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Abstract

Noncoding translation mitigation
Jordan S. Kesner

In eukaryotes, sequences that code for the amino acid structure of proteins represent a
small fraction of the total sequence space in the genome. These are referred to as coding
sequences, whereas the remaining majority of the genome is designated as noncoding. Studies of
translation, the process in which a ribosome decodes a coding sequence to synthesize proteins,
have primarily focused on coding sequences, mainly due to the belief that translation outside of
canonical coding sequences occurs rarely and with little impact on a cell. However, recently
developed techniques such as ribosome profiling have revealed pervasive translation in a diverse
set of noncoding sequences, including long noncoding RNAs (IncRNAS), introns, and both the 5°
and 3’ UTRs of mRNAs. Although proteins with amino acid sequences derived partially or
entirely from noncoding regions may be functional, they will often be nonfunctional or toxic to
the cell and therefore need to be removed. Translation outside of canonical coding regions may
further expose the noncoding genome to selective pressure at the protein level, leading to the
generation of novel functional proteins over evolutionary timescales. Despite the potentially
significant impact of these processes on the cell, the cellular mechanisms that function to detect
and triage translation in diverse noncoding regions, as well as how peptides that escape triage
may evolve into novel functional proteins, remain poorly understood.

This thesis will describe novel findings that offer new insight into the process of
noncoding translation mitigation revealed by a combination of high-throughput systems-based

approaches and validated by biochemical and genetic approaches. Chapter 1 will discuss general



concepts in the translation of noncoding sequences and the relevant cellular systems and impacts
on human health. Chapter 2 will discuss the results of a high-throughput reporter assay
investigating translation in thousands of noncoding sequences from diverse sources. The results
discussed in this chapter revealed two factors involved in the mitigation of proteins derived from
noncoding sequences: C-terminal hydrophobicity and proteasomal degradation. Chapter 3 will
build on Chapter 2 and discuss the results of a genome-wide CRISPR/Cas9 knockout screen that
identified the BAG6/TRC35/RNF126 membrane protein chaperone complex as a key cellular
pathway in the detection and degradation of proteins with translated noncoding sequences.
Having identified the BAG6 complex as targeting a specific reporter of translation of the 3> UTR
in the AMD1 gene, a series of knockout cell lines validated these results and demonstrated the
participation of two additional genes, SGTA and UBL4A. Through coimmunoprecipitation
western blots and rescue assays with flow cytometry as a readout, we confirmed physical
interaction between BAG6 and the 3° UTR of AMD1, and a similar experiment confirmed
interaction between BAG6 and a readthrough mutant of the SMAD4 tumor suppressor gene.
Finally, by combining our high-throughput reporter library with our BAG6 knockout cell line,
we demonstrated that BAG6 targets hydrophobic C-terminal tails in many noncoding sequences
of diverse origin. Finally, Chapter 4 will discuss the evolutionary perspective of noncoding
translation through analyses of the sequence content of human and mouse genomes. The findings
of this chapter demonstrate a significant trend for increased uracil content in noncoding regions
of the genome, which frequently results in the translation of hydrophobic amino acids. We also
find that many functional translated noncoding peptides localize to membranes, providing a

theoretical link between the shuttling of translated noncoding sequences to a protein complex



involved in membrane protein quality control and the emergence of newly evolving proteins

from the noncoding genome.
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Chapter 1: Introduction

1.1 Translation in coding and noncoding sequences

1.1.1 Noncoding sequences in transcription and translation

For eukaryotic cells, the path along the central dogma of DNA to RNA to protein
presents many complexities. These complexities are reflected in the structure and nature of the
genome, where only about 1% of the total genomic sequence is predicted to encode the amino
acid sequence of functional proteins. The transcriptional machinery is known to have relatively
low specificity, resulting in widespread production of transcripts from noncoding regions of the
genome’=. However, accumulation of these transcripts is prevented in cells through a fail-safe
mechanism that recognizes abundant poly(A) signals in the noncoding genome and functions to
suppress pervasive transcription in mammalian cells by degrading transcripts*°. Nonetheless,
noncoding transcripts such as long noncoding RNAs (IncRNAS) are prevalent in the
transcriptome and are often translated®. Further, aberrant RNA splicing and polyadenylation can
generate mMRNAS containing noncoding sequences derived from introns and UTRs within their
open reading frames (ORFs)’~°. This presents a potential problem to the cell, as noncoding
sequences contained in INcRNAs and aberrant mRNAs that escape quality control pathways are
now subject to translation by the ribosome.

Several studies have found through analysis of ribosome profiling data that translation
outside of canonical coding sequences (CDS) is widespread'®t. Most cytoplasmic INCRNAs in
mouse embryonic stem cells were found to have ribosome footprints indistinguishable from
footprints in MRNA CDS, indicating active translation of INcRNAs®. In human cells, it was

estimated that up to 40% of IncRNAs, 35% of mRNA 5° UTRs, and 4% of mRNA 3” UTRs are



actively translated?. Other studies have found evidence for translation in mMRNAs with retained
introns and mMRNAs resulting from intronic polyadenylation*4,

Defects in mMRNA quality control and processing pathways can cause an accumulation of
aberrant mMRNAs within the cell, potentially increasing the rate of noncoding translation. Such
defects commonly manifest in various pathological conditions, such as cancer, aging, and
neurodegenerative disorders'4-2®. Similarly, nonstop mutations in some genetic disorders and
cancers can lead to translation of mRNA 3’ UTRs due to readthrough of the mutated stop
codon?”?8 3> UTR translation can also occur due to malfunction of the translational machinery
and as a side effect of aminoglycoside drugs®®=°.

Despite the relevance of noncoding translation to human health, little is known about the
cellular mechanisms of surveillance and triage of proteins produced as a result of translation in
noncoding sequences. Noncoding sequences are unlikely to be exposed to the same selective
constraints as canonical coding sequences, increasing the chances that proteins containing
translated noncoding sequences are nonfunctional, toxic, or prone to aggregation. Removing
these potentially harmful proteins is therefore critical to maintaining proteostasis within the cell.

Studies to date investigating mechanisms of noncoding protein surveillance have utilized
limited sets of reporters of 3” UTR translation and have come to very different conclusions as to
how cells handle translated noncoding sequences®®3-2*, Models proposed from these various
studies regarding the fate of proteins with translated noncoding sequences include proteasomal
degradation, aggregation in lysosomes, and translational arrest induced by ribosome stalling. The
lack of consensus from these studies highlights the need for more systematic studies that could
potentially identify common principles and mechanisms involved in the cellular surveillance and

triage of proteins with translated noncoding sequences.



1.1.2 Translation in canonical coding sequences

In eukaryotes, capped, polyadenylated, and spliced mRNA molecules are targeted for
translation by the ribosome in a highly regulated and complex process®. mRNAs generally
consist of 5’ and 3’ untranslated regions (UTRs) as well as a coding sequence (CDS) that is
delimited by a start (AUG) and stop codon®®. The coding sequence defines a set of codons that
encode a chain of amino acids to be translated by the ribosome®. In contrast, the 5’ and 3’ UTRs
generally serve regulatory functions related to transcription and translation®.

Translation is composed of three main stages: initiation, elongation, and termination. In
the initiation phase, a complex of eukaryotic initiation factors (elFs) recognizes the 7-
methylguanosine (m’G) cap at the 5’ end of the mRNA molecule®. Another group of elFs, along
with a 40S ribosomal subunit and a Met-tRNAI, form a complex known as the 43S pre-initiation
complex (43S PIC), which then attaches to the activated mMRNA and begins a process of scanning
along the 5> UTR for the start codon of the CDS*®. The PIC completes scanning upon
recognition of the AUG codon in the P-site, at which point a GTP is hydrolyzed to GDP,
allowing the large 60S ribosomal subunit to join the complex®. The full 80S initiation complex
is now ready to begin the process of elongation within the coding sequence®.

During the elongation phase of translation, the 80S ribosome synthesizes the amino acid
chain, starting with the methionine residue attached to the initiator tRNA®’. The 80S ribosome
first decodes the codon by matching it to its complementary tRNA carrying an amino acid®’.
With the correct tRNA positioned in the A site of the ribosome, a peptidyl bond is formed
between the amino acid carried by the tRNA and the previous amino acid in the chain®’. The
growing chain is then translocated back to the P site, at which point the process repeats, starting

with the next codon in the coding sequence®’.



Upon recognizing a stop codon in the coding sequence, the ribosome initiates the process
of translation termination so that the full-length amino acid chain can be released®’. When a
termination codon is detected in the A site, it is recognized by the termination factor eRF1,
which coordinates with the GTPase eRF3 to catalyze the termination of the elongation phase and
allow the release of the fully synthesized peptide from the ribosome®’. Following release of the
peptide, the 80S complex is disassembled from the mRNA and its subunits are released to be
recycled for translation of additional mMRNA molecules®’.
1.1.3 Quiality control pathways in translation

Many things can go wrong during translation, for which cells have evolved specific
quality control mechanisms that function to fix or terminate faulty instances of translation. Many
factors can induce ribosome stalling, resulting in the temporary or complete stoppage of a
translating ribosome®®*°, Factors that may cause stalling in ribosomes include the presence of
two or more adjacent proline codons in a coding sequence, insufficient access to specific tRNAs,
or stable secondary structure in mMRNA3>%°, Aberrant mMRNAs that lack stop codons due to
truncation or improper polyadenylation can similarly result in ribosome stalling3®4°.

Mechanisms that function to detect and triage ribosome stalling can differ depending on
the cause of ribosome stalling. Stalling induced due to the difficulty ribosomes have in forming
proline-proline peptidyl bonds, for example, can be rescued by a protein known as elF5A, which
helps to catalyze the formation of the difficult peptide bond®. Ribosomal stalling that is caused
by the lack of a stop codon in an aberrant mMRNA (Nonstop), or due to structural or codon
features of the ORF (No0-go), activates the nonstop mMRNA decay pathway (NSD) and the no-go
decay pathway (NGD) respectively, both of which result in degradation of the offending

mRNA*, Both NSD and NGD require translation of the faulty mRNA to be detected by the cell,



and thus they will necessarily produce an aberrant peptide prior to being degraded’. These
peptides are detected and targeted by the ribosome quality control complex (RQC), whose
activation can lead to ribosome recycling or degradation, degradation of the peptide, and

activation of cellular stress responses®.

1.1.4 Translation outside of canonical coding sequences
In addition to translation of canonical coding sequences, ribosomes can also translate
noncoding sequences. The mechanism by which this noncoding translation occurs differs

depending on the type of noncoding sequence being translated.

1.1.5 Non-canonical translation: long non-coding RNA (IncRNA)

Long non-coding RNAs (IncRNASs) are a class of RNA that share many similarities with
MRNA, except that they typically do not contain open reading frames or may contain short open
reading frames*!. Like mRNA, IncRNAs undergo splicing, capping at their 5’ ends, and
polyadenylation at their 3’ ends**. It has been estimated that up to 40% of identified INCRNAs in
humans are translated, although it is likely that many of these translation events do not result in
functional peptides due to their difficulty of detection?. Despite this, several examples in the
literature have identified peptides derived from IncRNA translation with functional roles in
development*>*3, physiology**, and cell migration®. It is likely that other functional peptides

derived from the translation of IncRNAs have yet to be discovered.

1.1.6 Non-canonical translation: 5> UTR upstream ORF (uORF)

Upstream ORFs (uORF) are defined as small open reading frames located within the 5’
UTR of an mRNA, originating from an upstream start codon (uAUGQG) that is 5’ to the start codon
of the canonical coding sequence*®. These UORFs are widespread in eukaryotic genomes and

function as a mechanism of translational regulation of protein expression®®. uORFs are believed



to reduce the expression of the corresponding CDS by ‘sequestering’ the translational activity of
ribosomes*®. A scanning PIC in the 5> UTR of an mRNA that contains an uUORF may recognize
the UAUG and initiate translation of the full uUORF, only after which translation of the canonical
CDS can begin®. In this scenario, translation of the uORF will also interfere with the ability of
additional scanning PICs to initiate translation at the canonical CDS*. Alternatively, a ribosome
translating a uUORF may fail to properly terminate at the UORF stop codon, in which case the
stalled ribosome will trigger nonsense-mediated decay (NMD) of the mRNA%.

From the perspective of the UAUG, a UORF can be placed into one of three classes
depending on the positioning of the next in-frame stop codon. A uORF with an in-frame stop
codon located upstream of the start codon of the canonical coding sequence is classified as a
nonoverlapping UORF*, If the stop codon is downstream of the canonical start codon but not in
the same frame, it is an out-of-frame overlapping uORF*. Finally, if the next in-frame stop
codon is the stop codon of the CDS, the UORF is classified as an N-terminal extension“®.

Studies leveraging ribosome profiling have suggested widespread translation of uUORFs
occurs in humans, with estimates as high as 35% of all uUORFs undergoing translation'?. By
analyzing the codon optimality and evolutionary conservation of uUORFs, it has been suggested
that most translational events in uORFs do not lead to functional peptides and instead serve only
as a mechanism to suppress translation of the downstream CDS*"#8, One previous study
examined the RNA expression level of approximately 8000 transcripts containing zero, one, two,
or three predicted uORFs, and found that a large majority of the uORF-containing transcripts had
lower levels of expression than those that did not contain any uORFs, and that expression tended
to decrease further as the number of uORFs in a transcript increased*. However, some examples

of functional peptides derived from the translation of 5> UTRs have been found*!.



1.1.7 Non-canonical translation: 3’ UTR readthrough

The 3> UTR of an mRNA molecule begins immediately after the stop codon of the CDS.
During translation of a given CDS, recognition of a stop codon by the ribosome and proper
execution of the termination phase of translation will ensure that the nucleotide sequence of the
3’ UTR is not decoded by the ribosome and added to the growing peptide chain. Mechanistically,
translation of the 3’ UTR sequence by a ribosome originating from the CDS start codon can
occur due to malfunction of the translational machinery or due to a missense mutation converting
the native stop codon of a transcript into a sense codon?®%, Ribosomal readthrough of the native
stop codon can occur stochastically, is influenced by the sequence content surrounding the stop
codon?®, can be controlled by specific cellular pathways*®, and can be induced by treatment with
drugs such as aminoglycosides?®. Several studies have also used engineered tRNA variants to
bypass nonstop mutations>%>?,

Translation in 3’ UTRs can result in a number of outcomes. Readthrough of the native
stop codon of a coding sequence may yield a protein variant extended at its C-terminal end with
its length determined by the positioning of the next in-frame stop codon in the 3° UTR?. In the
absence of a downstream in-frame stop codon, the ribosome will eventually translate the poly(A)
tail at the 3° end of the UTR, which will trigger targeting of the mRNA for degradation by the
non-stop decay mediated mRNA surveillance pathway?8. For C-terminal extended readthrough
proteins that are released, there may be various effects on the protein and cell. Depending on the
specific gene, length of the tail extension, and amino acid content of the extension, the resulting
protein may be degraded?’, may acquire cellular toxicity®?, or may become prone to
aggregation®. One study proposed a model in which stop codon readthrough in the AMD1 gene

causes ribosome stalling in the downstream 3’ UTR, eventually leading to the formation of a



ribosomal queue that extends into the coding sequence and inhibits translation of the affected

MRNA3,

1.1.8 Non-canonical translation: Introns

Translation of intronic sequences can originate from aberrant MRNASs produced through
intronic retention or intronic polyadenylation’=®. While intron retention can occur due to
malfunction of splicing, it has also been shown to play a role in regulating gene expression and
can lead to the generation of novel protein isoforms®~6, Although mRNA with retained introns
are subject to degradation via quality control mechanisms such as NMD, they are detectable in
the transcriptome using modern sequencing technologies®’. Interestingly, increased retention of
introns is a common feature of many types of cancers, neurodegenerative disorders, and aging,
likely due to increasing dysfunction of the spliceosome®2°. Activation of the hypoxia stress
response in tumor microenvironments inhibits NMD and can further increase the accumulation
of intron-containing mRNAs¢%8%°, Translation of aberrant mMRNAs containing retained introns
has previously been detected via ribosome profiling®®, and widespread translation of MRNAs
resulting from intronic polyadenylation has been demonstrated by detecting truncated proteins in

leukemial®.

1.1.9 Non-canonical translation: Downstream ORFs (dORF)

Similar to upstream ORFs in mRNA 5* UTRs, downstream ORFs (dORF) residing in the
3’ UTRs of mRNAs have been characterized. Translation of dORFs has been shown by recent
studies involving ribosome profiling'®°. Another study identified an IRES in the 3’ UTR of
GTP cyclohydrolasel (GCH1), which was able to initiate translation in a manner that is resistant
to cap-dependent translation initiation inhibitors (Torin 1)®. Another study analyzed the

transcriptomes of both humans and zebrafish and determined that in both cases, greater than 80%



of transcripts contained potential small ORFs (10-100 aa) in their 3° UTRs®2. By further
analyzing ribosome profiling data, this same study identified evidence of translation in 1,406
human and 1,153 zebrafish putative dORFs®?. Interestingly, this study suggested that translation
of dORFs acts as a mechanism to enhance translation of the primary ORF in a transcript, in
direct contrast to the function of most uUORFs®. Amino acid sequence conservation is only seen
in a small number of these dORFs (6 conserved, 141 weakly conserved), suggesting that in a
majority of cases, dORFs function as a mechanism of translational regulation that depends on
translation in the dORF itself rather than through the production of a functional peptide®?.
However, this does not exclude the possibility that some dORFs result in functional
micropeptides, and two such peptides with functions related to cell proliferation have recently
been characterized!. Importantly, as this appears to be a relatively widespread mechanism of
translational regulation, the cellular fate of micropeptides derived from translation of dORFs,

regardless of whether they are functional or not, has yet to be characterized.



1.2 Proteostasis and pathways that maintain the proteome

1.2.1 Protein folding and molecular chaperones

Proteins are significant contributors to the processes that regulate and maintain cellular
homeostasis. As cells expend a considerable fraction of their available energy in the process of
protein synthesis, it is critical that proteins are correctly produced, folded, trafficked, and
maintained so that they are able to function properly®-%®. Proteins are highly complex molecules
with a vast array of functions and may require post-translation modification, chaperoned folding
or trafficking, targeted transport to subcellular locations, multimerization, and cleavage to
function correctly. Accordingly, many cellular processes and mechanisms are dedicated to
ensuring the fidelity of the processes involved in proper proteostasis. In general, cells utilize
three primary methods of protein quality control for maintaining proteostasis: re-folding of
proteins, degradation of proteins, and sequestration of proteins®®. The proteostatic processes
involved are primarily regulated by a class of proteins known as chaperones, and there is
significant crosstalk between the three approaches®. These protein chaperones help newly
synthesized proteins fold correctly, guide transport of proteins across cellular membranes, make
attempts to refold misfolded protein substrates, and, if impossible, target misfolded proteins for
degradation or sequestration®.

One core component of maintaining proteostasis is ensuring the proper folding of newly
synthesized proteins®. In addition to ensuring correct protein folding, cells must constantly
contend with the propensity of newly synthesized proteins to form insoluble aggregates®’.
Unchecked protein aggregation within the cell can result in several adverse effects, including
loss of the function of the aggregated protein and the formation of potentially toxic collections of

insoluble protein aggregates such as amyloid fibrils®. The propensity for protein aggregate

10



formation prior to folding into the correct tertiary structure arises from exposed hydrophobic
residues and unstructured domains that are subject to interaction and association with other
proteins in solution. Once fully folded, these regions are protected from aggregation-prone
interactions by being buried within the structure of the protein®. In cells, the tendency of
unfolded proteins to aggregate through these types of interactions is further exacerbated by
factors including the relatively high level of molecular crowding, as well as the presence of
polyribosome complexes®.

To counteract the potential for nascent peptides to form aggregates, cells expend
considerable energy to ensure the proper folding of newly synthesized peptides through the
protein chaperone network. Proteins within this network can be broadly classified into two
groups based on the mechanism through which they aid in the folding of newly synthesized
proteins. Chaperones such as the members of the nascent polypeptide-associated complex (NAC)
associate with ribosomes and stabilize nascent polypeptide chains during translation®®. On the
other hand, chaperones such as the members of chaperonin complexes form large structures that
capture and insulate unfolded proteins from the cellular cytosol after translation is completed,
providing a protected chamber within which the captured protein can fold into its native
structure®®. Other types of chaperones protect proteins from misfolding due to environmental
factors, such as increases in temperature®®. Yet other chaperones possess some ability to
disassociate small groups of aggregated proteins®.

1.2.2 Cellular systems for removing aberrant proteins
Proteins that fail to fold correctly despite the activity of the chaperone network will

acquire misfolded structures and require removal from the cell to prevent any potential adverse

effects. Removal of these misfolded proteins is primarily achieved through their degradation in
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the ubiquitin-proteasome system (UPS)®*. Misfolded proteins destined for degradation by the
UPS are tagged with a chain of a small protein called ubiquitin by proteins known as E3
ubiquitin ligases®. These poly-ubiquitinated proteins are subsequently transported to a protein
complex known as the 26S proteasome®®. The 26S proteasome cleaves the polyubiquitinated
protein into short peptide chains, thus removing the misfolded protein from the cell®®.

A separate pathway for removing unwanted proteins from the cell is known as the
autophagy-lysosomal pathway (ALP), which can target protein aggregates, misfolded proteins,
and other cellular molecules™. Within this pathway, proteins destined for degradation are first
sequestered from the cell by the formation of a membrane-bound organelle known as an
autophagosome’®. These autophagosomes subsequently fuse with larger membrane-bound
organelles known as lysosomes’. The lumen of lysosomes is highly acidic and contains a
multitude of enzymes that are active at low pH and degrade the contents of the lysosome. The
products of lysosomal degradation can then be released from the lysosome and recycled by the
cell™.

Misfolded or aggregated proteins unable to be cleared by the UPS or the ALP may be
spatially sequestered by cells into specialized compartments known as inclusions®. In addition to
preventing potentially harmful interactions between healthy components of the cell and
misfolded or aggregated proteins, inclusions may maintain proteostasis by sequestering proteins
that require refolding or degradation so as not to overwhelm the other branches of the

proteostatic machinery%4,
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1.3 The relevance of translation in noncoding sequences to human health

1.3.1 Aging

In humans, aging is associated with a progressive and far-reaching decline in the litany of
systems that maintain cellular health. Although the impact on an individual's overall health from
the increasing dysfunction of any specific system varies widely, human health generally tends to
deteriorate along with the deterioration of the molecular machinery as aging progresses. In the
context of noncoding translation, there are several salient ways in which cellular aging influences
human health due to the deterioration of specific molecular systems.

A study investigating detectable changes in the transcriptome due to aging among a
cohort of 698 human subjects found that the most significant age-related changes were in genes
involved in RNA processing pathways, including splicing and polyadenylation®. Other studies
have similarly reported increasing malfunction of RNA processing pathways in aging cells®2.,
In humans, one study identified are-related increases in intron retention in 43 tissues across a
cohort of 948 subjects?t. The impairment of RNA processing due to aging-related processes may
lead to the accumulation of aberrant mMRNAs with retained introns or polyadenylated introns,

which ribosomes can translate.

1.3.2 Cancer

Cancer is one of the most widespread and important diseases affecting human health, and
the relationship between noncoding translation and cancers is multifaceted. One recent
publication analyzed data from the COSMIC database spanning 62 tumor types in search of
nonstop extension mutations, which are genetic mutations that bypass the native stop codon of a
CDS and result in a C-terminally extended protein with a peptide tail encoded by the 3> UTRZ.

Among the results of this study, the most frequently mutated protein was found to be the tumor
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suppressor protein SMADA4, the loss of which plays a role in various cancers?’. Readthrough of
the SMADA4 stop codon induced by this set of mutations leads to a 40 amino-acid extension at the
C-terminal end of the protein, which in turn causes it to be targeted for proteasomal degradation
resulting in almost undetectable levels of the protein?’.

Several factors associated with cancers affect the splicing process and can subsequently
increase translation of noncoding sequences. SF3B1, a protein that is a critical component of the
spliceosome, was found to be mutated in 15% of patients diagnosed with Chronic Lymphocytic
Leukemia (CLL)"2. Among patients with mutations in SF3B1, there are significant changes in
pre-mRNA splicing patterns’. A study focusing on cancers driven by the MYC oncogene
identified synthetic lethality between mutated MYC and BUD31, another core component of the
spliceosome®®. Mutations in the oncogene KRAS in human lung epithelial cells caused significant
differences in mRNA isoform expression compared to cells expressing wild-type KRAS3,
Another study focusing on myelodysplasia found frequent mutations in several genes involved in
3’ splice site recognition, leading to abnormalities in RNA splicing'’. Furthermore, induction of
the hypoxic stress response in tumor microenvironments inhibits the NMD RNA quality control
pathway and leads to further accumulation of aberrant mMRNAs®,

Interestingly, a number of studies have found that antigens specific to tumor cells are
primarily derived from translation occurring in noncoding sequences and that the detection of
these peptides is correlated with poor patient prognosis’’". Further, antigens derived from
noncoding sequences represent a potential source of cancer-specific targets for the development

of novel therapeutics’.
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1.3.3 Genetic diseases

Translation of noncoding regions due to the inheritance of genetic mutations has been
linked to many genetic disorders. A readthrough mutation in the REEP1 gene that causes an
aggregation-promoting C-terminal extension of the protein has been identified in Charcot-Marie-
Tooth disease, a condition affecting neurons in the peripheral nervous system®3. Malfunctioning
of the RAB39B gene has been shown to be involved in Autism Spectrum Disorder (ASD) and
Intellectual Disability (ID), and a nonstop mutation causing a 21 amino acid C-terminal
extension to RAB39B was recently identified in a family with a history of both ASD and severe
ID®. A homozygous nonstop mutation in the PDEGC gene found in a consanguineous family
affected by Cone-rod dystrophy (CORD) has been proposed to cause the disease phenotype™. A
nonstop mutation in the MITF gene implicated in causing type 2 Waardenburg syndrome (WS2)
extends the protein by 33 amino acids and results in both nuclear and cytoplasmic localization,
whereas the wild-type MITF is located exclusively in the nucleus®. Alterations to the
localization of MITF were shown to induce haploinsufficiency and result in the WS2
phenotype®. In addition to the examples listed above, disease-causing genetic mutations
resulting in C-terminal extensions have been identified in the genes CRYM, DBT, ITM2B,
SH2D1A, PAX6, MOCS2, CTSK, FKRP, RUNX2, IKBKG, PNPO, HBA2, SHOX, NHP2, and
FH L128,81—86_

Nonsense mutations convert sense codons to stop codons, resulting in the introduction of
a premature termination codon (PTC) in protein-coding sequences?®. Interestingly, such PTCs
tend to be read through by ribosomes more efficiently than native stop codons, with the
likelihood of readthrough influenced by factors such as the specific stop codon identity as well as

the sequence content surrounding the stop codon?®. Such mutations have been found to account
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for approximately 11% of all inherited human genetic diseases?®. Introducing a PTC in a gene
coding sequence often results in a decrease or complete loss of protein function, either through
destabilization of the mutated mRNA or expression of a truncated protein?. The large number of
genetic diseases caused by nonsense mutations makes them an attractive therapeutic target, and
some recent studies have investigated methods for rescuing proteins containing PTC?°. One
recent study investigated the use of aminoglycoside antibiotics to stimulate stop codon
readthrough, a potential mechanism for restoring full-length protein production from disease-
causing genes with PTC2®, Although the aminoglycoside drugs were effective at inducing
readthrough of PTC, they also caused a global increase in readthrough of native stop codons,
resulting in widespread translation of gene 3” UTRs?°. Potential drugs developed to induce
readthrough of PTC for genetic diseases will have to consider the effects of translation into the 3’

UTRs of off-target genes?®.

1.3.4 Neurodegenerative diseases

The accumulation of aberrant mMRNAS in the transcriptome is connected to various
neurodegenerative diseases primarily through disruptions in splicing!®292487-%4  Alzheimer’s
disease (AD) is a progressive neurodegenerative disorder in which the disease-causing
mechanism is believed to be the aggregation of a protein known as Tau, causing neuronal
death?. Interestingly, several components of the U1 snRNP, which plays a critical role in
splicing by binding to the 5’ exon-intron junction in pre-mRNA, have been found to aggregate
with Tau in AD?. The aggregation of U1 snRNP components with Tau disrupts splicing,
resulting in the accumulation of aberrant mMRNAs with retained introns and cryptic splice

junctions?.
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Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are related
neurodegenerative diseases caused by a dipeptide repeat in C90rf72%. The mutant C9orf72
protein has been shown to inhibit the NMD RNA quality control pathway by disrupting the RNA
helicase UPF12°. Disrupting this pathway allows aberrant mRNA to accumulate in ALS/FTD, a
known hallmark of the disease®®. Interestingly, restoring the function of UPF1 has been found to
protect against the neurotoxic effects of mutant C9orf72, suggesting that the malfunction of the
NMD pathway is a critical component of the disease pathology?®.

Many neurodegenerative diseases tend to begin or worsen with age, likely due to the
increasing levels of malfunction in various cellular processes associated with aging. The
progressively increasing dysfunction in cellular functions is likely to make cells more susceptible
to the disease-causing processes that underly neurodegenerative diseases. In one study that
utilized ribosome profiling, aging neurons were found to be actively translating the 3’ UTRs of
hundreds of different genes®. Translation of these 3° UTRs was further found to be correlated
with oxidative stress and resulted in the production of many peptides derived from 3> UTR

sequences of unknown function®.
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1.4 A lack of consensus on the cellular mechanisms of triage of proteins with
translated noncoding sequences

Studies investigating the cellular surveillance mechanisms involved in mitigating the
buildup of nonfunctional or toxic proteins resulting from the translation of noncoding sequences
have primarily focused on a small number of reporters of 3’ UTR translation?®=C, This section
will summarize the findings and methods of these studies relating to noncoding translation
mitigation.
1.4.1 Arribere et al. 2016

Arribere et al. utilized a paired reporter system and investigated reporter loss due to
translation of 3> UTRS. They selected nine genes in C. elegans designed to represent a variety of
cellular functions, where each gene was required to have an in-frame stop codon at least 30
amino acids from the native stop codon and also upstream of any known polyadenylation site. In
most of these nine cases, they found that there was at least a ten-fold reduction in the reporter
with the translated UTR as compared to the control reporter. They further found that
synonymous mutations in the UTR sequences did not rescue the reporter, as well as finding that
loss of the reporter required physical linkage between the reporter and the UTR amino acid
sequences. These results strongly suggested that loss of the reporter occurs at the protein level,
after or co-translationally, rather than due to some mechanism that functions prior to translation.

To exclude the possibility of these findings being the result of artifacts derived from the
use of reporter systems, the authors next identified a set of endogenous genes in C. elegans for
which readthrough translation could be studied. A group of five genes was identified with
prerequisites similar to the first nine genes tested but were also required to have an observable

phenotypic readout. Comparable losses of translated protein were observed in these endogenous
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cases in C. elegans. By comparing protein levels to RNA abundance and ribosome loading in one
of the genes tested (unc-54), it was concluded that loss of a readthrough protein does not require
a reduction in mRNA abundance or ribosomal load. Summarizing these observations, the authors
concluded that 3’ UTRs encode a signal detected at the amino acid level by cells that marks the
translated protein for degradation either during translation or post-translationally.

This study investigated whether readthrough into 3 UTRs also results in protein 1oss in
human cells. Using K562 cells and a dual-color reporter with UTR sequences from 13 human
genes, they found that in 9 cases, readthrough into the 3’ UTR resulted in between a 3 to 30-fold
reduction in the level of the readthrough protein.

The authors of this study hypothesized that targeted degradation of 3’ UTR readthrough
products might function as a buffering system in cells to mitigate toxicity induced by suppressor
tRNA or ribosomal frameshifting. While they did not identify a specific mechanism of protein
loss in readthrough products, they did importantly note a correlation between peptide

hydrophobicity and degradation in both C. elegans and human cells.

1.4.2 Kramarski et al. 2020

Kramarski et al. first used tRNA suppression utilizing N-tert-butyloxycarbonyl lysine to
suppress translation termination at amber stop codons (UAG) in HEK293T cells, finding
significant differences in levels of protein products detected via mass spectrometry. Following
this, they cloned the 3> UTRs of 13 human genes selected at random into a dual-color mCherry-
T2A-eGFP reporter with the UTR sequence inserted at the 3’ end of eGFP and upstream of the
stop codon. By comparing the ratio of mCherry to GFP by either fluorescence or immunoblot
intensity, they observed a range of effects on the level of reporter eGFP, with the weakest effect

causing about a 10% decrease in the mCherry/eGFP ratio, while more than half of 3> UTRs
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caused more than a 10-fold decrease. By shuffling the amino acids in some of these UTRs and
also adding fragments of coding sequence upstream to the UTR, and observing the effects on the
mCherry/eGFP ratio, this study concluded that depletion of terminally extended proteins does
not depend on the amino acid composition of the extension or any specific consensus
sequence(s).

The authors of this study next aimed to identify the cellular mechanism leading to the
loss of the readthrough proteins. Using MG-132 to suppress the proteasome in HEK293T cells
transfected with readthrough reporters, they noted a decrease in the level of eGFP rather than an
increase as would be expected if readthrough products were sent to the proteasome for
degradation. Interestingly, it has been noted in the literature that inhibition of the proteasome
may result in upregulation of the lysosomal machinery as a compensatory mechanism for
maintaining proteostasis®’. However, lysosomal inhibition with chloroquine did not result in an
increase in the cellular levels of eGFP in the soluble cell fraction. In light of neither proteasomal
nor lysosomal inhibition rescuing eGFP, the authors hypothesized that reporters with
readthrough extensions were not degraded but rather lost from the soluble fraction of the cell by
aggregation and accumulation in lysosomes. This hypothesis was supported by the results of
immunoblotting on soluble and insoluble cell fractions, in addition to confocal microscopy
showing the formation of punctae. They also found an association between the intrinsic disorder
of a terminal extension (lack of hydrophobicity) and its depletion in soluble cell fractions due to

an increased tendency to form aggregates.

1.4.3 Shibata et al. 2015
Shibata et al. investigated a readthrough mutation in the mouse cellular FLICE-like

apoptosis inhibitory protein (cFLIP-L), resulting in a terminally extended protein containing an
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additional 46 amino acids. It was observed that the terminally extended cFLIP-L protein contains
a degron in the terminal extension, which is targeted for degradation via the UPS and mediated
by the E3 ligase Trim21. It was observed that proteasomal inhibition with MG-132 caused
significant accumulation of the extended cFLIP-L protein when expressed in HeLa cells, and the
extended mutant was highly ubiquitinated compared to the wild-type protein. Importantly, they
found that mMRNA abundance of the readthrough mutant was not significantly reduced in mice
compared to the wild-type mRNA, suggesting loss of the protein post-translationally. Similar
mechanisms of proteasomal degradation were found to be responsible for terminally extended
protein variants of the human pyridoxamine 5-phosphate oxidase (PNPQO) and 3B-hydroxysteroid

dehydrogenase type 1l (HSD3B2) proteins.

1.4.4 Yordanova et al. 2018

Yordanova et al. first identified a significant peak in the 3° UTR of the human
adenosylmethionine decarboxylase 1 (AMD1) gene in ribosomal footprinting data 384
nucleotides downstream of the CDS stop codon. This peak suggested an unusual accumulation of
ribosomes in the 3 UTR of AMDI1. The authors identified a high degree of evolutionary
conservation of the 3° UTR sequence up to the proposed ribosomal peak and a similar peak in
ribosome profiling data from mouse, rat, frog, and fish samples. It was hypothesized that the
ribosomal peak in the 3 UTR of AMDI1 resulted from ribosomes that stochastically read through
the CDS stop codon and stall at a downstream ribosomal stalling sequence. While no extended
readthrough product was detected with immunoblotting of an HA-tagged AMD1, mutating the
native stop codon of AMD1 for 100% ribosomal readthrough led to a complete loss of protein.
Further, a 65-fold decrease in reporter intensity was noted when attaching the AMD1 3’ UTR to

a dual-luciferase system expressing both firefly and renilla luciferase from a single mRNA.
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Neither proteasomal inhibition with MG132 nor lysosomal inhibition with concanamycin A
resulted in the rescue of a GFP reporter with a terminal extension derived from the AMDI 3’
UTR. A model was proposed in which ribosomes that translate through the AMD1 stop codon
stall at a stalling sequence downstream within the 3 UTR. Successive instances of ribosomal
readthrough result in the formation of a ribosome queue that will eventually reach into the
coding sequence, inhibiting the translation of AMD1 from a given mRNA when a threshold of

readthrough events has occurred.

22



1.5 Thesis Objectives

The primary objectives of this dissertation are to uncover potentially unifying principles
that govern cellular mechanisms of surveillance and mitigation of noncoding translation and that
dictate the fate of the protein products of noncoding translation within the cell. Chapter 2 will
focus on a high-throughput screen that identified proteasomal degradation as the mechanism of
loss of a wide range of translated noncoding sequences from various contexts. This screen
further identifies C-terminal hydrophobicity as a key determinant of proteasomal degradation
among these sequences. Chapter 3 will focus on a genome-wide knockout screen with a reporter
of 3’ UTR translation that identified the BAG6 complex as the molecular detector of translated
noncoding sequences that targets them for proteasomal degradation. In Chapter 4, | explore the
potential evolutionary impacts of translation in noncoding sequences and propose a mechanism
through which novel membrane-bound proteins may evolve. Finally, considering the significant
and wide-ranging relationship between noncoding translation and human health, I aim to
encourage future investigation into noncoding translation mitigation that may lead to therapeutic

advances.
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Chapter 2: A high-throughput reporter assay identifies proteasomal
degradation and C-terminal hydrophobicity in noncoding

translation mitigation

The work in this chapter is adapted in part from the following preprint:
Kesner, Jordan S. Chen, Ziheng. Aparicio, Alexis A. Wu, Xuebing. A unified model for the
surveillance of translation in diverse noncoding sequences. Available at bioRxiv:

https://www.biorxiv.org/content/10.1101/2022.07.20.500724v1

2.1 Introduction

There is currently no consensus on the fate of proteins resulting from translation in
diverse classes of noncoding sequences encompassing 5° UTRs, 3’ UTRs, introns, and IncRNAs.
Although several studies have investigated these questions, conclusions drawn from the results
of these studies are limited in that they are based only on translation of 3 UTR sequences from a
small number of genes?®31333 The alternative models proposed by these studies suggested that
translation in 3° UTR sequences can result in targeting the translated peptide to the proteasome,
aggregation and accumulation of the protein in lysosomes, or translational arrest induced by
ribosome stalling and subsequent formation of a ribosome queue. In this chapter, 1 will discuss
the results of a series of experiments that take advantage of a high-throughput reporter assay
allowing us to study translation in thousands of unique noncoding sequences representing 5’
UTRs, 3’ UTRs, introns, and INCRNAs. The basis of the ability of this reporter assay to simulate

translation in diverse noncoding sequences relies on a feature that is shared among all the noted
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types of noncoding sequences: translation results in a protein with a C-terminal region encoded

by a noncoding sequence.
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2.2 Results

Although translation in different types of noncoding sequences occurs via unique
mechanisms, one shared feature is that translation of noncoding sequences will result in the C-
terminal tail of the resulting protein being derived from a noncoding sequence (Figure 2.1A).
We therefore reasoned that translation of a diverse set of noncoding sequences could be
investigated through a reporter system that appended a given noncoding sequence to the C-
terminal end of a reporter protein. For the purposes of our study, we chose to utilize a dual color
reporter system to investigate noncoding translation (Figure 2.1B). This reporter contains
mCherry and EGFP on the same transcript, separated by a self-cleaving T2A sequence, and to
which a given sequence of interest is appended to the end of EGFP. A stop codon is present
either at the C-terminus of EGFP (control reporter) or the end of the appended sequence
(experimental reporter). Both mCherry and EGFP will be translated from the same mRNA in this
reporter system, while the T2A sequence separates the proteins during synthesis allowing
mCherry and EGFP to separate physically. This system has several advantages, including
allowing for the investigation of EGFP (reporter) abundance in single cells while also allowing
for the normalization of transfection efficiency and total expression levels in individual cells
(mCherry). By calculating a ratio of EGFP/mCherry in individual cells in a population and then
comparing the ratios between the control reporter and the experimental, one can accurately
estimate the post-translational loss of a given reporter due to the addition of a C-terminal tail
derived from a noncoding sequence.

We first set out to validate the proper functioning of this reporter system before adapting
it for a high-throughput screen. We choose three reporters derived from three human genes,

HSP90B1, ACTB, and GAPDH, which have previously been used to model 3> UTR readthrough
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translation, translation of an intronic polyadenylation product, and an intronic retention product,
respectively®%, The noncoding sequence from these three genes was cloned into the dual-color
reporter at the C-terminus of EGFP, and the ratio of EGFP/mCherry was calculated for each
(Figure 2.2A). By comparing to control for each reporter, we found a 9.5-fold decrease in
EGFP/mCherry for the HSP90BL reporter, an 18.1-fold decrease for the ACTB reporter, and a
4.2-fold decrease for the GAPDH reporter. These results were consistent with previously
published findings and confirmed the proper functioning of the dual-color reporter system for
downstream experiments (Figure 2.2B).

Given that previous studies have suggested that degradation of readthrough polypeptides
occurs by either the proteasome?’? or the lysosome3?, we treated cells expressing the ACTB
intron reporter with either the proteasome inhibitor lactacystin or the lysosome inhibitor
chloroquine. While lysosome inhibition had a minimal effect, proteasome inhibition almost
completely rescued the loss of EGFP caused by translation of the ACTB intron (1.4-fold loss of
EGFP/mCherry ratio relative to control), suggesting the ACTB intron-coded peptide is primarily
degraded by the proteasome (Figure 2.2C).

We next asked what could be learned about the peculiarities of noncoding translation by
employing a high-throughput, systems-based assay to test thousands of translated noncoding
sequences at once. To this end, we synthesized a library on the dual-color backbone containing
12,000 unigue 90-nucleotide sequences appended to the EGFP tail (Figure 2.3A). Three
thousand of these sequences are derived from coding sequences (2000 internal, 2000 terminal),
which serve as a type of control in the library. The remaining 9000 sequences are derived from a
variety of noncoding regions, including 5000 intronic sequences, 2000 3” UTR sequences, 1000

5’ UTR sequences, and 1000 IncRNA sequences. We similarly synthesized a separate library
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containing approximately 500,000 random 39 nucleotide sequences appended to the tail of EGFP
in the dual-color reporter (Figure 2.3A).

To determine if many of these sequences would result in loss of EGFP upon translation,
we set up a high-throughput screen with flow cytometry as a readout. Both libraries were
transduced into HEK293T cells at a low MOI such that any individual cell had only one reporter.
In each case, a significant decrease in EGFP signal is seen while mCherry remains relatively
stable in a high percentage of the cellular population when assayed via flow cytometry (Figure
2.3B and 2.3C). These results suggest that EGFP loss due to the addition of a tail of up to 30
amino acids derived from either random or noncoding sequences is likely to result in protein loss
for many sequences without a significant change in mMRNA abundance.

As described above, there is a lack of consensus on what endpoint mechanism is
responsible for the eventual degradation or loss of proteins containing translated noncoding
sequences. We therefore tried to determine if proteasomal or lysosomal degradation was
responsible for the significant loss of EGFP observed in our high-throughput screen. To this end,
we performed proteasomal and lysosomal inhibition with several different drugs in a population
of cells expressing our Pep30 noncoding library. Inhibition of the lysosome had little to no effect
on rescuing the EGFP/mCherry ratio in this population. In contrast, proteasomal inhibition
resulted in a significant rescue of the lost EGFP (Figure 2.3D). These results suggest that for a
large percentage of the noncoding translation reporters, the endpoint of protein loss is at the
proteasome, and very few are degraded in the lysosome.

Having identified that many of these reporters undergo protein loss in the proteasome, we
next set out to determine if we could identify characteristics of the amino acid sequence in the

individual reporters that could be correlated to their loss. We again transduced the Pep30 library

28



into HEK293T cells at a low MOI such that any given cell expressed only a single reporter and
used FACS to separate the cells into an EGFP high and EGFP low population (Figure 2.4A).
The 90-nucleotide tails were isolated and sequenced from these two populations. We then
compared the abundance of each tail across the EGFP high and EGFP low populations to assign
a degradation score to each reporter based on how likely it was to end up in the EGFP high or
EGFP low bin. Tails that are highly degraded by the cell will show a higher abundance in the
EGFP low bin population and vice versa. We assign a degradation score for each reporter, which
is calculated as the log2 ratio of the abundance of the tail in the EGFP low bin over the EGFP
high bin (Figure 2.4A). A higher degradation score thus indicates that a given reporter is more
likely to be degraded in the cells, while a lower degradation score indicates that the reporter is
more stable.

Several interesting results were found from this analysis. We first compared the
distribution of degradation scores based on the length of the tails in the reporter library (Figure
2.4B). Within the library, approximately 4000 of the unique reporters will result in translation of
the full 30 amino acids encoded by the 90-nucleotide sequence. The remaining sequences all
contain in-frame stop codons at some position within the sequence. When looking at the
relationship between the length of a given reporter tail and its level of degradation, it appears that
there is a minimum length before which the appended amino acid chain can cause degradation of
the reporter. Reporters that terminate before ~13 amino acids when added to the EGFP reporter
generally have very low levels of degradation, indicating that peptides of this short length do not
significantly change the behavior of the protein as a whole, at least in terms of targeted
degradation by the cell. Additionally, beyond this minimum tail length of about 13 amino acids,

there is no strong relationship between tail length and degradation. In other words, a tail of more

29



than 13 amino acids appears just as likely to result in protein degradation, whether it is 13 amino
acids long or the full 30 amino acids.

An interesting pattern also emerged in relation to the class of sequence attached to the
reporter (i.e., intron, 3’ UTR, 5° UTR, CDS, etc.). Looking at each group of reporters
individually, we found that terminal coding sequences had by far the lowest degradation scores,
indicating that these sequences are unusually stable (Figure 2.4C). This is in line with the idea
that the C-terminus of functional proteins is under selection to avoid sequences that will be
targeted for degradation®. Proteins not under this type of selection are likely to be targeted for
degradation by their C-terminal ends, and many C-terminal degrons that mark proteins for
degradation are well documented®®. Alternatively, proteins which are required to be short lived
may select for such degrons in their C-terminal tails®. Among sequences with positive
degradation scores, sequences derived from introns had the highest average degradation, while
those derived from 5° UTRs had the lowest average degradation. Sequences derived from
internal CDS, 3° UTRs, and IncRNAs had similar levels of degradation. Interestingly,
frameshifted CDS-derived sequences had the second highest levels of degradation among the
different categories.

To further understand the characteristics of noncoding sequences that trigger degradation,
we next looked at the full-length reporters (4726 reporters with a tail length of 30 amino acids,
no in-frame stop codon) and calculated a correlation between degradation and a spectrum of
predicted properties of the amino acid tail (Figure 2.5A). The properties examined include
average hydrophobicity, hydrophobic moment, transmembrane potential, molecular weight, net
charge, mass to charge ratio, ¢ degron prediction, instability, intrinsic disorder, coil, alpha helix,

beta sheet, interaction potential, and counts of aliphatic, aromatic, basic, charged, small, acidic,
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and polar amino acids. Among physicochemical properties, the average hydrophobicity of the
tail had the strongest correlation with degradation, showing a spearman correlation of
approximately 0.67. Transmembrane potential also showed a moderate correlation of
approximately 0.3. Prediction of C-end degrons only showed a weak correlation of about 0.2,
indicating that degrons are not primarily responsible for the loss of the reporters. Interestingly,
intrinsic disorder showed a strong negative correlation of about -0.65 with degradation, likely
explained by its anti-correlation to hydrophobicity. A plot of all the full-length reporters showing
degradation on the y-axis and average hydrophobicity of the tail on the x-axis illustrates the
strong correlation between hydrophobicity and degradation on a reporter-by-reporter basis
(Figure 2.5B).

To uncover the exact nature of the degradation signal, we examined the amino acid
composition and various physicochemical and structural properties of the tail peptides. Using the
kpLogo tool for position-specific sequence analysis®’, we performed a Student’s t-test for every
amino acid at every position in the 30-aa tail to test if the presence of a given amino acid at a
particular position is associated with stronger degradation (Figure 2.5C). Strikingly, we found
that almost all hydrophobic residues are associated with increased degradation at most positions
in the 30-aa tail. The only exception is alanine (A), the least hydrophobic of the nine
hydrophobic residues, and is only associated with degradation at the last two positions,
consistent with its function as a C-terminal end degron that is recognized by Cullin-RING E3
ubiquitin ligases®®°8. We also confirmed two other C-degrons, arginine (R) at the third to last
position and glycine (G) at the last position. However, a 30-variable regression model using
A/G/R residues in the last ten positions is only weakly predictive of degradation (Spearman

correlation coefficient, Rs = 0.22).
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2.3 Discussion

The noncoding sequences that can be translated are heterogeneous at three levels: they
are located differently relative to annotated coding regions (i.e., IncRNAs, 5° UTRs, 3’ UTRs,
and introns of MRNAS); they are translated when different quality control mechanisms fail (e.g.,
mis-splicing, mis-polyadenylation, and stop codon readthrough), and they are very diverse in
terms of their primary nucleotide sequence and therefore codon usage and RNA structures.
Although several studies have investigated noncoding translation in 3’ UTRs, it remains unclear
whether a common mechanism is used for the surveillance of unintended translation in such
heterogeneous sequences.

The results presented in this chapter highlight and take advantage of a positional feature
shared in noncoding translation regardless of the origin of the underlying sequence: the C-
terminal region of peptides resulting from noncoding translation is encoded by noncoding
sequences. This unifying feature was utilized in our high-throughput assay to probe features of
noncoding translation surveillance that are common to translation in all the noted classes of
noncoding sequence. In doing so, we identified several key shared aspects of translation in
diverse noncoding sequences; translation of the noncoding sequence often leads to protein loss,
noncoding protein loss is achieved through proteasomal degradation, and loss of the noncoding

protein is significantly correlated to C-terminal hydrophobicity.
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2.4 Figures

Figure 2.1: A reporter system for investigating diverse classes of noncoding

translation
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(A) Schematic showing the mechanism of translation in various types of noncoding regions. All
forms of noncoding translation shown here result in the C-terminal region of the synthesized
peptide being derived from noncoding sequences. (B) Diagram of the dual-color reporter used to
study noncoding translation. 2A is a self-cleaving peptide sequence that uncouples the mCherry
and EGFP fluorescent reporters during translation. Pep represents the C-terminal addition to the
EGFP reporter comprised of noncoding sequence. The control and reporter versions differ only
in the placement of the stop codon, which is at the C-terminal end of EGFP in the control and at
the C-terminal end of the noncoding sequence in the reporter.
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Figure 2.2: Validating the function of the dual-color reporter using previously studied
translated noncoding sequences
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(A) Diagram of three genes known to undergo different types of noncoding translation.
Translated noncoding sequences originating from 3’ UTR readthrough in HSP90BI1, intronic
polyadenylation in ACTB, and intron retention in GAPDG were cloned into the dual color
reporter. (B) Reporter and control variants of the dual-color reporter containing noncoding
sequences from the three genes in (A) were transfected into HEK293T cells and analyzed with
flow cytometry. By calculating the EGFP/mCherry for each reporter, we can observe a
significant loss in EGFP levels when each noncoding sequence is translated, ranging from a 4.2
to 18.1-fold difference compared to control. The numbers indicate the median fold loss of
EGFP/mCherry relative to control. (C) EGFP/mCherry ratio for cells transfected with either the
control or the ACTB intron reporter, alone or with simultaneous treatment of either proteasome
inhibitor (lactacystin) or lysosome inhibitor (chloroquine). The numbers indicate the median fold
loss of EGFP/mCherry relative to control.
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Figure 2.3: A high-throughput screen reveals drastic loss of protein due to translation
of diverse noncoding sequences
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(A) The dual-color reporter was used to generate two reporter libraries of noncoding translation.
The Pep30 library comprises 12,000 unigue sequences, including randomly selected sequences
from 9000 noncoding and 3000 coding regions in the human transcriptome (30 aa). The Pep13
library comprises approximately 500,000 randomly generated sequences (13 aa). (B) The Pep30
library or a control reporter was transfected into HEK293T cells and analyzed with flow
cytometry. (C) The Pepl3 library or a control reporter was transfected into HEK293T cells and
analyzed with flow cytometry. (D) The Pep30 library or a control reporter was transfected into
HEK?293T cells and treated with either a proteasome inhibitor (Lactacystin) or a lysosome
inhibitor (Chloroquine).
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Figure 2.4: Analysis of sequence enrichment in high and low EGFP cell populations
carrying the Pep30 library
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(A) Pep30 stable cells were sorted into high and low EGFP bins and the tail sequences (DNA)
were cloned and sequenced. The degradation score for each sequence is calculated as the log2
ratio of read counts in EGFP-low vs. EGFP-high bin. (B) Violin plots of degradation score for
tails of varying lengths. (C) Violin plots comparing degradation of 30-aa tails encoded by
various types of sequences.
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Figure 2.5: Analysis of sequence properties associated with degradation from the
Pep30 library
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(A) Spearman correlation coefficient (light bar) between various properties of the tail peptides
and degradation. Dark bar: partial correlation conditioned on average hydrophobicity. (B) A
hydrophobicity-vs-degradation scatter plot for tails of 30-aa length. (C) A heatmap visualizing
the association (Student’s t-test statistics capped at 5.0) between degradation and the presence of
each amino acid at every position in the Pep30 library. Amino acids (rows) are sorted by
hydrophobicity (Miyazawa scale)
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2.5 Methods
Plasmids

HSP90B1, ACTB, GAPDH, and SMAD4 reporters: the 3° UTR of HSP90B1, intron 3 of
ACTB, the last intron of GAPDH, and the 3 UTR of SMAD4 were PCR-amplified from the
genomic DNA of HEK293T cells with primers listed in Table S3. The PCR products were then
either digested with Notl and Sbfl (GAPDH and SMADA4) or Nsil-HF/PspOMI (ACTB and
HSP90B1), which generate the same overhangs. The inserts were then ligated with Notl/Sbfl-
digested pJA291 (Addgene #74487) (Arribere et al., 2016)
AMDL1 reporters

The AMD1 readthrough reporter (Fig. 4A) was generated by inserting genomic DNA-
amplified fragment into pJA291 using Notl/Sbfl sites. Overlap extension PCR (OEP) cloning
was used to insert a P2A sequence between EGFP and the translated AMD1 3” UTR in the
readthrough reporter (Fig. 4B). Systematic deletion of individual or combinations of
hydrophobic regions from the readthrough reporter were done using NEB Q5 Site-Directed
Mutagenesis (SDM) Kit (#E0554) (Fig. 4C and Fig. S4). The AMD roadblock reporter (Fig.
4F) was generated using OEP cloning. OEP cloning was again used to delete the putative
ribosome pausing signal from the roadblock reporter (Fig. 4G), or replace the AMD1 sequence
with a poly(A) sequence (Fig. 4E). Deletion of the ribosome stalling signal from the readthrough
reporter was also generated by OEP cloning (Fig. 4D). All primers used were listed in Table S3.
All plasmids were transformed into NEB Stable Competent E. coli (C3040) according to the
manufacturer’s protocol. Positive clones were confirmed via sanger sequencing.

Cell culture

39



HEK293T cells used in this study were purchased from ATCC. Cells were cultured in
DMEM with 4.5 g/L D-Glucose supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin was added except when producing lentivirus. Low passage number cells
were used and maintained under 90% visual confluency. Cells were maintained at 5% CO2 and
37 °C. HEK293T cells used in this study were confirmed to be negative for Mycoplasma
Contamination and routinely tested using the MycoAlertTM Mycoplasma Detection Kit (Lonza,
LTO7-418). For experiments involving the SMAD4 gene, clonal cell lines harboring SMAD4
readthrough mutations as well as the parental HEK293T cells were obtained as a generous gift
from Dr. Sven Diederichs. Transfection of plasmids was done using Lipofectamine 2000 or
Lipofectamine 3000 according to the manufacturer’s instructions. Flow cytometry analyses of
transfected cells were typically performed 24 or 48 hours after.

Lentivirus and stable cell line generation

For generating lentivirus, 750,000 HEK293T cells were seeded in 6-well plates with
DMEM supplemented with 10% FBS. After 24 hours, the cells were transfected with the second-
generation lentiviral packaging plasmids and the lentiviral plasmid of interest using
Lipofectamine 3000. The virus-containing media was collected 48 and 72 hours after
transfection, combined, clarified by centrifugation at 500 RCF for 5 minutes, and then passed
through a 45 uM PVDF filter. The purified virus was stored at 4°C for short-term use or
aliquoted and frozen at -80°C. For the generation of stable cell lines, HEK293T cells were
reverse transduced in 6-well plates in media with 10 pg/mL polybrene using purified virus such
that <30% of the cells are transduced. Twenty-four hours after transduction, the virus-containing
media is removed, and fresh media is added. After another 24 hours, the cells are collected, and

transduction efficiency is confirmed via flow cytometry. Transduced cells are then selected with
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puromycin at 2 ug/mL for 48 hours or via flow cytometry to generate a stable cell line for
downstream analysis.
Flow cytometry analysis

Cells were collected and resuspended in 1-4 mL of fresh media and passed through a 35
uM mesh cell strainer immediately prior to flow cytometry. Flow cytometry was performed on
either a Bio-Rad ZE5 or NovoCyte Quanteon analyzer. Gating of samples and export of data for
downstream analysis was done using the FCS Express software.
Massively parallel reporter assays in HEK293T cells

For the Pep30 library, a pool of 12,000 oligos were synthesized by Twist Bioscience,
each containing a 90-nt variable sequence flanked by a 15-nt constant sequence on each side.
The left constant sequence TACTGCGGCCGCTAC carries a Notl site, whereas the right
constant sequence TGACTAGCTGACCTG contains stop codons in all three reading frames,
followed by a Sbfl site (extended into the vector backbone) for cloning. The variable sequences
were picked from a set of randomly selected INcCRNAs (Hezroni et al., 2015), as well as the
following regions in coding mMRNAs (RefSeq): the 5' end of coding exons, introns, 3' UTRs, 5'
UTR ORFs, and the 3' end of the last coding exon. Regions annotated to multiple classes or
overlapping with each other on either strand were discarded. For introns and 3’ UTRs, the first
90 nt was used. For IncRNAs and 5’ UTRs, the first AUG was identified, and the next 90 nt were
used. For the C-termini of CDS, the last 90nt of the ORF (excluding the stop codon) were used.
For internal CDS, the first 90 nt were used, with about one-third being in-frame with the EGFP
ORF. The oligo pool was PCR-amplified and then cloned into pJA291 using the Notl/Sbfl sites
and primers listed in Table S3. The Pepl3 library was cloned into pJA291 using NEB Q5 Site-

Directed Mutagenesis Kit (#E0554). The Pep30 and Pep13 libraries were then used to generate
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stable cell libraries using lentiviral transduction such that each cell was integrated with at most
one virus. Cells were then sorted into EGFP-high (top 20%) or EGFP-low (bottom 20%) bins,
and the variable regions of the reporter were then cloned and sequenced.
Correlation between mitigation and physiochemical and structural properties of tail
peptides

Secondary structures of each peptide were predicted using S4PRED (Moffat and Jones,
2021), which outputs a vector indicating whether each residue is in an a-helix, B-sheet, or coil.
The number of residues in each of the secondary structure motifs in a peptide is used to calculate
the correlation with mitigation. Protein intrinsic disorder was calculated using the program
IUPred3, specially for short disorder analysis without smoothing. The disorder score for each
residue in a peptide is added together, and the total disorder score is used to calculate the
correlation with mitigation. All other properties were calculated using the following functions in
the R package Peptides (Osorio et al., 2015): Average _hydrophobicity: hydrophobicity using the
Miyazawa scale (Miyazawa and Jernigan, 1985) unless otherwise noted. Hydrophobic_moment:
hmoment , Amino acid composition(*.AA.count): aacomp, Mass-to-charge ratio: mz,
Molecular_weight: mw, Net charge: charge, Interaction_potential: boman, Instability index:

instalndex, and Transmembrane_potential: membpos.
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Chapter 3: Systems-based approaches identify the BAG6 membrane
protein triage complex in widespread surveillance of noncoding

peptides

The work in this chapter is adapted in part from the following preprint:
Kesner, Jordan S. Chen, Ziheng. Aparicio, Alexis A. Wu, Xuebing. A unified model for the
surveillance of translation in diverse noncoding sequences. Available at bioRxiv:

https://www.biorxiv.org/content/10.1101/2022.07.20.500724v1

3.1 Introduction

Following the findings outlined in Chapter 2, we next sought to apply further systematic
approaches to identify the molecular pathways that actuate the targeting of noncoding proteins
for proteasomal degradation. The gene AMDL1 experiences a high level of stochastic readthrough
compared to most genes in the human genome, occurring at a rate of approximately 1.6%*. A
previous study investigating the outcome of this readthrough had found that a ribosome queue
will form due to a stalling sequence in the downstream 3° UTR, which will eventually result in
translational arrest due to a physical blockage of the transcript from the queued ribosomes®*. This
study concluded that this is a conserved mechanism that limits the amount of AMD1 proteins
that can be translated from a given AMD1 transcript and that loss of AMD1 production is due to
this translational arrest. The basis of this study was the observation of a signal peak in the
purported ribosome stalling sequence in the AMD1 3’ UTR in ribosome profiling data combined

with conservation of the 3° UTR sequence. However, no ribosome profiling signal is seen in the
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3’ UTR tail itself, as would be expected of regions that are actively translated comparably to a
coding sequence.

For these purposes, we chose to focus on AMD1 3’ UTR translation as a reporter of
noncoding translation. Several factors make AMD1 an attractive choice as a model of noncoding
translation, including its high rate of stochastic endogenous readthrough, as well as uncertainty

in the literature as to the consequences of translating the AMD1 3’ UTR?%%,
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3.2 Results

To test the idea that a ribosome queue forms in the tail of AMD1, we cloned the full-
length AMDI1 3’ UTR into our dual color reporter (Figure 3.2A). As expected, when transfected
into HEK293T cells, we found that the control reporter had a 19.4-fold higher ratio of
EGFP/mCherry than the readthrough reporter, confirming that translation of the AMD1 3 UTR
was indeed leading to loss of EGFP (Figure 3.1A). Interestingly, however, treatment of this
reporter with the proteasome inhibitor MG-132 resulted in a strong rescue, lowering the fold
difference in the ratio to 1.9 (Figure 3.1A). This result strongly suggests that the translation of
the AMDL tail results in protein loss through a proteasome-dependent mechanism and not a
stalling mechanism, as suggested previously.

We performed a series of follow-up experiments to confirm that ribosome stalling was
not the likely mechanism of protein loss in the case of AMD1 3’ UTR translation. We first
inserted a 2A sequence in the AMDL1 reporter between EGFP and the AMD1 tail, uncoupling
these two sequences at the protein level (Figure 3.1B). In the case that a ribosome queue was
forming, translation of this reporter should still result in a significant loss in EGFP similar to the
parental reporter, as the ribosome queue will not be lost due to the presence of the 2A sequence
on the mRNA. Alternatively, if it is the translated peptide sequence itself that causes protein loss,
this reporter should show a large rescue as the AMDA1 tail peptide will be physically separated
from the EGFP protein during translation. Indeed, we find that a large rescue is achieved, even
greater than in the case of proteasome inhibition, when the AMD1 tail and EGFP are separated
by the 2A self-cleaving sequence, with the ratio now at only 1.2-fold higher EGFP/mCherry in

the control compared to experimental reporter (Figure 3.1B).
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We also noticed five regions of high localized hydrophobicity in the translated AMD1
tail (Figure 3.2A). In accordance with our previous findings in Chapter 2 that C-terminal
hydrophobicity plays a role in the loss of translated noncoding sequences, we next generated a
series of deletion mutants in these hydrophobic regions. While we found that deletion of any
individual hydrophobic region did not result in a large rescue (Figure 3.2B), deletion of the last
three hydrophobic regions did result in a rescue, reducing the ratio difference to 2.1 (Figure
3.1C). These results further suggest that similarly to the reporters in our original high-throughput
screen, C-terminal hydrophobicity in the translated AMDL1 tail plays a role in its loss.

Several other experiments with modified AMDZ1 reporters strongly argue against the
model of loss due to the formation of a ribosome queue. Deletion of the purported stalling signal
downstream in the AMD1 3’ UTR did not result in any rescue of the EGFP/mCherry ratio and, in
fact, resulted in a larger difference of 21.3 (Figure 3.1D). Insertion of a poly(A) roadblock
sequence between two 2A sequences in between mCherry and EGFP resulted in a massive ratio
difference of 136.3, rescued by MG-132 treatment to 50.3 (Figure 3.1E). However, when the
poly(A) sequence is replaced with the full-length AMDL1 tail sequence, this ratio is found to be
2.3, suggesting that the AMD1 sequence does not induce ribosome stalling in a similar
mechanism to a poly(A) roadblock sequence (Figure 3.1F). Deletion of the purported ribosome
pausing sequence in the AMDL tail in the previous reporter results only in a minimal change to
the ratio, from 2.3 to 2 (Figure 3.1G), suggesting there is little to no effect on translation due to
this signal, which was proposed to be critical for the formation of a ribosome queue in the
previously proposed model.

To investigate the potential cellular mechanisms by which the translated AMD1 tail is

recognized and targeted by the cell for degradation, we performed a genome-wide CRISPR-Cas9
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based knockout screen®®. We first generated a stable cell line from HEK293T cells which carried
the dual-color reporter with the full-length AMD1 3’ UTR at a single copy per cell by lentiviral
transduction at a low MOI (Figure 3.3A). This population of cells was then transduced with a
second lentiviral library expressing Cas9 and a library of guides with ten unique guides targeting
each gene in the human genome, also at a low MOI such that each cell received only one unique
guide®. The population of cells carrying the reporter and Cas9 plus guides was then sorted with
flow cytometry and separated into a low EGFP and high EGFP population while normalizing to
the levels of mCherry. Cells in the high EGFP population have a ratio of mCherry to EGFP
closer to 1, indicating rescue of the EGFP-AMD1 tail protein loss, and cells in the low EGFP
population have a low mCherry/EGFP ratio, indicating high levels of loss of the EGFP-AMD1
reporter. Genomic DNA was then isolated from these two populations, and the guide sequences
were determined by sequencing. Enrichment of the guides across the two populations indicative
of rescue or further loss of the reporter was then determined using the MAGeCK package!®.
Several interesting results were found from the guide enrichments (Figure 3.3B).

Of the top 20 guide hits (FDR <0.01, enriched in high EGFP), 17 are distinct proteasomal
components. These results further support the model of proteasomal degradation for the EGFP-
AMDL1 reporter. Interestingly, the remaining 3 top hits with FDR < 0.01, BAG6(BAT3),
TRC35(GET4), and RNF126, are all key components of the highly conserved BAG6 pathway for
membrane protein triage in the cytosol (Figure 3.3C). The BAG6 pathway is embedded as a
quality control module in the Transmembrane domain Recognition Complex (TRC) pathway,
also called Guided Entry of Tail-anchored proteins (GET) pathway, for the triage of tail-
anchored (TA) proteins. Similar to noncoding translation products, TA proteins have a

hydrophobic C-terminal tail that functions as a transmembrane domain (TMD) while also serving
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as the membrane targeting signal. Unlike most membrane proteins with an N-terminal signal
peptide mediating co-translational targeting to membranes, TA proteins can only be targeted
post-translationally, after the C-terminal targeting signal has emerged from the ribosome exit
tunnel. Immediately after being released from the ribosome, TA proteins are captured by the
ribosome-associated co-chaperone SGTA, which binds and shields the hydrophobic TMD in
nascent TA proteins!®-1% SGTA then delivers the substrate to the BAG6-UGL4A-TRC35
heterotrimeric complex by binding to UBL4A"1% Authentic TA proteins will be transferred
directly from SGTA to TRCA40, which is associated with the trimeric complex via TRC35, and
are committed to membrane targeting. Defective TA proteins, however, will be released from
SGTA and re-captured by BAG6, which recruits the E3 ubiquitin ligase RNF126 that catalyzes
the ubiquitination of the substrate, committing it to proteasomal degradation!®®!'°, The BAG6
pathway also mediates the degradation of misfolded ER proteins extracted to the cytosol by
p97/VCP in the ER-associated degradation (ERAD) pathway%8,

To validate the results of the screen, we firsts set out to generate a series of knockout cell
lines in the top genes of interest enriched in the high EGFP population in HEK293T cells. We
decided to include in our validation knockout clones of SGTA and UBL4A, as we suspected they
may play a role in this process and could potentially be false negatives in the screen due to poor
guide performance. We chose the top 2 performing guide sequences for each of these genes from
the CRISPR screen and cloned the guide sequences into a Cas9 and guide expressing lentiviral
vector, which was then transfected into HEK293T cells. This population of cells was selected
with puromycin, individual clones were sorted into 96-well plates, and those clones were then
allowed to grow out to obtain a suitable population number for genomic DNA extraction.

Individual clones were initially screened by Sanger sequencing and the ICE CRISPR analysis
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tool was used to detect clones with compound heterozygous frameshift mutations, which should
yield a complete knockout of the target protein. After identifying several clones that appeared to
be complete knockouts by sanger sequencing, western blots were performed with wild-type
HEK293T cells as a control against each of the five proteins of interest to validate the full loss of
the target protein in each of our selected clones (Figure 3.4A).

With our knockout clones validated, we next set out to validate the results of the screen
both in terms of our positive hits (BAG6, TRC35, RNF126) and our suspected false-negative hits
(SGTA and UBL4A). To do this, we transfected the control AMD1 and readthrough AMD1
reporter into each of our five knockout clones and the parental wild-type HEK293T control. We
then calculated the fold difference in the EGFP/mCherry ratio via flow cytometry (Figure 3.4B).
As expected, in the wild-type control, there was a 16.2-fold difference in the ratio of
EGFP/mCherry, indicating a significant loss of the EGFP-AMDL1 protein due to translation of the
AMDL1 tail. Among our top three positive screen hits, all resulted in a strong rescue of
EGFP/mCherry, with TRC35 at 4.3, BAG6 at 3.5, and RNF126 at 2.9. It is interesting that
knockout of these proteins does not result in a complete rescue, which is likely indicative that
there is a compensatory pathway activated in the absence of BAG6 functionality or that there is
cooperation in targeting the AMDL1 tail from another quality control pathway even under normal
conditions. However, as proteasome inhibition does result in a nearly complete rescue (19.4 to
1.9), we do not believe that lack of complete rescue in the knockout of the BAG6 pathway
indicates there is a non-proteasomal based mechanism making a significant contribution to the
loss of the EGFP-AMDL reporter. Interestingly, we found a moderate rescue in both the SGTA
and UBL4A knockout clones, at ratios of 5.1 and 7,8, respectively. In light of these results, these

genes were likely false negatives from the CRISPR screen due either to their relatively weaker
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effect than knockout of the other three BAG6 complex genes or due simply to the peculiarities of
the individual guides used in the screen to target these two genes. It is also plausible that protein
half-life may have played a role, as the screen was performed over a shorter time span than the
outgrowth and validation of the clonal knockout lines.

In the TRC/GET pathway, BAG6 captures substrates by directly binding to their C-
terminal hydrophobic transmembrane domains. We therefore performed a co-
immunoprecipitation involving a pulldown using an antibody specific to EGFP and subsequently
performed a western blot with an antibody specific to BAG6 (Figure 3.5A and 3.5B). In this
experiment, we included both the readthrough reporter with the full-length AMDL1 tail appended
to EGFP, as well as the deletion mutant, which removes the final three identified hydrophobic
regions within the tail that was previously shown to result in a strong rescue of the reporter. Both
reporters were transfected into wild-type HEK293T cells prior to the pulldown. As expected,
BAGG is strongly detected in the population expressing the full-length AMDL tail and is barely
detectable with the hydrophobic region deletion mutant (Figure 3.5B). These results demonstrate
physical interaction between BAG6 and the AMDL tail and further demonstrate that this
interaction largely depends on the presence of the highly hydrophobic regions within the
translated AMDL tail.

Although demonstrating that BAG6 and its associated proteins play a key role in
detecting and targeting the translated AMD1 tail for proteasomal degradation, the results of our
experiments discussed thus far do not reveal the scope of this surveillance activity by the BAG6
complex. We therefore next set out to determine if the BAG6 complex was responsible for the
targeting of translated noncoding sequences on a larger scale. We first focused our attention on

the well-known tumor suppressor gene SMAD4. A recent study identified a series of recurring
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mutations in the native SMADA4 stop codon by analyzing patient data derived from the COSMIC
database?’. These nonstop mutations result in translational readthrough of the SMAD4 stop
codon into the 3> UTR, extending the SMAD4 protein by 40 amino acids?’. The study
demonstrated that this extended form of SMAD4 almost completely degraded in the cell, that
this degradation is proteasome-dependent, and that a ten amino acid long hydrophobic degron is
necessary for the degradation of the SMAD4 mutant protein?’. The SMAD4 readthrough mutant
thus shares the three critical characteristics identified in our studies of the AMD1 readthrough
mutant for targeting by BAG6 for degradation. As such, we first generated a reporter construct
using the same dual-color parental vector that expressed the SMAD4 3° UTR tail appended to
EGFP (Figure 3.6B). When transfected into wild-type HEK293T cells, there is a 20.5-fold
difference in the EGFP/mCherry ratio between the stop control and readthrough reporter,
indicating a significant loss of the reporter due to translation of the SMAD4 3’ UTR, as
expected. When transfected into the BAG6 knockout HEK293T clonal cell line, this ratio drops
to 7.9, indicating significant rescue of the SMADA4 readthrough reporter, though somewhat
weaker than the rescue seen with the AMD1 readthrough reporter. To determine if we could
detect an effect on SMAD4 readthrough protein endogenously, we also generated a clonal BAG6
knockout cell line from a parental strain with a homozygous mutation in the SMAD4 stop codon,
causing it to express only the SMAD4 extended readthrough mutant (Figure 3.6A). As seen by
western blot, knockout of BAG6 in this endogenous readthrough SMAD4 mutant does result in a
detectable stabilization of the endogenous SMADA4 readthrough mutant, further suggesting
BAG®H is at least partially responsible for the loss of the endogenous SMADA4 readthrough mutant

(Figure 3.6A).
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To determine if BAG6 also binds directly to the translated SMAD4 3° UTR, we
performed a co-immunoprecipitation experiment similar to the one performed for AMD1 (Figure
3.6C and 3.6D). Using the endogenous SMAD4 readthrough HEK293T mutant, we performed a
pulldown with an antibody specific to SMAD4 and subsequently performed a western blot with
an antibody specific for BAGS6. In this immunoprecipitation, we included a set of samples treated
with the proteasome inhibitor Bortezomib, as the SMAD4 readthrough product is nearly
undetectable under normal conditions. As expected, we could detect BAG6 in association with
the SMAD4 readthrough product and detected no BAG6 associating with the wild-type SMAD4
(no translation of SMAD4 3’ UTR) (Figure 3.6D). These results show that BAG6 physically
interacts with the readthrough product of SMADA4. Aside from demonstrating that the BAG6
complex targets a second protein with translated noncoding sequences and in an endogenous
context, these results potentially have implications for several cancers in which SMAD4
inactivation is a critical aspect of tumorigenesis.

In further attempts to determine the full scope of BAG6 targeting of translated noncoding
sequences beyond our test cases of AMD1 and SMADA4, we turned again to our original Pep30
noncoding library discussed in Chapter 2. We aimed to repeat our initial screen to determine the
scope and scale of rescue that could be achieved from the knockout of BAG6 among our 12,000
unique reporters, 9000 of which are derived from noncoding sequences. To do so, we transduced
the Pep30 library into wild-type HEK293T and BAG6 knockout cells and sorted each population
into four bins based on EGFP/mCherry ratio using FACS (Figure 3.7A). The ratio gating was
generated from the wild-type population such that the lowest EGFP/mCherry bin contained
approximately 40% of the cell population, and the three bins with increasingly higher ratios of

EGFP/mCherry contained approximately 20% of the cell population each. These same gates
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were then applied to the BAG6 knockout cells, which immediately demonstrated significant
differences in the cell population and an overall increase in levels of EGFP expression. After
sorting, genomic DNA was extracted from each bin for each sample and sequenced to determine
the abundance of each reporter in every sample. We then assigned a degradation score to each
reporter, defined as the abundance in the lowest EGFP/mCherry ratio bin (most highly degraded)
over the abundance in all bins (Figure 3.7B). When the degradation scores of each reporter are
plotted against each other in the wild-type and BAG6 knockout cell population, it is immediately
apparent that a large number of reporters are stabilized to differing levels in the BAG6 knockout
(lower degradation score when comparing the same reporter to wild-type) (Figure 3.7B).
Notably, the degree to which a given reporter is stabilized appears to be highly dependent on the
average hydrophobicity of the translated tail (Figure 3.7C). These results suggest that the
activity of the BAG6 complex in targeting products of noncoding translation is widespread and

depends on the presence of C-terminal hydrophobicity.
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3.3 Discussion

The results presented in this chapter strongly argue against the previously proposed
model of ribosome queuing in the AMD1 3* UTR and instead suggest that proteasomal
degradation is responsible for protein loss due to translation of the AMD1 3° UTR. This finding
is also consistent with the conclusions of Chapter 2, as the AMD1 3’ UTR has several regions of
high hydrophobicity. The results of our genome-wide knockout screen both supported the model
of proteasomal degradation and uncovered the participation of the BAG6 membrane protein
quality control complex in detecting and targeting the AMD1 reporter for proteasomal
degradation.

Three features of the BAG6 pathway make it especially appealing for the surveillance of
noncoding translation. First, the pathway recognizes C-terminal hydrophobic tails, a defining
feature of noncoding translation products that is also associated with their degradation. Second,
multiple components of this pathway, including BAG6, TRC35, and SGTA, have all been shown
to be physically associated with the ribosome!01:103104111 'nositioning the complex for rapid
surveillance of noncoding translation products before they are released to the cytoplasm.
Consistent with this, it has also been reported that BAG6 is associated with polyubiquitinated
nascent polypeptides and targets them for proteasomal degradation®!?, although the identity of
these nascent polypeptides remains unknown.

We further demonstrated that the role of the BAG6 complex in targeting translated
noncoding sequences extends beyond AMD1 and may comprise a general mechanism by which
most noncoding proteins with hydrophobic C-terminal tails are detected and targeted by the cell
for degradation in the proteasome. This idea is supported by the physical interaction and rescue

of the SMAD4 readthrough mutant protein and the results of our high-throughput screen
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combined with BAG6 knockout. Widespread targeting of translated noncoding sequences by
BAGS6, a protein with a primary function of chaperoning nascent tail-anchored proteins for
insertion into cellular membranes, also suggests a possible mechanism by which noncoding
sequences in the genome can be exposed to selection at the protein level, resulting in the
emergence of novel functional proteins over evolutionary timescales. This proposed model will

be discussed in more detail in Chapter 4.
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3.4 Figures

Figure 3.1: Protein loss due to translation of the AMD1 3’ UTR is rescued by
proteasome inhibition and deletion of hydrophobic regions
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(A-G) Reporter constructs shown on the left were transfected into HEK293T cells. The
EGFP/mCherry ratio was quantified in individual cells using flow cytometry with distributions
shown on the right on a log-10 scale. The number in each plot is the median fold-decrease of the
EGFP/mCherry ratio. Data from cells treated with the proteasome inhibitor MG-132 are shown
in blue.
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Figure 3.2: Protein loss due to translation of the AMD1 3’ UTR is rescued by deletion
of multiple hydrophobic regions
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(A) Schematic showing five identified regions of high hydrophobicity in the amino acid
sequence of the AMDI1 3” UTR. Lengths of individual hydrophobic regions are: A=12aa, B=4
aa, C=7aa, D =26 aa, E =12 aa. (B) Deletion mutants of the AMDJ reporter show little rescue
when individual hydrophobic regions are deleted but strong rescue when the final three regions
are deleted simultaneously.
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Figure 3.3: A genome-wide CRISPR/Cas9 knockout screen identifies the BAG6
complex in targeting of the translated AMD1 3’ UTR
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(A) A schematic of the genome-wide CRISPR screen using the AMD1 3° UTR reporter
construct. (B) Volcano plot showing the top hits identified in rescue of the AMDZ1 reporter from
analysis of guide enrichment performed by the MAGeCK package. (C) Schematic showing the
known functions of the BAG6 complex and associated proteins in membrane protein biogenesis
and quality control
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Figure 3.4: Knockout of genes in the BAG6 pathway validates the results of the
CRISPR screen and identifies participation of SGTA and UBL4A in targeting the AMDI1 tail
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(A) Western blots showing loss of the target protein in five knockout clones isolated from
HEK?293T cells. (B) EGFP/mCherry ratio of the AMDZ1 reporter in WT and KO cells.



Figure 3.5: Co-immunoprecipitation demonstrates protein-protein interaction
between BAG6 and the translated AMD1 3’ UTR
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(A) Input of the BAG6 co-IP with EGFP-AMD1tail or the mutant without the C-terminal
hydrophobic region (AMD1AH). (B) BAG6 co-immunoprecipitates with EGFP-AMD1tail but

not AMDI1AH.

60



Figure 3.6: Readthrough mutants of the SMAD4 tumor suppressor protein are targeted

by BAG6
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(A) A homozygous nonstop T1657C mutation in HEK293T cells causes readthrough (RT)
translation of SMADA4, which is barely detectable in BAG6 wild type (WT) cells (lane 4) but is
stabilized in BAG6 KO cells (lane 5). RT: readthrough. (B) BAG6 knockout results in partial
rescue of the EGFP/mCherry ratio in a reporter expressing the translated SMAD4 3 UTR
appended to EGFP. Analysis done by flow cytometry (C) Input of the BAG6 co-IP with SMAD4

readthrough product. Bortezomib: proteasome inhibitor. (D) Co-IP of BAG6 with SMAD4
readthrough products.
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Figure 3.7: A high-throughput screen using the noncoding Pep30 reporter library in

BAGS6 knockout cells
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(A) Schematic of the screen setup investigating rescue of noncoding sequences in the Pep30
library with BAG6 knockout. (B) A degradation score was assigned to each reporter detected
from the sorted bins defined as the fraction of total reporters in the lowest EGFP/mCherry ratio
bin over all bins. The distribution of reporter degradation scores in both wild-type HEK293T and
the BAG6 knockout cell line is shown here. (C) Scatter plot of degradation score of individual
reporters in the wild-type sample compared to the BAG6 knockout sample. The average
hydrophobicity of each reporter is shown by its color.
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3.5 Methods
Plasmids

CRISPR guide RNA plasmids: The parental lentiCRISPR v2 plasmid (Addgene # 52961)
was digested with BsmBI and purified using the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel). Forward and reverse oligos containing the guide sequence of interest were
phosphorylated, annealed, and ligated into the parental plasmid with T4 PNK and T4 DNA
ligase. Targeting and non-targeting guide sequences are derived from the CRISPR KO library
described previously (Wang et al., 2014).
All plasmids were transformed into NEB Stable Competent E. coli (C3040) according to the
manufacturer’s protocol. Positive clones were confirmed via sanger sequencing.
Cell culture

HEK293T cells used in this study were purchased from ATCC. Cells were cultured in
DMEM with 4.5 g/L D-Glucose supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin was added except when producing lentivirus. Low passage number cells
were used and maintained under 90% visual confluency. Cells were maintained at 5% CO2 and
37 °C. HEK293T cells used in this study were confirmed to be negative for Mycoplasma
Contamination and routinely tested using the MycoAlertTM Mycoplasma Detection Kit (Lonza,
LTO07-418). For experiments involving the SMAD4 gene, clonal cell lines harboring SMAD4
readthrough mutations as well as the parental HEK293T cells were obtained as a generous gift
from Dr. Sven Diederichs. Transfection of plasmids was done using Lipofectamine 2000 or
Lipofectamine 3000 according to the manufacturer’s instructions. Flow cytometry analyses of

transfected cells was typically performed 24 or 48 hours after.
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Lentivirus and stable cell line generation

For generating lentivirus, 750,000 HEK293T cells were seeded in 6-well plates with
DMEM supplemented with 10% FBS. After 24 hours, the cells were transfected with the second-
generation lentiviral packaging plasmids as well as the lentiviral plasmid of interest using
Lipofectamine 3000. The virus-containing media was collected 48 and 72 hours after
transfection, combined, clarified by centrifugation at 500 RCF for 5 minutes, and then passed
through a 45 uM PVDF filter. The purified virus was stored at 4°C for short-term use or
aliquoted and frozen at -80°C. For the generation of stable cell lines, HEK293T cells were
reverse transduced in 6-well plates in media with 10 pg/mL polybrene using purified virus such
that <30% of the cells are transduced. Twenty-four hours after transduction, the virus-containing
media is removed, and fresh media is added. After another 24 hours, the cells are collected, and
transduction efficiency is confirmed via flow cytometry. Transduced cells are then selected with
puromycin at 2 ug/mL for 48 hours or via flow cytometry to generate a stable cell line for
downstream analysis.
Flow cytometry analysis

Cells were collected and resuspended in 1-4 mL of fresh media and passed through a 35
uM mesh cell strainer immediately prior to flow cytometry. Flow cytometry was performed on
either a Bio-Rad ZE5 or NovoCyte Quanteon analyzer. Gating of samples and export of data for
downstream analysis was done using the FCS Express software.
Massively parallel reporter assays comparing WT and BAG6 KO HEK?293T cells
HEK?293T and a clonal BAG6 knockout cell line were reverse transduced with the Pep30 library
such that less than 30% of cells were transduced (thus are most likely a single integration per

cell). The virus-containing media was removed after 24 hours, and fresh media with 10% FBS
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and 1% PenStrep was added to the plates. After another 24 hours, transduced cells were purified
based on their expression of mCherry. The transduced populations were returned to culture and
allowed to grow out for an additional six days, with passaging as necessary to maintain
confluence below 80%. After six days, both populations were sorted into four bins based on the
ratio of EGFP/mCherry expression (High, mid-high, mid-low, and low) using a FACSAria cell
sorter. The same mCherry/EGFP ratio gates were used for both WT and BAG6 KO cells. Sorted
cells were spun down at 500 RCF for 5 minutes, washed once with 1000 uL PBS, spun down
again, then frozen at -20 as a cell pellet. Genomic DNA was subsequently isolated from the cell
populations using a Macherey-Nagel NucleoSpin Tissue kit, and genomic DNA was eluted in 50
uL of elution buffer. Libraries were then amplified using PCR with custom Illumina adapters,
using Q5 high-fidelity PCR mix with 1000 ng input gDNA per sample. Libraries were amplified
for a total of 24-27 cycles. After amplification, libraries were cleaned up using SPRISelect beads
at a ratio of 0.7x. Purified library size was confirmed via gel, and libraries were quantified using
the KAPA gPCR Illumina library quantification kit. Libraries were subsequently pooled in a
ratio based on the total cells collected from each sample. The pooled library was sequenced on a
NextSeq 550 with 2.5% PhiX spike-in, using the 75-cycle high-output kit with 80 cycles in read
1 and 8 cycles in index read 1. Reads were aligned to a custom index for the Pep30 library
generated with the command bowtie-build in bowtie version 1.2.3 and the option -v 3 --best (best
alignment with up to 3 mismatches). The counts of each Pep30 sequence were extracted from the
alignment with the bash command cut -f 3 | sort | uniq -c. The mitigation index of each sequence
in a sample is calculated by dividing the number of reads in the low EGFP/mCherry bin by the

sum of read counts in all bins of the same sample.
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Genome-wide CRISPR screen

The Human Activity-Optimized CRISPR Knockout Library (3 sub-libraries in
lentiCRISPRv1) was obtained from addgene (https://www.addgene.org/pooled-library/sabatini-
crispr-human-high-activity-3-sublibraries/) and prepared according to the standard protocol.
Library lentivirus was produced using Mirus LT1 transfection reagent and second-generation
packaging plasmids. 9.2x107 HEK293T cells carrying the stable AMD1-EGFP reporter were
reverse transduced with the CRISPR library with 8 pg/mL polybrene. Media was changed 24
hours after transduction. Selection with 2 pg/mL puromycin was initiated 48 hours after
transduction. After 48 hours of puromycin selection, cells were collected and sorted, and sorted
cell populations were frozen at -80 °C. Libraries were prepared for lllumina sequencing from the
sorted cell populations as described in Joung et. al., 2017. Libraries were amplified for a total of
28 PCR cycles, purified using the Zymo DNA Clean & Concentrator-5 Kit, and the correct-sized
band was subsequently purified by gel extraction. Fragment sizes of the libraries were confirmed
by bioanalyzer and concentrations were determined using the KAPA gPCR library quantification
kit. The pooled library was then sequenced on a NextSeq 550 with 86 cycles in Read 1 and 6
cycles in Index Read 1.
Co-immunoprecipitation

HEK293T cells were seeded in 10-cm plates with 3x106 cells per plate. Reporters were
transfected into the cells 24 hours after seeding using Lipofectamine 3000. Forty-eight hours
after transfection, cells were treated with DMSO (vehicle) or 0.1 uM Bortezomib. After 24 hours
of drug treatment, cells were collected, washed twice in cold PBS, and resuspended in lysis
buffer (0.025 M Tris pH 7.4, 0.15 M NaCl, 0.001 M EDTA, 1% NP-40 alternative, 5%

Glycerol). Lysates were incubated at 4°C with rotation for 30 minutes, centrifuged at 12,000
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RCF at 4°C for 20 minutes, and the supernatant was collected. The pulldowns were performed
using Novex DYNAL Dynabeads Protein G conjugated with a primary antibody according to the
manufacturer's protocol. Following coimmunoprecipitation, western blots were performed as
described below.
Generation of knockout cell lines

HEK?293T cells (7.5 x 10°) were seeded in 6-well plates and transfected the next day with
4 ng of the lentiCRISPR v2 plasmid (https://www.addgene.org/52961/) containing a sgRNA
sequence specific to the targeted gene. After 24 hours, cells were passaged into media containing
2 pug/mL puromycin. After two days of puromycin selection, cells were collected, and single cells
were sorted into 96-well plates. Individual clones were allowed to grow for 1-4 weeks and then
passaged into 6-well plates. Clones were then screened for frameshift mutations in both alleles of
the target gene using sanger sequencing and the ICE CRISPR analysis tool (
https://www.synthego.com/products/bioinformatics/crispr-analysis). Complete knockout of the
target genes was then verified using western blotting. Additionally, for BAG6 KO cells, the
target locus was PCR-amplified and cloned into plasmids. Sanger sequencing of ten clones
confirmed two frameshifting alleles, one with a 5-nt deletion and the other with a 11-nt deletion
(Fig. 5SA).
Western blotting

Cells were cultured and transfected where applicable as described above. Cells were
collected on ice and washed with cold PBS and subsequently lysed in RIPA buffer supplemented
with a 1X protease inhibitor cocktail for 30 minutes at 4 °C on a rotator. Lysates were then
cleared by centrifugation at 16,000 RCF and 4 °C for 20 minutes. Protein concentrations were

determined using a BCA assay, and samples were then prepared using LDS sample buffer

67



supplemented with sample reducing agent and heated to 70 C for 10 minutes. Samples were then
run on an SDS-PAGE gel and transferred to an activated PVDF membrane for 90 minutes at 30
volts or overnight at 10 volts. Membranes were blocked with 5% BSA in PBS-T for 1 hour at
room temperature or overnight at 4 °C. Membranes were then cut and incubated with the
appropriate primary antibody in blocking buffer supplemented with 0.02% sodium azide for 1
hour at room temperature or overnight at 4 °C. Secondary antibodies were added at a 1:10,000
dilution and incubated for 1 hour at room temperature. Immobilon ECL Ultra Western HRP
Substrate was then added to the membranes and blots were visualized using an Amersham
Imager 600.
Massively parallel reporter assays comparing WT and BAG6 KO HEK?293T cells

HEK293T and a clonal BAG6 knockout cell line were reverse transduced with the Pep30
library such that less than 30% of cells were transduced (thus are most likely a single integration
per cell). The virus-containing media was removed after 24 hours and fresh media with 10% FBS
and 1% PenStrep was added to the plates. After another 24 hours, transduced cells were purified
based on their expression of mCherry. The transduced populations were returned to culture and
allowed to grow out for an additional six days, with passaging as necessary to maintain
confluence below 80%. After six days, both populations were sorted into four bins based on the
ratio of EGFP/mCherry expression (High, mid-high, mid-low, and low) using a FACSAria cell
sorter. The same mCherry/EGFP ratio gates were used for both WT and BAG6 KO cells. Sorted
cells were spun down at 500 RCF for 5 minutes, washed once with 1000 uL PBS, spun down
again, then frozen at -20 as a cell pellet.

Genomic DNA was subsequently isolated from the cell populations using a Machery

Nagel Nucleospin Tissue kit, and genomic DNA was eluted in 50 uL of elution buffer. Libraries
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were then amplified using PCR with custom Illumina adapters, using Q5 high-fidelity PCR mix
with 1000 ng input gDNA per sample. Libraries were amplified for a total of 24-27 cycles. After
amplification, libraries were cleaned up using SPRISelect beads at a ratio of 0.7x. Purified
library size was confirmed via gel and libraries were quantified using the KAPA gPCR Illumina
library quantification Kit. Libraries were subsequently pooled in a ratio based on the number of
total cells collected from each sample. The pooled library was sequenced on a NextSeq 550 with
2.5% PhiX spike in, using the 75-cycle high-output kit with 80 cycles in read 1 and 8 cycles in
index read 1.

Reads were aligned to a custom index for the Pep30 library generated with the command
bowtie-build in bowtie version 1.2.3 and the option -v 3 --best (best alignment with up to 3
mismatches). The counts of each Pep30 sequence were extracted from the alignment with the
bash command cut -f 3 | sort | uniq -c. The mitigation index of each sequence in a sample is
calculated by dividing the number of reads in the low EGFP/mCherry bin by the sum of read

counts in all bins of the same sample.

69



Chapter 4: Insights into the evolution of novel proteins from the

noncoding genome

The work in this chapter is adapted in part from the following preprint:
Kesner, Jordan S. Chen, Ziheng. Aparicio, Alexis A. Wu, Xuebing. A unified model for the
surveillance of translation in diverse noncoding sequences. Available at bioRxiv:

https://www.biorxiv.org/content/10.1101/2022.07.20.500724v1

4.1 Introduction

The results discussed thus far highlight a fascinating question: for what purpose are
translated noncoding sequences channeled into a pathway that is well established to function in
the biogenesis and quality control of membrane proteins? While it could be argued that the cell
has simply chosen to use the quality control aspect of this pathway as an already established
system for triaging rare noncoding translation events, there is some fascinating evidence that this
process as a whole may play a role in the evolution of novel proteins, which would likely first be
directed to cellular membranes but could evolve further from there. While the data presented
here suggest that on a physiological timescale, translated noncoding sequences will be targeted
and directed to the proteasome for degradation through the BAG6 pathway, on an evolutionary
timescale, this same process may allow for the exposure of the noncoding genome to natural
selection at the protein level, a process that would potentiate the evolution of novel proteins from
the noncoding genome. In this context, it makes perfect sense that widespread translation of
noncoding sequences at a low level by the mechanisms discussed in Chapter 1 would occur.

Regardless of whether this process occurs due to imperfect mechanisms of translation or is
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somehow programmed into the cell genetically, low-level but widespread translation of the
noncoding genome allows genomes to expose novel sequences to natural selection while
simultaneously preventing quality control mechanisms from being overwhelmed by a large
number of potentially toxic or aggregation-prone polypeptides.

Precedent for such a mechanism exists from prior studies investigating proto-genes in
yeast cells!™. For example, previous studies in yeast have shown hundreds of potential proto-
genes derived from translated noncoding sequences are potentially functional and subject to
selection through various assays and analyses'®. These proto-genes also tend to contain putative
transmembrane domains''>!, We manually curated 64 translated functional noncoding peptides
in humans from the available literature to determine if there was a preference for localization to
cellular membranes!'15133 Indeed, 47 of the 64 translated functional noncoding peptides we
curated appear to localize to cellular membranes. In light of this evidence, we set out in this
chapter to determine if there is evidence for the evolution of novel proteins from noncoding

sequences in the human genome.
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4.2 Results

To determine if C-terminal hydrophobicity underlies the aforementioned differential
stability between canonical protein C-termini and all other sequences, including internal protein
sequences and peptides derived from noncoding sequences, we performed genome-wide in silico
analysis of C-terminal hydrophobicity in both the canonical proteome and the predicted
noncoding proteome. Specifically, we calculated the average hydrophobicity for each of the last
100 residues coded by both the annotated coding sequences (CDS, n = 40,324 unique amino acid
sequences, >= 200-aa) and predicted peptides (>= 30aa) from various noncoding sequences,
including in-frame ORFs extended into introns (n=200,284) and 3° UTRs (n = 14,057) as well as
the longest ORFs in 5 UTRs (n=11,790) and IncRNAs (n = 29,788). Indeed, we found that
hydrophobic residues are progressively depleted towards the C-terminal end of canonical
proteins (CDS), especially the last 30 aa, whereas the opposite trend is present for all
noncanonical peptides (Figure 4.1A). Notably, the very C-termini of peptides from introns, 3’
UTRs, and IncRNAs have a hydrophobicity approaching that of entirely random amino acid
sequences, suggesting that by default, unevolved nonfunctional proteins will have a relatively
high average hydrophobicity, and are subjected to proteasomal degradation. The difference in
hydrophobicity disappears further away from the very C-termini (50-100aa upstream) of
proteins. Given that only longer ORFs (> 50-aa) were used in calculating the average
hydrophobicity in the upstream region, these results suggest that longer noncanonical ORF
peptides are either also under selection to deplete hydrophobicity and thus may be functional, or
they are in fact alternative or mis-annotated isoforms of functional proteins.

Further supporting the evolutionary selection against protein C-tail hydrophobicity, we

found that in humans and mice, evolutionarily young protein-coding genes tend to have higher
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hydrophobicity at the C-terminal tail (last 30aa) than evolutionarily older genes (Figure 4.1B).
For example, human-specific genes - the youngest human genes that originated after the human-
chimpanzee divergence 4 to 6 million years ago*3* - have the highest C-terminal hydrophobicity
as a group than older genes in the human genome. A strong negative correlation (Rs =-0.97, p <
10'%) is observed between estimated gene age and average protein C-tail hydrophobicity in the
mouse genome, supporting the idea that as genes evolve, they progressively lose hydrophobic
residues in the C-terminal tail, potentially resulting in longer protein half-lives. A similar albeit
weaker trend is observed in the human genome, especially for genes originating within the last
100 million years.

To further understand the propensity of noncoding sequences to code for hydrophobic
amino acids, we first used kpLogo to test if hydrophobic residues are associated with nucleotide
bias in the genetic code, as has been suggested previously*3>%, We confirmed that codons
coding for hydrophobic residues are more likely to have Uracil (U) at all three positions, and
especially at the center position of the codon (Figure 4.2A). Indeed, all 16 codons with U at the
center code for highly hydrophobic amino acids (Figure 4.2C).

Because canonical coding sequences have evolved to be GC-rich / AT-poor (47.0% AT)
relative to the AT-rich genome background (54.6% AT), sequences outside of functional coding
regions are thus T/U-rich and will tend to code for more hydrophobic residues. Indeed, we found
a strong agreement between U-content and C-tail hydrophobicity across different regions
(Figure 4.3A and 4.3E). For example, introns have the highest U-content (31.0%) and also have
the highest C-tail hydrophobicity, whereas 5 UTRs have a U-content comparable to coding
regions and are also associated with moderate hydrophobicity. The high GC-content in 5> UTRs

is largely due to the presence of CpG islands in most human gene promoters®.
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Our combined results suggest a model in which peptides derived from the translation of
noncoding sequences are likely to contain hydrophobic C-terminal domains through which they
will be recognized and captured by the BAG6 complex. While many of these peptides will likely
be targeted for proteasomal degradation, some may escape this path and instead be targeted by
the BAG6 complex for membrane insertion. This creates a mechanism through which noncoding
regions of the genome can be exposed to selection at the protein level, allowing for the
emergence of novel membrane-bound proteins over evolutionary time scales. In light of this
proposed model, we asked if we could find evidence that functional peptides originating from
noncoding sequences are preferentially localized to cellular membranes. We searched the
available literature for examples of functional peptides derived from the translation of 5° UTRs
or previously annotated IncRNAs in mammalian cells for which localization of the peptide had
been experimentally determined. Indeed, a large majority (47 of 64 total peptides) of the
identified peptides demonstrated localization to various cellular membranes!t115-130,132,133,138

(Figure 4.3A).
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4.3 Discussion

Combined with our previous findings that the protein products of translation in
noncoding regions of the genome can be fed into the BAG6 membrane protein quality control
pathway and are targeted via hydrophobic C-terminal domains, the results discussed in this
chapter further suggest a plausible mechanism by which novel membrane proteins may evolve
over time. As this process requires selective pressure at the protein level, BAG6 provides a
necessary link between the noncoding nucleotide sequences in the genome and selective pressure
of potential novel functional proteins. Previous studies in yeast have suggested similar
mechanisms by which novel proteins may evolve from proto genes and show a tendency to form
transmembrane domains'!3!14, In this chapter, we show that the intrinsic nucleotide bias in the
noncoding genome and in the genetic code will frequently result in protein translated from
noncoding sequences to harbor hydrophobic C-terminal tails. These tails are then subject to
targeting by the BAG6 complex, which may occasionally mistake the protein for a genuine tail-
anchored protein and shuttle them for insertion into cellular membranes. To what degree
noncoding proteins are targeted for membrane insertion as opposed to proteasomal degradation,
and what features may influence this decision remain unclear.

Our curation of the literature further showed that the majority of functional proteins
translated from noncoding sequences localize to cellular membranes!t:115-130.132.133.138 ‘Qne
question that remains to be answered is what underlies this preferential membrane targeting of
noncoding proteins. For example, it is plausible that targeting unknown and potentially
aggregation-prone proteins to membranes functions to sequester the hydrophobic domain away
from the cellular cytosol while still exposing the soluble protein domain to the cytosol to allow

for interaction with existing proteins or other cellular components. However, further
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investigation is required to determine if this is the case or if another mechanism underlies this

tendency aside from the nucleotide bias in the noncoding genome.
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4.4 Figures

Figure 4.1: Depletion of C-terminal hydrophobicity in annotated proteins
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(A) Genome-scale average hydrophobicity at each residue within the last 100 aa of peptides
encoded by coding (>= 200 aa) and various noncoding sequences (>= 30 aa). (B) Average C-tail
(last 30 aa) hydrophobicity of human (magenta) and mouse (blue) genes grouped by age based
on time of origination estimated from vertebrate phylogeny. The lines are a loess fit of the dots.
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Figure 4.2: Nucleotide bias in both the genetic code and the genome drives
hydrophobicity in noncanonical peptides
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(C) Codons ranked by the hydrophobicity of the corresponding amino acids.
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Figure 4.3: Localization of functional peptides derived from noncoding sequences to

cellular membranes
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(A) Curation of the available literature for functional peptides derived from translation of 5’
UTRs or previously annotated InNcRNAs in mammalian cells for which localization of the peptide
had been experimentally determined. A majority of the identified peptides (47/64) are localized
to various cellular membranes
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4.5 Methods
Genome-scale hydrophobicity analysis

We systematically compared C-terminal hydrophobicity of proteins encoded by coding
and noncoding sequences. The coding sequences (CDS) of annotated proteins were downloaded
from Ensembl (Homo_sapiens.GRCh38.cds.all.fa) and translated into proteins using BioPython.
Only proteins with more than 200 aa were used for downstream analysis. The cDNA sequences
for protein-coding and long noncoding RNA transcripts(IncRNA) were obtained from
GENCODE v37. From the coding transcripts the 5° UTR and 3° UTR sequences were extracted.
For both 5° UTR and IncRNA, the longest ORF was translated into peptides. For 3> UTR and
introns, the first in-frame stop codon marks the end of the tail ORF and only those with at least
30 codons were used. Noncoding sequence encoded peptides were removed if found in the
canonical proteome. For each group, the average hydrophobicity at each position relative to the
last amino acid (the most C-terminal) was calculated using the hydrophobicity function in the R
package Peptides.
Correlation between C-tail hydrophobicity and gene age

Gene age was inferred by a previous study (Zhang et al., 2010). Briefly, human and

mouse genes were assigned to branches of the vertebrate phylogenetic tree based on the presence
and absence of orthologs in various species. The age of the genes in a branch is calculated as the
middle point of each branch. The average hydrophobicity of the last 30 aa of all genes in a

branch was calculated using the R package described above.
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Chapter 5: Conclusions

5.1 Conclusions

Recent studies have shown that translation outside of canonical coding sequences is
pervasive in cells. Proteins resulting from the translation of noncoding sequences can potentially
be toxic or prone to aggregation; consequently, cellular mechanisms must be in place to detect
and remove these proteins. Understanding these mechanisms not only has implications for basic
science but also has potential therapeutic value. The relationship between noncoding translation
and human health is multifaceted, in that noncoding translation influences various genetic
diseases and cancers while, at the same time, many pathological conditions can result in a
cellular environment in which the translation of noncoding sequences is likely to occur. Despite
this, investigations into the surveillance mechanisms of noncoding proteins have been limited in
scope and lack a consensus among their findings. In this work, we set out to use systems-based
approaches to identify a general mechanism for the surveillance of translation in noncoding
sequences.

In chapter 2, we identified a feature common to translation in diverse types of noncoding
sequences, including 5° UTRs, 3’ UTRs, introns, and IncRNAs. That is, translation in any of
these regions will result in a protein with a C-terminal region derived from noncoding sequence.
We leveraged this shared feature to design a high-throughput assay that could be used to
investigate translation in thousands of sequences derived from 5” UTRs, 3’ UTRs, introns, and
IncRNAs simultaneously. The results of this experiment revealed that translation in diverse types
of noncoding sequences commonly resulted in protein loss, which strongly correlated with the

translated sequence's hydrophobicity. Follow-up experiments identified the proteasome as the

81



likely endpoint of protein loss in many of these sequences and suggested that lysosomal
degradation did not play a significant role.

Chapter 3 focused on identifying the mechanisms that function to link the translation of
noncoding proteins to their eventual degradation in the proteasome. A genome-wide
CRISPR/Cas9 knockout screen in a cell line expressing a reporter of 3> UTR translation that
causes protein loss identified the BAG6/TRC35/RNF126 membrane protein quality control
complex in the rescue of the reporter. The BAG6 complex is known to recognize tail-anchored
membrane proteins through their hydrophobic C-terminal tails and target them either for
membrane insertion or proteasomal degradation, making it a good candidate for the surveillance
of noncoding proteins. Through further experiments using a cell line knockout model of BAGS,
we found that BAGS6 targeting of noncoding proteins is widespread and includes a readthrough
mutant of the SMAD4 tumor suppressor protein and a large fraction of reporters with high
hydrophobicity from our high-throughput noncoding translation library.

In chapter 4, we investigated a potential link between the evolution of novel proteins
from the noncoding genome and the features of noncoding translation identified in chapters 2
and 3. Genome-wide analysis of the average hydrophobicity within 100 residues of the C-
terminus in coding and noncoding peptides showed a significant trend toward higher
hydrophobicity in noncoding peptides, and lower hydrophobicity in coding peptides as the C-
terminus is approached.

In conclusion, this work presents several key findings related to mechanisms used by
cells to mitigate translation in noncoding regions of the genome. These findings include the
signal cells use to detect translated noncoding sequences, the proteins responsible for detecting

that signal, and the endpoint of degradation for noncoding proteins. Through experimental
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methods and computational analysis of genomic sequences, we show that the surveillance
mechanism targeting noncoding proteins for degradation is widespread and likely applies to
many instances of translation in diverse types of noncoding sequences. We further propose an
adjacent mechanism through which this system may expose noncoding sequences in the genome
to natural selection at the protein level, potentially resulting in the generation of novel functional
membrane proteins over evolutionary timescales. Summarizing these findings, we propose a
unified model for the surveillance of translation in diverse noncoding sequences that can be
stated as follows: due to the nucleotide composition of the noncoding genome, proteins resulting
from the translation of noncoding sequences are likely to have hydrophobic C-terminal tails,
which are captured by the BAG6 membrane protein quality control complex and targeted for
proteasomal degradation or membrane insertion. This represents a fail-safe mechanism through
which cells can both prevent the accumulation of potentially toxic proteins while also providing

a pathway for exposing noncoding sequences in the genome to selection at the protein level.
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