality control pathway that is also translation-dependent. Angel1
catalytic activity is critical for its function in RQC, as a catalytic inactivating mutation
causes loss of RQC function. We also identify a rate-limiting role in RQC for N4BP2,
a human homolog of the recently identified RQC endonuclease. Given the

biochemical activity of Angel1 as a 2',3' cyclic phosphatase, our observations suggest
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that the resolution of a cyclic phosphate is a rate-limiting step in RQC-mediated

mRNA decay.

3.2 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.
Quiality 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). One such pathway is ribosome-associated quality control
(RQC), which is promoted by local stalling of a ribosome during translation (Joazeiro
2017) and has been shown to be 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).

mMRNAs 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-

48



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 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 through a recently elucidated mechanism
(Chandrasekaran et al. 2019). In either case, collided ribosomes are what appear to
be functionally sensed by the RQC system.

Our best understanding of the decay of RQC-targeted mRNAs 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'-to-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 likely has departures from the pathway in budding yeast given that mammals
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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). There also appears to exist a large
amount of cleaved, native mRNAs created potentially by endonucleolytic cleavage
during stall resolution (Ibrahim et al. 2018). Furthermore, NSD mRNA substrates
have 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 CueZ2 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 5' hydroxyl and 2',3' cyclic phosphates (D’Orazio et al. 2019;
Glover et al. 2020). Indeed, endonucleolytic cleavage of RQC substrates was found
to produce 5' hydroxylated 3' RNA fragments (Navickas et al. 2020).

RNAs terminating with 2',3' cyclic phosphates are produced by many RNA
processing events, including a subset of endonucleolytic cleavage and 3' end
trimming events. 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 widely conserved

in eukaryotes and evolutionarily related to the catalytic CCR4 subunit of the CCR4-
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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).

In this work, we identify the 2',3' cyclic phosphatase Angel1 as a rate-limiting
factor in RQC-mediated mRNA decay in human cells. Angel1 associates with
proteins known to be involved in RQC and is enriched in 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 mMRNAs targeted for NSD, and the catalytic activity of Angel1 is critical
for this activity. These observations implicate Angel1 in human RQC-mediated mRNA
decay and suggest that a rate-limiting step of the pathway is removal of a 2’,3’ cyclic

phosphate.

3.3 Results

3.3.1 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
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that we titrated to express Angel1 at close to endogenous levels (Supplementary
Figure 3.1A). We performed immunoprecipitation (IP) against the FLAG-tag
(Supplementary Figure 3.1B) 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 compared to IPs from a parental Flp-In T-REXx cell line expressing no FLAG-
tagged fusion protein, and a cell line expressing FLAG-tagged TOE1, a better
understood DEDD-type deadenylase with a role in snRNA processing (Lardelli et al.
2017) (Figure 3.1A).

Among the most abundant proteins that specifically co-purified with FLAG-
tagged Angel1 (Supplementary Table 3.1), was the mRNA cap-binding protein elF4E,
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 GATORZ2 complex (MIOS, WDR24, WDR59, and SEH1L)
involved in activation of mMTORC1 (Cai et al. 2016), and components of a 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 3.1A). 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
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manner resistant to RNase A treatment (Figure 3.1A), suggesting protein-mediated
interactions that are independent of RNA. We confirmed the association of Angel1
with elF4E and the SKIV2L subunit of the SKI complex by IP followed by Western
blotting (Figure 3.1B). 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 of mMRNAs with stalled

ribosomes.
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Figure 3.1: Angel1 associates with components of the ribosome-associated
quality control pathway. (A) Select proteins enriched in IP-MS/MS for FLAG-tagged
Angel1 or TOE1 over an IP performed with a cell line expressing no FLAG-tagged
protein. 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. For all
peptide counts, see 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.

3.3.2 Angel1 associates with mRNA coding regions and

sequence features correlated with stalled ribosomes
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Pursuing this hypothesis, we were interested in understanding what RNA
sequences and 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 from our Flp-In T-REx HEK293 cell lines expressing Angel1 close to
endogenous levels. We also performed eCLIP-Seq with the parental cell line as a
comparison control for background noise in the assay. We found high agreement
between the two eCLIP replicates (Figure 3.2A) with a higher correlation than with
the negative control (Supplementary Figures 3.2A and 3.2B). Consistent with a factor
that may monitor translation, Angel1 CLIP reads were strongly enriched for coding
regions of MRNAs (Figure 3.2B). 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.

Typically, nucleotide motifs of 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 of each peak. Motif analysis (Bailey et al. 2009) of these Angel1-

associated regions revealed an abundance of guanosine-rich sequences
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(Supplementary Figure 3.2C) and several amino acid-coding motifs that have been
associated with stalled ribosomes (Chyzynska et al. 2021), including poly-Glycine,
poly-Glutamate/Aspartate, and, less enriched, poly-Proline codons (Figure 3.2C). We
also examined nucleotide content of regions around peaks and found that they
contained on average higher GC content than regions surrounding reads in the
control (Figure 3.2D) and were more likely to contain what are predicted to be
stronger structures (Supplementary 3.2D). Using a G-quadruplex prediction algorithm
(Kikin et al. 2006), we found that these regions were also predicted to more likely
form G-quadruplexes (Figure 3.2D), 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.
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Figure 3.2: Angel1 associates with coding regions of mMRNAs and with
sequences associated with ribosomal stalling. A) Calculated transcripts per
million (TPM) compared between the two FLAG-tagged Angel1 eCLIP replicates.
Calculated Pearson correlation between the replicates 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) Peptide motifs enriched in
areas within 50 nucleotides upstream or downstream of identified peaks as compared
to areas around reads from the control sample. E-values are listed. The top two
shown motifs were the most highly enriched motifs in the MEME analysis. (D) GC
content (left) and calculated guanosine quadruplex (G4) formation capacity (right) 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).
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3.3.3 NdBP2 and other human homologs of budding yeast

RQC factors contribute to NSD

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 in human cells (Saito et al. 2013). To establish an assay to
monitor mMRNA degradation mediated by RQC, we adapted the well-characterized -
globin mRNA pulse-chase system (Lykke-Andersen et al. 2000) by creating an NSD
reporter mRNA with no stop codons. In this system, wild-type -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 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 3.3A and 3.3B). A single point mutation reintroducing a
stop codon a few nucleotides upstream of the cleavage and polyadenylation site of
the BG-NSD reporter (BG-NSD+Stop) rescued stability (Figures 3.3A and 3.3B).
These substrates provided a platform for investigating the effects of perturbations of

human RQC machinery.
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Figure 3.3: Establishment of a human NSD reporter mRNA assay. (A)
Representative Northern blot of a pulse-chase mRNA decay assay in HelLa 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 mMRNAs by tetracycline. Bands were quantified using a phosphorimager
and normalized to the constitutively expressed p-globin-GAP3 mRNA to calculate
mMRNA 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.

Using this system, we examined changes in the stability of the NSD reporter
mMRNA when depleting human homologs of RQC factors identified in budding yeast
(Supplementary Figures 3.3A and 3.3B). Depletion of SKIV2L, a component of the
human SKI complex, led to stabilization of the NSD reporter (Figure 3.4A), consistent
with a previous report (Saito et al. 2013). Similarly, depletion of human RACK1

caused stabilization of the NSD reporter, although the level of stabilization did not

reach statistical significance.
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Having thus confirmed that our NSD reporter responds to known RQC factors,
we next tested whether NABP2, a mammalian homolog of the initiating RQC
endonuclease Cue2/NONU-1, is rate-limiting for degradation of the NSD substrate.
Indeed, depletion of N4ABP2 led to stabilization of the NSD reporter (Figure 3.4B). In
contrast to the other tested RQC factors, depletion of XRN1, using knock-down
conditions that stabilizes a cleavage intermediate in the NMD pathway (Franks et al.
2010), did not stabilize the p-globin NSD substrate (Figure 3.4C). These observations
demonstrate that the NSD reporter mRNA is indeed a target of degradation by RQC
machinery, and that NABP2 is a human ortholog of the S. cerevisiae and C. elegans

RQC endonuclease.
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Figure 3.4: Depletion of human homologs of yeast RQC factors stabilize the
NSD reporter. (A) Exponential decay plots of the BG-NSD substrate after depletion
of known RQC factors, SKIV2L and RACK1. (B) Exponential decay plots of the BG-
NSD substrate after depletion of NABP2. (C) Exponential decay plots of the BG-NSD
substrate after depletion of XRN1. Error bars represent standard 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).

3.3.4 Angel1 and its catalytic residues are limiting for NSD
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We next tested whether Angel1 contributes to human NSD. Indeed, siRNA-
mediated depletion of Angel1 (Supplementary Figure 3.4A) resulted in stabilization of
the B-globin NSD reporter mMRNA (BG-NSD) (Figure 3.5A). This effect was observed
for two independent siRNAs targeting Angel1 (Supplementary Figure 3.4B). By
contrast, depletion of Angel1 did not alter the stability of the f-globin NMD reporter
mRNA (BG-NMD) (Figure 3.5B), 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 caused stabilization of an NSD reporter based on TPI
MRNA (Supplementary Figure 3.4C), 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 3.4D) of
wild-type Angel1 partially rescued the effect of Angel1 depletion on NSD reporter
stability (Figure 3.5C). By contrast, no rescue of activity was observed upon
expression of the catalytically inactive Angel1 mutant (Angel1 EA), demonstrating
that the activity of Angel1 in NSD depends on its catalytic residues. 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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Figure 3.5: 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).

3.4 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
3.1) and with coding regions of mMRNAs, including RNA sequences that have been
associated with translational stalling (Figure 3.2). Depletion of Angel1, as well as of
N4BP2, a human homolog of the RQC endonuclease, stabilizes NSD reporter
mMRNAs, and the catalytic activity of Angel1 is critical for this activity (Figures 3.4 and

3.5). Thus, Angel1, and its catalytic activity, contributes to RQC-mediated mRNA
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decay in human cells, suggesting that hydrolysis of a 2',3' cyclic phosphate is a rate-

limiting step in the pathway.

3.4.1 By what mechanism does Angel1 facilitate RQC?

Angel1 is a homolog of EEP-type CCR4 deadenylases, but no deadenylase
activity has been observed for human Angel proteins in biochemical assays
(Supplementary Figure 3.5) (Pinto et al. 2020). Instead, a recent study found that
Angel1 and its homolog Angel2 have activities as 2',3’ cyclic phosphatases,
dependent on a highly conserved catalytic glutamate residue (Pinto et al. 2020). Our
observation that Angel1’s function in RQC is dependent on the same glutamate
residue suggests that Angel1 functions as a cyclic phosphatase in the pathway.
Evidence has shown that 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). This suggests 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, a likely function for Angel1 in RQC is the hydrolysis of this cyclic
phosphate, 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, after removal and degradation of the
nascent polypeptide, is left with a 2',3' cyclic phosphate (Yip et al. 2019), although

resolution of this phosphate seems a less likely explanation for the impact of Angel1
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on mMRNA 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.
However, such an activity has not been observed for Angel proteins in vitro. If the
function of Angel1 in RQC indeed is as a cyclic phosphatase, this would be the first
known example of a cyclic phosphatase involved in a mRNA decay process. Such a
process could be wide-spread. For example, U6 snRNA is known to be stabilized by
a terminal 2',3' cyclic phosphate (Gu et al. 1997) and a subset of RNA
endonucleases generate 2',3' cyclic phosphates that may have to be resolved prior to

exonucleolytic degradation of RNA fragments.

3.4.2 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 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 neurons and neuronal plasticity, although these proteins have
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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, such as U6 snRNA (Gu et al.

1997), spliced tRNAs (Zillmann et al. 1991), or XBP1 mRNA (Jurkin et al. 2014).

3.4.3 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 3.5), our eCLIP experiments suggest that
Angel1 associates broadly with protein coding regions of MRNAs (Figure 3.2A).
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). ldentification of endogenous substrates of RQC has been generally
unsuccessful with only a few potential examples, including the ER stress-induced
XBP1, which 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 mMRNAs

in normal conditions.
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3.4.4 Potential differences between the degradation of
RQC mRNA substrates in budding yeast and humans

Information on RQC-mediated mMRNA decay in mammalian cells has so far
been limited. A previous study identified a 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 N4BP2
as a component of the pathway, a homolog of the recently identified RQC
endonuclease Cue2/NONU-1. 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 may indicate that an endonucleolytic cleavage-
mediated pathway is more predominant in mammalian cells, at least for the NSD
substrate tested here, which is 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, perhaps

one generated upon the initial cleavage of the mRNA by N4BP2.
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3.5 Materials and Methods

Table 3.1: Oligo sequences

Name Sequence

siNEDD4BP2 GGGUUGAAUUUGAAAGAAAUU

siRack1 UCUGGGAUUUAGAGGGAAAUU
siSki GCCUUAGCUGUAUGUUGGAUU
siXRN1 AGAUGAACUUACCGUAGAAUU

siAngel1 #1 (3UTR) | CCACAGACCUGGUGUAAUUUU
siAngel1 #2 (CDS) | AUGGAAGGAGUGACAGAUAUU
siLuciferase CGUACGCGGAAUACUUCGAUU
N4BP2 gPCR Fwd | CCCGCTCCAGAAGCAGTAAG

N4BP2 gPCR Rev | CGATGCTGTCAACATGCTCATT

Rack1 gPCR_F CTTCTGGAGGCAAGGATGGC

Rack1 gPCR R CACACAGCCAGTAGCGGTTA

PELO gPCR F GGATGTGAAAAGCGTGGAGC

PELO gPCR R TTTCTCTTCCATCCCTGTCAGT

SKIV2L gPCR F CGGGAGCGAATGCAGATACA

SKIV2L gPCR R GTTCGGAGCACCTCTACTCG

DNA Loading Control | TCTCTCTCTCTCTAAATAAAAAAAAAAAAAAAAAAAA
GAPDH_gPCR_F CATGGCCTTCCGTGTTCCTA

GAPDH_gPCR_R CCTGCTTCACCACCTTCTTGA

PolyA Substrate UCUAAAUAAAAAAAAAAAAAAAAAAAA

3.5.1 Antibodies

Western blotting was performed with anti-FLAG (Sigma F7425; 1:1,000), anti-
elF4E (Cell Signaling Technologies 9742; 1:1,000), anti-SKIV2L (Thermo Fisher

11462-1-AP; 1:500), anti-B-actin (Cell Signaling Technologies 4967; 1:1,000).

3.5.2 Plasmids
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Gibson assembly (New England Biolabs) was used to insert the coding region
of Angel1 with an engineered N-terminal FLAG-tag into pcDNAS/FRT/TO and
pcDNAS to create pcDNAS/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 nucleotide 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 a loading 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 stop
codons. The gene fragment was used to replace the 3’UTR of pcTet2-TPI by Gibson

assembly. Plasmid sequences are available upon request.

3.5.3 Stable cell line construction and titration of FLAG-

Angel1 levels
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pcDNAS/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 HelLa 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.

3.5.4 Cell growth and depletions

Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM, Gibco,
11965092) with 10% fetal bovine serum (Gibco, 10437028). FIp-In TREX 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 (Table 3.1). The control siRNA targeted luciferase mRNA.
Knockdowns were performed with siLentFect reagent (Bio-Rad, 703362) according to

the manufacturer’s specifications.
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3.5.5 Pulse chase mRNA decay assays

Hela Tet-off cells were plated at 15x10* 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 pg of the
test construct (pcTet2-BG-NSD, -BG-NSD+Stop, or -BG-NMD), 0.5 pug of pcDNA3-
based Angel1 addback construct (if applicable), 0.1 ug of a pcBGAP3 loading control
plasmid, and empty pcDNA3 plasmid stuffer to a total of 2 yg. 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 1000
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).

3.5.6 Immunoprecipitation assays

Flp-In Trex 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. Pellets were resuspended in isotonic
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lysis buffer (60 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.2 mM EDTA, 0.5% Triton X-
100 with 80 units/ml RNaseOUT (Thermo Fisher, 10777019) or 125 ug/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 ug/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-HCI, 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 pg/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).

3.5.7 LC-MS/MS and analysis

LC-MS/MS was performed as previously described (Sundaramoorthy 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
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pseudocount of 1 to every normalized peptide count to prevent division by zero

errors.

3.5.8 eCLIP

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, 254nm, 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). 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 Kalmagorov-Smirnov (KS) test.

3.5.9 RT-gPCR
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After total RNA isolation from cells, reverse transcription was performed using
Superscript lll (Thermo Fisher, 18080044) according to manufacturer’s protocol.
gPCR was performed with a master mix (Thermo Fisher, 4385612) and using a
Quantstudio 3 machine according to manufacturer specifications. Angel1 qPCR was
carried out using pre-validated primers (Bio-Rad, 10025636). All other gPCR primer

pairs are listed in Table 3.1.

3.5.10 Deadenylation assay

A custom poly-A RNA substrate terminating in 20 adenosines (Dharmacon)
and a DNA loading control also terminating in 20 adenosines (IDT) (Table 3.1) were
5’ labelled with [y-32P]-ATP (PerkinElmer) using T4 poly-nucleotide kinase (NEB)
according to manufacturer 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, 1mM spermidine,
0.1% Igepal CA-630 (Sigma), 0.5 units/ul Rnase-Out, and 0.5 ug/ul yeast total RNA).
Formamide loading buffer was added to stop the reaction and samples were loaded
on a 9% polyacrylamide-6M urea denaturing gel. The gel was dried and imaged

using a phosphorimager.

3.6 Supplemental figures
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Supplementary Figure 3.1: FLAG-Angel1 HEK293 FipIn 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 Flpln T-REXx line expressing
no fusion protein serves as a negative control (FLAG-only), and Flpln T-REXx
expressing FLAG-TOE1 at near endogenous levels was included as a reference. B-
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 FlpIn T-REX line expressing no fusion protein
(FLAG) was run alongside. *: denotes the antibody heavy and light chain.
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Supplementary Figure 3.2: Extended eCLIP analysis. (A) Calculated transcripts
per million (TPM) compared between eCLIP replicate 1 and a control sample
expressing no fusion protein (FLAG). (B) Calculated transcripts per million (TPM)
compared between eCLIP replicate 2 and a control sample expressing no fusion
protein (FLAG) plotted against one another. Red lines represent equal TPM values
between samples. Calculated 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 mapped reads in the
FLAG input sample. Lower MFE scores are associated with stronger predicted
secondary structure. *: p-value < 2.2e-22 (KS-test).
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Supplementary Figure 3.3: 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). B-Actin is shown as a loading
control.
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Supplementary Figure 3.4: 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). (B) Exponential decay graphs
of pulse-chase mRNA decay data generated from Northern blots using the BG-NSD
substrate with depletion using the Angel1-targeting siRNAs used in panel A and
siLuc depletion. (C) Exponential decay graphs of pulse-chase mRNA decay data
generated from Northern blots 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 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. B-Actin is shown as a loading control.
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Supplementary Figure 3.5: Angel1 has 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.

3.7 Supplemental analysis

3.7.1 Angel1 depletion causes minor upregulation of

distinct subsets of RNAs

We sought to identify endogenous RNAs upregulated upon Angel1 depletion
and performed RNA sequencing in the absence or presence of Angel1-targeting
siRNA in HEK293 cells (Supplementary Figure 3.4), the same background in which
we performed eCLIP. Similar to experiments performed previously for established

RQC factors (Kalisiak et al. 2017; Weber et al. 2020), gross changes in transcript
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levels upon Angel1 knockdown were subtle (Supplementary Figure 3.6A), but we
found that more genes were increased (612) than decreased (325) consistent with
a decay factor. A subset of upregulated genes were predicted regulated at the post-
transcriptional level based on exon-intron split analysis (Gaidatzis et al. 2015)
(Supplementary Figure 3.6E). Comparing the RNA-Seq dataset to our eCLIP
dataset showed that RNAs that were significantly upregulated upon Angel1
depletion were more likely to be associated with Angel1 than those that were
downregulated (Supplementary Figure 3.6C), consistent with a subset of
upregulated transcripts being direct targets of Angel1. When genes were broken
down by biotype, we noticed transcribed pseudogenes and long non-coding
(Inc)RNAs as categories with a skew towards upregulation (Supplementary Figure
3.6B). While these classes of RNAs are typically considered non-translated, reports

have documented translation of a subset of these (Brunet et al. 2020).
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Supplementary Figure 3.6: Angel1 depletion upregulates distinct subsets of
genes. (A) A volcano plot of differential expression after depletion of Angel1. Black
dots represent significant genes (p<0.05). (B) Volcano plots of the same differential
expression data subsetted by gene biotype. Black dots represent significant genes
(p<0.05). (C) Venn diagrams showing overlap between genes that showed at least
one significant CLIP peak (A1 Peak), were calculated to be significantly post-
transcriptionally regulated (PTc), and significantly differentially expressed (DE).
Genes were separated by whether they were significantly upregulated in DE or
downregulated in DE. (D) Violin plots showing magnitude of change for significantly
differentially regulated genes. Plots are split by genes that did not contain a
significant CLIP peak (blue) and those that did not (red). | Differential expression
overlaid with calculated strength of post-transcriptional regulation based on exon-
intron split analysis. Only genes that were calculated to be significantly post-
transcriptionally regulated and significantly differentially expressed are colored. Blue
are predicted positively post-transcriptionally regulated and red dots are predicted
negatively post-transcriptionally regulated. (F) A bar plot splitting all genes identified
in RNA-seq by whether or not they found to have an eCLIP peak (peak vs no peak)
and then by whether or not they were significantly upregulated (grey vs blue).
Normalized to total number of identified genes.
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3.7.2 Knockout of Angel1 using a Synthego kit only
recovered in-frame indel mutants

siRNA-mediated depletion is an invaluable tool for understanding gene
function; however, this depletion is incomplete and leads to a hypomorphic
phenotype. A complete knockout of Angel1 could potentially lead to more readily
detectable phenotypes and would also allow us to avoid the double-knockdown
treatments that can negatively impact the health of cells. Using an established gene
knockout procedure (Synthego, Gene Knockout v2), | proceeded to generate
Angel1 knockout lines using Hela Tet-off cells and Flp-In TREXx cells according to
the manufacturer’s protocol. While individually plated cells were growing, | sent
pooled cells for Sanger sequencing and used Synthego’s ICE tool (Inference of
CRISPR Editing) to estimate editing at the Angel1 locus (Supplementary Figure
3.7). ICE analysis showed high editing efficiency; however, the majority of predicted
indels were in-frame and would preserve the catalytic domain. There was a small
percentage of predicted out-of-frame indels which are predicted to knock out the
gene, so | proceeded to screen ~40 clones (data not shown). However, none of the
screened clones contained out-of-frame deletions or insertions.

One potential reason explaining why | was unable to recover Angel1
knockouts would be if the Angel1 gene is essential. More experiments would need
to be performed before | could attach any confidence to that conclusion, but if true,

it would be exciting evidence of the fundamental importance of Angel1 to the cell. If
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Angel1 were essential, it may also be because of functions of Angel1 unrelated to
its catalytic activity. Therefore, it could be possible to knock-in a catalytic domain
containing the inactivating E298A mutation (Figure 3.5). This mutant would also be

an excellent tool to examine Angel1 function.

Status @ Guide Targets €] PAM Sequences @ Indel % @ Model Fit (R?) @ Knockout-Score @

EIAAGGTCACTCAGCTGCCTGC B TGG 82 81
EIGCACTTCTGATGGATAATCC BETGG
GCTCCTCTCCTAGCATCTCA GGG
RELATIVE CONTRIBUTION OF EACH SEQUENCE (NORMALIZED)
INDEL CONTRIBUTION v SEQUENCE
cvon <96 -96 75% GCAGCCTEBCACTTCTGATGGATAA |
- 0 w6 GCCTE6 TTCTGATGGAT :T TGGAGAAGAG TGCTGCTT GAGG GGTGET GLAGG G
[ 2 B 4 96 -101 % GCABCCTBBCACTTCTEATEGATA = 1 === === == == == &= o mom o @@= om oo ommommommmmemmemmm-ace-maooo-
44 -44 % GCAGCCTEECACTTCTGATGGATAA | 66CABCTGAGTGACCTTCGE!
10 -10 S ] GCCTEE TTCTGATGGAT : ******* GAB TGCTGCTTCAGAGG GGTEGET GCAGG G
43 1% AGAACCTBGATGAGCCTTTCCCTGA | NNNBATGCTAGBABAGBAGCCACTGCTGEAGETGEAGGEGETGEAGEECT

Supplementary Figure 3.7: A screenshot of Synthego ICE analysis of T/O cell
line knockouts of Angel1. ICE analysis utilizes Sanger sequencing data to estimate
CRISPR editing efficiency.
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Chapter 4

An exploration of potential functional
roles of Angel2

4.1 Introduction

The Angel gene was first discovered in the fruit fly Drosophila melanogaster as
a member of a tumor suppressor locus (Kurzik-Dumke and Zengerle 1996). The
unique name of this protein appears to come from the senior author of that study,
Angelika Zengerle, rather than any celestial fly phenotype. From studies of protein
homology, we have learned that Angel proteins are related to EEP-type
deadenylases, typified by the catalytic CCR4 proteins of the CCR4-Not complex, the
main eukaryotic cytoplasmic deadenylase (Goldstrohm and Wickens 2008).
However, proteins containing EEP catalytic domains have shown activity as
endonucleases, exonucleases, and phosphatases (Laothamatas et al. 2020; Winkler
and Balacco 2013; Wallace et al.) Angel proteins are widely distributed among
eukaryotes; humans have two, Angel1 and Angel2. A discussion of Angel1 can be
found in chapter 3 of this dissertation, but in this chapter, | present unpublished data |
have collected regarding Angel2 in the hope that it can serve as a foundation for a
future study on Angel2 function.

Since the discovery of the D. melanogaster Angel protein in 1996, virtually no

work has been published on Angel2, until 2020 when the Martinez lab published
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evidence that Angel2 functions as a 2',3' cyclic phosphatase (Pinto et al. 2020). The
authors also found no activity of Angel2 as a deadenylase which caused a huge shift
in my thinking regarding this protein because | had been pursuing hypotheses that
focused on potential function as a deadenylase. As of the writing of this dissertation,
a cellular function for Angel2 has yet to be established.

In this chapter, | present unpublished, discovery-based experiments that |
performed targeting Angel2. With the identification of Angel2 as a cyclic
phosphatase, | was able to go back and examine this data through a different lens
that provided new insights into old data. Analysis of IP-MS/MS data collected in
collaboration with the Bennett lab shows evidence that Angel2 associates with
components of the tRNA splicing ligase. Analysis of eCLIP data collected in
collaboration with the Yeo lab shows evidence that Angel2 associates with tRNAs,
but not necessarily a greater proportion of intron-containing tRNAs, which undergo a
splicing process with a 2',3' cyclic phosphate intermediate. RNA-seq data shows that
depletion of Angel2 upregulates a subset of mMRNAs depleted of rare codons and
codons recognized by spliced tRNAs. Finally, | present an assay that, with some
improvements, could be used to measure proportions of cyclic phosphates in

candidate RNA species.

4.2 Results
4.2.1 Angel 2 associates with components of the tRNA
splicing ligase
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To gain a better understanding of potential functions of Angel2, | wanted to
examine its protein binding partners. To facilitate this assay, | used the Flp-In TRex
(FITR) system to create a HEK 293 cell line expressing N-terminally FLAG-tagged
Angel2 under the control of a tetracycline-regulated operator. Using this system, |
expressed Angel2 at approximately endogenous levels and performed
immunoprecipitation (IP) against the FLAG tag. | performed these IPs with and
without prior treatment with RNase A to help distinguish between protein-mediated
and RNA-mediated interactions. Furthermore, as a control | performed an identical
IP in cell lines expressing FLAG-tagged TOE1, a better understood protein involved
in snRNA maturation (Lardelli et al. 2017).

In collaboration with the Bennett lab, we performed liquid chromatography
followed by tandem mass spectroscopy (IP-MS/MS). We identified a wide variety of
proteins enriched by Angel2 pull-down, but among the top ten proteins identified
(Figure 4.1A), which include Angel2 itself, five were members of the tRNA splicing
ligase, RTCB, FAM98B, FAM98A, C140rf166, and DDX1. Importantly, these
proteins were not enriched in the control FLAG-TOE1 IP indicating that this
interaction was specific to Angel2. Apart from RTCB and C140rf166, these
interactions were sensitive to RNase treatment, suggesting that these interactions
may be RNA mediated while the RTCB and C140rf166 interactions may be direct
protein interactions. Given this association with a tRNA processing factor, and
Angel2’s homology to RNA processing enzymes, | sought to ask what RNAs Angel2

may bind to.
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Figure 4.1: IP-MS/MS identifies key components of the tRNA splicing ligase as
interaction partners of Angel2. (A) The top ten proteins identified as sorted by no
RNase treatment. Highlighted proteins are members of the tRNA splicing ligase
complex. (B) A heatmap of Angel2 and TOE1’s association with proteins of interest.
Samples were treated with or without RNase A. Fold enrichment was calculated over
peptide counts found in the FLAG control IP.
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4.2.2 Angel 2 eCLIP replicates show poor correlation

Using the same FLAG-Angel2 FITR cell lines, in collaboration with the Yeo
lab, we performed enhanced cross-linking and immuno-precipitation (eCLIP) (Van
Nostrand et al. 2017). As controls, we performed eCLIP using a cell line that only
expressed the FLAG peptide and another FLAG-Angel2 preparation that left out the
key step of UV cross-linking. The data was aligned to the hg38 human genome.

One predicted outcome from this type of experiment is that the sequencing
data from the two replicates should be more alike than either are to the control. Fold
change of the reads in the IP over reads in the input was calculated. When replicates
were graphed against each other (Figure 4.2A), | found a middling correlation (left
panel); however, when either replicate was mapped against the negative control, |
find a greater correlation (middle and right panels). This evidence is inconsistent with
our expectations for this experiment and suggests that there might be experimental

issues that should be considered in the context of the data presented below.
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Figure 4.2: eCLIP data shows poor correlation but suggests Angel2 interacts
with tRNAs. (A) Log2 fold change of TPM over input for samples plotted against one
another. Pearson correlations are displayed. (B) Display of Angel2 tRNA association
by eCLIP over FLAG control. (C) Measurement of the fraction of tRNAs that are
produced from spliced pre-tRNAs found in individual eCLIP assays. (D) GO protein
enrichment analysis of peaks reproducible between the two Flag-Angel2 eCLIP
experiments.
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4.2.3 Angel2 shows association with reads mapping to

tRNA genes

Because Angel2 showed association with the tRNA splicing ligase | was
interested in examining tRNA reads in our eCLIP data. Typically, tRNAs are poorly
represented in sequencing experiments because mature tRNAs are highly modified
and often stall reverse transcriptases used to prepare libraries. However, we were
able to find some representation of reads that mapped to tRNAs and calculated
enrichment over tRNAs found in the FLAG control sample (Figure 4.2B). We found
that both Angel2 IPs were enriched over the negetive control IP for tRNA reads while
the non-crosslinked control was depleted. This suggests that Angel2 directly binds to
tRNAs.

Only a small fraction of genomic tRNAs contain introns and require the activity
of the tRNA splicing ligase for full maturation. | was therefore interested in the
proportion of spliced tRNAs in our eCLIP samples. | found little difference in the
proportion of spliced tRNAs found in input and IP samples suggesting that Angel2
does not prefer intron-containing tRNAs (Figure 4.2C). However, counter to our
expectations we did see a slight increase in the proportion of spliced tRNAs in the
control sample and a robust increase for the no crosslinking control. This may be
indicative of the unreliability of examining tRNA reads using current sequencing
technology.

Using the eCLIP pipeline, | called peaks and examined ones that were

reproducible between the two datasets. Performing gene ontology (GO) enrichment
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analysis (Thomas et al. 2022), | found that the most enriched class of RNAs were
ones that coded for nucleic acid metabolism proteins (Figure 4.2D). It is unclear why

Angel2 may be interacting with these types of RNAs.

4.2.4 RNA-seq analysis of cells depleted of Angel2

To understand what transcripts may be regulated by Angel2, | examined
changes in the transcriptome after sSiRNA-mediated Angel2 depletion (Supplementary
Figure 4.1). | used the same FITR FLAG-Angel2 (FLAG-Angel2 WT) cell lines and
created a new FITR HEK 293 line expressing a catalytically dead (Pinto et al. 2020)
mutant of Angel2 (FLAG-Angel2 EA). | performed control and Angel2 knockdowns in
the parental HEK 293 line and knocked down endogenous Angel2 in the cell lines
that exogenously express Angel2 WT or mutant. | used these lines to rescue the
Angel2 depletion with either a WT or catalytically dead, siRNA-resistant, Angel2
expressed at close to endogenous levels. This approach could allow us to find
changes in gene signatures that were a direct result of the catalytic activity of Angel2.

Sequencing reads were aligned to the human genome and examined with
principal component analysis (PCA) to find agreement between the samples. |
reasoned that the Angel2 knockdown and the catalytically dead addback would be
more alike in this analysis than the control knockdown and WT addback. However,
the samples did not cluster as expected (Figure 4.3A). Opposite samples clustered
together along principal component 1 (PC1) which would suggest that those two

samples are more alike than their counterpart sample: The Angel2 knockdown and
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the catalytically dead addback samples clustered together in PC1 as expected;
however, the WT and control knockdowns were the farthest apart, counter to
expectations. These issues may be due to variability when exogenously expressing a
factor, be indicative of a poor-quality dataset, or that there are off-target Angel2
siRNA effects that are not rescued by Angel2 addback. The analyses presented

below should be viewed in that context.

4.2.5 The gene signature upon Angel2 depletion is
consistent with a decay factor

Differential expression between the samples was determined using DE-seq
(Love et al. 2014). To perform differential expression analysis, the siLuc and WT
addback samples were grouped as control, while siAngel2 and catalytic dead add-
backs were grouped as perturbation. This experimental design is less than optimal
and will in future studies need to be conducted with multiple replicates for each
treatment. Consistent with a decay factor, | found that most genes that were
significantly affected by Angel2 depletion were upregulated (Figure 4.3B). These
upregulated genes were some of the most abundant genes in the transcriptome
(Figure 4.3C). Gene Ontology analysis of these upregulated genes gave few insights
(data not shown).

Because Angel2 has been identified as a cyclic phosphatase, | was especially

interested in changes in the XBP1 mRNA, since splicing of this mRNA proceeds
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through a cyclic phosphate intermediate (Jurkin et al. 2014). | did not find any
significant change in the levels of the XBP1 mRNA (Figure 4.2B green dot). This may
suggest that Angel2 does not affect the accumulation of XBP1 mRNA, but it may also
be due to testing in a context that did not activate the unfolded protein response,
which promotes splicing of XBP1 mRNA.

| also mapped reads to genomic tRNA regions and calculated the fraction of
those reads to the total number of reads in the sample (Figure 4.3D). Exogenous
expression of either WT or catalytic dead Angel2 correlated with a greater fraction of
tRNA reads. However, increased fraction of tRNAs did not correlate with catalytic

activity of Angel2.
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Figure 4.3: RNA-seq analysis shows upregulation of genes containing fewer
spliced tRNA codons and rare codons. (A) A PCA plot examining clustering of the
samples. Dots closer in distance are more alike. Note that 83% of variability is
described by principal component 1 along the x-axis. (B) A volcano plot of differential
expression as determined by DE-seq. siLuc and WT addback were grouped as
control and siAngel2 and Dead addback were grouped as perturbation. (C) An MA
plot (ratio intensity) of the same differential expression data. (D) Fraction of reads
that map to tRNAs. (E) The volcano plot in panel B overlayed with information about
codons decoded by spliced tRNAs. Blue dots represent genes that have a lower-
than-average proportion of codons recognized by spliced tRNAs. (F) Boxplot showing
the fraction of codons recognized by spliced tRNAs of all protein-coding genes
versus protein-coding genes that were upregulated by Angel2 depletion. p-value was
calculated with a Kalmogorov-Smirnov (KS) test. (G) Volcano plot overlayed with rare
codon information. (H) Boxplot showing the fraction of rare codons in all protein-
coding genes compared to rare codons in upregulated protein-coding genes. p-value
was calculated with a KS-test.
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4.2.6 Upregulated genes are less likely to contain codons
translated by spliced tRNAs and rare codons

If Angel2 were to regulate or affect tRNAs, one potential way that this may
lead to dysregulation of genes is by altering the composition of tRNAs in the cell. This
could lead to upregulation or downregulation of mMRNAs depending on the
composition of their codons due to decoding tRNA availability. Because of Angel2’s
association with components of the tRNA splicing ligase, | was particularly interested
in correlations with the proportion of codons decoded by spliced tRNAs. | measured
the fraction of codons recognized by intron-containing tRNAs across all protein-
coding genes observed and marked genes that contained less than the average
fraction (Figure 4.3E). | found that almost all significantly upregulated genes had a
lower-than-average fraction of codons recognized by spliced tRNAs (dark blue dots).
When comparing the distribution of codons recognized by spliced tRNAs genome-
wide to just upregulated genes, | found that upregulated genes had far lower
fractions of spliced tRNA codons (Figure 4.3F).

Similarly, | was interested in proportions of rare codons. These codons are
particularly sensitive to changes in tRNA availability. Overlay of the fraction of rare
codons revealed that most upregulated mRNAs had a low proportion of rare codons
(Figure 4.3G). Comparing these proportions genome-wide showed that upregulated
MRNAs had a significantly lower proportion of rare codons (Figure 4.3H). This data
suggests that depletion of Angel2 may have a upregulatory effect on mRNAs that

have low levels of codons recognized by intron-containing tRNA and of rare codons.
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These observations will have to be verified with more complete datasets in future

studies.

4.2.7 A protocol for investigating proportions of cyclic
phosphate

Angel2 and Angel1 were recently identified as cyclic phosphatases (Pinto et
al. 2020). One prediction based on this function is that depletion of Angel2 or Angel1
should increase the proportion of target RNAs terminating in a 2’,3’ cyclic phosphate.
To examine potential changes in proportions of cyclic phosphate, | sought to
establish an assay that could measure the fraction of a particular RNA species that
terminated in a cyclic phosphate. | made use of steps from a published cyclic
phosphate sequencing protocol (cP-seq) (Honda et al. 2016) that leveraged sodium
periodate. Treatment with periodate destroys the ends of species terminating in
3'OH, leaving them unable to undergo RNA ligation. The protocol, schematized in
Figure 4.4A and presented in more detail in Appendix B, begins with splitting the
RNA sample into two parts. The first receives a mock treatment while the second is
treated with periodate. Afterwards, both are treated with poly-nucleotide kinase
(PNK). In the mock/PNK-treated sample, all RNAs should be available for ligation,
while in the periodate/PNK treatment, only species originally terminating with a cyclic
phosphate will be available for ligation. After ligation and reverse transcription from
the adapter, specific RNA species can be monitored by qPCR. The qPCR signal from

the mock/PNK treatment (representing the total RNA population) is compared to the
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signal from periodate/PNK treated sample (representing cyclic phosphate species
only) which gives a proportion of cyclic phosphates for a particular RNA. A periodate-
treated sample without PNK serves as a control for the effectiveness of the periodate
treatment.

To optimize this protocol, | made use of U1 and U6 snRNAs. A large
proportion of U6 snRNA terminates in a cyclic phosphate created by the enzyme
USB1 (Mroczek and Dziembowski 2013; Gu et al. 1997). Conversely, U1 snRNA
terminates with a 3’'OH. After treatment with or without PNK and periodate, |
separated total RNA in a denaturing gel and examined the position of U6 snRNA by
Northern blotting (Figure 4.4B). Treatment with PNK was necessary for the majority
of U6 snRNA to be ligated while periodate alone did not allow anything to be ligated,
consistent with expectations. Using the above-described qPCR assay, | examined U6
and U1 snRNA signals under the same conditions (Figure 4.4C). Treatment with
periodate alone showed no signal for either U1 or U6 snRNAs. Treatment with both
periodate and PNK showed no signal for U1 snRNA and increased signal for U6
snRNA, consistent with U6 snRNA terminating in a cyclic phosphate. With more
optimization, particularly for mRNAs, this assay has the potential to measure
proportions of cyclic phosphate RNA species in the cell, including those targeted for

RQC (see Chapter 3).
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Figure 4.4 A qPCR-based assay to examine proportions of cyclic phosphate in
the cell. (A) An experimental schematic. Periodate leaves 3’OH ends unligatable
while PNK treatment allows 2’,3’ cyclic phosphate terminating species to be ligated.
Using an adapter and gene-specific reverse transcription, cONA populations can be
generated representing all RNA and just RNAs terminating in 2,3’ cyclic phosphate.
(B) A northern assay to validate treatments. The upper band represent ligated U6
snRNA while the lower band is not ligated. (C) gPCR quantification of U1 and U6
snRNAs in the same conditions. Fold change over no treatment is shown.
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4.3 Discussion

This chapter presents evidence that Angel2 associates with components of the
tRNA splicing ligase, may bind directly to tRNAs, and that Angel2 depletion
upregulates a set of mMRNAs that are depleted for spliced tRNA codons and rare
codons. | also present a protocol to examine proportions of 2°,3’ cyclic phosphates for

targeted RNA species.

How reliable is this data?

The data presented here concerning Angel2 was created from discovery-
based experiments. The quality control metrics for IP-MS/MS looked excellent.
Angel2 was the most enriched protein in the dataset and enriched proteins were also
not pulled down in the TOE1 control (Appendix A) (or the Angel1 control, which was
carried out at the same time, see chapter 3). This dataset seems to be highly reliable,
but the evidence would be strengthened by testing associations through orthogonal
methods such as Western blotting for associated proteins after IP. It would also be
important to perform these co-IP assays with prior RNase treatment to confirm which
interactions are RNA-mediated.

The data for Angel2 eCLIP should be considered preliminary and would
require repetition before confidence in the conclusions. The individual Angel2 CLIP
assays were more similar to the FLAG control CLIP rather than the replicate CLIP.
This could potentially indicate problems with the experiment and that most

interactions were not specific to Angel2. All CLIP peaks were called as enriched over
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input which should control for non-specific interactions. However, follow-up
experiments need to be performed to confirm the key eCLIP results, for example by
Northern blotting for tRNAs in RNA Immuno-Precipitation samples (RIPs) to verify the
association of Angel2 with tRNAs (see Schaffer et al. 2014 for a potential tRNA
blotting protocol).

The RNA-seq data also showed issues, specifically with clustering in the PCA
plot. The WT and control knockdown samples failing to cluster suggests that there
may be substantial off-target effects of the Angel2 siRNA that are not rescued by the
WT addback and that many observed effects may not be due to Angel2 depletion.
Alternatively, Angel2 add-back could have causes a squelching effect. Either way,
the experimental design is insufficiently robust and needs to be further optimized in
future study. Also, orthogonal methods such as qRT-PCR or northern blotting should

be used to confirm level changes observed in the RNA-seq data.

What is Angel2’s function?

Angel2’s association with the tRNA splicing ligase, potential association with
tRNAs, and documented activity as a 2',3' cyclic phosphatase paint an enticing
picture of Angel2 functioning in tRNA splicing. Spliced tRNA introns are cleaved by
TSENs which leave behind a 2°,3’ cyclic phosphate that is used by the tRNA splicing
ligase to ligate the two exons together (Abelson et al. 1998). If Angel2 is associated
with this process, we might predict it to inhibit splicing by removing the cyclic
phosphate, thereby interrupting ligation. In this model, Angel2 depletion might lead to

increased levels of intron-containing tRNAs and potentially decreased levels of 5’
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tRNA fragments. Specifically sequencing tRNAs and monitoring how levels change
and which parts of tRNAs are stabilized may be an excellent line of inquiry to
investigate Angel2’s function here. However, inconsistent with this model is that
Angel2 did not seem to favor intron-containing tRNAs over non-intron-containing
tRNAs (Figure 4.2C). This may indicate that Angel2 interacts more generally with
tRNAs.

It is important to note that tRNAs are typically not well-represented in
sequencing data using normal workflows because of their high level of post-
transcriptional modifications, which can stall reverse transcriptases. It may be that the
species that we are observing in these sequencing datasets are immature species
before they have had a chance to be modified, or tRNA fragments (TERFs) which
may not be modified in the same way. The best experiment to distinguish between
these types of hypotheses would be a small RNA library prep on RNA that has been
demethylated and PNK-treated so that tRNAs are correctly represented.

The most curious piece of evidence that does not seem to fit in with the other
observations is that Angel2 depletion caused upregulation of mMRNAs with a low
proportion of rare codons and codons recognized by intron-containing tRNAs. If
Angel2 is involved in biogenesis of spliced tRNAs, it might make sense to observe
downregulation of genes that have a high proportion of codons recognized by spliced
tRNAs, but my observation of upregulation of genes with a low proportion does not fit
with this model. It is important to keep in mind that these observations are preliminary

and that it is possible that the Angel2 siRNA had off-target effects.
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Another potential function for Angel2 (or Angel1) is in the non-conventional
splicing of the mRNA for the unfolded protein response (UPR) promoting transcription
factor XBP1. During UPR, the endonuclease IRE1 cleaves out a small intron from
XBP1 pre-mRNA (XBP1u) leaving behind a cyclic phosphate. The exons are spliced
together by the tRNA splicing ligase creating an isoform that promotes UPR. Indeed
Pinto et al, found that overexpression of Angel2 inhibited splicing of XBP1 mRNA
which is consistent with its activity as a cyclic phosphatase (Pinto et al. 2020).
However, inconsistent with this function is that Angel2 has a putative nuclear
localization signal (NLS), potentially placing it in the nucleus, while XBP1 splicing
takes place in the cytoplasm. | believe that the most likely hypothesis that should be

pursued first is one involving tRNAs.

Future Directions

The most important next experiments would be to perform small RNA
sequencing after RNA demethylation on samples depleted of Angel2. These samples
could also be split off to perform traditional RNA-sequencing looking for differential
expression. Some of the questions that could be asked are: Do tRNA levels change
upon depletion of Angel2? Is there any difference in the level of changes for intron-
containing tRNAs versus tRNAs that do not contain introns? Are specific regions of
tRNAs upregulated, such as the 5’ versus the 3’ end? Do any upregulated or
downregulated tRNAs map to regions from which TERFs are produced? Do tRNA
level changes correlate with any of the codons in genes that are differentially

expressed? Does Angel2 depletion change the expression of any genes involved in
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the unfolded protein response? Do proportions of tRNAs terminating in a cyclic

phosphate change with Angel2 depletion?

4.4 Methods

4.4.1 Cell lines, maintenance, and knockdowns

Angel2 was inserted into the pcDNAS/FRT/TO plasmid by Gibson assembly
(NEB) according to manufacturer recommendations to generate pcDNAS-FLAG-
Angel2-WT. Site directed mutagenesis (NEB) was used to make a catalytically
inactivating mutation pcDNAS-FLAG-Angel2-EA. HEK293 Flp-In TRex (FITR) cell
lines were used to make stable integrants according to the manufacturer’'s
recommendations. All cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS). Cells were
induced with 10 ng/ml tetracycline 24 hours before harvest. Knockdowns were
performed 72 hours and 24 hours before harvest using siLentFect transfection

reagent (BioRad) according to manufacturer protocols.

4.4.2 Immunoprecipitation

Flp-In TRex lines were grown to ~50% confluency and induced with 1 ng/ml
tetracycline for 24 hours. Cells were harvested by scraping into ice-cold PBS and
flash frozen in liquid nitrogen. Pellets were lysed with isotonic lysis buffer (50 mM

Tris-HCI, pH 7.5, 150 mM NaCl, 0.2 mM EDTA, 0.5% triton x-100, 80 U/ml RNase out
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(for samples not treated with RNase), and 1 tablet/10 ml Pierce Protease Inhibitor
Mini Tablets) for 10 minutes on ice. Lysates were spun down at 20,000g for 15
minutes at 4C. Half of the samples were treated with 125 ug/ml RNaseA for 30
minutes at 37°C while the others received a mock treatment. FLAG peptide was
added to lysates to a concentration of 1 ug/mL to reduce non-specific interactions.
Samples were incubated with washed anti-FLAG M2 beads for 2 hours at 4°C with
rotation. Beads were washed 9 times with NET2 buffer (10 mM Tris, pH 7.5, 150 mM
NaCl, 0.1% Triton X-100). Beads were eluted for 3 times for 30 minutes at 4°C with

NET2 containing 200 ug/mL FLAG peptide. Elutions were pooled.

4.4.3 IP-MS/MS and analysis

Samples were given to the Bennett lab who performed IP-MS/MS as
described in Sundaramoorthy et al. 2017. IPs were also performed alongside using a
Flp-In-TRex line that only expressed the FLAG peptide. A pseudo-count of 1 was
added to every peptide count to prevent division by zero errors. Counts were
normalized to the total count for each sample and then fold change was calculated

over the matched negative control.

4.4.4 eCLIP and analysis

eCLIP was performed as outlined in Van Nostrand et al. 2017. Samples were
mapped to the hg38 human genome and features from Ensembl 105 were counted

with featureCounts (Liao et al. 2014). TPM and graphs were generated with custom
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R scripts. Fraction mapping to tRNAs was measured by featureCounts against a
database of genomic tRNAs obtained from gtRNAdb (Chan and Lowe 2016). GO

enrichment analysis was performed using pantherdb (Thomas et al. 2022).

4.4.5 RNA-seq

Table 4.1: siRNA duplex sequences produced by Horizon Discovery

Target Sequence
Luciferase CGUACGCGGAAUACUUCGAUU
Angel2 GGGAAAUGUUUGGGAAAUAUU

Flp-In TRex lines were knocked down with Angel2 siRNA (Table 4.1) and
either Angel2 WT or Angel2 EA was added back by induction with 10 ng/ml
tetracycline 24 hours before harvest. After harvest in cold PBS, RNA was isolated
according to the trizol protocol. Samples were submitted to UCSD’s IGM genomics
core for ribo-depleted, stranded RNA library preparation and sequencing on an
lllumina HiSeq machine. FASTQ files were aligned to the hg38 human genome and
features were counted with featureCounts against Ensembl 105. Differential
expression analysis was performed with DEseq2 (Love et al. 2014). Fraction aligned
to tRNAs was calculated using featureCounts and the above mentioned gtRNA
database. Fraction spliced tRNA and fraction rare codons were calculated using
custom python scripts and canonical CDS (CCDS) annotated FASTA sequences

from Ensembl.

4.4.6 Cyclic Phosphate gPCR
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This protocol was adapted from Honda et al. 2016. Total RNA was harvested
from a 6-well plate of HeLa cells with Trizol (Thermo Fisher) according to the
manufacturer’s protocol. Samples were treated with 5 units of DNase | (Zymo) for 30
minutes at 37°C. Samples were subsequently treated with Quick CIP (NEB) at 37°C
for 40 minutes. RNA was extracted using spin columns (Zymo) and split into two
equal samples. Each sample was treated with 100 mM of sodium periodate or mock
treated and extracted by spin column and split into two. Samples were then treated
with 2 units T4 PNK (NEB) or mock treated for 40 minutes at 37°C and then extracted
again with spin columns (Zymo). Ligation was performed with 400 units of T4 RNA
Ligase 2 truncated (NEB) and 2 uM of pre-adenylated adapter (5'APP-AG_fixed).
These were subsequently extracted using spin columns (Zymo). After splitting
samples, reverse transcription was performed with Superscript Il (Life Technologies)
using either an adapter-specific primer or random hexamers. A detailed protocol can

be found in Appendix B.
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Relative Expression

siLuc siAngel2

Supplementary Figure 4.1: Angel2 depletion validation. Expression of Angel2
mMRNA levels in the knockdown condition relative to a non-targeting control (siLuc).
Values were determined by RT-gPCR in technical triplicate but only 1 biological
replicate. Error bars represent one standard deviation from the mean of the.
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Chapter 5

Conclusions

Aside from the Nintendo 64, there is no perfect system; and so, cells need to
maintain robust mechanisms to ensure the functional quality of cellular products,
DNA, RNA, and proteins. One of these mechanisms, the Nonsense-Mediated mRNA
Decay (NMD) pathway, has been the focus of decades of research leading to a solid
understanding of its mechanisms and how premature termination codons (PTCs)
promote surveillance. The rules and factors that govern No-Go Decay (NGD) and
Non-Stop Decay (NSD) are less well understood. Whether NGD/NSD is triggered
appears to depend on the context and the organism. For example, what constitutes a
rare codon is determined by tRNA availability which is organism specific. So,
substrates or sequences that trigger NGD/NSD in one organism, might not trigger it
in another organism. Furthermore, there seems to be some decoupling between
nascent peptide decay and mRNA decay. Substrates that trigger degradation at the
protein level do not necessarily trigger decay at the mRNA level. All these nuances to
NSD/NGD underscore the fact that we do not fully understand the features and
factors that determine the functional outcomes of this process. The features, factors,
and mechanisms that determine the maturation and degradation of small non-coding

RNAs is similarly poorly understood.
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In this work, | have sought to provide tools to further our knowledge in this
arena and push forward how we understand NSD/NGD. Tailer (chapter 2) will make it
easier for researchers to ask questions in the arena of non-coding RNA 3' end
maturation and degradation. Chapter 3 examines Angel1, a cyclic phosphatase, that |
identify as an important factor in NSD/NGD. Excitingly, this finding suggests that
removal of a cyclic phosphate may be rate-limiting for NSD/NGD and potentially other
RNA decay pathways. Finally, chapter 4 lays out all the data | have collected
regarding Angel2 and raises interesting questions about Angel2’s involvement in

tRNA biogenesis or decay.

5.1 RNA quality control in health and human disease

Perturbations in pathways such as NMD, NSD, and NGD and dysfunctions in
other machinery meant to degrade RNA products have been implicated in a
substantial number of human diseases. Approximately 3-20% of genetic diseases are
caused by a mutation that introduces a premature termination codon (PTC)
(Frischmeyer and Dietz 1999; Nguyen et al. 2014) including diseases like cystic
fibrosis, B-thalassemia, and Duchenne’s muscular dystrophy (Kim et al. 2022; Forster
et al. 2015; Mah et al. 2014). mRNAs containing these PTCs are subject to quality
control by the NMD machinery which can at times improve the disease severity by
clearing potentially harmful products, or intensify the disease by removing mRNAs
that could make partially functional products (Nguyen et al. 2014; Miller and Pearce

2014).
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Mutations in the factors important for quality control have also been implicated
in a wide number of diseases. Mutations in the NMD factor Upf3b have been
associated with intellectual disorders, autism, and other neuro-developmental
disorders (Xu et al. 2013; Laumonnier et al. 2009; Nguyen et al. 2013). Mutations in
factors important for trimming, tailing, and maturing non-coding RNAs have similarly
been implicated in diseases like retinitis pigmentosa, pontocerebellar hypoplasia,
cerebellar atrophy, myeloma, and dyskeratosis congentia (Lardelli et al. 2017; Di
Donato et al. 2016; Wan et al. 2012; Boczonadi et al. 2014; Rudnik-Schoéneborn et al.
2013; Benyelles et al. 2019; Eggens et al. 2014; Burns et al. 2018; Weilsbach et al.
2015; Tummala et al. 2015). Increased information on the mechanisms of these
pathways is improving our understanding of the etiology of these diseases, why their
presentation can be so variable, and provides new avenues for potential treatment.

In cases where a genetic disease is caused by introduction of a PTC,
modulation of NMD could be a viable therapeutic target. If the PTC containing protein
is still partially functional, suppressing NMD by inhibiting components of the system
or by encouraging read-through of stop codons could have positive effects
(Baradaran-Heravi et al. 2016). Furthermore, inhibition of NMD may improve the
amount of antigens that make it to the surface of cancer cells (Pastor et al. 2010). For
diseases that are caused by mutations in factors that mature or decay ncRNAs,
inhibition of an opposing protein may improve aspects of the disease (Shukla et al.
2016, 2020).

It has been shown that knockout of factors important for RQC is detrimental to

an organism (Chu et al. 2009). Issues with ribosomal stalling and recycling have also
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been shown to contribute to neurodegeneration (Terrey et al. 2020). With the rapidly
lowering cost of next generation sequencing and the advent of personalized
medicine, we may recognize more diseases that are caused by RQC or that could be
improved by modulating the system. Thus, understanding these pathways is of vital

importance to human health.

5.2 Outstanding Angel1 questions

The most interesting observation to come out of my Angel1 study is the finding
that a cyclic phosphatase is rate-limiting for a decay process and the idea that
removal of a cyclic phosphate may be a critical step in 3'-5" RNA decay. While this
mechanism makes the most sense given the evidence, | cannot rule out other
potential activities that may be responsible for Angel1’s role in RQC. If Angel1 were
to act in this system by resolving a cyclic phosphate to facilitate 3'-5 decay, we
would make two key predictions. First, Angel1 depletion should stabilize the 5
fragment of the RNA while having no effect on the 3’ fragment. And second, that
Angel1 depletion should increase the proportion of substrate RNAs that terminate in
a cyclic phosphate.

Examining stability of the 5’ fragment versus the 3’ fragment has been
technically challenging for several reasons. First, with my BG-NSD substrate, we
cannot separately monitor the 5’ fragment and the 3’ fragment; collision and cleavage
likely occur in the poly-A tail which | am unable to probe for. Using an NSD substrate

for this purpose therefore does not seem feasible. This should be possible with an
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NGD substrate that contains a stalling sequence in the middle of the mRNA; we
would be able to probe for unique sequences on either side of the cleavage site.
Production of an NGD substrate has been challenging because sequences known to
induce NGD (including poly-proline, G-quadruplex, and poly-A insertion) while having
been shown to destabilize the nascent polypeptide (Endoh et al. 2013; Huter et al.
2017; Sundaramoorthy et al. 2017), did not have a robust effect on the stability of a
B-globin mMRNA reporter in the context of human HelLa Tet-off cells in my hands (data
not shown).

It might be possible to create an mRNA substrate with a very firm blockage in
the body of the coding sequence. Perhaps through chemical blockage that the
ribosome is incapable of getting through. This could create a potent NGD substrate
that the cell does not have tools to resolve. This substrate would have to be
examined in an in vitro translation reaction (Witherell 2001) and, if such a reaction
reproduced RQC-dependent RNA degradation, fragments could be quantified by
Northern blotting with the prediction that Angel1 depletion from translation extracts
would stabilize the 5’ fragment, while Xrn1 depletion from translation extracts will
stabilize the 3’ end. It is also possible that NGD surveillance of stall-inducing mRNAs
would be potentiated in cell lines lacking ribosome rescue factors such as HBS1,
RACKH1, or PELO. In that case, it could be easier to monitor dysfunction in decay of
the mRNA because the mRNA would be less stable in this background.

Another issue with examining the 5’ fragment is the presence of repeated
cleavages in the RQC pathway. After cleavage occurs, the 5’ fragment is still a

substrate for RQC which can lead to more collisions and repeated cleavages along

115



the body of the transcript (Han et al. 2020). We would predict that this would be
exacerbated by depletion of a factor important for decay of the 5’ fragment. So, when
we attempt to measure levels of the 5’ fragment, we may actually be observing levels
of numerous ribosome-sized fragments which is much more technically challenging.

One way to examine 5’ fragment stability with an NSD substrate in light of this
reality could be an adaptation of the 5’ Akron-seq protocol (Ibrahim et al. 2018). One
could potentially treat RNA with terminator which would remove all 3’ RNA fragments
produced upon cleavage because they do not contain a 5’ cap. Subsequently, one
could use long-read sequencing, such as Nanopore sequencing, to examine these 5’
capped fragments. Using long reads, one would be able to tell where cleavages
occurred and what proportion of species are still polyadenylated, with the prediction
that depletion of Angel1 should increase the proportion of deadenylated 5’ fragments.
There are many technical challenges to overcome with this type of experiment (how
to enrich for NSD substrates, dealing with bias toward poly-A species, depth), but an
experiment like this could give a very detailed picture of cleavages.

The second prediction that could be pursued is that Angel1 depletion should
increase the proportion of 5 mMRNA fragments that terminate in 2°,3’ cyclic
phosphates. One way | have attempted to examine this is to use the CycP qPCR
protocol described in appendix B. This has also proved to be challenging mainly due
to variation in the assay, which could be caused by the fact that any RNA hydrolysis
during sample preparation would lead to creation of de novo cyclic phosphates.
Another approach may be to use the already established cP-seq protocol (Honda et

al. 2016). If one were to sequence with sufficient depth, one may be able to monitor
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an NSD reporter mMRNA, map where 2°,3’ cyclic phosphates occur in the body of the
mRNA and observe how those cleavages change in response to Angel1 depletion.
One may also be able to develop a protocol using a cyclic-phosphate specific RNA
ligase (such as RtcB Ligase; NEB, M0458S), which would bypass the need for

periodate and PNK treatment of samples.

5.3 Endogenous substrates of ribosome-associated
quality control

One fascinating avenue of exploration in the story of RQC is identifying
potential endogenous targets of RQC. Depletion of NMD factors leads to
dysregulation of as much as 20% of transcripts (Frischmeyer and Dietz 1999). This
would seem to support the idea that NMD is not only a quality control pathway, but
also a general pathway for transcriptome regulation. Whether the same is true for
NSD/NGD is not well understood.

Depletion of RQC factors seems to have a subtle effect on the transcriptome
(Tuck et al. 2020; Kalisiak et al. 2017; Weber et al. 2020). Direct endogenous
substrates are not well characterized. The one example of a substrate in humans is
XBP1, which has been observed at the protein level to be regulated by the RQC
factor LTN1 (Han et al. 2020). This difficulty in identifying substrates likely speaks to
the stochasticity of RQC in that ribosome collisions happen often across the
transcriptome, but they do not always lead to decay. It is possible that there are only

few transcripts that are endogenously regulated and RQC is invoked primarily when
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something goes wrong with the transcript, for example by truncation, cryptic poly-A
site usage, or RNA damage.

There are many interesting questions that can be examined in this context.
One may be able to analyze ribosome profiling data, RQC factor depletion gene
signatures, disome profiling, and 5’ Akron-seq data to better understand which parts
of transcripts are monitored by RQC. Furthermore, RQC may only regulate particular,
potentially truncated, isoforms of a transcript, and changes in its levels are
diminished in RNA-seq data by the more abundant canonical transcript. Advances in
the depth and quality of long-read sequencing will make asking questions about
isoform levels and distribution much more tractable.

Lastly, other interesting evidence from my Angel1 study was that Angel1
depletion seemed to specifically upregulate pseudogene RNAs (Figure 3.3). Many
pseudogenes are created by re-integration of a spliced transcript back into the
genome (Sisu 2021). It stands to reason that some of the pseudogenes may be
incorporated back into the genome in a way that would make them substrates of NSD
if they become transcribed and translated. Indeed, it has recently been shown
through highly sensitive mass spectrometry methods that translation products of
some of these pseudogenes exist (Brunet et al. 2020). An interesting avenue for

future study would be if these RNAs are targeted by RQC.

5.4 Impact
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The work presented in this dissertation advances our understanding of the
critical processes of RNA quality control. It also suggests exciting potential directions
for the field in the realm of cyclic phosphates and their clearance. My hope is that this
work inspires new ideas for future researchers in the Lykke-Andersen lab and

elsewhere.
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Appendix

A: Angel1 and Angel2 IP-MS/MS raw peptide counts for

proteins greater than 5-fold enrichment

Table Appendix A1: Angel1 IP-MS/MS raw peptide counts

FLAG- FLAG-
FLAG- Ctrl Angel1 FLAG-
Ctrl No RNase No Angel1 No
RNase treated RNase RNase RNase RNase
Peptide Peptide Peptide | Peptide Fold Treated Fold
Gene Counts Counts Counts | Counts | Change Change
ANGEL1 0 0 182 344 184.6687 216.2807
DISC1 0 0 88 125 89.81157 78.98947
EIF4E 0 0 58 56 59.53801 35.73333
NDE1 0 1 52 60 53.48329 19.12047
LARP4 0 0 45 0 46.41946 0.626901
SKIV2L 0 0 36 79 37.33739 50.15204
ANKRD13A 0 0 34 42 35.31916 26.95672
ATXN2 0 0 32 2 33.30092 1.880702
GCN1 0 0 31 89 32.2918 56.42105
GRIPAP1 0 0 31 86 32.2918 54.54035
TTC37 0 0 30 64 31.28268 40.74853
XPO5 0 0 27 25 28.25532 16.29941
CCT7 0 0 22 34 23.20973 21.94152
NDEL1 0 1 19 29 20.18237 9.403508
GRAMD1A 0 0 16 23 17.15502 15.04561
LSM14A 4 4 83 122 16.95319 15.42175
ATP2A2 0 1 15 32 16.1459 10.34386
DNAJB1 0 0 15 18 16.1459 11.91111
CCT3 0 0 14 29 15.13678 18.80702
DDX6 0 0 12 20 13.11854 13.16491
AKAP1 0 0 12 0 13.11854 0.626901
CCT4 2 1 33 28 11.43668 9.090058
HUWE1 1 0 21 55 11.10031 35.10643
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Table Appendix A1: Angel1 IP-MS/MS raw peptide counts (cont.

FLAG- FLAG-
FLAG- Ctrl Angel1 FLAG-
Ctrl No RNase No Angel1 No
RNase treated RNase RNase RNase RNase
Peptide Peptide Peptide | Peptide Fold Treated Fold
Gene Counts Counts Counts | Counts | Change Change
TRIM24 0 0 10 13 11.10031 8.776607
PLOD1 0 0 10 0 11.10031 0.626901
LARP4B 6 0 72 11 10.52367 7.522806
CCT6A 2 0 30 25 10.42756 16.29941
SEH1L 0 0 9 40 10.09119 25.70292
DNAJC7 1 2 19 34 10.09119 7.313839
SLC25A5 0 2 9 12 10.09119 2.716569
LTN1 0 0 8 46 9.082069 29.46432
FANCI 0 0 8 31 9.082069 20.06082
STUB1 0 0 8 23 9.082069 15.04561
RACK1 0 4 8 11 9.082069 1.504561
WDR61 1 0 16 24 8.577509 15.67251
HNRNPUL2 0 14 7 39 8.07295 1.671735
BAG5 1 0 15 25 8.07295 16.29941
TFRC 0 0 7 13 8.07295 8.776607
LRPPRC 2 0 22 5 7.736577 3.761403
UBA52 6 6 50 43 7.352151 3.940518
Ubiquitin 6 6 50 43 7.352151 3.940518
WDR59 0 0 6 34 7.063831 21.94152
SMC2 1 1 13 20 7.063831 6.582456
IRAK1 0 0 6 15 7.063831 10.03041
UBL4A 0 0 6 5 7.063831 3.761403
FUBP3 0 3 6 4 7.063831 0.783626
PPP1CB 0 1 6 3 7.063831 1.253801
PPP1CA 0 2 6 3 7.063831 0.835867
HELZ 0 0 6 1 7.063831 1.253801
STAU2 0 0 6 0 7.063831 0.626901
SLIRP 0 0 6 0 7.063831 0.626901
HSPBP1 0 0 5 27 6.054712 17.55321
WDR24 0 0 5 23 6.054712 15.04561
ARAF 0 0 5 21 6.054712 13.79181
THOC2 0 12 5 17 6.054712 0.868016
COPA 0 0 5 11 6.054712 7.522806
AKAPS8 0 0 5 10 6.054712 6.895906
VBP1 0 0 5 9 6.054712 6.269005
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Table Appendix A1: Angel1 IP-MS/MS raw peptide counts (cont.

FLAG- FLAG-
FLAG- Ctrl Angel1 FLAG-
Ctrl No RNase No Angel1 No
RNase treated RNase RNase RNase RNase
Peptide Peptide Peptide | Peptide Fold Treated Fold
Gene Counts Counts Counts | Counts | Change Change
TRIM33 0 0 5 6 6.054712 | 4.388304
PAN3 0 0 5 0 6.054712 0.626901
PUM2 0 0 5 0 6.054712 0.626901
ELAVL2 0 0 5 0 6.054712 0.626901
PHGDH 1 3 10 13 5.550153 | 2.194152
FIP1L1 1 0 10 2 5.550153 1.880702
PUM1 1 0 10 1 5.550153 1.253801
RALY 0 22 4 27 5.045594 0.763183
WDR6 0 0 4 23 5.045594 15.04561
C140rf166 1 14 9 21 5.045594 0.919454
POMGNT2 0 0 4 19 5.045594 12.53801
RAF1 0 0 4 13 5.045594 8.776607
PKP2 0 1 4 11 5.045594 3.761403
GET4 0 0 4 11 5.045594 7.522806
SALL2 0 0 4 9 5.045594 6.269005
MCM7 0 0 4 8 5.045594 5.642105
ATP5CA1 0 0 4 6 5.045594 | 4.388304
SLTM 0 0 4 2 5.045594 1.880702
DPY30 0 1 4 0 5.045594 0.31345
CASC3 0 0 4 0 5.045594 0.626901
S100A9 0 0 4 0 5.045594 0.626901
ELAVLA4 0 0 4 0 5.045594 0.626901
FOXK1 0 0 4 0 5.045594 0.626901
LSM12 0 2 4 0 5.045594 0.208967
GATAD2A 0 0 4 0 5.045594 0.626901
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Table Appendix A2: Angel2 IP-MS/MS raw peptide counts

FLAG-

FLAG- Ctrl FLAG- FLAG- RNase
Ctrl No Angel1 Angel1 | No RNase
Gene RNase | RNaS€ | NoRNase | RNase Fold Treated
Peptide treat_ed Peptide Peptide Change Fold
Counts F(’;eptlde Counts Counts Change
ounts
ANGEL2 0 0 245 129 180.13 123.96
DDX1 0 3 57 40 42.68 7.31
RTCB 0 0 44 34 33.17 3341
HNRNPH3 0 5 32 27 24.40 3.24
FAM98A 0 2 27 8 20.74 2.21
Cl4orf166 0 0 22 21 17.09 21.02
AKAPS8L 1 4 45 14 15.80 2.11
HNRNPUL2 0 16 18 65 14.16 2.60
PRMT1 20 6 418 329 12.82 32.40
FAM98B 0 3 16 8 12.70 1.61
SEC16A 6 17 123 21 11.55 0.82
AKAP8 0 0 14 10 11.24 10.53
DDX54 0 0 14 11.24 6.72
RBM4 0 0 12 9.77 2.91
PRMTS8 5 0 86 63 9.49 61.05
SEC13 0 0 11 0 9.04 1.00
TP53BP1 0 4 11 4 9.04 0.71
GTF3C4 0 0 11 0 9.04 1.00
SERBP1 0 6 10 10 8.31 1.08
ADAR 0 6 10 41 8.31 4.13
DEK 0 0 0 7.58 1.00
RBM4B 0 0 1 6.85 1.95
PRKDC 5 14 61 65 6.78 2.95
SSB 0 0 0 6.12 1.00
EMD 0 5 4 6.12 0.58
DICER1 0 0 0 6.12 1.00
CTR9 0 0 0 6.12 1.00
XRN2 3 0 33 7 5.66 7.67
DYNLL2 0 3 6 8 5.39 1.61
HSD17B10 0 0 6 14 5.39 14.34
MCM7 0 0 6 9 5.39 9.58
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Table Appendix A2: Angel2 IP-MS/MS raw peptide counts (cont.)

FLAG- F"gfr; FLAG-| FLAG- RNase
Ctrl No Angel1 Angel1 | No RNase
RNase Treated
Gene RNase No RNase RNase Fold
. treated , . Fold
Peptide . Peptide | Peptide Change
Peptide Change
Counts Counts Counts
Counts
ZC3H4 0 1 6 0 5.39 0.41
MLF2 0 0 6 2 5.39 2.91
ZNF512 0 0 6 0 5.39 1.00
NMNAT1 0 0 6 2 5.39 2.91
MCM?2 0 0 6 6 5.39 6.72
CDKN2AIP 0 0 6 0 5.39 1.00
HNRNPUL1 19 0 155 19 5.02 19.11
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B: Cyclic Phosphate gPCR protocol

Table Appendix B1: Oligonucleotide sequences from IDT

Name Sequence Notes
AR17 ACACGACGCTCTTCCGA
Rnase Free
/5rApp/AGTCGTATCCATAGATCGGAAGA | HPLC
5'APP-AG fixed | GCGTCGTG cleanup
Beta Globin
gPCR fwd AGGAGAAGTCTGCCGTTACTG
Beta Globin CAGGGGAAAGCGCGAACGCAGCCGAGC
gPCR rev ACTTTCTTGCCATGA
U1 gPCR fwd GCACTCCGGATGTGCTGACCC
U1 gPCR rev CAGGGGAAAGCGCGAACGCAG
U6 gpCR fwd GCTTCGGCAGCACATATACTAAAAT
U6 gPCR rev CGCTTCACGAATTTGCGTGTCAT
Table Appendix B2: Materials and reagents
Reagent Manufacturer Cat no.
Trizol Thermo Fisher 15596026
RNA Clean and Concentrator 5 Zymo Research R1016
Quick CIP New England Biolabs MO0525L
Sodium Periodate Sigma Aldrich 311448
T4 PNK New England Biolabs MO0201L
Rnase Out Invitrogen 10777019
T4 RNA Ligase 2 Truncated New England Biolabs M0242L
Superscript Ill Reverse
Transcriptase Life Technologies 18080085
Fast SYBR Green Master Mix Life Technologies 4385617

Protocol; adapted in part from (Honda et al. 2016)

1) RNA isolation

a. Isolate RNA using standard trizol methods
b. Take ~10ug of RNA in 40uL of water in a 1.5mL epi

2) DNasel treatment

a. To each 40uL sample add:
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i. 5uL cutsmart 10x buffer
ii. SuL DNasel (Included in zymo RNA clean and concentrator
kit)
b. Incubate at 37C for 30min
3) Quick CIP treatment
a. Make master mix
i. 1uL cutsmart 10x
ii. 0.5uL RNaseOut
ii. 1uL Quick CIP (NEB)
iv. 7.5uL water
b. Add 10uL to each sample
c. Incubate at 37C for 40min
4) Zymo extraction
a. Follow manufacturer protocol
b. Elute in 15uL
c. Split 7uL into two tubes for each sample (for +/- periodate)
d. Add 38ulL to each sample (45uL total)
5) Periodate Treatment
a. Prepare fresh sodium periodate by dissolving 21.3mg/mL in water
b. Add 5uL periodate solution to periodate+ samples and 5ulL water to
periodate- samples
c. Incubate for 40min at room temperature in the dark
6) Zymo extraction
a. Follow manufacturer protocols and elute in 11uL of water
b. Take 10uL into a new tube
7) PNK treatment
a. Make PNK master mix
i. 3uL T4 PNK 10x Buffer
i. 0.5uL ATP (10mM)
iii. 0.5uL RNaseOut
iv. 2uL PNK
v. 14uL water
b. Add 20uL of master mix to each sample
c. Incubate at 37C for 40min
8) Zymo Cleanup
a. Follow manufacturer procedure and elute in 6uL of water
b. Move 5uL to a new tube
9) Ligation
a. Make Ligation master mix
i. 5ulL water
ii. 2uL T4 RNA ligase buffer
ii. 4uL 50% PEG8000
iv. 2uL 5’APP-AG_Fix(20uM)
v. 2uL RNA Ligase 2 Truncated
b. Add 15uL to 5uL of sample
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c. Incubate for 2 hours at 25C
10)Zymo cleanup
a. Standard protocol, elute in 12uL of water
b. Split SuL into two epi tubes
11)Reverse transcription (Gene-specific)
a. To the first set of samples add
i. 1uL AR17 (20uM)
ii. TuL dNTPs (10mM each)
ii. 6uL H20
b. Heat to 65C for 5min and cool on ice for >1min
c. Add to each tube
i. 4uL 5x First Strand Buffer
i. TuL0.1MDTT
iii. 1uL RNaseOut
iv. 1uL SSIII
d. Run program
i. 55C 1hr
ii. 70C 15min
iii. 4C for all time
12)Reverse transcription (random hexamer)
a. To the remaining set of samples add:
i. 2uL random hexamers (100ng/ulL)
ii. TuL dnTPs (10mM each)
ii. 5uL H20
b. Heat at 65C for 5 min and cool on ice for >1min
c. Add to each tube
i. 4uL 5x First strand buffer
i. TuL0.1MDTT
iii. 1uL RNaseOut
iv. 1uL SSIII
d. Run program
i. 25C 5min
ii. 50C 1hr
ii. 70C 15min
iv. 4C until the inevitable heat death of the universe
13)Analysis
a. Quantify target in gene-specific and random hexamer
b. Normalize gene-specific Ct to random hexamer Ct to get proportion
of cyclic phosphate
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