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Abstract

Long non-coding RNAs (IncRNAs) are non-coding transcripts of at least 200 nucleotides,
which are typically lowly expressed, often in a tissue and developmental-stage specific man-
ner. They generally lack sequence conservation, and 40% of human IncRNAs are expressed
in the brain. Despite forming ~23% of the human transcriptome, only a small proportion
of IncRNAs have been well characterised. In particular the function and potential transla-
tion of cytoplasmic IncRNAs remains poorly understood. This thesis aims to identify and
characterise actively translated human neuronal IncRNAs using Poly-Ribo-Seq data, and to
investigate conservation of their peptide products in non-human species.

242 actively translated IncRNA smORFs were detected in undifferentiated and differentiated
human neuroblastoma cells (SH-SY5Y). These IncRNA smORFs exhibit triplet periodicity
and translational efficiencies comparable to protein coding ORFs. The expression of these
translated IncRNAs is significantly enriched in human brain tissue, throughout development
time points from pre to postnatal, compared to untranslated cytoplasmic IncRNAs. The
resulting peptides exhibit amino acid compositions similar to that of canonical proteins, but
tend not to contain known domains.

27% of the translated IncRNA smORFs exhibited sequence conservation in non-human
species, suggesting they are under selective constraint. On average, conserved, translated
IncRNA smORF peptides were longer, and more likely to be validated by Ribo-Seq and mass
spectrometry data from other human tissues and cell lines. One translated IncRNA smORF
found to be conserved was in the antisense IncRNA LIPT2-AS1, which results in the syn-
thesis of a 272 aa peptide. The LIPT2-AS1 IncRNA is highly expressed in neural cells and
down regulated in large-cell medulloblastoma. LIPT2-AS1-smORF exhibited sequential and
syntenous conservation across euarchontoglires, and the resulting peptide contains a DNA
binding domain, suggesting a role in the regulation of gene expression.

Together, these results demonstrate that cytoplasmic IncRNAs are actively translated, bio-
logically important in human neuronal differentiation, and are likely to have conserved
functions.
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Chapter 1

Introduction

1.1 Non-coding RNA

Approximately 80% of the ~3.1 billion nucleotides that form the human genome are tran-
scribed, but only ~2.94% of these form messenger RNA (mRNA), which is subsequently
translated to produce protein (ENCODE Project Consortium, 2012). This means that the vast
majority of transcripts are classified as non-coding RNA (ncRNA). Historically our under-
standing of ncRNA functions has lagged behind that of mRNA, given the sheer diversity and
abundance of these transcripts. However, in the last ~20 years since the human genome was
first sequenced (Lander et al., 2001), advances in high-throughput sequencing, multi-omics
techniques, and computing power have massively advanced our knowledge, creating entirely
new fields of study into ncRNA, once termed the "dark matter of the genome" (Blaxter, 2010).

We now understand that ncRNAs play key roles in cellular processes at all stages of de-
velopment and disease. Classification of ncRNAs is based on their function, localisation,
biogenesis, size, and structure (Table 1.1). Small ncRNAs of < 200 nucleotides are partic-
ularly well categorised, including transfer RNA (tRNA) which is a key component of the
translational process. A large proportion of ncRNAs (~35.5%) are however annotated as
long non-coding RNA (IncRNA); non-coding transcripts of at least 200 nt in length (Guttman
and Rinn, 2012; Mattick and Rinn, 2015). There are currently approximately 20,000 anno-
tated human IncRNA genes, corresponding to ~58,000 transcripts (Frankish et al., 2021).
The definition of IncRNAs is relatively arbitrary, making for a very heterogeneous group of
transcripts, but does conveniently exclude the well defined smaller ncRNA. A small propor-
tion of IncRNAs have been well characterised; the Xist transcript which mediates silencing
of the X chromosome (Sahakyan, Yang, and Plath, 2018), and HOTAIR which epigenetically
represses the HOXD locus (Hajjari and Salavaty, 2015) are notable examples. However, IncR-
NAs are generally poorly understood. This is partly due to the expression of IncRNAs, which
is generally at lower levels than mRNA, and often in a tissue, cell type, and developmental
stage specific manner (Jandura and Krause, 2017).

The basic features of many IncRNAs are similar to that of mRNAs, including a 5’ cap and,
for approximately 39% of currently annotated IncRNAs in humans, a 3’ polyadenylated
(Poly(A)) tail (Derrien et al., 2012). Indeed, IncRNAs were first grouped as a "collection
of mRNA-like non-coding RNAs ... without defined ORFs" (Erdmann et al., 1999). A small
number of alternate stabilisation mechanisms to polyadenylation have been identified in
IncRNAs, including expression and nuclear retention element (ENE)-like structures as in
the nuclear IncRNA MALAT1 (Brown, Valenstein, et al., 2012). Originally discovered in the
IncRNA PAN produced by Kaposi’s sarcoma-associated herpesvirus (KSHV) (Conrad and
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Table 1.1: Summary of the classes of ncRNA. A brief overview of definition and length of

the ncRNA in each class.

Class Definition Length (nt)

Circular RNA Sipgle stFanded circularised transcripts

(circRNA) with a wide range of proposed regulatory | 100 - 1000+
functions (Hsu and Coca-Prados, 1979).
ncRNA transcribed from DNA enhancer

Enhancer RNA . . o

(eRNA) regions which regulate transcription <2000
(Santa et al., 2010).

. Non coding transcripts of >200 nt. Varied

1(41(; réglg{;(;r)l-codlng RNA roles, only defined for a subset of IncRNAs | >200

(Kapranov et al., 2007).
. Single stranded transcripts, form part

r(rlllll(lzll;\cl)\ﬁ{ gA of the RNA induced splicing complex. 19-24
(Reinhart et al., 2000).
Characterised by a 5’ uridine and a 3’

Piwi-interacting RNA 2’-0-methyl modification. Forms
complexes with PIWI proteins, silencing 24-31

(piRNA)

transposable elements in germline
cells (Girard et al., 2006).

Ribosomal RNA
(rRNA)

RNA component of ribosomes, functions
as a ribozyme (Hoagland et al., 1958).

121, 159, 1,869
& 5,070 in human

Small interfering RNA

Double stranded RNA, processed by Dicer.

(siRNA) Induces the cleavage of complementary 88
sequences via RNA interference.
Small nuclear RNA Component of spliceosome 150
(snRNA) (Hodnett and Busch, 1968).
Nucleolar RNAs processed from introns.
Small nucleolar RNA | Form complexes with proteins to 60 - 300
(snoRNA) guide modification of rRNAs, tRNAs,
and snRNAs.
Telomerase RNA Provides template for telomere replication Varies
(TERC) (Blackburn and Gall, 1978).
Transfer RNA Paillrs to mRNA cgdons to trgnsfer
(tRNA) amino acids during translation 70 - 90
(Hoagland et al., 1958).
Vault RNA Forms part of the vault ribonucleoprotein 88 - 98 in human
(VtRNA) complex (Kedersha and Rome, 1986).
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Steitz, 2005), the ENE structure contains a U-rich internal loop which forms a triple helix
with the Poly(A) tail, protecting the RNA from degradation pathways. As MALAT1I is cleaved
by RNAse-P it does not have a Poly(A) tail, instead forming an ENE-like helix with an A-rich
portion of the transcript. Another small subset of IncRNAs are the snoRNA-related IncRNAs
which are processed by the snoRNA machinery, with a snoRNA sequence at either one or
both ends of the transcript (Yin et al., 2012). The variation we observe in stability is reflected
in the half-lives of mammalian IncRNAs, which can range from less than 30 minutes to over
48 hours (Clark et al., 2012), and along with control at the transcriptional level contributes
to their dynamic expression profiles.

The majority of IncRNAs are transcribed by RNA polymerase II (Devaux et al., 2015) and
spliced. LncRNA genes generally contain a smaller number of exons than protein coding
genes, and a particularly high proportion have two exons (42%), compared to 6% of human
protein coding genes (Derrien et al., 2012). Although initial studies predominantly identified
nuclear IncRNAs (Derrien et al., 2012), some IncRNAs are now known to be enriched in the
nucleus, some in the cytoplasm, and others shuttle between the two locations. Three main
mechanisms exist which lead to IncRNAs being retained in the nucleus; i) specific nuclear
retention motifs (Shukla et al., 2018), ii) retained introns due to insufficient splicing, and
iii) tethering by proteins. For example the IncRNA Xist is anchored to the nuclear periphery
by CIZ1 (Ridings-Figueroa et al., 2017). However, the majority of 5’ capped, polyadenylated
IncRNAs are exported to the cytoplasm.

Although termed non-coding, IncRNAs often contain open reading frames (ORFs). All that
is required to form a potential ORF is an in-frame start and stop codon, meaning they can
be found randomly throughout the genome (Ladoukakis et al., 2011). The ORFs found
in IncRNAs are small open reading frames (smORFs) of ~100 codons or fewer, meaning
their coding potential is generally dismissed. Despite this, some IncRNAs associate with the
translational machinery (van Heesch, van Iterson, et al., 2014), and an increasing number
have been found to be translated (Aspden et al., 2014) and produce a functional peptide
(Magny et al., 2013; Pauli et al., 2014; Nelson et al., 2016). A significant portion of IncRNAs
are therefore mis-annotated, although it is not yet clear how many of the peptides produced
by these IncRNAs are functional, or how many IncRNAs function both at the transcript and
the peptide level.

1.2 Classification of IncRNAs

Given the heterogeneous nature of IncRNAs, defining informative subcategories can be prob-
lematic. As such, their genomic locations and context with respect to protein coding genes
are often used for classification purposes (Figure 1.1, Table 1.2). Approximately 53% of
IncRNA genes are long intergenic non-coding RNA (lincRNA), located in the genomic inter-
val between protein coding genes, while intronic IncRNAs are found within their introns.
Sense and antisense IncRNAs overlap one or more protein coding exons, and are transcribed
from the sense or antisense strand relative to a protein coding gene. Sense IncRNAs are also
commonly referred to as sense overlapping IncRNAs, clarifying that these IncRNAs overlap
the exons of a protein coding gene, on the same strand. Bidirectional IncRNAs initiate tran-
scription within 1kb of a promoter of a protein coding gene on the opposite strand (Ponting,
Oliver, and Reik, 2009; Devaux et al., 2015). The ease with which sequencing reads can
be attributed to an individual IncRNA varies between these classes. For example, lincRNAs
can be identified in RNA-seq and Ribo-seq data sets with higher levels of confidence. This is
because they don’t overlap a protein coding gene, so their reads are unlikely to be attributed
to a mRNA, or as is the case for intronic IncRNAs, to erroneous splicing of a mRNA.



Chapter 1. Introduction

A. Intronic IncRNA

5 (. e > >

3 5

W

B. Intergenic IncRNA

3 5

C. Sense IncRNA

3 5

@

D. Antisense IncRNA
5 (. e 3
3 5

E. Bidirectional IncRNA

, >1kb ,
5 O . > g
3 5

Figure 1.1: Classes of IncRNAs based on their location and context relative to neigh-
bouring protein coding genes. A. Intronic IncRNAs; within the introns of protein coding
genes. B. Intergenic IncRNA; in the genomic interval between protein coding genes. C. Sense
overlapping IncRNA; overlap one or more exons of a protein coding gene on the sense strand
relative to that gene. D. Antisense IncRNA; overlap one or more exons of a protein coding
gene on the antisense strand relative to that gene. E. Bidirectional IncRNA; initiate transcrip-
tion within 1kb of a promoter of a protein coding gene on the opposite strand. Pink arrows
represent IncRNAs genes. Blue arrows represent protein coding genes; light blue sections
are introns and dark blue sections are exons. Created with BioRender.com.
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Table 1.2: Number of annotated human IncRNAs by class. From Gencode release 30, as
later releases use a generic long non-coding RNA biotype (Frankish et al., 2021).

Class Genes | Transcripts
Intergenic 7,696 14,933
Antisense 5,611 11,636

Intronic 890 950
Sense 179 368
Bidirectional 91 329
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1.3 Conservation of IncRNAs

Protein coding genes are highly conserved across species, due to strong selective pressure to
maintain the correct reading frame and functional amino acid sequence. LncRNAs generally
lack sequence conservation or even orthologs in other species, and are under weaker selective
pressure than coding sequences, although the selective pressure is stronger than that on
neutrally evolving sequences such as introns (Young et al., 2012; Haerty and Ponting, 2013).
Over 70% of IncRNAs have no sequentially conserved orthologs in species which diverged
at least 50 million years ago (Hezroni, Koppstein, et al., 2015), and approximately 30% of
human IncRNAs are thought to be primate specific (Derrien et al., 2012). Taken together, a
reasonable conclusion may be that the majority of IncRNAs are non functional, "junk DNA"
(Palazzo and Lee, 2015).

However, the sequence conservation found in protein coding genes is not the only level
at which conservation can be observed. Indeed, tRNAs are under strong pressure to main-
tain their secondary structure, allowing for significant sequence variation in some portions
of the transcript, while other features are highly conserved (Lin, Chan, and Lowe, 2019).
Where IncRNAs are found to exhibit sequence conservation across species, it is often in short
modules, such as the conserved repetitive regions observed in Xist (Johnsson et al., 2014;
Brockdorff, 2018). If a IncRNA is functioning as a decoy, for example, a short sequence may
be all that is required in order to bind and sequester its target, the conservation of which is
likely to be missed if the rest of the transcript has diverged. Further, some IncRNA sequence
conservation may be being missed due to the methods used in comparative analysis to score
sequence similarity. LncRNA genes are smaller than protein coding genes, with a median
length of 5,011 nt in humans compared to 23,288 nt for protein coding genes (Zerbino et al.,
2018). This means that IncRNAs are often unable to obtain high sequence similarity scores
(Gandhi, Caudron-Herger, and Diederichs, 2018), despite the potential for strong constraint
of small portions of their sequence. Methods are coming on stream to address this issue, such
as SEEKR (Kirk et al., 2018) which evaluates the sequence similarity of functionally related
IncRNAs based on short sequence motifs (k-mers), instead of focusing on linear sequence
homology.

LncRNA conservation should therefore be approached as multidimensional, considering se-
quence, expression, synteny, secondary and tertiary RNA structures, and function (Diederichs,
2014). LncRNAs exhibit tissue/cell type and developmental stage specific expression (Ponting,
Oliver, and Reik, 2009), and this specificity is conserved to a level comparable to mRNA,
as are their promoters (Necsulea et al., 2014; Hezroni, Koppstein, et al., 2015). Syntenic
conservation relates to the conservation of genomic context. If the act of transcribing a given
IncRNA affects neighbouring genes, the location of this IncRNA is key to its function and may
be highly conserved, while the sequence of the IncRNA itself is of little relevance (Diederichs,
2014). LncRNAs may also form functional secondary or tertiary structures, which only re-
quire the maintenance of short modules of sequence conservation. However, these structures
can be difficult to elucidate and study. Given the length of IncRNAs, bioinformatic methods
to predict structure can be ineffective, and often overlook non Watson-Crick interactions
(Blythe, Fox, and Bond, 2016). These are interactions other than the canonical Watson Crick
G-C and A-U pairings, which include but are not limited to G-U, G-A, A-U, U-U, and G-A
pairings (Olson et al., 2009). Approaches to deal with this issue currently include the use of
“crowdsourcing”; using RNA folding games and human users to solve complex RNA folding
problems (Lee, Kladwang, et al., 2014; Koodli et al., 2019).

Interestingly, conservation of IncRNAs may also vary between species, e.g. strong purifying
selection was found to act in the exonic sequences of a set of intergenic IncRNAs in D.
melanogaster, with little or no conservation seen across the entirety of the sequence in a set
of human IncRNAs (Haerty and Ponting, 2013).
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1.4 Functions of IncRNAs

For the majority of annotated IncRNAs, their functions are not known, nor are their mech-
anisms of action. Indeed, a large proportion of IncRNAs are thought to be non-functional
(Goudarzi et al., 2019). However, a small proportion of the ~58,000 human IncRNA tran-
scripts (Frankish et al., 2021) still represents a large population, which function via interac-
tions with RNA, DNA, proteins, or combinations of the three.

Detailed investigation into a single IncRNA with a known phenotype or disease association
can reveal a function, mechanism of action, and perhaps conserved function in other species.
This is difficult to achieve at scale, especially given the lack of an obvious sequence-function
relationship in many cases. One method commonly termed “guilt by association” has been
employed, in which IncRNAs are clustered with mRNAs based on expression patterns (Lefever
et al., 2017). The clusters are then assigned gene ontology and disease association terms
based on the mRNAs, which are assumed to also apply to the IncRNAs in each cluster.
Improvements upon this approach integrate more data to gain a more realistic picture
of possible functions, for example by including where the transcripts localise in the cell
(Uszczynska-Ratajczak et al., 2018). Although this approach is broad and lacks precision,
it allows for initial investigations of large groups of IncRNAs, and can provide guidance to
search for certain domains or features.

1.4.1 Nuclear functions of IncRNA

Initial research into IncRNA function focused on the nucleus, and some of the best studied
IncRNAs exhibit nuclear localisation and function. Here IncRNAs can be subdivided into
three broad categories; transcription-only, cis-acting and trans-acting IncRNAs. Transcription-
only IncRNAs are those for which the act of transcription is functional, affecting regulatory
elements overlapped by the IncRNA and therefore altering the expression of neighbouring
genes. Cis-acting IncRNAs regulate genes at their site of transcription via a wide range of
mechanisms, while trans-acting IncRNAs are transported to and act elsewhere in the genome
(Kopp and Mendell, 2018).

1.4.1.1 Regulation via IncRNA transcription

Transcription-only IncRNAs have no function beyond the regulation of neighbouring genes
via their transcription, which can have an activating or repressive effect. The transcription
of the paternally expressed mammalian IncRNA Airn represses the Igf2r gene (Figure 1.2A),
as it overlaps the Igf2r promoter in an antisense orientation and reduces RNA polymerase
II recruitment (Latos et al., 2012). This also represses two other genes which form a cluster
with Igf2r; Slc22a2 and Slc22a3, despite not overlapping them (Sleutels, Zwart, and Barlow,
2002). The resulting Airn transcript is highly unstable and poorly conserved, and truncation
of the transcript by insertion of polyadenylation cassettes had no impact on function (Latos
et al., 2012). This demonstrates that the transcript product is not important to function, only
the act of transcription (Seidl, Stricker, and Barlow, 2006).

1.4.1.2 Regulation of chromatin structure

LncRNAs can regulate chromatin structure in cis and in trans; in this section an example
of each mode is provided. Perhaps the best studied example is Xist, a key component of
X chromosome inactivation in placental mammals (Brown, Ballabio, et al., 1991) (Figure
1.2B). To produce an equal dosage of X-linked genes in males (XY) and females (XX), one of
a females X chromosomes is inactivated, referred to as Xi. Xist is expressed exclusively from
the Xi, and acts in cis to coat the chromosome and recruit a number of protein partners which
establish and maintain gene silencing. Ultimately the Xi is condensed to form a Barr body
(Lyon, 1962; Borensztein et al., 2017), and anchored to the nuclear periphery. Mutations in
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Figure 1.2: Known nuclear functions of IncRNAs. A. Regulation via IncRNA transcription;
transcription of the IncRNA Airn represses Igf2r transcription. B. Regulation of chromatin
structure; Xist coats the Xi chromosome, establishing and maintaining gene silencing. C.
Regulation of mRNA transcription; Evf-2 recruits DLX2 to the DLX5/6 enhancer, increasing
their transcription. D. Post transcriptional regulation; MALAT1 sequesters splicing factors to

nuclear speckles, regulating alternative splicing of endogenous pre-mRNAs. Created with
BioRender.com.
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the Xist promoter lead to extremely skewed inactivation patterns in human (Plenge et al.,
1997).

The sequence of the antisense lincRNA HOTAIR is poorly conserved within mammals (He,
Liu, and Zhu, 2011), but its function in human has been well studied. Acting in trans, HO-
TAIR forms a molecular scaffold between PRC2 via a 5’ domain and LSD1 via a 3’ domain,
recruiting them to genes in the HOXD cluster (Schorderet and Duboule, 2011). HOXD target
genes are then downregulated via H3K27 trimethylation by PRC2, and H3K4 demethylation
by LSD1 (Rinn et al., 2007). This important role in epigenetic regulation has led to the
implication of HOTAIR dysregulation in a range of human cancers (Bhan and Mandal, 2015).

1.4.1.3 Regulation of mRNA transcription

The transcription of mRNA can be regulated by IncRNAs via interaction with transcription
factors (TF), having activating and repressive effects in cis and in trans. In cis, a IncRNA may
hybridise to a TF binding site, blocking TF binding and repressing transcription. Alternatively,
the IncRNA may recruit TFs to a nearby binding site, enhancing transcription. One such
example is Evf-2, which is antisense to the TF DLX6 (Figure 1.2C). Evf-2 forms a complex
with the DLX2 TF, increasing the transcriptional activity of the DIX5/6 enhancer (Feng et al.,
2006). This interaction has been demonstrated by immunoprecipitation of DLX2 in vivo in rat
embryonic nuclear extracts, followed by reverse transcription polymerase chain reaction (RT-
PCR) of the Evf-2 transcript (Feng et al., 2006). In trans, IncRNAs can affect the localisation
of TFs and other proteins, either enhancing or repressing their access to binding sites.

1.4.1.4 Post transcriptional regulation

LncRNAs can also affect the post transcriptional regulation of mRNAs in the nucleus, regulat-
ing their splicing, transport and degradation. Originally identified in lung cancer, in particular
in tumours which subsequently metastasised (Ji, Diederichs, et al., 2003), MALAT1 is a highly
abundant IncRNA with a well conserved sequence in vertebrates, which has been linked to
a range of functions and diseases (Arun, Aggarwal, and Spector, 2020). One function of
MALATI is in trans as a decoy, sequestering splicing factors to nuclear speckles (Figure 1.2D).
Specifically, MALAT1 binds to serine/arginine splicing factors, regulating alternative splicing
in a set of endogenous pre-mRNAs (Tripathi et al., 2010).

1.4.2 Cytoplasmic functions of IncRNA

Although nuclear IncRNAs are more extensively documented, many IncRNAs are enriched
in the cytoplasm (Ulitsky and Bartel, 2013), where they act in trans to modulate cellular
function. Recent work in the human K652 cell line (chronic myelogenous leukaemia) de-
tected 54% of expressed IncRNAs in the cytoplasm (Carlevaro-Fita et al., 2016). Cytoplasmic
IncRNAs are generally 5’capped, spliced and polyadenylated (Fuke and Ohno, 2008).

1.4.2.1 Regulation of mRNA translation

A number of IncRNAs have been implicated in mRNA translation, including BACE1-AS, an
antisense IncRNA which associates with the mRNA BACE], increasing its stability (Figure
1.3A). The base-pairing between the transcripts also masks the binding site of miR-485-5p,
a miRNA which represses BACE1 translation (Faghihi, Zhang, et al., 2010). This upregulates
the translation of BACEI which has been implicated in heart disease and the progression of
Alzheimer’s disease (Greco et al., 2017). This mechanism was first elucidated when expres-
sion of BACE1-AS was found to be elevated in the brains of Alzheimer’s patients (Faghihi,
Modarresi, et al., 2008). Further, the knockdown of BACE1-AS was found to result in the
reduction of BACEI mRNA, and overexpression results in increased BACEI mRNA levels.
BACE1-AS can also function as a competing endogenous RNA (ceRNA) as it shares miRNA
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Figure 1.3: Potential cytoplasmic functions of IncRNAs. A. Regulation of mRNA transcrip-
tion; base-pairing between BASE1-AS and BACE] increases translation ofBACEI. B. Regula-
tion of protein turnover; NRON forms a complex with CUL4B, PSMD11, and Tat, promoting
the degradation of Tat. C. Regulation of RBP availability; NORAD sequesters PUMILIO pro-
teins, limiting their repressive effect on target mRNA. D. Translation of IncRNA smORFs;
LINC00961 is translated to produce SPAAR. Created with BioRender.com.
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target sites with BACE1, sequestering miRNAs which target the mRNA and preventing its
degradation (Zeng et al., 2019).

1.4.2.2 Regulation of protein turnover

As well as regulating mRNA stability, IncRNAs can regulate protein stability and turnover.
The expression of IncRNA NRON alters significantly upon HIV-1 infection (Imam et al., 2015),
and has been found to form a complex with the ubiquitin/proteasome components CUL4B
and PSMD11, and the HIV-1 regulatory protein Tat (Figure 1.3B) (Li, Chen, et al., 2016).
This promotes the degradation of Tat, potentially suppressing viral transcription.

1.4.2.3 Regulation of RBP and miRNA availability

Other cytoplasmic IncRNAs function as decoys, competing with mRNA for RNA-binding
proteins (RBPs), circRNAs, and microRNAs (Schmitz, Grote, and Herrmann, 2016; Noh et al.,
2018). HULC, for example, acts as a decoy for miR-372, reducing the repressive effect of
miR-372 on the mRNA PRKACB (Wang, Liu, et al., 2010). The conserved mammalian IncRNA
NORAD is key to genomic stability, with knockdown triggering aneuploidy in cell lines (Lee,
Kopp, et al., 2016). NORAD contains a high number of PUMILIO binding sites, sequestering
a large portion of PUMILIO proteins and limiting their repressive effect on mRNAs, which
include those involved in DNA repair and mitosis (Figure 1.3C).

1.4.2.4 Translation of IncRNA smORFs

A proportion of IncRNAs, despite being "non-coding", contain actively translated smORFs,
some of which produce functional peptides. The IncRNA LINC00961 is conserved between
human and mouse, and contains a smORF which encodes the peptide 90 aa SPAAR (Figure
1.3D) (Matsumoto, Pasut, et al., 2017). SPAAR contains a transmembrane domain, and se-
questers subunits of the v-ATPase complex at the lysosomal membrane, inhibiting mTORC1
activation. mTORC1 controls protein synthesis and cell growth, and following muscle injury
SPAAR is thought to be downregulated in order to increase mTORC1 activation (Matsumoto,
Clohessy, and Pandolfi, 2017).

1.5 Eukaryotic translation

Eukaryotic translation consists of four main stages; initiation, elongation, termination and
recycling (Kapp and Lorsch, 2004). Each of these steps are tightly regulated, and aberrations
can lead to disease, such as the various ribosomopathies caused by mutations in components
of the ribosome (Kang et al., 2021). However, this model should be taken as a basic under-
standing of translation, which can be deviated from to allow for more complex translational
regulation and non-canonical translation.

Translation initiation describes the assembly of the 80S ribosome at the start codon of the
mRNA, and occurs canonically via the 5’ cap dependent pathway (Figure 1.4A). Initially, the
ternary complex (eIF2-GTP-Met-tRNA;) binds the 40S ribosomal subunit, forming the 43S
pre-initiation complex. The 43S is loaded at the 5’ cap of an mRNA, and begins scanning in
the 3’ direction through the 5’ UTR. Upon encountering an AUG start codon in a suitable
sequence context, the anticodon of the Met-tRNA; binds to the start codon, halting scanning
and triggering the joining of the 60S ribosomal subunit to form the 80S ribosome. In verte-
brates the optimum sequence context is GCC(A/G) CCAUGG; the Kozak consensus sequence
(Kozak, 1986). Weaker Kozak sequences; i.e. divergence from the optimal sequence, increase
the likelihood of ‘leaky scanning’, where the ribosome moves past a start codon without
initiating translation. Translation can also initiate from alternate start codons, which in eu-
karyotes can occur at all single-base substitutions from AUG, bar AGG and AAG (Peabody,
1989).

11
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Figure 1.4: Key steps in eukaryotic translation. A. Initiation; the 43S pre-initiation complex
is loaded at the 5’ cap, scans in the 3’ direction, and upon encountering the start codon joins
with the 60S subunit to form the 80S ribosome. B. Elongation; tRNA enters the ribosome,
peptide bonds are catalysed between their amino acids to grow the peptide chain, and the
ribosome moves along the transcript. C. Termination; the ribosome encounters a stop codon,
and the completed polypeptide chain is released by eRF1. D. Recycling; ABCE1 catalyses
recycling of the 80S complex into 40S and 60S subunits. The E-site, P-site, and A-sites are
labeled on the 40S. Adapted from Protein Translation, by BioRender.com (2023). Retrieved
from https://app.biorender.com/biorender-templates.
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Following initiation the ribosome begins elongation (Figure 1.4B). tRNAs enter the ribosome
at the acceptor site (A-site), where they bind to their matching codon, and a peptide bond is
catalysed between the two amino acids at the A-site. The ribosome moves to the next codon
in the 3’ direction and the empty tRNA is released via the exit site (E-site), allowing the
cycle to repeat again. A key aspect of this process is maintenance of the reading frame, and
prevention of frameshift events. Although the frequency of these errors is extremely low in
the general population, there are a subset of mRNAs for which frameshift events occur at a
significantly higher frequency (Atkins et al., 2000). In the E.coli prfB gene, translation of the
full-length termination release factor 2 protein requires a + 1 frameshift, avoiding an in frame
stop codon (Marquez et al., 2004). This frameshift occurs ~ 30% of the time, compared to
approximately 1/30,000 incorporated amino acids in the wider mRNA population (Weiss
et al., 1988; Jgrgensen and Kurland, 1990).

Elongation can be slowed by particular amino acid sequence combinations, either due to
some peptide bonds forming at a slower rate (Wohlgemuth et al., 2008), or due to certain
codons being less optimal and therefore having a smaller pool of tRNAs available for elonga-
tion (Ikemura and Ozeki, 1983). The ribosome may also be stalled by secondary structures
in the mRNA, such as stem loops or pseudoknots (Dinman, 2012).

When the ribosome reaches the end of an ORF, signified by a stop codon (UAA, UAG, or UGA)
in the A-site, translation is terminated (Figure 1.4C). The completed polypeptide chain is
released following hydrolysis of the bond linking the chain to the P-site tRNA by eukaryotic
peptide chain release factor subunit 1 (eRF1). As in initiation, the efficiency of termination
is affected by the sequence context, and the combination of the stop codon and the first
nucleotide of the 3’ UTR increase or decrease the likelihood of stop codon readthrough
(Schuller and Green, 2018).

Finally, the 80S complex must be recycled back into 60S and 40S subunits, ready to carry out
another round of translation (Figure 1.4D). The ATP-binding cassette (ABCE1) binds to the
ribosome, dissociating the 80s into free subunits, and remaining bound to the 40s (Schuller
and Green, 2018).

Further translational regulation occurs at the level of the ribosome. Far from being a ho-
mogenous pool of translational machinery, recent evidence has revealed heterogeneity in
the composition of ribosomes, termed specialised ribosome (Guo, 2018). Although this is a
relatively new area of research, several mechanisms of action for translation regulation have
been hypothesised including altering 40S recruitment to the transcript, start codon selection,
elongation rate, and stop codon recognition (Norris, Hopes, and Aspden, 2021).

1.6 Non-canonical translation

The canonical view of eukaryotic translation describes an ORF of 100 codons or more, with
an AUG start codon, in a protein coding transcript. However, advances in bioinformatic,
sequencing, and peptidomic techniques have expanded our understanding of translation to
reveal a diverse range of non-canonical ORFs. These include upstream open reading frames
(uORFs) found in the 5’UTR, upstream of the start codon of the main ORF, downstream
open reading frames (dORF), found in the 3’'UTR, and smORFs (sometimes referred to as
sORFs) of <100 codons found in IncRNAs, circRNAs, and miRNAs. Work to explore the small
ORFeome found that 10% of mouse proteins are shorter than 100 aa (Frith et al., 2006), and
hundreds of potential functional smORFs have been identified in Drosophila (Ladoukakis
et al., 2011).

Translation initiation can also occur independently of the 5’ cap, via internal ribosome entry
site (IRES) mediated initiation. These highly structured elements initiate cap-independent
protein synthesis by interacting with RBPs and ribosomes, allowing downstream initiation of
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translation (Karginov et al., 2017). Research on IRES elements has mainly focused on viral
gene expression, due to the necessity of reducing reliance on translation initiation factors
in viral protein translation. However, in conditions that may compromise cap dependent
translation, such as the stress conditions found in inflammatory breast cancer, cellular IRESs
have been found to be both present and functional (Silvera et al., 2009; Komar and Hat-
zoglou, 2011). Approximately 100 cellular IRES elements have now been experimentally
characterised in eukaryotes (Kolekar et al., 2016).

1.6.1 Upstream ORFs

Over 50% of human mRNAs have at least one AUG upstream of the main ORF in the 5’
untranslated region (UTR), creating a potential uORF. Fewer uORFs are found in in eukary-
otes than would be expected by chance (Iacono, Mignone, and Pesole, 2005; Lawless et al.,
2009), and existing uORFs are under selective pressure (Churbanov et al., 2005). This is
because the presence of uORFs can have a repressive effect on the main ORF (Andreev
et al., 2022) reducing translational efficiency by an average of 30-48% in human, mouse
and zebrafish (Chew et al., 2013). This repression occurs via several mechanisms, including
stalling of the ribosome on the uORF, which can block additional scanning ribosomes or
induce mRNA decay (Meijer and Thomas, 2002). The ribosome may also continue scanning
and reinitiate at the main ORF, although this is considered to be inefficient, particularly if
there is a small distance between the uORF and main ORF (Kozak, 1987; Barbosa, Peixeiro,
and Romaéo, 2013). The majority of uORFs have an adequate or weak translation initiation
site (TIS) context (Iacono, Mignone, and Pesole, 2005), meaning they may also be skipped by
the translational machinery, termed leaky scanning (Kozak, 1980). Under stress conditions
levels of leaky scanning across uORFs can increase, upregulating translation of the main ORF
(Renz, Valdivia-Francia, and Sendoel, 2020).

As uORFs often function via their presence and translational context, their sequence can be
poorly conserved, as the resulting peptide is not functional (Iacono, Mignone, and Pesole,
2005). However, mass spectrometry analysis has found evidence of stable peptides produced
from uORFs (Oyama et al., 2004; Slavoff et al., 2013) which can act as another layer of
regulation of the main ORF, or have other functions (summarised in Renz, Valdivia-Francia,
and Sendoel, 2020).

1.6.2 Evidence for non-canonical ORFs

The technique of ribosome profiling (Ribo-Seq) provides evidence to support the translation
of non-canonical ORFs. Initially developed in 2009 (Ingolia, Ghaemmaghami, et al., 2009),
Ribo-Seq is a high throughput method which identifies a snapshot of the actively translated
RNA in a sample by establishing the sequences of all RNA bound by ribosomes. To perform
Ribo-Seq, a sample of cells or tissue is treated with a translational inhibitor and lysed. Follow-
ing isolation of the cytoplasm, RNasel digestion is performed, which digests all RNA in the
sample not protected by a bound ribosome or RNA-binding protein. The lysate is subjected to
ultracentrifugation on a sucrose cushion to select the ribosome bound RNA fragments, called
ribosome footprints. Ribosome footprints are generally 28-32 nucleotides in length, although
this varies between organism, cell/tissue type, conditions, and experimental protocol (Asp-
den et al., 2014; Ingolia, Brar, et al., 2013). The RNA fragments are then purified to remove
the ribosomes and other bound complexes, and processed to undergo RNA sequencing.

Choice of experimental protocol and conditions can have a major impact on the quality and
expected outputs from Ribo-Seq data. The translational inhibitor used to stall the ribosomes
affects the position of ribosome footprint across the ORF; the commonly used inhibitor
cycloheximide creates a build up of Ribo-Seq reads around the start codon and first 15 nt of
the ORF in human (Douka, Agapiou, et al., 2022). Ribo-Seq has been adapted for and used in
many species, cell types, and tissues (Ingolia, Ghaemmaghami, et al., 2009; Ingolia, Lareau,
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and Weissman, 2011; Chew et al., 2013; Aspden et al., 2014; Chothani, Adami, Widjaja,
et al., 2022). There is however a high likelihood of false positives arising from Ribo-Seq
data (Gelhausen et al., 2022; Prensner, Abelin, et al., 2023). RNA bound by ribosomes is not
necessarily being translated, as scanning 40S ribosomal subunits can also create footprints,
or a single 80S ribosome may be spuriously bound. A key step in the analysis of Ribo-Seq
data is therefore the selection of reads exhibiting triplet periodicity. This is the signature
movement of the translating ribosomes across the ORF, three nucleotides at a time, in frame
with the start codon.

A wide range of computational methods have been developed to analyse Ribo-Seq data
(reviewed in (Kiniry, Michel, and Baranov, 2019)), in particular to detect and measure active
translation. The first measure developed was Translational efficiency (TE), from the original
Ribo-Seq study (Ingolia, Ghaemmaghami, et al., 2009). This measure simply divides the
density of ribosome footprints by RNA-seq reads to calculate TE, and early works defined
actively translated transcripts as those with high TE (Ruiz-Orera, Messeguer, et al., 2014).
Alternately, the ribosome release score (RRS) focused on the release of ribosomes at the stop
codon, causing a decrease in Ribo-Seq coverage over the 3’'UTR (Guttman, Russell, et al.,
2013). RRS is defined as the ratio of the number of Ribo-Seq reads in the ORF and the 3'UTR,
normalised by length and the ratio of RNA-Seq reads. However, the RRS does not account
for cases where multiple ORFs are actively translated. Another strategy involves the profiling
of distinct Ribo-Seq read patterns around start and stop codons, which forms part of the
ORF-RATER (Fields et al., 2015) and riboHMM (Raj et al., 2016) approaches. Depending
on the translational inhibitor used in the Ribo-Seq protocol, these profiles can vary widely.
Later methods including ORFscore (Bazzini et al., 2014), RibORF (Ji, Song, et al., 2015), and
Ribotaper (Calviello, Mukherjee, et al., 2016) have focused on the sub-codon resolution on
the Ribo-Seq data, scoring ORFs based on the number of in frame reads and coverage across
the ORF. A standardised annotation of non-canonical human ORFs identified using Ribo-Seq
is currently being developed, the majority of which were identified using methods which rely
on the sub-codon resolution of Ribo-Seq reads (Mudge et al., 2022). Recent work has also
looked to expand these annotations to include more data from primary biological material,
as the majority of human Ribo-Seq studies have been performed on cell lines, due to the need
for large amounts of primary material for this protocol (Chothani, Adami, Widjaja, et al.,
2022).

The Ribo-Seq protocol has also been developed further to improve the detection of active
translation. Polysome profiling (Poly-Ribo-Seq) is a variation of Ribo-Seq which includes a
polysome fractionation step, allowing RNA bound by multiple ribosomes (polysomes) to be
specifically selected and sequenced (Figure 1.5) (Aspden et al., 2014). A downside of this
technique is the loss of particularly small smORFs of 80 nt or less, which are too small to be
bound by multiple ribosomes. Poly-Ribo-Seq has revealed populations of cytoplasmic IncR-
NAs associating with translated transcripts, or undergoing translation themselves (Aspden
et al., 2014).

Evidence of non-canonical translation is also gathered by focusing on the peptidome. This is
key, as active translation of an ORF does not prove that the resulting peptide is stable, and it
may be degraded shortly after production. Used in combination, bioinformatic predictions
and evidence of translation from Ribo-Seq can aid peptide discovery by mass spectrometry,
allowing for the design of custom protein databases (Menschaert et al., 2013; Bazzini et al.,
2014; Aspden et al., 2014). However, as the traditional definition of protein coding ORFs is
100 codons or more, many projects have an artificial cut-off of 100 aa as an effort to reduce
false positives. Further, technological limitations mean that validating peptides under 50 aa
in length is particularly challenging, and specific mass spectrometry techniques are required
to study them (Slavoff et al., 2013; Khitun and Slavoff, 2019). In particular, short peptides
are generally lowly abundant, so specific protocols to enrich for short peptides are required
(Fabre, Combier, and Plaza, 2021). The choice of enzyme when digesting peptides is also
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Figure 1.5: Schematic of Poly-Ribo-Seq analysis. Cells are lysed, and the cytoplasm iso-
lated. 20% of the cytoplasm is Poly-A selected and sequenced using RNA-seq, to give A)
All cytoplasmic poly-A RNA. This consists of polysome-associated translated mRNA and
IncRNA, polysome-associated (not translated) IncRNA, and cytosolic IncRNAs which do not
interact with the translational machinery. The remaining 80% of cytoplasm undergoes su-
crose density gradient ultracentrifugation to select polysome fractions; those labelled high-
lighted in pink on the schematic. 25% of the merged polysome fractions are Poly-A selected
and sequenced using RNA-seq to give B) Polysome-associated poly-A RNA. This consists of
polysome-associated translated mRNA and IncRNA, and polysome-associated (not translated)
IncRNA. The remaining 75% of the merged polysome fraction is sequenced using Ribo-seq,
in which the polysome fractions are treated with RNasel to isolate polysome protected frag-
ments, identifying C) Actively translated mRNA and IncRNA. Created with BioRender.com.
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key, as commonly used enzymes such as trypsin may create fragments which are too small
to be captured by the mass spec analysis (Kim, Zhong, and Pandey, 2016).

1.6.3 Translation of IncRNA ORFs

Many transcripts were originally annotated as IncRNAs because they lack ORFs >100 aa.
However, the majority of IncRNAs contain in-frame start and stop codon pairs, creating
potential smORFs with an average size of 24 codons (Couso and Patraquim, 2017). Multiple
smORFs are often found on a single transcript in overlapping or polycistronic arrangements,
with a median of 6 smORFs per IncRNA. LncRNA smORFs are the third most abundant class
of smORFs after intergenic smORFs and uORFs (Couso and Patraquim, 2017). Previously
thought to be untranslated and too small to be functional, ribosome profiling studies have
detected translated IncRNA smORFs with patterns of ribosome footprinting indicative of
translation (Ingolia, Lareau, and Weissman, 2011; Bazzini et al., 2014; Aspden et al., 2014).
However, ribosome occupancy is not sufficient to demonstrate the production of functional
peptides, and extensive work has been carried out to characterise these translational events.

Barriers to the characterisation of IncRNA smORFs include their size, which leads to low
conservation scores from the majority of sequence based bioinformatic methods, and their
assumed lack of coding potential (Andrews and Rothnagel, 2014). However, we do see
examples of conserved smORFs, such as Sarcolamban in Drosophila. Originally annotated as
pncr003:2L, this gene encodes two smORFs with lengths of 28 and 29 aa, which produce
transmembrane peptides found to regulate calcium transport in the heart by interacting
with the sarcoplasmic reticulum calcium pump, lowering its affinity for calcium (Magny
et al., 2013). These peptides are thought to be functional homologues to the Sarcolipin
and Phospholamban peptides found in vertebrates, revealing a conserved ancestral smORF
peptide family. A further barrier is the use of non-canonical start codons by many smORFs,
meaning they are often overlooked (Pueyo, Magny, and Couso, 2016). The peptides produced
by IncRNA smORFs are also smaller and generally of lower abundance and stability than
those from canonical ORFs; in combination with their small size this can make their detection
by methods such as mass spectrometry problematic.

The pool of identified IncRNA smORF peptides has expanded rapidly (Aspden et al., 2014;
Ruiz-Orera, Messeguer, et al., 2014; van Heesch, Witte, et al., 2019; Patraquim et al., 2022;
Barczak et al., 2023), but only a select few peptides have been verified and studied in
detail, as the the heterogeneity and technical challenges presented by IncRNAs make this
difficult to achieve at scale. The mouse IncRNA MyolncR4, for example, encodes the 56 aa
trans-membrane peptide LEMP which is highly conserved in vertebrates (Wang, Fan, et al.,
2020). LEMP localises to the mitochondria, and has a role in skeletal muscle formation
and regeneration. LEMP shares 71% aa identity between mammals and zebrafish, where
its elimination via knockdown and knockout both result in impaired muscle development,
which can be restored by the mouse ortholog (Wang, Fan, et al., 2020). In human, the LEMP
peptide is referred to as mitoregulin from the gene LINCO0116, where it localises to the inner
mitochondrial membrane and binds cardiolipin (Stein et al., 2018).

1.7 The emergence of new genes

The emergence of new genes and their products is essential in the evolution of novel pheno-
types, allowing existing species to adapt to their environment, and in some cases leading to
speciation (Kaessmann, 2010; Chen, Krinsky, and Long, 2013). New protein coding genes
can arise via an array of molecular mechanisms, including gene duplication, exon shuffling,
fission, fusion, and horizontal gene transfer (Chen, Krinsky, and Long, 2013). The majority
emerge from existing coding sequences via gene duplication, either by DNA-based duplica-
tion or RNA-based retrotransposition (Long et al., 2013). Following DNA based-duplication,
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the most probable outcome is that the duplicate becomes a non-functional pseudogene, and
is subsequently lost from the genome (Ohno, 1972). Alternatively, both copies of the gene
may be retained, preserving the ancestral function and increasing production of its protein
product (Cotton and Page, 2005), although this process is complex as increased expression is
not necessarily advantageous (Rogozin, 2014). Yet another outcome can be subfunctionalisa-
tion, wherein multiple functions of a single ancestral gene are split between the two copies.
Finally, the duplicate may acquire a novel function via new regulatory elements which al-
ter its expression or mutations which produce a novel protein, termed neofunctionalisation.
Following RNA-based retrotransposition, in which genes undergo reverse transcription and
insertion into the genome, the duplicate is more likely to evolve a novel function (Kaess-
mann, 2010). These mechanisms are not mutually exclusive, and may act in combination to
produce novel genes. The emergence of new genes is a key aspect of evolution, contributing
to the vast array of adaptations and phenotypes observed in organisms today.

1.7.1 Origins of IncRNAs

The evolutionary origins of IncRNA, remain unclear. Given their heterogeneity it is unlikely
that they all emerged the same way. Thus far, five hypotheses have been proposed which
may explain their origins (Figure 1.6) (Ponting, Oliver, and Reik, 2009):

i) Mutation of a protein coding gene

Mutations can occur in protein coding genes which disrupt the frame of the ORF without
affecting expression of the transcript, thus creating a non coding gene (Figure 1.6i). A key
example of this process is the Xist IncRNA, which evolved via a combination of mechanisms,
including the pseudogenisation of the protein coding gene Lnx3 (Duret et al., 2006). Up to
5% of conserved mammalian IncRNAs are thought to have originated from protein coding
genes (Hezroni, Ben-Tov Perry, et al., 2017), and recent work identified 33 novel human
IncRNAs which arose from protein coding gene loss events (Wen et al., 2023).

ii) Chromosomal rearrangement

Following chromosomal rearrangements, sequences that were previously well separated can
move into close proximity, creating a potential non coding gene (Figure 1.6ii). As the eukary-
otic transcriptional machinery is relatively promiscuous, if this region of the chromosome is
in a permissive chromatin environment transcription may then initiate (Palazzo and Koonin,
2020). This could lead to a transcript which is only occasionally expressed at low levels, or
further changes could produce a functional IncRNA transcript.

iii) Duplication of a non-coding gene

As with protein coding genes, non-coding genes can also be duplicated by DNA duplication or
RNA-based retrotransposition. Retrotransposition can produce a functional retrogene (Figure
1.6iii), or a non-functional retropseudogene (Ponting, Oliver, and Reik, 2009).

iv) Tandem duplication

New IncRNAs can also emerge from local tandem duplication events which increase the
length of existing genes, producing IncRNAs containing neighbouring repeats (Figure 1.6iv).
The nuclear IncRNA Kcnqlotl, for example, contains a large repeat rich region which spans
more than half of the transcript (Pandey et al., 2008).

v) Transposable element insertion

Transposable elements are portions of DNA that can travel within the genome. They have
contributed massively to the human genome; ~ 45% is recognisably derived from transpos-
able elements, with the true percentage likely higher as more ancient transposable elements
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Figure 1.6: Possible origins of IncRNAs i) Mutations in protein coding genes can cause
frame disruptions, creating a non-coding gene. ii) Chromosomal rearrangements can move
to previously separate, untranscribed regions into close proximity, creating a multi-exon non-
coding gene. iii) Duplication of a non-coding gene via retrotransposition can generate a new
non-coding gene. iv) Tandem duplication events can create neighbouring repeats within an
existing gene. v) Transposable elements can be co-opted to create a new gene. Blue arrows
represent protein coding genes, and pink arrows IncRNA genes. Green boxes represent
untranscribed regions, and yellow transposable elements. Created with BioRender.com.
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have diverged beyond recognition (Cordaux and Batzer, 2009). They are also particularly
prevalent in IncRNAs, unlike in protein coding genes, occurring in over 66% of IncRNA
transcripts and accounting for ~ 30% of IncRNA sequence in human (Kapusta et al., 2013).
Transposable elements are often incorporated into existing IncRNAs, such as Xist which
sequentially gained and assimilated lineage-specific transposable elements throughout evo-
lution (Elisaphenko et al., 2008). Novel ncRNAs can also emerge from transposable element
insertions (Figure 1.6v), as they often contain functional transcription start sites (Ulitsky,
2016), producing RNA from previously untranscribed regions.

1.7.2 De novo ORFs

In contrast to processes involving existing genes, the de novo emergence of novel protein
coding sequences from non-coding sequences is poorly understood. However, this process
represents a significant source of evolutionary innovation; in Drosophila, ~12% of species or
lineage specific new genes originated de novo (Zhou et al., 2008). Generally, de novo genes
can be identified by comparisons with sister lineages, as a lack of homologs can indicate that
the gene is unique to a single lineage. However this is not conclusive, as the gene may have
been lost in the sister species, or may just be missing due to an annotation error.

To produce a peptide, a de novo gene must be transcriptionally and translationally active,
include all of the associated sequence features required to regulate these processes, and
not produce a product with strong deleterious effects. It is not clear in which order these
features are gained, and “ORF first” (Begun et al., 2006) and “transcription first” (Levine et
al., 2006) models have been proposed (Figure 1.7). In the ORF first model, a smORF occurs
at random in non-coding DNA, gains a promoter, and becomes part of a transcriptional unit.
The smORF then has the potential to be translated, producing a small peptide. Over time,
this new gene could be subject to natural selection, gaining traits associated with canonical
protein coding genes, such as increasing expression levels of its RNA and protein products,
increasing length, displaying codon usage bias, and gaining a function at the peptide level.
In the transcription first model, active transcription is present before the gain of a smORF.
These models represent a continuum, where sequences can exist in the genome at each
intermediate step, and also proceed "backwards" through these states, by truncation, and
loss of function, translation, or transcription.

LncRNAs have been postulated to represent steps along this evolutionary continuum, in
part due to their similarity to novel genes (Xie et al., 2012; Ruiz-Orera, Messeguer, et al.,
2014). Novel genes tend to be shorter, contain fewer exons, evolve more rapidly, and be
lowly expressed compared to protein coding genes; as are IncRNAs. In particular, new genes
are commonly found be highly or even specifically expressed in the testes in mammals and
flies, regardless of their mechanism of genesis (Levine et al., 2006; Wu, Irwin, and Zhang,
2011). The "out-of-testes" hypothesis has been proposed, which suggests that as the male
reproductive organs tend toward rapid evolution due to the range of selective pressures
acting upon them, they provide an environment conducive to the emergence of new genes
(Kaessmann, 2010). The testes are known to have a chromatin environment conducive
to promiscuous transcription, with a high abundance of RNA polymerase II (Schmidt and
Schibler, 1995). LncRNAs expression is also enriched in the testes of humans and Drosophila,
with the second highest levels of enrichment in the brain (Jandura and Krause, 2017) In
humans, the transcription of many de novo genes have also been found to originate in the
brain (Xie et al., 2012), in particular in early brain development (Zhang, Landback, et al.,
2011). Interestingly, ~40% of human IncRNAs are specifically expressed in the brain (Derrien
et al., 2012), and their misregulation has been linked to diseases including Alzheimer’s
disease (Mus, Hof, and Tiedge, 2007; Faghihi, Modarresi, et al., 2008), Parkinson’s disease
(Carrieri, Cimatti, et al., 2012)

Importantly, if IncRNAs are indeed a step in the generation of de novo coding sequences, they
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arrows transcripts. Created with BioRender.com.
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are a functional step. As discussed in Section 1.4, IncRNAs carry out many key functions
as non-coding transcripts. These functional IncRNAs may or may not contain multiple un-
translated smORFs. Ribosome profiling has opened up a world of IncRNAs undergoing active
translation, producing both functional and non-functional peptides and representing further
points in this continuum. Further, there are examples of transcripts which could represent
the intermediate state of functioning as a IncRNA transcript, and producing a functional
peptide. SRAI is a IncRNA which acts as a molecular scaffold, enhancing the activity of
steroid receptors (Lanz et al., 1999). Via alternative splicing, SRA1 also produces an mRNA
that codes for a protein called SRAP. SRAP is less well studied than its IncRNA counterpart,
but has been found to interact with transcription factors, and is thought be involved in tran-
scriptional repression or modulating splicing (Ulveling, Francastel, and Hubé, 2011; Sheng
et al., 2018). It is therefore interesting to consider at which point a IncRNA is considered
"protein coding" enough to be reclassified, and if a specific subset of the oxymorons which
are "translated IncRNAs" should be clearly defined.

1.8 LncRNAs in the human brain

LncRNAs are highly expressed in the human central nervous system, including many brain-
specific IncRNAs (Derrien et al., 2012), and their dysregulation has been associated with
a wide range of neurological diseases, including Alzheimer’s disease (BACEI-AS) (Faghihi,
Modarresi, et al., 2008), Fragile X syndrome (FMR4) (Khalil et al., 2008), and Parkinson’s
disease (MALAT1) (Cai et al., 2020; Zhang, Wang, et al., 2016). A subset of these IncRNAs
regulate neuronal differentiation, a tightly controlled process which requires temporally
and spatially specific expression profiles. For example, the conserved lincRNA TUNAR is
transcribed in embryonic stem cells, and depletion of TUNAR expression using short hairpin
RNA (shRNA) caused a reduction in cell proliferation in mouse (Lin, Chang, et al., 2014).
Recent work identified a 48 aa transmembrane protein (pTUNAR) translated from TUNAR
which impacts neural differentiation and neurite formation, and a longer 65 aa isoform
which was more lowly translated (Senis et al., 2021).

1.8.1 SH-SY5Y cells as a model for human neuronal differentiation

Development of the human central nervous system begins in week 3 of embroygenesis, as the
neural plate is formed and folds to create the neural tube, from which the brain and spinal
cord will eventually be derived. Neural progenitor cells (NPCs) develop and neurogenesis
begins as they divide and differentiate to produce neuronal and glial cells, eventually giving
rise to the intricately arranged network which forms the human brain (Tao and Zhang, 2016).
The study of IncRNA expression and translation during this process is particularly challenging,
as techniques such as Poly-Ribo-Seq require a lot of primary tissue. Once neurons are fully
matured they also cannot be propagated, so a small sample cannot provide sufficient material.
As LncRNAs are generally poorly conserved, study of another model species will not provide
in depth insight into those IncRNAs important in human neurons. Therefore, SH-SY5Y cells
are often used as a ideal model to study expression and translation in the human brain and
in neuronal differentiation.

SH-SY5Y cells are a human neuroblastoma cell line which originates from the SK-N-SH cell
line, taken from a metastatic bone tumour biopsy of a 4-year old female neuroblastoma
patient (Biedler, Helson, and Spengler, 1973). The SK-N-SH line contains two phenotypes;
neuroblast-like cells and epithelial-like cells (Ross, Spengler, and Biedler, 1983), and three
successive sub-clones selecting for cells with neuron-like characteristics resulted in the SH-
SY5Y line (Biedler, Roffler-Tarlov, et al., 1978). Undifferentiated SH-SY5Y express immature
neuronal markers and are phenotypically similar to neuroblasts, the nondividing cells eventu-
ally produced from NPCs which differentiate to form neurons. Upon treatment with retinoic
acid (RA), SH-SY5Y cells can be differentiated to more mature neuron-like cells, with elon-
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gated neurites and decreased proliferation, providing a model for neuronal differentiation
(Kovalevich, Santerre, and Langford, 2021).

1.9 Project objectives

1) To establish which IncRNAs are actively translated in human neuronal cells (Chapter
2).

LncRNAs are known to play key roles in human neurogenesis, but work thus far has focused
on nuclear IncRNAs, and very little is known about cytoplasmic IncRNAs and their coding po-
tential throughout this process. Here, we aim to detect IncRNAs undergoing active translation
during human neuronal differentiation, despite the pervading view that these transcripts
do not have coding potential. To achieve this, Poly-Ribo-Seq data from undifferentiated
(Control) and differentiated (RA) SH-SY5Y cells was analysed to identify subpopulations
of human cytoplasmic neuronal IncRNAs, based on their association with the translational
machinery.

2) To identify distinguishing characteristics of translated IncRNAs compared to non-
coding and canonical coding sequences (Chapter 3).

The expression and structure of IncRNAs is known to be similar to de novo coding sequences,
and it has been postulated that IncRNA represent a step on the evolutionary continuum
between non-coding and coding sequence. By focusing on translated IncRNAs we aimed to
determine where they fall on this spectrum. Here the translated IncRNAs, their smORFs and
resulting peptides are compared to canonical and non-canonical ORFs to characterise this
sub-population of IncRNAs.

3) To determine the extent of sequence conservation of translated IncRNA smORFs in
non-human species (Chapter 4).

Unlike canonical protein coding genes, IncRNAs generally lack sequence conservation, and
approximately 30% of human IncRNAs are thought to be primate specific. By focusing on the
sequence of the smORFs rather than the entire IncRNA transcript, I aimed to identify modular
areas of sequence conservation, and potentially biologically important IncRNA peptides. To
do so, the transcriptomes and proteomes of Primates and other reference quality genomes
were searched for evidence of sequence conservation in the translated IncRNA smORFs.
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Chapter 2

Identification of subpopulations of
cytoplasmic IncRNAs expressed in
human neuronal cells

2.1 Introduction

2.1.1 Cytoplasmic IncRNA populations

Initial studies of IncRNA function focused on IncRNAs which localise to the nucleus, with
many found to have roles as epigenetic regulators of gene expression. Later work widened
the field to include the many IncRNAs enriched in the cytoplasm. A study in the leukaemia
cell line (K562) detected 54% of expressed IncRNAs in the cytoplasm, while work in HepG2
hepatocellular carcinoma cells found ~75% present in the cytoplasm (Carlevaro-Fita et al.,
2016; Benoit Bouvrette et al., 2018). One possible classification of cytoplasmic IncRNAs is
based on their association with the translation machinery, creating three populations; A)
Cytosolic IncRNAs, which do not associate with the translational machinery; B) Untranslated
polysome-associated IncRNAs found to associate with other, translated mRNAs, i.e., present
in polysome fractions, but not translated themselves; C) Translated IncRNAs (Figure 2.1)
(Aspden et al., 2014). LncRNAs in category A) can perform a number of functions, such as
lincRNA-RoR, which acts as an miRNA sponge and is thought to be involved in the mainte-
nance of embryonic stem cell pluripotency (Wang, Xu, et al., 2013). LncRNAs in category
B) can affect the translation of mRNAs, such as BC200/BCYRN1, which acts as a localised
translational repressor in dendrites and is implicated in Alzheimer’s disease (Mus, Hof, and
Tiedge, 2007). The IncRNA Uchl1-AS1 is downregulated in models of Parkinson’s disease,
and dynamically expressed in the cytoplasm where it associates with the protein coding
transcript UCHL]1, increasing translation via a SINEB2 domain (Carrieri, Cimatti, et al., 2012;
Carrieri, Forrest, et al., 2015). Recent community efforts have aimed to standardise docu-
mentation of category C) IncRNAs, identifying 2,208 translated IncRNA ORFs from human
ribosome footprinting data (Mudge et al., 2022).

Previous analysis of Poly-Ribo-Seq data identified these three populations of cytoplasmic
IncRNAs in D.melanogaster S2 cells (Aspden et al., 2014). As Poly-Ribo-Seq includes a poly(A)
selection step, it can be assumed that all IncRNAs identified in these populations have a
poly(A) tail. As well as contributing to transcript stability, the poly(A) tail aids in the export
of RNA to the cytoplasm (Fuke and Ohno, 2008), and it’s length can affect translational
efficiency (Subtelny et al., 2014). This does exclude a subset of IncRNAs with alternative

25



Chapter 2. Identification of subpopulations of cytoplasmic IncRNAs expressed in human neuronal

cells

26

Nucleus

Processed mRNA
Cytosolic IncRNA

Processed IncRNA

Polysome-associated
(not translated) IncRNA

Polysome-associated mRNA “\/\,\

Polysome-associated
translated IncRNA

Cytoplasm

Figure 2.1: Subpopulations of cytoplasmic IncRNAs. Based on their interactions with the
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IncRNAs, which do not associate with the translational machinery, ii) polysome-associated
(not translated) IncRNAs, iii) polysome-associated translated IncRNAs and iv) polysome-
associated translated mRNAs. Processed mRNA and IncRNA are shown in the nucleus. Cre-
ated with BioRender.com.



2.1. Introduction

stabilisation structures such as triple helical structures, which can also undergo nuclear
export (Wilusz et al., 2012). The aim of this chapter is to identify these three populations
of cytoplasmic IncRNAs in human neuronal cells using Poly-Ribo-Seq data, to understand
the interaction of IncRNAs with the translation machinery and identify actively translated
IncRNA smORFs.

2.1.2 Quantifying RNA expression from RNA-Seq

To effectively quantify RNA levels from RNA-Seq, a suitable normalisation method must be
selected to adjust the raw count values. Most methods account for sequencing depth, to
allow comparison between samples, and gene length, to allow comparison between different
genes within the same sample. RNA composition may also be considered, as a few genes
with extremely divergent expression levels will skew differential expression analyses. Reads
per kilobase of exon per million reads mapped (RPKM) and fragments per kilobase of exon
per million reads mapped (FPKM) are extensively used metrics used for comparisons within
samples (Table 2.1), but they are not suitable for comparisons between replicates. This is
because RPKM and FPKM normalise by the total number of sequencing reads, which is not
a true measure of the number of transcripts in the sample. For example, if one replicate
contains longer transcripts on average, the same number of reads can represent fewer tran-
scripts (Wagner, Kin, and Lynch, 2012). Transcripts per million (TPM) is suitable metric for
comparisons between replicates of the same sample type because the sum of all TPMs in a
sample is constant, meaning they represent relative expression levels. For between sample
comparisons, methods include trimmed mean of M-values (TMM) and the median of ratios
from DESeq2, as they account for variance in the composition of RNA populations.
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Table 2.1: RNA-Seq count normalisation methods. Various methods used to normalise
raw RNA-Seq read counts, a brief description the factors these methods normalise by, and
examples of software which use the method.

and RNA composition.

Measure Description gzi;tl\:lvl;i‘i References
CPM Transcript counts scaled by total
(Counts Per Million) number of reads.
RPKM Transcript counts are normalised
(Reads Per Kilobase of by RNA length and total number Sailfish Mortazavi et al., 2008
exon per Million reads of reads. Used in single-end Patro, Mount, and Kingsford, 2014
mapped) RNA-Seq.
FPKM .
(Fragments Per Kilobase Fragments normalised by RNA Cufflinks, | Trapnell et al., 2012
o length and total number of reads.
of exon per Million . . eXpress Roberts and Pachter, 2013
Used in paired-end RNA-Seq.
fragments mapped)
TPM Estimate of relative transcripts Kallisto, Li, Ruotti, et al., 2010
(Transcripts Per Million) abundance, normalised by RNA Sailfish, Wagner, Kin, and Lynch, 2012
P length. Salmon Patro, Mount, and Kingsford, 2014
TM.M Estimates scale factors between Robinson and Oshlack, 2010
(Trimmed Mean of M edgeR .
samples. Robinson, McCarthy, and Smyth, 2010
values)
Median of Ratios Accounts for sequencing depth DESeq2 Anders and Huber, 2010

Love, Huber, and Anders, 2014
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2.2 Materials and Methods

2.2.1 RNA-Seq and Ribo-Seq Data

2.2.1.1 Poly-Ribo-Seq of human neuroblastoma cell line (SH-SY5Y)

Poly-Ribo-Seq was carried out on Human Neuroblastoma SH-SY5Y cells by Dr Katerina Douka
within the Aspden group, with single end 50bp Illumina sequencing. Detailed methods are
outlined in Douka, Birds, et al., 2021. Cycloheximide treatment was used to immobilise ribo-
somes, and ribosome footprinting was performed using RNasel, with conditions specifically
optimised for these samples, including gradient loading and treatment temperatures, buffer
composition and the duration of the treatment (Douka, Agapiou, et al., 2022). Poly-A selec-
tion was used to enrich the cytoplasmic and polysome-associated RNA samples for poly-A
tailed mRNAs and IncRNAs, and reduce contamination from rRNA, the most abundant type
of RNA in the cell. This was performed on undifferentiated (Control) cells and RA-treated
differentiated (RA) cells, with three biological replicates for each condition. This produced
the following sample types: A) Total cytoplasmic polyadenylated RNA-Seq, B) Polysome-
associated polyadenylated RNA-Seq, and C) Ribo-Seq (Figure 1.5).

2.2.1.2 Data availability

All analysed Poly-Ribo-Seq datasets are deposited in GEO with ID GSE166214. Fasta files
of human rRNA and high confidence hg38 tRNA were obtained from RiboGalaxy (Michel
et al., 2016) and GtRNAdb Release 17 (Quek et al., 2015) respectively. The human reference
genome and transcriptome (GRCh38.p12) and accompanying annotations were retrieved
from GENCODE release 30 (Frankish et al., 2021).

2.2.2 Poly-Ribo-Seq analysis
2.2.2.1 Read trimming and alignment

Quality reports of RNA-Seq and Ribo-Seq data were made using Fastqc (v.0.11.9) (Andrews,
2010). Adapter sequences were trimmed using Cutadapt (v2.10) (Martin, 2011), with a
minimum read length of 25bp. Untrimmed outputs were retained for RNA-seq reads (Figure
2.2). Low-quality reads with a score of <20 for 10% or more of the read were discarded
using the FASTQ Quality Filter within the FASTX-Toolkit (v0.0.14) (Hannon, 2009). One was
removed from the 3’ end of the trimmed reads in order to improve alignment quality, and
reads originating from rRNA and tRNA were aligned and removed using Bowtie2 (v2.3.4.3)
(Langmead and Salzberg, 2012) (E-appendix; bowtie index.sh, preprocessing RNAseq.sh
and preprocessing Riboseq.sh). Remaining reads were mapped to the human reference
genome using STAR (v2.7.5c) (Dobin et al., 2013). The STAR genome index was built with
an sjdbOverhang of 73 (E-appendix; STAR index.sh). Samtools (v1.10) (Li, Handsaker, et al.,
2009) was used to create sorted, indexed bam files of the resulting alignments (E-appendix;
STAR _alignment.sh).

2.2.2.2 Transcript quantification (RNA-Seq)

Trimmed RNA-Seq reads were mapped to the human reference transcriptome using Salmon
v1.6.0 (Patro, Duggal, et al., 2017) (E-appendix; Salmon_quant.sh). Salmon calculates Tran-
scripts per Million (TPM), an estimate of the relative abundance of each transcript in a sam-
ple, which normalises for transcript length and sequencing depth. TPM gives the proportion
of reads in a sample that map to a given transcript, a more accurate way to compare samples
than other measures. A gentrome and decoy file were created from the human transcriptome
and genome (GENCODE release 30), using the generateDecoyTranscriptome.sh script from
Salmon Tools (Patro, Srivastava, and Sarkar, 2022) (E-appendix; Decoy_transcriptome.sh).

29



Chapter 2. Identification of subpopulations of cytoplasmic IncRNAs expressed in human neuronal

cells

30

( CutAdapt \

L Adaptor removal J

¢ )
 Fastq (FASTX-Toolkit) | [ Fastac |

L Quality filter ) ’LReads quality check)

v

Reference ( Bowtie2
tRNA, rRNA
transcripts | | tRNA and rRNA removal)
S
Reference ( =L \
genome L Genome alignmentJ

v

( Read length selection

Metaplots produced around start and stop codons.
Selection of read lengths with good framing

v
( Ribotaper \

Identifies translated ORFs in coding and
non-coding regions.

'

( Replicate threshold W
LCutoﬁ: translated ORFs found in 2/3 replicatesJ

Figure 2.2: Workflow for identification of translated ORFs from Ribo-Seq and RNA-Seq
using Ribotaper. 3’ Adaptor sequences were trimmed from Polysome-associated RNA-seq
and Ribo-seq data using Cutadapt v2.10 (Martin, 2011) with a minimum read length of 25bp,
and untrimmed outputs retained for RNA-seq data. Low-quality reads with a score of >20 for
10% or more of the read were discarded using the Fastq quality filter in FASTX-Toolkit v0.0.14
(Hannon, 2009). FastQC v0.11.9 (Andrews, 2010) was used to produce quality reports on
the data. One base was removed from the 3’ ends of reads to improve alignment quality, and
reads originating from rRNA and tRNA were aligned and removed using Bowtie2 v2.3.4.3
(Langmead and Salzberg, 2012). The splice aware aligner STAR v2.7.5c (Dobin et al., 2013)
was used to align reads to the human genome. The STAR genome index was built with a
sjdbOverhang of 73. Samtools v1.10 (Li, Handsaker, et al., 2009) was used to convert sam
files to sorted, indexed bam files. Metaplots of aligned Ribo-seq data were generated using
the metaplots.bash script from Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016), and used
to select Ribo-seq read lengths exhibiting the best triplet periodicity, along with appropriate
offsets. Ribotaper was used to identify actively translated smORFs. The final filter that was
applied was the requirement for smORFs to be detected as translated in at least two of the
three biological replicates for the condition (Control or RA).
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This step prevents the mapping of reads which originate from an unannotated genomic locus
to annotated transcripts with similar sequences. A salmon index was generated from this
gentrome using a k-mer (minimum acceptable length for a valid match) of 27 (E-appendix;
Salmon_index.sh). Tapestation readouts were used to estimate the mean and standard de-
viations of fragment lengths in the sequencing library (Appendix A Table A.1). Expression
levels of the RNA-seq were quantified using Salmon (v.1.6.0) (Patro, Duggal, et al., 2017),
with a threshold of >1 TPM to consider a transcript expressed, as in the Human Protein Atlas
(Uhlén et al., 2015). Transcripts were considered IncRNAs if they were from the following
GENCODE release 30 (Frankish et al., 2021) biotypes: lincRNA, 3prime overlapping ncrna,
antisense, sense intronic, sense overlapping, macro IncRNA, bidirectional promoter Incrna.

Salmon outputs were read into edgeR v3.28.1 (Robinson, McCarthy, and Smyth, 2010) and
normalised to allow comparison between Total and Polysome-associated RNA-Seq samples.
Transcripts with very low counts across all samples were filtered, and counts were normalised
for sequencing depth and effective library sizes (E-appendix; edgeR_norm.Rmd).

2.2.3 Identification of translated IncRNAs

2.2.3.1 Ribotaper

Metaplots of the aligned Ribo-Seq data were generated using the create_metaplots.sh bash
script from Ribotaper (v1.3) (Calviello, Mukherjee, et al., 2016). These show the distance
between the 5’ ends of Ribo-Seq and the annotated start and stop codons from CCDS ORFs,
allowing the locations of P-sites to be inferred. The equivalent "RNA-site" used by Ribotaper
is at the 26th nt, arbitrarily chosen as a consistent position for each RNA-Seq read along
the transcript. Read lengths exhibiting the best triplet periodicity were selected for each
replicate, along with appropriate offsets (Appendix A, Table A.2). Actively translated smORFs
were identified from the Ribo-Seq and Polysome-associated RNA-Seq, using Ribotaper (v1.3)
(Calviello, Mukherjee, et al., 2016) (E-appendix; Ribotaper.sh). This method was also tested
on the Total RNA-Seq. Ribotaper requires a given exon to contain more than 5 P-sites, exhibit
significant 3-nt periodicity, and have 50% or more of the P-sites in frame with a start codon. If
multiple in frame start codons are present, the most upstream start codon with a minimum of
five P-sites in between it and the next ATG is selected. ORFs for which >30% of the Ribo-Seq
coverage was only supported by multi-mapping reads were subsequently removed. For this
portion of the analysis, I also required that a smORF be identified in at least two of the three
biological replicates of a given condition (Control or RA) to consider it robustly translated.

ORFs are categorised by Ribotaper (v1.3) (Calviello, Mukherjee, et al., 2016) according to
the gene biotype they originate from in the genome annotation; in this case, Gencode release
30 (Frankish et al., 2021). Consensus coding DNA sequence ORFs (CCDS ORFs) are found
overlapping an annotated coding exon in a CCDS gene, whilst non-consensus coding DNA
sequence coding ORFs (non CCDS coding ORFs) overlap an annotated coding exon in a
non-CCDS protein coding gene. Upstream ORFs (uORFs) and downstream ORFs (dORFs),
are defined as an ORF upstream or downstream of an annotated start codon or stop codon
in a CCDS gene. non-coding ORFs (ncORFs) are any ORF in a non-CCDS gene, which are
not overlapping a coding exon. All ORFs identified in other gene biotypes were classified as
ncORFs.

2.2.4 General statistics and plots

Data were analysed and plotted in R (R Core Team, 2021), using packages including the
tidyverse (Wickham et al., 2019), ggplot2 (Wickham, 2016), gghighlight (Yutani, 2022),
VennDiagram (Chen, 2022), and viridis (Garnier et al., 2021).

ORFs identified using Total and Polysome-associated RNA-Seq were compared using Jaccard
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Similarity indices, calculated as the number of obervations in the intersection of two sets,
divided by the union of the sets.
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2.3 Results

2.3.1 Poly-Ribo-Seq data quality and alignment

To identify subpopulations of human neuronal cytoplasmic IncRNAs based on their associa-
tion with the translation machinery, high quality RNA-Seq and Ribo-Seq reads were selected
and aligned to the human genome. Quality checks were performed on the data, then adapter
sequences, low quality reads, and contaminants were removed, and reads were aligned to
the human genome (Figure 2.3). Using Fastqc v0.11.9 (Andrews, 2010) to produce reports
on the raw and processed data, it was confirmed that all low quality sequences and adapter
sequences had been removed, and that the sequence length distribution was as expected.
A higher proportion of reads were removed by Cutadapt v2.10 (Martin, 2011) from the
Ribo-Seq samples than the RNA-Seq samples due to the length of the reads (Figure 2.3).
Ribosome footprints of 28-34 nt and mRNA fragments of 50-80 nt were selected and gel
purified for the Ribo-Seq. This meant that when the reads were subjected to 75 bp single end
RNA sequencing, all of the raw Ribo-Seq sequences contained adapter sequence. When this
was trimmed by Cutadapt, some of the Ribo-Seq sequences were shorter than my minimum
read length of 25 bp. There was also a higher proportion of tRNA reads removed from the
Ribo-Seq samples, as these reads represent the footprints of actively translating ribosomes
and are therefore likely to have tRNA associated. The reads which passed these processing
steps were of a high quality, and 77-99% of the usable reads were aligned to the human
genome using STAR v2.7.5c (Dobin et al., 2013) (Figure 2.4, Appendix A Table A.4).

2.3.2 2,305 cytoplasmic IncRNAs are detected in SH-SY5Y cells

To establish which IncRNA transcripts were present in the cytoplasm in SH-SY5Y cells, ex-
pression levels were calculated from Total and Polysome-associated RNA-Seq using Salmon
v1.6.0 (Patro, Duggal, et al., 2017). Salmon is a mapping software which finds the likely
strand and position a query sequence originated from, as opposed to creating a base by base
alignment. The recommended k-mer (minimum acceptable length for a value match) for
reads of 75bp or longer is 31, but a smaller value may improve sensitivity. As the RNA-Seq
read lengths range between 25 - 76 bp, with most between 46 - 72 bp (Figure 2.5), a range of
smaller k-mers were tested (Table 2.2). The selected k of 27 gave a high mapping rate, and a
high level of consensus between the three biological replicates in each condition and sample
type, without being too short and increasing the risk of mapping to the wrong transcript.

A total of 42,593 transcripts were detected in one or more replicates or conditions, 2,305
of which were IncRNAs; 8.2% of the IncRNAs included in the Gencode v30 transcriptome
(Frankish et al., 2021). There was a large amount of variation in IncRNA levels between
replicates (Figure 2.6), in particular replicate 2 has a small overlap with the other replicates,
likely due to variation in the concentrations of the cDNA libraries that produced these
data. The concentrations of the Polysome and Total RNA-Seq libraries in Replicate 2 were
all <.8 ng/ulL, so these samples were less deeply sequenced than in other replicates. The
concentrations of the Control Polysome and Total RNA-Seq libraries were highest in Replicate
1, and the RA Polysome and Total RNA-Seq libraries were most concentrated in Replicate 3,
explaining why these replicates have the highest number of expressed IncRNAs unique to
them when compared to the other replicates in the same condition and sample type.

In order to identify cytoplasmic IncRNAs that are not associated with the translational ma-
chinery, comparisons will need to be made between those present in the Total and Polysome-
associated RNA-seq. However, Salmon quantifies the relative abundance of transcripts in
TPM, allowing the proportion of reads to be compared between replicates of the same sam-
ple type. Therefore, further normalisation is needed before transcript abundance may be
compared between Polysome and Total samples or Control and RA conditions.
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Table 2.2: Mapping rates of RNA-Seq to the human transcriptome using Salmon v1.6.0
(Patro, Duggal, et al., 2017). Rates for all Total and Polysome-associated RNA-Seq, in Con-
trol and RA conditions, for replicates 1-3. Indexes were generated using k-mers ranging from
k=19 to k=31.

Replicate 1 Mapping rate

Sample k-mer 19 | k-mer 23 | k-mer 27 | k-mer 31
Control Total 89.68% 89.44% 88.50% 86.39%

Control Polysome 90.06% 89.81% 89.00% 86.99%

RA Total 91.73% 91.59% 90.99% 89.33%

RA Polysome 90.81% 90.68% 90.17% 88.60%

Average mapping rate | 90.86% 90.69% 90.05% 88.31%

Replicate 2 Mapping rate

Sample k-mer 19 | k-mer 23 | k-mer 27 | k-mer 31
Control Total 81.64% 81.63% 81.48% 81.07%

Control Polysome 75.12% 75.09% 74.88% 74.37%

RA Total 81.92% 81.87% 81.58% 80.65%

RA Polysome 66.84% 66.76% 66.43% 65.50%

Average mapping rate | 74.63% 74.57% 74.29% 73.51%

Replicate 3 Mapping rate

Sample k-mer 19 | k-mer 23 | k-mer 27 | k-mer 31
Control Total 86.54% 86.40% 85.80% 84.27%

Control Polysome 87.34% 87.16% 86.50% 84.92%

RA Total 89.35% 89.20% 88.64% 87.16%

RA Polysome 87.48% 87.34% 86.77% 85.29%

Average mapping rate | 88.06% 87.90% 87.30% 85.79%
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Figure 2.6: Number of IncRNA transcripts detected in each replicate, in the Total and
Polysome-associated RNA-Seq. Each venn diagram shows the overlap between the three
replicates for each condition and RNA-Seq type. A threshold of >1 TPM was used to detect
presence of a transcript.
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2.3.3 LncRNAs are translated in SH-SY5Y cells
2.3.3.1 Ribo-Seq data exhibits high levels of triplet periodicity

To identify ORFs undergoing active translation, the highest quality read lengths were selected
for analysis from the Ribo-Seq datasets (Appendix A, Table A.2) using metaplots generated
by Ribotaper (Calviello, Mukherjee, et al., 2016). Using high quality footprints is key to
ensure that analysis is based on the footprints of actively translating ribosomes, and not
scanning ribosomes, or other proteins bound to the RNA. High quality read lengths were
selected based on their triplet periodicity, with a clear bias toward a single reading frame
(Figure 2.7A), and if they exhibited a peak before the start codon which allows the position
of the P-site to be inferred. As cycloheximide was used to inhibit translation, a build up of
Ribo-Seq reads around the start codon and over the first 15 nt of the ORF in human was also
expected (Douka, Agapiou, et al., 2022), and a length of approximately 28 - 32 nt (Aspden
et al., 2014; Ingolia, Brar, et al., 2013). Read lengths which exhibited a bias toward multiple
reading frames (Figure 2.7B) were discounted.

2.3.3.2 Comparison of detecting translation using Total or Polysome-associated RNA-
Seq

To establish whether using Polysome-associated or Total RNA-Seq affected the results of
translational analysis, runs of the Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016) pipeline
were performed using both of these datasets. In translational analysis, RNA-Seq is used to
establish which transcripts are present in a sample, then Ribo-Seq footprints which aligned
to these transcripts are analysed to identify actively translated ORFs. Although we would
expect broadly the same ORFs to be detected by both analyses, using the Polysome-associated
RNA-Seq is likely to be more accurate, as in cases of multiple transcript isoforms harbouring
the same ORF, Ribotaper selects the transcript with most RNA-Seq reads. If a transcript is
highly expressed, but lowly translated, this isoform may be selected by Ribotaper instead of
a more highly translated isoform if all transcripts present in the cytoplasm are included as
in the Total RNA-Seq.

A total of 19,214 ORFs were detected as translated in 2/3 replicates in Control conditions,
RA conditions, or in both conditions using the Polysome-associated RNA-Seq (Table 2.3).
The Total RNA-Seq produced very similar results, and comparison of Total and Polysome
ORFs gave Jaccard similarity indices of 93.4% for ORFs in Control conditions, 92.9% for RA
conditions, and 90.9% for ORFs translated in both. The Polysome-associated RNA-Seq was
therefore used in the translation analysis.

2.3.3.3 Poly-Ribo-Seq detects translational regulation during neuronal differentiation

To identify high level changes in translation between Control and RA conditions, the number
of translated ORFs detected in each condition were summarised (Table 2.3). Translation was
reduced following differentiation by RA treatment, with a 22% reduction in the number of
ORFs detected. This was expected as previous work in the Aspden lab (Douka, Birds, et al.,
2021) showed a reduction in the level of polysomes, and an increase in monosomes upon
differentiation.

2.3.3.4 45 IncRNAs smORFs are translated in SH-SY5Y cells

To gain an understanding of the non-canonical ORFs translated in human neuronal cells, in
particular IncRNA smORFs, ORFs identified in each condition were summarised (Table 2.4).
The majority of translated ORFs in all conditions were canonical CCDS or nonCDDS ORFs
in protein coding genes (Table 2.4). 71 uORFs and 5 dORFs were also identified in CCDS
genes, and 80 other ncORFs were identified in other gene biotypes, including ORFs which
do not overlap any coding exons in protein coding, non-CDDS genes. Across Control and RA
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Figure 2.7: Example metaplots of Ribo-Seq footprints. Metagene plots of A) 33 nt and B)
32 nt Ribo-Seq reads from Control conditions, replicate 2. A) An example of good quality
reads exhibiting framing bias to a single reading frame. B) An example of poor quality reads,
without a clear bias to a single reading frame. The Ribo-Seq alignments have been down
sampled to 10%, and aggregated. The x-axis shows the distance of the 5’ end of the reads
from annotated start codons in nt, where 0 is the position of the first nucleotide of the start
codon. The y-axis shows the number of Ribo-Seq reads starting at that position. Bars are
colour coded red, blue and green to indicate the three possible frames.
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Table 2.3: Actively translated ORFs identified in SH-SY5Y cells. Gene Type denotes the
biotype of gene the ORFs originate from, in Control conditions only, RA conditions only, and
those found in both conditions (Overlap). LncRNA categories are highlighted in pink. ORFs
were identified using Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016), from Polysome-
associated RNA-Seq and Ribo-Seq. ORFs are included which were found to be translated in
at least 2/3 replicates in a given condition, and any ORFs for which 30% of the Ribo-Seq
coverage was supported by multimapping reads only were filtered out.

Gene Type Control Only | RA Only | Overlap
Protein coding 6,318 2,747 10,026
Pseudogene 34 9

Antisense 9 7 5
lincRNA 10 9 1
Processed transcript 12 7 6
Sense intronic 0 1 0
Bidirectional promoter IncRNA 3 0 0
Total ORFs 6,387 2,780 10,047
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conditions 45 IncRNA smORFs were identified (Figure 2.8), originating from 45 transcripts,
from 25 genes. LncRNA smORFs were identified in the following gene biotypes; antisense,
lincRNA, sense intronic IncRNA, and bidirectional promoter IncRNA.

2.3.3.5 Translated IncRNAs are lowly abundant in the cytoplasm

To investigate the levels of the translated IncRNA transcripts in the cytoplasm, their abun-
dance in all replicates was quantified using the Total RNA-seq. Of the 45 IncRNA transcripts,
24 had a TPM >1 in one or more replicates, and for 22 of the transcripts this corresponded to
one or more of the replicates they were translated in. This low level of expression means it is
difficult to draw conclusions regarding the specificity of these translated IncRNAs expression,
as they may be expressed in a number of tissues at levels we are unable to quantify without
particularly deep sequencing.

Two of the translated IncRNA transcripts had a TPM of 0 in Control and RA conditions.
However, as the transcript levels were quantified using Salmon (Fuke and Ohno, 2008), and
the translational analysis was based on STAR (Dobin et al., 2013) alignments, some variation
should be expected. This is because the methods use different mapping algorithms, meaning
reads may be assigned to different isoforms or even different transcripts entirely. Further,
the translational analysis uses the Polysome-associated RNA-Seq which includes a smaller
population of transcripts, meaning the relative abundace of the translated IncRNAs will be
greater.

2.3.4 Identifying the polysome-associated IncRNA subpopulation

Having identified which polyadenylated IncRNAs are present in the cytoplasm of SH-SY5Y
cells, and which of these IncRNAs are actively translated, the next aim was to identify the sub-
population of untranslated, polysome-associated IncRNAs (Figure 2.1). This has previously
been performed in Drosophila melanogaster (Aspden et al., 2014) by the straightforward
comparison of Total cytoplasmic RNA-Seq and Polysome-associated RNA-Seq. Any IncRNAs
found in the Polysome-associated sample and not in the Total sample were deemed Polysome-
associated, and could be further split into untranslated and translated populations.

The TMM method as implemented in the edgeR package v3.28.1 (Robinson and Oshlack,
2010) was used allow comparisons between Total and Polysome-associated RNA-Seq results.
TMM estimates scale factors between samples by assuming that the majority of genes (more
than half) are not differentially expressed, therefore accounting for the fact that one or more
genes may vary significantly between samples and affect the proportion of reads attributed to
other genes. Because of this assumption, TMM normalised counts are not suitable to compare
differences in RNA levels between Control and RA conditions, as we expect substantial
changes in gene expression during neuronal differentiation. TMM normalised counts are
expressed as CPM, which does not account for transcript length as TPM does. However, as
the aim was to compare the expression level of the same transcripts between Total and
Polysome-associated RNA-Seq, the transcript lengths were invariant. After genes with very
low counts across all libraries were removed and the counts normalised, 41,021 transcripts
remained, 3,710 of which were IncRNAs. This normalisation accounted for a lot of the
variation previously observed between replicates, increasing the number of IncRNAs present
in all three replicates in each condition and sample type (Figure 2.6, Figure 2.9). However,
this normalisation did not allow for a straightforward comparison of Total and Polysome-
associated RNA-Seq, as very similar numbers of transcripts were detected in the two samples
in each condition (Figure 2.10).

This result may be because more than half transcripts are actually "differentially expressed"
between Total and Polysome-associated samples, violating the assumptions of the TMM
method. As the polysome-associated transcripts in the cell are a subset of all cytoplasmic



2.3. Results

Table 2.4: ORF types identified in SH-SY5Y cells. The number of ORFs translated in Control
conditions only, RA conditions only, both conditions (overlap), and the total number of ORFs.
Type annotations are according to Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016). Coding
ORFs consists of CCDS ORFs, which overlap known coding sequence regions in CCDS genes,
and nonCCDS coding ORFs, which overlap an annotated coding exon in a non CCDS protein
coding gene. uORFs and dORFs are ORFs in CCDS genes which do not overlap with any
CDS exon, and are upstream and downstream of the annotated ORF respectively. ncORFs
are ORFs are ORFs in non-CCDS genes, not overlapping any coding exon. An extra IncRNA
smORF category was added to separate ORFs originating from the antisense, lincRNA, sense
intronic IncRNA, or bidirectional promoter IncRNA gene biotypes.

Translated ORF Type | Control only | RA only | Overlap | Total
Coding ORF 6,268 2,731 10,014 | 19,013
uORF 44 15 12 71
dORF 4 1 0 5
ncORF 49 16 15 80
IncRNA smORF 22 17 6 45
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Figure 2.8: Biotypes of translated IncRNAs found in Control and RA conditions. A total
of 45 IncRNA ORFs were identified using Polysome-associated RNA-Seq and Ribo-Seq using
Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016).
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Figure 2.9: Normalised number of IncRNA transcripts present in each replicate, in the
Total and Polysome-associated RNA-Seq. Each venn diagram shows the overlap between
the three replicates for each condition and RNA-Seq type. A threshold of >1 CPM was used
to detect presence of a transcript.
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Figure 2.10: Normalised number of transcripts present in the cytoplasm in each repli-
cate, in A) Control and B) RA conditions, in Total and Polysome-associated RNA-Seq.
The x-axis shows the samples, and the y-axis shows the number of expressed transcripts. A
threshold of >1 CPM was used to detect the presence of a transcript.
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transcripts, a higher proportion of reads are likely to map to transcripts in this smaller popu-
lation than the same transcripts in the Total RNA-Seq. Therefore all transcripts will exhibit
different abundances between these samples, unless a transcript is very highly translated
and all RNA molecules in the sample are polysome-associated.

In order to distinguish the untranslated, polysome-associated IncRNA population the CPMs
were transformed and visualised. After removing any transcripts with a CPM of zero in the
Total and the Polysome-associated RNA-Seq for a given replicate and condition, a small value
a = 0.01 was added to each CPM, to allow remaining zero values to be plotted. The following
transformation was then applied, where CP represents the CPM of a given transcript in the
Control Polysome-associated sample, and CT represents the CPM of the same transcript in

the Control Total sample;
log, Grte

This allowed the ratio of CPMs to be effectively visualised. All translated transcripts in each
replicate and condition were also highlighted, although a small subset had a CPM of zero due
to differences in the STAR (Dobin et al., 2013) and Salmon (Fuke and Ohno, 2008) mapping
algorithms. In Figures 2.11 and 2.12, transcripts to the left of the origin are more highly
abundant in the Total RNA-Seq, and transcripts to the right are more highly abundant in the
Polysome-associated RNA-Seq. There is no clear enrichment of transcripts in either sample
type as the mean ratio is close to the origin in all replicates, meaning that the majority of
transcripts had near identical CPMs in the Total and Polysome-associated RNA-Seq. Therefore
the untranslated, polysome-associated IncRNA population could not be identified from this
analysis.
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Figure 2.11: Log, Total vs Polysome-associated RNA-Seq CPM, in Control conditions. CPMs are visualised separately for Repliciates 1 to 3. The
x-axis shows the ratio log, g;jg for each transcript, where CP is the CPM of the transcript in Control Polysome-associated RNA-Seq, CT is the CPM of
the transcript in Control Total RNA-Seq, and « = 0.01. The y-axis shows the number of transcripts. Translated transcripts are highlighted in blue, and

the mean ratio is highlighted by the dotted line.
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Figure 2.12: Log, Total vs Polysome-associated RNA-Seq CPM, in RA acid treated conditions. CPMs are visualised separately for Repliciates 1 to
3. The x-axis shows the ratio log, gﬁgig for each transcript, where RAP is the CPM of the transcript in RA Polysome-associated RNA-Seq, RAT is the
CPM of the transcript in RA Total RNA-Seq, and « = 0.01. The y-axis shows the number of transcripts. Translated transcripts are highlighted in blue,
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2.4 Discussion

In summary, this chapter established that IncRNAs are both present in the cytoplasm and
actively translated in SH-SH5Y cells, a model of human neuronal differentiation. Across un-
differentiated Control and differentiated RA conditions, 45 IncRNA smORFs were identified
(Figure 2.8), originating from 45 transcripts, from 25 genes. These translated transcripts
represent ~2% of the total cytoplasmic IncRNA population.

The majority (41/45) of the IncRNA smORFs were in IncRNAs of the antisense or lincRNA
biotypes (Figure 1.1), which corresponds to the proportions of IncRNAs in the Gencode v30
annotation (Derrien et al., 2012) (Table 1.2). No translated smORFs were identified in sense
overlapping IncRNAs, both due to the poor annotation levels of this class of IncRNAs, and
the difficultly in determining whether sequencing reads originate from the IncRNA, or the
coding RNA they overlap.

Due to variation in the Total and Polysome-associated RNA-Seq data, it was not possible
to separate out the populations of cytosolic and polysome-associated untranslated IncRNAs.
This reflects previous work which found that the vast majority of cytoplasmic IncRNAs in SH-
SH5Y cells were neither enriched in nor depleted from the polysomes (Aspden et al., 2014).
Further, early work using Ribo-Seq data found evidence of translation in large proportions
of IncRNA transcripts, including the majority of lincRNAs in mouse (Ingolia, Lareau, and
Weissman, 2011), and up to 45% of IncRNAs in zebrafish (Chew et al., 2013). Newer methods
which employ analysis of triplet periodicity to distinguish ribosome association from active
translation have reduced the number of IncRNAs found to be translated (Guttman, Russell,
et al., 2013), but these early works are still indicative that a large proportion of IncRNAs
are associated with the translational machinery. However, having identified the subset of
translated IncRNAs, comparisons can be made with the larger population of untranslated
IncRNAs which are expressed and exported to the cytoplasm, allowing features unique to
translated IncRNAs to be elucidated.

Our inability to separate out the populations of cytosolic and polysome-associated IncRNAs
highlights the importance of experimental design, and the need to plan based on your re-
search question. The data this work is based on were originally produced to investigate the
coding potential of cytoplasmic IncRNAs, and to characterise their role in the early stages of
human neuronal differentiation (Douka, Birds, et al., 2021). Poly-Ribo-Seq (Aspden et al.,
2014) is therefore the ideal method for this question, as the presence of multiple ribosomes
lends credence to the translation of novel ORFs from the "non-coding" transcriptome. How-
ever, to distinguish polysome-associated non-translated IncRNAs from cytosolic IncRNAs,
slight changes to the protocol would be needed. Namely, sequencing the other fractions in
the sucrose gradient. This would allow a fairer comparison of the enrichment of IncRNAs in
the non-ribosome, monosome, and polysome fractions. An alternative approach would be
use of a spike in control, which provides a known quantity which can be used to normalise
transcript abundance across samples(Choe et al., 2005; Hoerth, Reitter, and Schott, 2022).

Further, the analysis methods used in this chapter highlight a barrier to research into IncRNA
subpopulations; cost. Although there is now an abundance of publically available Ribo-Seq
data in a wide range of species and sample types, much of these data only include one
replicate per condition, due to the large funding and time requirements of the Ribo-Seq
protocol. It would therefore be difficult to apply this analysis to another cell type or species
using publically available data, as multiple replicates are required to account for biological
variability, and to mitigate the low abundance of IncRNA transcripts.

Ribotaper (Calviello, Mukherjee, et al., 2016) was selected to perform this translational
analysis was selected because the focus of the methodology on the periodic distribution of
ribosomes along the ORF, and its ability to identify novel ORFs. However, a downside of
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using Ribotaper to measure translation is the lack of ability to identify ORFs on different
splice variants in the same sample. Once an ORF has been reported on a transcript, the
possibility that it originates from another isoform is not considered. Given that IncRNAs are
often poorly annotated, or in some cases have a very large number of splice variants, there
is a large chance that ORFs may be erroneously attributed to a given splice variant. This will
also miss any cases where multiple splice variants with the same or very similar ORFs are in
fact both being translated. Since this work was carried out, the authors of Ribotaper have
released a new tool to address this issue; ORFquant (Calviello, Hirsekorn, and Ohler, 2020),
which detects ORF translation across multiple transcript isoforms.

2.4.1 Conclusions

Overall, this chapter establishes that a small population of IncRNAs are translated in undif-
ferentiated and differentiated human neuronal cells, despite the pervading view that these
transcripts do not have coding potential. The following chapters will examine the properties
of these IncRNAs and their potential significance in the evolution of new protein coding
genes.
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Chapter 3

Characterisation of translated
IncRNAs

3.1 Introduction

3.1.1 Features of translated IncRNA smORFs

Although the translation of IncRNA smORFs and other non-canonical ORFs is becoming
more widely recognised, efforts to standardise their annotation are still preliminary (Mudge
et al., 2022; Chothani, Adami, Widjaja, et al., 2022). Therefore, relatively little is known
about the features of translated IncRNAs and their smORFs, and what we do know is often
based on analysis of translated IncRNAs in a single species or tissue/cell type. Further, the
wider IncRNA population is a particularly heterogenous class of ncRNAs due to the relatively
arbitrary definition of "ncRNAs of < 200 nt", creating the largest category of human ncR-
NAs (Frankish et al., 2021). Given this context, we may expect to observe a wide range of
characteristics in terms of the composition and structure of translated IncRNAs.

The "novel ORF consortium” reported 2,208 human IncRNA ORFs, ranging in length from
51 to 1050 nt, with a median of 153 nt (Mudge et al., 2022). Analysis of the full dataset of
7,264 ORFs from the consortium (also including uORFs, dORFs, and internal out-of-frame
ORFs) found that 89.6% were evolutionarily young, lacking significant protein homology
outside of primates, and 3% were human specific (Sandmann et al., 2023). In Drosophila
melanogaster, translated IncRNA ORFs displayed significantly higher levels of conservation
than ORFs which were only associated with the translational machinery (Patraquim et al.,
2022). The translational profiles of IncRNA ORFs are also comparable to those of protein
coding ORFs, in particular their footprint coverage and framing across the ORF (Ruiz-Orera,
Messeguer, et al., 2014; Patraquim et al., 2022).

3.1.2 Features of de novo ORFs

LncRNAs have been found to be a source of de novo protein coding genes in a range of
species, including human (Vakirlis, Vance, et al., 2022; An et al., 2023), primates (Chen,
Shen, et al., 2015; Xie et al., 2012), rodents (Petrzilek et al., 2022), and Drosophila (Aspden
et al., 2014; Reinhardt et al., 2013). It has been hypothesised that de novo coding genes exist
on a continuum between canonical protein coding genes and non-coding sequences, which
is reflected in their features (Vakirlis, Acar, et al., 2020). These include shorter genes and
ORFs than annotated protein coding genes, and fewer exons and known domains, in mouse,
human, zebrafish, and stickleback (Neme and Tautz, 2013). A large proportion of de novo
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genes are single exon in Drosophila (57%) (Zhao et al., 2014) and human (Wu, Irwin, and
Zhang, 2011). In rodents, de novo ORF sequences were often found to be contained in one
exon (Murphy and McLysaght, 2012).

The expression of de novo genes has also been found to be similar to that of IncRNAs; low ex-
pression (Palmieri, Kosiol, and Schlétterer, 2014; Zhao et al., 2014), in a highly tissue specific
manner (Levine et al., 2006; Toll-Riera et al., 2009). In the the yeast Saccharomyces cerevisiae
higher transcript abundance levels correlated with well categorised, strongly conserved ORFs
(Carvunis et al., 2012), as did increased ORF length, closer proximity to transcription factor
binding sites, and altered codon usage bias.

In new ORFs in budding yeast, a propensity to encode transmembrane domains is associated
with beneficial fitness effects (Vakirlis, Acar, et al., 2020). However, other work on de novo
coding sequences in human found only 2% of ORFs encoded a transmembrane domain
(Vakirlis and McLysaght, 2019), and a study of rodent de novo coding sequences found no
known domains (Murphy and McLysaght, 2012).

There are also conflicting reports in the literature regarding de novo protein coding genes
and GC content, with some reporting that new human ORFs emerged from G/C-rich IncR-
NAs(Chen, Shen, et al., 2015), while others suggest de novo genes are A/T-rich (Ruiz-Orera,
Messeguer, et al., 2014). This quality is important, as A/T-richness mediates the number
of start (ATG) and stop (TAA,TAG,TGA) codons which are present in a transcript, therefore
affecting the length and density of randomly occurring ORFs (McLysaght and Hurst, 2016).
For example, in human CDS sequences, approximately 2.2 codons per 100 nt are ATGs (Athey
et al., 2017), and they are found throughout the CDS, not only at the translation initiation
site. Indeed, ATG codons are often found in frame and downstream from start codons with
weak a Kozak context (Benitez-Cantos et al., 2020), and over half of human mRNAs have at
least one upstream ATG (Andreev et al., 2022)

Given these mixed reports, this chapter aims to classify the sub-population of translated
IncRNAs in terms of their translation, transcript sequences, peptide sequences, and their
expression. By comparing these characteristics from translated IncRNAs with those of protein
coding and non-canonical ORFs we will establish where their properties fall on the spectrum
of non-coding to coding sequences.
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3.2 Materials and Methods

3.2.1 Metaplots

To create ribosome footprint metaplots, 100 translated ORFs were randomly selected from
the set of expressed, translated, protein coding transcripts, and compared to the translated
IncRNA ORFs. P-site counts were computed for each position along the transcripts in a 75 nt
window around the start and stop codons of the ORF. These counts were scaled by the total
number of reads in the two windows for each transcript, and the mean normalised counts
were plotted for each position in the two windows.

3.2.2 Translational Efficiency

TE was estimated for all translated ORFs in each condition, where TE was equal to the mean
number of P sites per ORF, normalised by the median P sites per ORF per condition, divided
by the mean number of RNA sites per ORF, normalised by the median RNA sites per ORF per
condition.

3.2.3 Differential translation efficiency

Differential translation efficiency analysis was performed using the deltaTE (Chothani, Adami,
Ouyang, et al., 2019) alternate protocol (E-appdendix; TE Total DESEQ2.Rmd). This anal-
ysis was based on transcript-level read counts from all identified translated ORFs from the
Ribo-seq and Total RNA-seq, not gene-level counts as described in the protocol. To create
these read counts, Browser Extensible Data (BED) files produced by Ribotaper v1.3 (Calviello,
Mukherjee, et al., 2016) (Section 2.2.3.1) describing the ORFs translated in each replicate
and condition were combined and filtered to only include ORFs passing the criteria of being
present in 2/3 replicates in a given condition. The chromStart and chromEnd fields were
altered as follows to ensure they spanned from the first nucleotide of the start codon to the
first nucleotide of the stop codon for each ORF:

* Positive stranded OREF, first region; chromStart - 1
* Positive stranded ORF, last region; chromEnd - 1

* Negative stranded OREF, first region; chromStart - 1
* Negative stranded OREF, last region; chromEnd + 1

The resulting BED file was used to filter files describing P and RNA sites produced by Ribota-
per during translational analysis (Section 2.2.3.1), using the create_tracks.bash script from
Ribotaper (E-appdendix; Bespoke bed.sh). The resulting datatracks were summed to give
read counts of RNA-seq and Ribo-seq reads present on each ORF.

3.2.4 Peptide composition analysis

The compositions of peptides from the protein coding ORFs, IncRNA smORFs, uORFs, and
dORFs were calculated using extractACC from the protr package v1.6-2 (Xiao et al., 2015).
The average amino acid composition of each group was calculated as the median. Random
control expected frequencies were taken from King and Jukes (King and Jukes, 1969).

3.2.5 Mass spectrometry analysis

Analysis of the mass spectrometry data was performed by Dr Elton Vasconcelos, bioinformat-
ics technical support officer at LeedsOmics. Two published SH-SY5Y cell mass proteomics
datasets were analysed: PXD010776 (Murillo et al., 2018) and PXD014381 (Brenig et al.,
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2020). Binary raw files (.raw) were downloaded from PRIDE (Perez-Riverol et al., 2022)
then converted to human-readable MGF format using ThemoRawFileParser (Hulstaert et al.,
2020). The amino acid sequences of translated IncRNA smORFs were added to the whole
Homo sapiens proteome dataset (20,379 entries) downloaded from UniProtKB (The UniProt
Consortium, 2021) on Nov/2019.

The new FASTA file was then used as a custom database on Comet v2019.01.2 (Eng, Ja-
han, and Hoopmann, 2013) search engine runs that scanned all MS/MS files (.mgf) against
it. Default settings were used in Comet with the following exceptions according to the
MS/MS data type. iTRAQ-4plex (PXD010776): decoy search = 1, peptide _mass_tolerance=
10.00, fragment bin tol = 0.1, fragment bin_offset = 0.0, theoretical fragment ions =
0, spectrum_batch _size = 15000, clear mz_range = 113.5-117.5, add_Nterm_peptide =
144.10253, add_K lysine = 144.10253, minimum_peaks = 8. Label-free (PXD014381): de-
coy_search = 1, peptide_mass_ tolerance = 10.00, fragment bin_tol = 0.02, fragment bin_offset
= 0.0, theoretical fragment ions = 0, spectrum_batch_size = 15000. CometUI (Eng, Jahan,
and Hoopmann, 2013) was employed for analysing MS/MS data and setting a false discovery
rate (FDR) threshold of 10% per peptide identification. This FDR threshold was selected due
to expected low abundance levels of the target smORFs.

3.2.6 Domain analysis

HMMER v3.3.1 (Mistry, Finn, et al., 2013) was used to scan IncRNA peptides against the
Pfam-A Hidden Markov Model (HMM) library v34.0 in a local installation of PfamScan v1.6
(Mistry, Bateman, and Finn, 2007). PfamScanner (Moore, 2022) was used to parse these
outputs, with an e-value cut-off of 0.001 (E-appendix; pfam.sh).

3.2.7 "Non-stringent" translated IncRNA dataset

An expanded, "non-stringent" dataset of translated IncRNA smORFs was identified using the
methods described in Section 2.2.3.1, without the requirement that a smORF be identified
in at least two of the three biological replicates of a given condition (Control or RA).

3.2.8 PyschENCODE data analysis

Gene expression in RPKM from human and rhesus macaque brains was downloaded from
PyschENCODE (Zhu, Sousa, et al., 2018; Akbarian et al., 2015). These data were filtered to
IncRNAs using the GENCODE v25 annotation (Frankish et al., 2021), and the 105 genes in
the annotation which corresponded to translated IncRNA smORFs from the "non-stringent"
set were selected. For each sample, a further 25 random sets of 105 IncRNAs were selected,
and the Kruskal-Wallis test applied to establish whether set had a significant effect on RPKM.
A two-tailed multiple comparison test was applied to test whether there was a significant dif-
ference between the translated set and the 25 randomly selected tests. This non-parametric
test was selected as the expression of the IncRNA sets did not fulfil the assumption of a
normal distribution.

3.2.9 General plots and statistics

Data were analysed and plotted in R (R Core Team, 2021), using packages including the
tidyverse (Wickham et al., 2019), tibble (Miiller and Wickham, 2021), seqinr (Charif and
Lobry, 2007), protr (Xiao et al., 2015), ggplot2 (Wickham, 2016), gggenes (Wilkins, 2023),
ggpubr (Kassambara, 2023), gghighlight (Yutani, 2022), VennDiagram (Chen, 2022), Com-
plexHeatmap (Gu, Eils, and Schlesner, 2016), RColorBrewer (Neuwirth, 2022), and viridis
(Garnier et al., 2021).

Boxviolin plots of ORF length, TE, exon number, start and stop codon content, and GC content
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were created using ggstatsplot v0.10.0 (Patil, 2021). As the data did not follow a normal
distribution, a non-parametric statistical approach was used; a Kruskal wallis test, followed
by Dunn’s Tests for pairwise comparisons with the bonferroni correction.
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3.3 Results

Analysis of Poly-Ribo-Seq data (Chapter 2) identified 45 actively translated IncRNA smORFs
in SH-SY5Y cells, originating from 21 antisense, 20 intergenic, 1 sense intronic, and 3 bidi-
rectional IncRNA transcripts. This chapter aims to understand the features, expression, and
potential function of these IncRNAs to gain insight into their importance, and to determine
whether they represent a distinct population of IncRNAs based on these properties.

3.3.1 Characterisation of the translational landscape of IncRNA smORFs

To understand the nature of the non-canonical translation of the 45 IncRNA smORFs, this
section compares their translational activity to that of protein coding ORFs and other non-
canonical ORFs.

3.3.1.1 LncRNA smORF footprint distributions are comparable to protein coding ORFs

The translated IncRNA smORFs clearly display triplet periodicity, with an average of ~75%
in frame Ribo-Seq reads in Control and ~74% in RA conditions. To compare the pattern of
ribosome footprints to protein coding ORFs, 100 ORFs were randomly selected from the set
of expressed, translated, CCDS protein coding ORFs. P-sites around the start and stop codons
of the translated IncRNAs and protein coding ORFs were plotted (Figures 3.1 and 3.2). The
distribution of footprints is similar between IncRNA and protein coding ORFs in Control and
RA conditions, with a clear bias toward the reading frame corresponding to the start codon,
and a drop-off of footprints at the stop codon. This is indicative that ribosome footprinting
across the IncRNA smORFs is that of genuine translation events.

The translated IncRNA smORF LINC01116-201 (ENST00000295549.8 609 _822) exempli-
fies this strong periodicity, encoding a 216 nt smORF which is translated in Control replicates
1 and 2, and RA replicate 3 (Figure 3.3). LINC01116 is induced upon RA-induced differentia-
tion, and exhibits increased ribosome footprinting (Douka, Birds, et al., 2021). This increased
transcript abundance means LINC01116-201 is an ideal example to illustrate the triplet peri-
odicity observed during active translation, with 80% of the Ribo-seq reads mapped to frame
2. The few Ribo-seq reads aligned outside the smORF display a more equal distribution, with
no clear bias to any reading frame. This smORF also demonstrates how IncRNAs can contain
many canonical start and stop codons within a smORF. However, as they are all in reading
frames 0 and 1, they do not affect the translation of the LINC01116-201 smORF.

3.3.1.2 LncRNA smORF translational efficiency is comparable to protein coding ORFs

Previous work in two isogenic human cancer cell models found the TE of translated cytoplas-
mic IncRNAs to be slightly lower than mRNAs when expression levels are accounted for (Ji,
Song, et al., 2015). To assess the level at which the 45 IncRNA smORFs are translated, the TE
of IncRNA smORFs, protein coding ORFs, uORFs and dORFs were determined (Figure 3.4).
This was calculated as the normalised number of ribosome footprints relative to number
RNA-seq reads. Kruskal-Wallis tests reveal a significant effect of ORF type on TE in Control
(H(3) = 34.13,p = 1.86e~07)) and RA conditions (H(3) = 31.71,p = 6.01e~07)). In Control
conditions, there was no significant difference between IncRNA and protein coding ORFs,
and while in RA conditions there was a significant difference (p=0.02), and IncRNA smORFs
had a higher median TE of 0.77 compared to 0.02 for protein coding ORFs. This provides
further evidence that these IncRNAs are undergoing genuine translation events.
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Figure 3.1: Distribution of protein coding ORF P-sites. Metagene plots showing the dis-
tribution the P-sites of ribosome reads around the start and stop codons of 100 randomly
selected CCDS protein coding ORFs in A) Control and B) RA conditions. The x-axis shows
positions along the ORF, where position 0 denotes the start or stop codon. The y axis shows
the relative Ribo-seq read density. The plot is colour coded, corresponding to the three possi-
ble reading frames.
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Figure 3.2: Distribution of translated IncRNA smORF P-sites. Metagene plots showing
the distribution the P-sites of ribosome reads around the start and stop codons of the 45
translated IncRNA smORFs in A) Control and B) RA conditions. The x-axis shows positions
along the ORF, where position 0 denotes the start or stop codon. The y axis shows the relative
Ribo-seq read density. The plot is colour coded, corresponding to the three possible reading
frames.
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Figure 3.3: Ribosome footpinting across LINC01116 smORF. A) The transcript LINC01116,
which contains a 216nt smORF in the 3rd exon, highlighted in dark purple. The x-axis
shows distance along the transcript in nucleotides. B) The x axis shows distance along the
LINCO01116 transcript in nucleotides. The start and end of the smORF is marked by purple
lines, corresponding to the portion of the transcript highlighted in A). The positions of all
canonical start and stop codons, colour coded by frame, are shown below the main plot.
The left y-axis shows the number of P-sites, which are colour coded by frame, arbitrarily
designated as frame 0; dark purple, frame 1; turquoise, and frame 2; yellow. The right y-axis
shows RNA-seq coverage, which is plotted in grey. The Ribo-seq and RNA-seq results are
from RA conditions, in replicate 3. C) P-site framing within and without the smORF. The
x-axises show the three possible frames, colour coded as in B). The y-axises show counts of
Ribo-seq read P-sites. 80% of the Ribo-seq reads within the smORF are in the same frame
(frame 2), whilst reads across the rest of the transcript are more evenly distributed.
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A possible explanation for the IncRNA smORFs higher median TE in RA conditions may be
the global reduction in translation levels upon RA-induced differentiation in SH-SY5Y cells
(Douka, Birds, et al., 2021). If the IncRNA smORFs represent very new coding sequences, they
may not be regulated as effectively during neuronal differentiation as established protein
coding genes.

The dORFs could only be compared to the other populations in Control conditions, as only
one dORF was translated in RA conditions. However, it is clear that dORFs are translated
at much lower efficiencies, due to the need for ribosomes to reinitiate after translating or
scanning over the main ORF. uORFs were significantly different from protein coding ORFs
in both Control (p = 1.51e~05) and RA (p = 3.64e~05) conditions, with a higher median TE.

A limitation of this analysis is that it is based on outputs from Ribotaper (Calviello, Mukherjee,
et al., 2016) which only reports the Ribo-seq and RNA-seq coverage of ORFs which passed
the various thresholds to be considered translated. Therefore the TEs are likely to be skewed
higher than reality, as ORFs just below the threshold to be considered translated in a given
replicate are not represented in the data.

3.3.1.3 No differential translation was detected in IncRNAs

To investigate if the IncRNA smORFs were undergoing translational changes between Control
and RA conditions, differential translation analysis was performed using the Total RNA-
seq, and Ribo-seq (Chothani, Adami, Ouyang, et al., 2019). A principle component analysis
(PCA) (Appendix B, Figure B.1) was used to check for batch effects, confirming that read
counts cluster by sequencing type and replicate. Changes in Ribosome footprints (ARPF),
RNA-seq reads (ARNA), and TE (ATE) were calculated (Figure 3.5). Of the 19,214 ORFs
translated in either condition, only 2 were differential translation efficiency ORFs (DTEO)
(padj < 0.05), both of which were CCDS protein coding ORFs. DTEOs are defined as ORFs
with changes in Ribo-seq footprinting independent of transcription levels, indicative of a
change in translational efficiency. 2,642 translated ORFs were differentially transcribed ORFs
(DTO) (p.dj < 0.05), 3 of which were IncRNA smORFs; these are ORFs under significant
transcriptional control as their RNA-seq and Ribo-seq read counts are changing at the same
rate. No IncRNA smORFs were differentially translated, and only ~7% underwent signicant
transcriptional changes; as hypothesised in the previous section, this lack of significant
regulation may be due to the IncRNA smORFs being new coding sequences.

3.3.2 Characterisation of IncRNA smORFs

3.3.2.1 LncRNA smORFs are shorter than canonical coding sequences

De novo coding genes and their ORFs are shorter than well characterised, conserved protein
coding genes in a range of species (Carvunis et al., 2012; Neme and Tautz, 2013). LncRNA
OREFs are also shorter, as if they contained large ORFs they would likely also be classified as
protein coding genes. To establish how the 45 translated IncRNA smORFs compare to protein
coding and de novo ORFs, the lengths of translated ORFs were visualised (Figure 3.6). The
IncRNA smORFs ranged in length from 51 to 816 nt, with a median of 180 nt; consistent with
the literature (Mudge et al., 2022). There was a signifcant difference between the protein
coding ORF (median of 1413 nt) and IncRNA smORF lengths (p = 1.26e~27).

There was no significant difference between IncRNA ORFs and uORFs (median of 102 nt),
although uORFs did have the longest transcript population, with a median of 3,832 nt
compared to the protein coding median of 3,040 nt. This likely due to the fact that there
needs to be sufficient distance between a uPRF and the main ORF for ribosomes to reinitiate
following translation of the uORF. As this dORF population is particularly small with only
5 translated dORFs identified, conclusions cannot be drawn from their length distribution.
This small population is to be expected, as for a dORF to be translated the translational
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Figure 3.5: Plot of log fold change for each ORF in RNA (RNA-Seq) versus ribosome
footprints (Ribo-Seq). The x-axis shows changes in RNA-seq counts, and the y-axis shows
changes in Ribo-Seq counts. ORFs highlighted in blue are DTOs, driven by transcriptional
regulation with significant ARPF and ARNA but no significant ATE. Red ORFs are DTEOs,
driven by translational regulation with significant ARPF and ATE, but no significant ARNA.
Pink ORFs are both DTO and DTEO; undergoing differential transcription and translation
efficiency.
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Figure 3.6: Translated ORF lengths (nt). The x axis shows categories of translated ORFs, n
denotes the number of ORFs in each category. The y axis shows the length in nucleotides. A
Kruskal-Wallis test was used to compare the groups, and pairwise comparisons were made
using Dunn’s test. A ylim of 3,000 nt was used to crop the figure due to a high number of
protein coding outliers; the full figure is in Appendix B, Figure B.2

65



Chapter 3. Characterisation of translated IncRNAs

66

machinery must remain on a transcript beyond the main ORF and reinitiate, which occurs
with low efficiency.

3.3.3 Characterisation of IncRNA smORF peptides

Here the properties of the peptides produced from these smORFs are examined. This con-
textualises the peptides in comparison to characterised proteins, and provides supporting
evidence for their synthesis.

3.3.3.1 LncRNA peptide composition is similar to canonical proteins

Previous analysis of Drosophila melanogaster translated IncRNA smORF peptides found spe-
cific amino acid usage indicative of genuine protein products (Aspden et al., 2014). To
establish if the translated human IncRNA smORFs display specific amino acid usage, the
average amino acid composition of protein coding, IncRNA, uORF, and dORF peptides was
calculated, and compared to the expected amino acid frequencies by chance (King and Jukes,
1969) (Figure 3.7). LncRNA peptides cluster most closely with uORF peptides, but in gen-
eral exhibit a similar composition to canonical proteins. Specifically, all of the ORF types
displayed a lower use of arginine than by chance, a feature of translated proteins (King and
Jukes, 1969), although IncRNA peptides contained a higher proportion than protein coding
peptides. No enrichment of hydropobic amino acids was observed, unlike in previous studies
of non canonical ORFs (Aspden et al., 2014; Wacholder et al., 2023).

3.3.3.2 LncRNA peptide synthesis is supported by mass spectrometry evidence

To further validate the translation of the neuronal IncRNA smORFs, analysis of publicly
available mass spectrometry data was performed by Dr Elton Vasconcelos, as described
in Section 3.2.5. Two proteomics datasets were used from undifferentiated SH-SY5Y cells
(PXD010776, Murillo et al., 2018) and RA treated SH-SY5Y cells (PXD014381, Brenig et al.,
2020) to search for evidence of peptides from the 45 IncRNA smORFs, 5 dORFs and 71
uORFs. Evidence was found for 18% of IncRNA smORF peptides, 8% of uORFs and 40% of
dORFs (Table 3.1). This relatively low level of support is to be expected, as the small size of
these peptides can hinder their detection via mass spectrometry. Interestingly, some IncRNA
smORF peptides which were only translated in Control conditions were found in RA-treated
SH-SY5Y cells, and vice versa. This suggests that IncRNAs are more actively translated that
our analysis reveals, perhaps due to the stringent framing cut-offs used in Ribotaper (v1.3)
(Calviello, Mukherjee, et al., 2016).

Since this analysis was completed, a community effort to standardise ORFs detected in Ribo-
seq studies has been released which pooled ORFs from 7 Ribo-seq studies, and examined 16
mass spectrometry datasets from a wide range of human cell lines, tissue types and disease
states for supporting evidence (Mudge et al., 2022). In this pooled Ribo-Seq dataset, 35/45
IncRNAs smORFs were present either as an identical sequence, or as a "smORF isoform",
originating from the same gene and identical over the majority of their sequences. Evidence
for 19/35 of these smORFs was found in mass spectrometry data (Table 3.2), bringing the
total percentage of IncRNA smORF peptides with mass spectrometry evidence to 66%. This
is a strong indication that these smORFs are indeed undergoing active translation and the
peptide remains in the cell, as opposed to undergoing immediate degradation. Further, this
indicates that the translation of the majority of the IncRNA smORFs is not specific to human
neuronal cells.
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Table 3.1: Non canonical peptides found in mass spectrometry datasets from SH-SY5Y cells. ORF ID, ORF Type, and Transcript name denote the
OREF, type of non-coding ORF, and transcript that each peptide originates from. Datasets denote the proteomic dataset each peptide was detected in
(Murillo et al., 2018; Brenig et al., 2020).

ORF ID ORF Type | Transcript Name Replicate Datasets
ifferentiated SH-SY5Y cell

ENST00000429940.6_97 595 IncRNA | LINC00839-202 | RA replicate 2,3 Undifferentiated SH-SYSY cells,

- - RA treated SH-SY5Y cells
ENST00000609803.2_330 426 IncRNA AC008124.1-201 | RA replicate 1,3 Undifferentiated SH-SYS5Y cells
ENST00000526036.1 1226 2042 | IncRNA | AP001372.2.201 | Comtrol replicate 12,3 1 o\ o oted SH-SYSY cells

- - RA replicate 3
ENST00000518942.1_154 277 IncRNA AC064807.1-20 Control replicate 1,2 RA treated SH-SY5Y cells
ENST00000603633.2_174 258 IncRNA LINC00221-201 Control replicate 2,3 RA treated SH-SY5Y cells
ENST00000651711.1 64 313 IncRNA AC068616.1-201 | RA replicate 2,3 RA treated SH-SY5Y cells
ENST00000602414.5 453 561 | IncRNA | SNHG8-201 Control replicate 2; RA treated SH-SYS5Y cells

- - RA replicate 2, 3
ENST00000449419.5_342_636 IncRNA ENTPD1-AS1-207 | Control replicate 1,2,3 | RA treated SH-SY5Y cells
ENST00000377694.2_904 967 dORF IGFBPL1-201 Control replicate 2,3 Undifferentiated SH-SY5Y cells
ENST00000597781.5_258 507 | dORF SMIM7-215 Control replicate 1,2 |, 4itfe rentiated SH-SYSY cells

- - RA replicate 3
ENST00000003912.7_13_217 uORF NIPAL3-201 RA replicate 2,3 Undifferentiated SH-SY5Y cells
ENST00000334746.10_220 316 | uORF BTBD7-202 RA replicate 2,3 Undifferentiated SH-SYS5Y cells
ENST00000370766.8 29 107 UORF ZNF75D-202 Control replicate 1,2, 3; | 1y 1.ere rentiated SH-SYSY cells

- - RA replicate 3
ENST00000371103.8_22 163 uORF LCOR-204 RA replicate 2,3 Undifferentiated SH-SY5Y cells
ENST00000261558.8 238 319 | uORF AP5M1-201 Control replicate 1,25 | ¢\ ted SH-SYSY cells

- - RA replicate 2, 3
ENST00000368194.7 18 144 uORF ARHGEF11-202 RA replicate 2,3 RA treated SH-SY5Y cells
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Table 3.2: LncRNA smORF peptides found in mass spectrometry datasets. ORF ID and
Transcript name denote the ORF and transcript that each peptide originates from. Datasets
denotes the cell or tissue types each peptide was detected in, in the GENCODE community
study (Mudge et al., 2022; Prensner, Enache, et al., 2021; van Heesch, Witte, et al., 2019;

3.3. Results

Chong et al., 2020; Calviello, Mukherjee, et al., 2016).

ORF ID

Transcript name

Datasets

ENST00000419422.1_379_634

AC006329.1-201

Re-analysis of multiple human datasets

ENST00000609803.2_330_426

AC008124.1-201

Heart tissue/cells;

Re-analysis of multiple human datasets

ENST00000499459.2_92_287

AC008966.1-203

Re-analysis of multiple human datasets

ENST00000590750.1_25_283

AC020928.2-201

Re-analysis of multiple human datasets

ENST00000526036.1_1226_2042

AP001372.2-201

HEK293 cells; Heart tissue/cells;

Melanoma cell lines, lung cancer samples

ENST00000440088.5_140_317 APTR-204 Melanoma cell lines, lung cancer samples
ENST00000501177.7_136_388 CRNDE-201 Heart tissue/cells
ENST00000625445.1_752_881 EBLN3P-202 Heart tissue/cells

ENST00000424349.1_116_296

FGD5-AS1-202

Heart tissue/cells;

Re-analysis of multiple human datasets

ENST00000515376.5 746 851

HAND2-AS1-235

Heart tissue/cells

ENST00000603633.2_174 258

LINC00221-201

Melanoma cell lines, lung cancer samples

ENST00000295549.8 609 822

LINCO1116-201

Melanoma cell lines, lung cancer samples

ENST00000453910.5_151_262

MIR99AHG-209

Heart tissue/cells

ENST00000454935.1_477_633

OLMALINC-201

Re-analysis of multiple human datasets

ENST00000641571.1_548 773

OLMALINC-204

Re-analysis of multiple human datasets

ENST00000437621.6 279 426

PSMG3-AS1-201

Heart tissue/cells

ENST00000602414.5_453_561

SNHG8-201

Heart tissue/cells;

Re-analysis of multiple human datasets

ENST00000504792.6_74_230

THAP9-AS1-204

Heart tissue/cells

ENST00000566220.2_141_570

TUG1-205

Melanoma cell lines, lung cancer samples
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3.3.3.3 Few IncRNA peptides contain known domains

Although some studies have found a high abundance of transmembrane domains in trans-
lated smORFs and de novo coding genes (Carvunis et al., 2012; Aspden et al., 2014; Vakirlis,
Acar, et al., 2020), others didn’t identify any known domains in de novo coding sequences
(Murphy and McLysaght, 2012). To examine the annotated domain content of the translated
IncRNA peptides, they were compared to the Pfam-A HMM library (Mistry, Bateman, and
Finn, 2007), where each HMM represents a protein family or domain. Of the 45 IncRNA
smORFs, only 1 returned a Pfam HMM (Mistry, Bateman, and Finn, 2007). 2/71 uORFs also
returned HMMs, and none were found in the translated dORFs. The domain returned by
the IncRNA smORF peptide was a helix-turn-helix (HtH) domain, a common DNA-binding
motif (Alberts et al., 2002). That so few IncRNA smORFs contained known domains is to
be expected, given that the median size of the IncRNA peptides is 54 aa, while the median
length of the 19,179 HMM models in Pfam-A v34 (Mistry, Bateman, and Finn, 2007) is 128
aa.

3.3.4 Characterisation of cytoplasmic translated IncRNA transcripts

3.3.4.1 Translated IncRNAs contain more exons than de novo coding genes

Compared to annotated protein coding genes, a larger proportion of de novo genes are single
exon (Wu, Irwin, and Zhang, 2011; Neme and Tautz, 2013; Zhao et al., 2014). In order
to compare the translated IncRNA transcripts to translated protein coding transcripts and
untranslated IncRNA transcripts, their exon distributions were visualised (Figure 3.8). The
translated IncRNA population had a range of 1-6 exons, with a median of 3, more than the
average for de novo genes. There was a significant difference between the translated IncRNA
transcripts and the translated protein coding transcripts (median = 11) (p = 1.76e~19), and
no signifcant difference between the translated IncRNAs and other annotated IncRNA tran-
scripts (Gencode v30, Frankish et al., 2021). However, the untranslated IncRNA population
likely contains IncRNAs which are translated in other cell types, tissues, or developmental
periods, so firm conclusions cannot be drawn from this particular comparison.

3.3.4.2 LncRNAs contain significantly more stop codons than protein coding tran-
scripts

The basic requirement to form an ORF is an in frame start and stop codon pair. To establish
whether the 45 translated IncRNAs were enriched for canonical start (ATG) or stop codons
(TAA, TAG, TGA), the codon content of protein coding, untranslated, and translated IncRNA
transcripts was compared. In human CDS sequences approximately 2.2 codons per 100 nt
are ATGs (Athey et al., 2017), and given that many protein coding ORFs contain multiple
downstream ATGs, we may expect the full transcript sequence to contain a similar proportion
of ATGs or fewer. All categories of transcript had a median of 1.7 ATG start codons per 100
nucleotides (Figure 3.9), and a Kruskal-Wallis test revealed no significant effect of transcript
type on number of start codons per nucleotide (H(2) = 0.07, p = .97).

As stop codons are selected against across the ORFs of protein coding transcripts to prevent
truncated protein products, we expect protein coding transcripts will contain fewer stop
codons than IncRNA transcripts. Translated IncRNA smORFs may also contain fewer stop
codons than the wider IncRNA population if the peptide product is functional. Comparison
of the transcript categories revealed that protein coding transcripts had the lowest median
stop codons per 100 nt (3.59) (Figure 3.10), and transcript type had a significant effect
on number of stop codons per 100 nucleotides (H(2) = 5844.49 p = .00). The protein
coding transcript population was significantly different from both untranslated (p > 0.00)
and translated IncRNA (p = 1.11e79-6). This indicates a greater selection pressure against
stop codons in protein coding transcripts than IncRNAs. The lack of significant difference
between the untranslated and translated IncRNA transcripts (p = 0.36) suggests that this
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Table 3.3: Protein domains identified in non canonical peptides. ORF ID and Transcript
name denote the ORF and transcript that each peptide originates from. ORF Type is the
category of each non-coding ORF. HMM name is the hidden markov model returned from
the Pfam-A database (Mistry, Bateman, and Finn, 2007). Type is the type of HMM returned,
where a domain is structural unit and a family is a collection of related protein regions.

ORF ID Transcript name | ORF Type HMM name Type
Helix-turn-helix
ENST00000526036.1_1226 2042 | AP001372.2-201 | IncRNA Te5 transposase Domain
DNA-binding domain
ENST00000470557.2_1570_2266 | PTRH2-203 UORF CENP'B N-terminal | 1\ i
- - DNA-binding domain
Helix-turn-helix
ENST00000470557.2_1570_2266 | PTRH2-203 uORF Tc5 transposase Domain
DNA-binding domain
ENST00000282869.10 1106 1187 | ZNF117-201 uORF KRAB box Family
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Figure 3.8: Number of exons in transcripts. The x axis shows categories of transcripts, and
n denotes the number of transcripts. The y axis shows the number of exons in the transcripts.
A Kruskal-Wallis test was used to compare the groups, and pairwise comparisons were made
using Dunn’s test. A ylim of 30 was used to crop the figure due to a high number of protein
coding outliers; the full figure is in Appendix B, Figure B.3
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Figure 3.9: Canonical start codons (ATG) per 100 nucleotides in protein coding, untrans-
lated IncRNA, and translated IncRNA transcripts. The x axis shows transcript types, and
the y axis shows start codons per nucleotide. The violin plots display the distribution of start
codons per 100nt, and are overlaid with box plots to display the interquartile ranges. The red
dots denote the median values. A Kruskal-Wallis test was used to compare the groups, and
pairwise comparisons were made using Dunn’s test. Transcript sequences used from human
reference genome Release 30 (GRCh38.p12), Gencode (Frankish et al., 2019)
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Figure 3.10: Canonical stop codons (TAA,TAG,TGA) per 100 nucleotides in protein cod-
ing, untranslated IncRNA, and translated IncRNA transcripts. The x axis shows transcript
types, and the y axis shows start codons per nucleotide. The violin plots display the distribu-
tion of stop codons per 100nt, and are overlaid with box plots to display the interquartile
ranges. The red dots denote the median values. A Kruskal-Wallis test was used to compare
the groups, and pairwise comparisons were made using Dunn’s test. Transcript sequences
used from human reference genome Release 30 (GRCh38.p12), Gencode (Frankish et al.,
2019)
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selection pressure is not acting on the translated IncRNA population. However, as in the
previous exon number comparison, the untranslated IncRNA population likely contains IncR-
NAs which are translated in other conditions, so firm conclusions cannot be drawn from this
particular comparison.

3.3.4.3 Translated IncRNAs are A/T-rich

To investigate GC content in the translated IncRNA, their distribution was compared to
100 randomly selected translated protein coding transcripts, and 100 randomly selected
untranslated IncRNAs. The GC-richness of the genome regions these transcripts are in was
not accounted for by this analysis. The translated protein coding transcripts had a median
GC content of 51%, compared to 45% in translated and untranslated IncRNA (Figure 3.11).
A Kruskal-Wallis test found that transcript type had a significant effect on GC content (p =
4.54e~0.4). If the translated IncRNAs do indeed represent de novo genes, this aligns with
hypotheses that de novo genes are AT-rich (Ruiz-Orera, Messeguer, et al., 2014).

3.3.5 Characterisation of the transcriptional landscape of translated
IncRNAs

Compared to mRNA, IncRNAs are generally expressed at lower levels, but in a more tissue,
cell type and developmental stage specific manner (Jandura and Krause, 2017). This low, spe-
cific expression has also been observed in de novo human coding sequences (Vakirlis, Vance,
et al., 2022). This section therefore aims to establish if the transcription of the translated
IncRNAs differs from the wider human IncRNA population.

Following informal discussions with leaders in the field, we decided to expand the following
analysis to include all translated smORFs in all replicates, thus removing the requirement that
a smORF be identified in at least two of the three biological replicates of a given condition.
The larger "non-stringent" dataset contains 355 translated IncRNA smORFs, from 288 IncRNA
transcripts, in 208 genes, across Control and RA conditions. This increases the likelihood
of detecting transcription of a translated IncRNA in other samples, given the specificity of
IncRNA expression.

3.3.5.1 Translated IncRNAs are significantly upregulated in human brain tissue

To establish whether the expression of the translated IncRNA transcripts differs from the
wider human IncRNA population in the brain, data from the human brain evolution fo-
cused arm of the PsychENCODE consortium (Zhu, Sousa, et al., 2018; Akbarian et al., 2015)
was analysed. These data included RNA-seq spanning 16 brain regions from prenatal and
postnatal rhesus macaque (Macaca mulatta) brains, matched to equivalent regions and de-
velopmental stages in existing human brain data (Li, Santpere, et al., 2018). In particular,
samples from the frontal cortex, hippocampus, and striatum were included, areas of the
brain which have dopaminergic innervation, corresponding to the dopaminergic markers
expressed by the SH-SY5Y cell line (Forster et al., 2016). The XSAnno framework (Zhu, Li,
et al., 2014) had been applied to these data to create common annotation sets of homologous
genes between human and macaque.

Of the 208 translated IncRNA genes, 105 were in the dataset, corresponding to 166 IncRNA
smORFs. To compare the expression profiles of translated neuronal IncRNAs to untranslated
IncRNAs, 25 random sets of untranslated 105 IncRNA genes were selected in each sample
and tissue type. In all tissue types in human (Table 3.4) and macaque (Appendix B, Table
B.1), gene set had a significant effect on RPKM. The expression of the translated gene set (Set
1) was significantly different from the different from the randomly selected gene sets, with a
higher expression level in all tissue types. For example in a representative sample from the
human hippocampus (Figure 3.12), the translated IncRNA set had a median RPKM of 1.69,
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Figure 3.11: GC content in protein coding, untranslated IncRNA, and translated IncRNA
transcripts. Comparison of 100 random translated protein coding transcripts, translated
IncRNA, and 100 random untranslated IncRNAs. The x axis shows transcript types, and the
y axis shows percentage GC content. The violin plots display the distribution of percentage
GC content, and are overlaid with box plots to display the interquartile ranges. The red dots
denote the median values. A Kruskal-Wallis test was used to compare the groups. Transcript
sequences used from human reference genome Release 30 (GRCh38.p12), Gencode (Frank-
ish et al., 2019)
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Table 3.4: Expression of translated IncRNA genes in the human brain. Tissue denotes the
area of the brain analysed, and number of samples denotes the number of individuals samples
were taken from. Kruskal-Wallis indicates if a Kruskal-Wallis test found that the IncRNA gene
set had a significant effect on RPKM in each sample, and p-values summarises the range of
p-values from each sample. Multiple comparison describes whether a multiple comparison
test found that the levels of translated IncRNAs (RPKM) were significantly different from
randomly selected IncRNAs, and in what direction. RPKM values from the PsychENCODE

consortium (Zhu, Sousa, et al., 2018; Akbarian et al., 2015).

Tissue No. of Kruskal-Walls P-values Multlp.le
samples Comparison
Hippocampus 28 Significant <2.2e-16 True, higher
(HIP)
l(vlizsgl prefrontal cortex 29 Significant <2.2e-16 True, higher
Dorsolateral prefrontal cortex 29 Significant e-13 or smaller | True, higher
(DFC)
Orbital prefrontal cortex 29 Significant e-13 or smaller | True, higher
(OFQ)
Ventrolateral prefrontal cortex g .
31 Significant e-12 or smaller | True, higher

(VFC)
Amygdal D .
(AIT\Z% aa 25 Significant <2.2e-16 True, higher
?g;?{t)um 23 Significant <2.2e-16 True, higher
Primary motor cortex 25 Significant e-13 or smaller | True, higher
(M1Q)
Primary somatosensory cortex 24 Significant e-14 or smaller | True, higher
(S1C)
Inferior posterior parietal cortex 30 Significant e-14 or smaller | True, higher
(IPC)
Primary auditory cortex 29 Significant e-15 or smaller | True, higher
(A1Q)
Superior temporal cortex 30 Significant e-16 or smaller | True, higher
(STC)
Inferior t 1 cort

Dot temporat cortex 26 Significant <2.2e-16 True, higher
(ITC)
Pri isual cort

rimary visuaz cortex 29 Significant <2.2e-16 True, higher
(V1C)
Mediodorsal nucl f thal

eciodorsal iucieus of thalamus |, Significant <2.2e-16 True, higher
(MD)
fce;ecl:;ellar cortex 29 Significant e-13 or smaller | True, higher
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compared to medians of 0 to 0.25 in the randomly selected untranslated sets. This suggests
that the translated IncRNA set are transcriptionally upregulated in the human and macaque
brain, more so than the known enrichment of IncRNA expression in the brain (Jandura and

Krause, 2017).
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RPKM of translated IncRNA genes vs random genes in Hippocampus
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Figure 3.12: RPKM of IncRNA genes in human hippocampus sample. The x-axis shows
sets of human IncRNA genes, where Set 1 corresponds to the 105 translated IncRNA genes,
and Sets 2 - 26 correspond to 105 randomly selected IncRNA genes. The y-axis shows the
distribution of RPKM for genes in this set. RPKM values from the PsychENCODE consortium
(Zhu, Sousa, et al., 2018; Akbarian et al., 2015), human sample HSB98.

79



Chapter 3. Characterisation of translated IncRNAs

80

3.4 Discussion

This chapter has classified the sub-population of translated human neuronal IncRNAs, estab-
lishing that their smORFs have ribosome footprint distributions and translation efficiencies
comparable to that of protein coding ORFs, in line with the literature (Ruiz-Orera, Messeguer,
et al., 2014; Patraquim et al., 2022). From the "stringent" set of InRNA smORFs, 35/45 were
present in other human Ribo-Seq datasets, either as an identical sequence, or as a "sSmORF
isoform". No differential IncRNA translation was observed, however this is likely an artefact
of the data as only two protein coding ORFs were found to have significantly different TE
between Control and RA conditions.

Translated IncRNA smORFs are shorter than canonical protein coding ORFs, and the peptides
synthesised from these smORFs exhibit amino acid compositions similar to that of canonical
proteins, but tend not to contain known domains. Unlike previous studies, no enrichment
for hydrophobic amino acids or transmembrane domains was observed (Aspden et al., 2014;
Wacholder et al., 2023). Mass spectrometry evidence was found for 66% of the "stringent" set
of 45 translated IncRNA smORFs, from a range of human tissues including heart tissue/cells,
melanoma cell lines and lung cancer samples.

The translated IncRNA transcripts contained more exons than de novo genes, and significantly
fewer than protein coding genes. They also contained similar proportions of start codons
as in protein coding transcripts, with the same median of 1.72 ATG codons per 100 nts.
Translated IncRNAs did however contain significantly more stop codons per 100 nts than
protein coding transcript, indicative of a greater selection pressure against stop codons in
the protein coding transcript population. Given that protein coding and translated IncRNA
transcripts contained similar proportions of start codons, this enrichment for stop codons is
likely responsible for a large portion of the AT-richness of translated IncRNAs compared to
protein coding transcripts.

The expression of the wider "non stringent" set translated IncRNAs was significantly en-
riched in human and macaque brain tissue, throughout development time points from pre
to postnatal, although only 105/208 translated transcripts were present in the dataset.

Although models have been proposed for the de novo emergence of protein coding genes
from non coding sequence (Carvunis et al., 2012), the process remains poorly understood.
A growing number of studies have suggested that IncRNAs are a source of de novo protein
coding sequence (Ruiz-Orera, Messeguer, et al., 2014; Chen, Shen, et al., 2015; Couso and
Patraquim, 2017; Sandmann et al., 2023). The characteristics of the translated human neu-
ronal smORFs explored in this chapter correspond to many of those observed in de novo
protein coding sequences including low expression, and a lack of known protein domains in
the resulting peptide. Some features of the smORFs were "further" along the evolutionary
continuum (Figure 1.7) of non-coding to coding sequence, containing more exons than de
novo genes, similar proportions of start codons, and producing stable peptides that could
be detected using mass spectrometry. However, the majority of these analyses were on a
small subset of translated IncRNAs, identified in one cell line in humans. Continued work to
understand the wider translatome in a wide range of tissues, developmental time points and
species will be required to build a clearer picture of how IncRNAs relate to de novo coding
sequences.

A missing aspect of the analysis of start codon enrichment, and of ORF identification through-
out this thesis, is the consideration of non AUG start codons. Translation in eukaryotes can
also initiate at start codons which differ by 1nt from AUG, with lower efficiency (Kozak, 1989;
Peabody, 1989). Translation from non AUG start codons not only expands the non-canonical
proteome, but also regulates the translation of canonical protein codings ORFs in a similar
manner to uORFs (Andreev et al., 2022). Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016)
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and the subsequently released software ORFquant (Calviello, Hirsekorn, and Ohler, 2020)
strictly focus on ORFs using the canonical AUG start codon. Future methods may look to
define possible start sites by considering the full context of the translation initiation site, to
further expand our understanding of IncRNA smORF translation.

Although work is ongoing to expand our knowledge of the human translatome by Ribo-
Seq analysis of primary biological material (Chothani, Adami, Widjaja, et al., 2022), the
translational events described in this thesis were identified in SH-SY5Y cells. Though a
useful model for human neuronal differentiation, SH-SY5Y cells share limitations with a
large portion of Ribo-Seq studies performed using cell lines; the biology altering mutations
required to create and maintain a cell line, genetic changes over multiple passages, and
potential for contamination (Marx, 2014). All of these changes can create a transcriptome
and translatome which do not reflect the biological reality of primary material. It is therefore
reassuring that the translated IncRNAs are significantly enriched compared to untranslated
IncRNAs based on analysis of primary human brain tissue, and that Ribo-Seq and mass
spectrometry evidence from samples which include primary human tissues supports their
active translation.

Alongside other publically available RNA-Seq, the expression data used in this chapter could
be further analysed by examining the expression of individual translated IncRNAs across the
developmental timepoints in the brain and other tissues. Although the IncRNA smORFs were
identified in SH-SH5Y cells, this does not mean that their translational activity is specific
to neuronal differentiation, partially given that IncRNA expression is enriched in the brain,
second only to the testes in human (Jandura and Krause, 2017). Combined with Ribo-seq
data from other tissues, it may be possible to begin to understand whether the IncRNAs are
functioning purely at the RNA level, at the peptide level, or both, and whether this varies
across time and tissue type.

3.4.1 Conclusions

In summary, this chapter has established that the translated IncRNAs and their smORFs
exhibit characteristics between those of coding and non-coding sequence, much like de novo
ORFs and other translated IncRNAs identified in the literature. The next chapter will look
to test our hypothesis that IncRNAs are sources of functional peptides by investigating their
sequence conservation in and beyond primates, using a sequence based approach which
focuses on the translated smORF.
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Chapter 4

Translated IncRNA smORFs exhibit
sequence conservation across
species

4.1 Introduction

Evolutionary sequence conservation has long been considered indicative of coding potential
and even peptide function. This chapter investigates the levels of sequence conservation
across a sample of species for the translated IncRNA smORFs and their corresponding peptide
products described in Chapter 3.

In order to identify IncRNAs that are conserved across species, measures beyond direct se-
quence conservation are often employed. These approaches include the analysis of syntenic
regions, secondary and tertiary RNA structures, splicing patterns, and function. In IncRNAs
that exhibit sequence conservation across species, it is generally modular, and shorter than
we observe in mRNA (Johnsson et al., 2014); for example as in the IncRNAs Xist and HO-
TAIR (Johnsson et al., 2014; Brockdorff, 2018). Nevertheless, the majority of IncRNAs are
considered to be lineage specific, with less than 3% of human lincRNAs conserved in one or
more non-primate mammals (Perez-Riverol et al., 2022).

Further, although IncRNAs are often found to contain potential ORFs, they are generally
smORFs of 100 codons or fewer. This length is at the limit of many sequence similarity
search tools. Despite this limitation, an increasing number of conserved, translated IncRNAs
have been described in the literature. One such example is LINC00961, a polyadenylated
IncRNA encoding a 90 aa peptide; small regulatory polypeptide of amino acid response
(SPAR/SPAAR) (Matsumoto, Pasut, et al., 2017). SPAR is conserved in primates, and is syn-
tenous in mouse with 65% aa sequence identity between the mouse and human peptides,
including a conserved N-terminal transmembrane domain (Matsumoto, Pasut, et al., 2017,
Spiroski et al., 2021). Functional analysis of SPAR has revealed a role in suppressing activa-
tion of mammalian target of rapamycin complex 1 (mTORC1) in response to amino acids in
mouse. Another example of a IncRNA containing a translated smORF is LINC00948, which
encodes the 46 aa peptide myoregulin (MLN) (Anderson et al., 2015). Initially discovered
in human, mouse and rat, MLN is conserved in a wide range of mammalian species (Lu
et al., 2020). MLN is structurally similar to phospholamban (PLN) and sarcolipin (SLN),
type II single-pass transmembrane proteins involved in regulation of muscle performance
and cardiovascular disease, and shares their function as a regulator of SERCA (Nelson et al.,
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2016).

Despite these difficulties, the majority of known functional small peptides in human are
conserved in other species (Choi, Kim, and Nam, 2019). This reflects a bias in research efforts,
based on the aforementioned assumption that conservation indicates function. Therefore,
although any sequentially conserved IncRNA smORFs we identify from those described in
Chapter 2 may represent strong targets for in vitro study, all of the translated IncRNA smORFs
should be considered as potentially biologically important.

In this Chapter, we build upon previous analyses where we found evidence of sequence
conservation in Hominidea in 17 of the 45 smORFs in the stringent set (Douka, Birds, et al.,
2021). Here, the analysis is extended to include all 355 translated IncRNA smORFs, a greater
range of species with broader divergence times, and more stringent filtering and analysis
of results. Using a combination of BLAST (Altschul et al., 1990) search strategies which
focus on the smORF sequence of the IncRNA, the aim of this Chapter was to find small
regions of sequence conservation, in line with the previously observed modular IncRNA
sequence conservation. Historically, sequence conservation has often been identified after
the functions of candidate IncRNAs had been elucidated. For example Xist, one of the first
IncRNAs to be discovered in 1991 (Brown, Ballabio, et al., 1991), was identified in human
as part of the X-chromosome inactivation centre, and subsequently also in mouse due to
syntenic conservation (Brockdorff et al., 1991). Upon alignment of the human and mouse
Xist, conserved sequences were identified in 5’ tandem repeats (Brown, Hendrich, et al.,
1992). Xist has since been found in all placental mammals, with varying levels of sequence
conservation.

This sequence based approach is not often used for IncRNAs due to their perceived lack of
protein coding potential, and is not effective for particularly small smORFs as it is unlikely to
return results which pass the necessarily stringent e-value cutoff. However, using a dataset
of translated smORFs allows conservation to be investigated at the amino acid level, thus
eliminating the noise of synonymous substitutions. For example, the translated smORFs
in Drosophila sarcolamban were found to be conserved from flies to vertebrates using a
combination of tBLASTn searches, phylogenetically informed consensus sequence analysis,
and structural homolog searches (Magny et al., 2013)

Given the low levels of conservation expected in IncRNAs, closely related species from Homi-
noidea and the wider Primates, as well as a small number of other mammals with reference
quality genomes were selected for this analysis (Figure 4.1). Gallus gallus (chicken) was
included as a non-mammal outgroup, and Monodelphis domestica (opossum) as a represen-
tative of Marsupialia. The phylogenetic relationships of these species are robust and well
resolved (Perelman et al., 2011; Meredith et al., 2011), meaning the presence and absence
of conserved translated smORFs throughout the phylogeny can be used to build strong hy-
potheses about their evolutionary origins.
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Figure 4.1: Phylogeny of species included in conservation analysis. 19 species with
reference quality genome sequences were selected from Ensembl 104 (Cunningham et al.,
2022). These species included Hominoidea and Primates, as well as a small number of other
mammals and Gallus gallus as outgroup. The species names, a three letter abbreviation,
and the common names are given. The abbreviations will be used throughout this chapter.
Estimated divergence times are shown on the X axis, as millions of years ago (MYA), the
colour banding is merely to assist in differentiating different bands of time. Solid circles
indicate nodes that map directly to the NCBI Taxonomy (Schoch et al., 2020), and open
circles are nodes created during the polytomy resolution process described in Hedges et al.,
2015. Canis lupus familiaris date is as per Canis lupus; according to Freeman et al. (Freedman
and Wayne, 2017) there is less than 35 KYA difference in divergence time. Figure created
in TimeTree of Life v4, using phylogeny and divergence times from the TimeTree database,
which contains divergence times and timetrees from 4,075 articles (Kumar et al., 2017;
Hedges et al., 2015).
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4.2 Materials and Methods

4.2.1 Data sources

Translated IncRNA smORFs were identified as described in 2.2.3, without the requirement
that a smORF be identified in at least two of the three biological replicates of a given
condition. Translated smORFs are classified as ‘smORF isoforms’ if they originate from the
same gene and at least 50% of the smORF sequences overlap in the same frame.

4.2.2 Species sampling

Genomes, transcriptomes and proteomes were downloaded from Ensembl 104 (Cunningham
et al., 2022) to span Hominoidea and primates (Appendix C, Table C.1). As LncRNAs are
generally poorly conserved, the sampling strategy was to deeply sample within closely related
species of primates and include a small number of other species at different divergence depths
within mammals and vertebrates. The estimated divergence times of all included species are
shown in Figure 4.1.

In addition, to allow us to assess the depth at which conservation levels drop off, we included
a small number of other mammal species with high quality genomes and annotations: Mus
musculus (mouse) and Canis lupus familiaris (dog), and Monodelphis domestica (opossum)
as a representative of marsupials. We also included the outgroup Gallus gallus (chicken).
To account for irregularities in mouse genetics due to laboratory breeding, genomes, tran-
scriptomes and proteomes of 16 laboratory and wild mouse strains from the Mouse Genome
Project (Lilue et al., 2018) were included in the analysis. Selected species, along with their
genome identifier and assembly quality, are detailed in Table 4.1.

As the translated IncRNAs were originally identified using the Gencode v30 (Frankish et al.,
2021) annotation, Gencode v38 (Frankish et al., 2021) was included to confirm that no major
annotation changes had occurred in the human IncRNA transcripts of interest (Appendix ??).
Gencode v30 (Frankish et al., 2021) was the final annotation to split IncRNAs into the follow-
ing biotypes: 3prime_overlapping ncRNA, antisense, bidirectional promoter IncRNA, lin-
cRNA, macro_IncRNA, non_coding, processed_transcript, sense_intronic and sense_overlapping.
These biotypes have been replaced by a generic IncRNA category in future annotations. The
number of genes and transcripts annotated in each species transcriptome and proteome are
detailed in Appendix C, Table C.1.

4.2.3 Sequence similarity searching

Three levels of sequence similarity search were performed on the set of 355 translated IncRNA
smoRFs, which originate from 288 IncRNA transcripts (E-appendix; peptide_blast.sh). The
BLAST (Altschul et al., 1990) suite of programs were employed as follows; i) a peptide-centric
search using BLASTp v2.9.0+ (Figure 4.2), ii) a transcript-centric search using BLASTn
v2.9.0+ (Figure 4.3), and iii), a smORF-centric search using tBLASTn v2.9.0+ (Figure 4.4).
Details of the searches are provided in the next sections.

i) For the peptide-centric search (Figure 4.2), the amino acid sequence of each IncRNA
smORF peptide was compared to a database created using the proteomes of the species
listed in Table 4.1, using default settings and an e-value of 0.00001. As some query sequences
returned a large number of subject hits, the pool of potential homologous peptide sequences
were filtered by removing all hits with percentage identity below 75% and coverage below
50%. Coverage was calculated as alignment length divided by query sequence length. This
measure is an estimate, as the BLAST alignment length includes gap characters, but was
effective for removing low quality results. If no subject hits passed these filters for a given
query in each searched species, the hit with the smallest e-value was retained.
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Table 4.1: Publicly available genomes used in conservation analysis. Species sampled are
provided with common and latin names. ’Source’ refers to the dataset the annotations were
sourced from. ’Genome’ refers to the version of the annotations included in this analysis.
"Updated’ refers to the date the annotation was last updated. 'N50 contig length’ refers to the
N50 statistic of each genome assembly, which is a measure of quality. 'Notes’ refers to any
extra relevant information on the annotations. Genome sources: Gencode (Frankish et al.,
2021), Ensembl 104 (Cunningham et al., 2022), and The Mouse Genome Project (Lilue et al.,

2018).
. N50 contig
N
Species Source Genome Updated length otes
Human Release 30 Final Gencode version to include detail on
(Homo sapiens) Gencode (GRCh38.p12) 04/2019 | 57,879,411 | IncRNA transcript types. Version used to
P P identify translated IncRNA smORFs.
(Hori_llrrilapl:ens) Gencode ( Gféi?;;fg) 05/2021 | 57,879,411 Newest version at time of analysis.
BOHOPO Ensembl panpanl.l 03/2020 66,676
(Pan paniscus)
Chimpanzee Ensembl | Pan tro 3.0 | 03/2020 | 384,816
(Pan troglodytes) - -
Gorilla
E bl G 03/2020 52,93
(Gorilla gorilla gorilla) nsem gorGors / 934
Sumatran orangutan | gy PPYG2 08/2012 -
(Pongo abelii)
Gibbon Ensembl Nleu_3.0 12/2017 | 35,148
(Nomascus leucogenys) -
Olive baboon
. . Ensembl Panu 3.0 03/2020 149,817
(Papio anubis) -
Sooty mangabey Ensembl Caty 1.0 01/2018 | 112,942

(Cercocebus atys)

SPOIDIA PUE S[ELIIBIN "T'H



38

Table 4.1 continued from previous page

Species Source Genome Updated N50 contig Notes
length
Pig-tailed macaque | 1) Mnem 1.0 | 0172018 | 106,897
(Macaca nemestrina) -
Crab-eating macaque Macaca
. . E bl ) LT 08/2020 | 21,344,63
(Macaca fascicularis) nsem fascicularis_6.0 / 44,639
Macaque Ensembl Mmul 10 12/2019 | 46,608,966
(Macaca mulatta) -
Bolivian squirrel
monkey (Saimiri Ensembl SaiBol 1.0 03/2020 38,823
boliviensis boliviensis)
Marmoset Ensembl | ASM275486v1 | 05/2019 | 155,284
(Callithrix jacchus)
Mouse lemur Ensembl Mmur 3.0 03/2020 | 210,702
(Microcebus murinus) -
Rabbit
. E bl OryCun2.0 05/201 64,648
(Oryctolagus cuniculus) nsem ryhui / 0 4,64
Mouse Ensembl GRCm39 03/2021 | 32,273,079
(Mus musculus)
Mouse . C e .
Mouse Genomes | 12951 SvimJ v1 | 01,2018 236,538 Strain: high .1nc1dence of spontaneous
(Mus musculus) . - - testicular teratomas.
Project
Mouse .. . .
Mouse Genomes AJ v 01/2018 472,329 Strain: inbred mice w1c.1e1y used tq model
(Mus musculus) . - cancer and for carcinogen testing.
Project
Mouse . . .
Mouse Genomes AKR_J v1 01/2018 383.916 Strain: useful in cancer, immunology, and

(Mus musculus)

Project

metabolism research.
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Table 4.1 continued from previous page

Species Source Genome Updated N50 contig Notes
length
Mouse Strain: susceptibility to developing the
Mouse Genomes BALB ¢J v1 01/2018 414,263 (.iemyeh.nat,mg dléease upon mfectlo'n.
(Mus musculus) ] - - with Theiler’s murine encephalomyelitis
Project .
virus.
Mouse Mouse Strain: research areas including cancer,
Genomes C3H HeJ vl 01/2018 443,242 infectious disease, sensorineural, and
(Mus musculus) . - - . .
Project cardiovascular biology research.
Mouse .
Mouse Genomes C57BL 6NJ vi 01,2018 438,357 Strall:l. homozygou§ for Crblrd.8, the
(Mus musculus) . - - retinal degeneration 8 mutation.
Project
Mouse Mouse
in: derived f 1d mi .
(Mus musculus Genomes CAST EiJ vl 01/2018 379,379 Strain: derived rom' wild mice trapped in
’ Thailand.
castaneus) Project
Mouse Strain: research includes immunology and
Mouse Genomes CBA J v1 01/2018 468,391 inflammation, Ir'letal.nohsn?, hear‘mg and
(Mus musculus) ] - - cochlear function, infectious disease,
Project
and fetal development.
Strain: widely used inbred strain.
Mouse Mouse Characteristics include low susceptibility
Genomes DBA 2J vl 01/2018 385,934 to developing atherosclerotic aortic
(Mus musculus) ] - - . . .
Project lesions, high-frequency hearing loss,
susceptibility to audiogenic seizures.
Mouse . . . .
Mouse Genomes FVB NJ vi 01/2018 161,206 Strain: multipurpose 1nbr§d tc,tfaln'.
(Mus musculus) Project - Commonly used for transgenic injection.
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Table 4.1 continued from previous page

Species Source Genome Updated N50 contig Notes
length
Mouse Strain: high susceptibility to audiogenic
Mouse . . S
Genomes LP J vl 01/2018 483,943 seizures, and have a fairly high incidence
(Mus musculus) . .1
Project of tumours that develop later in life.
Mouse Mouse Strain: polygenic model for autoimmune
Genomes | NOD_ShiltJ vl | 01/2018 | 353,461 FPOE ‘
(Mus musculus) . - - type 1 diabetes.
Project
Mouse Mouse
Genomes | NZO_HILtJ vl 01/2018 256,342 Strain: develop severe obesity.
(Mus musculus) . - -
Project
Mouse Mouse
(Mus musculus Genomes PWK PhJ vl 01/2018 866,061 Strain: wild-derived inbred strain.
musculus) Project
Mouse Mouse
Genomes SPRET EiJ R 01/2018 742,570 Strain: wild-derived inbred strain.
(Mus musculus) . -~
Project
Mouse Mouse . . . .
(Mus musculus Genomes WSB_EiJ vl 01/2018 194,719 Straln‘. derived from wild mice trapped
. . in Eastern Shore, Maryland.
domesticus) Project
Rat . Ensembl Rnor 6.0 01/2017 100,500
(Rattus norvegicus) -
o Dog | Bnsembl | CanFam3.1 | 10/2020 | 12,024,593
(Canis lupus familiaris)
Opossum Ensembl ASM229v1 05/2019 | 107,990

(Monodelphis domestica)
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Table 4.1 continued from previous page

Species Source Genome Updated Nslgnc;)trLUg Notes
Chicken

(Red jungle fowl) Ensembl GRCgb6a 03/2021 | 17,655,422

(Gallus gallus)
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Figure 4.2: Graphical illustration of the peptide-centric search of IncRNA smORFs using
BLASTp. A. The amino acid sequence of each IncRNA smORF peptide was compared to
databases of annotated proteins from the selected species using BLASTp v2.9.0+ (Altschul
et al., 1990). B. A pool of potential hits were returned for each peptide in each species
(e-value of 0.0001). C. Subject hits with percentage identity below 75% and coverage below
50% were filtered. Coverage was calculated as alignment length divided by query sequence
length. If no subject hits passed these filters for a given query in each searched species, the
hit with the smallest e-value was retained. The green arrow represents a transcript, and the
blue box an ORF. The sequences of letters represent peptide sequences.
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Figure 4.3: Graphical illustration of the transcript-centric search of IncRNA smORFs us-
ing BLASTn. A. The nucleotide sequence of each translated IncRNA transcript was compared
to databases of annotated coding and non-coding transcripts from the selected species using
BLASTn v2.9.0+ (Altschul et al., 1990). B. A pool of potential hits were returned for each
transcript in each species (e-value of 0.0001). These transcripts were then pooled to create a
new, curated BLAST database for each species. C. The nucleotide sequence of each translated
IncRNA smORF was compared to the new BLAST database of whole transcript hits from the
selected species using BLASTn v2.9.0+ (Altschul et al., 1990). D. A pool of potential hits
were returned for each smORF in each species, (e-value of 0.0001). E. Subject hits were
filtered by removing all hits with percentage identity below 75%, and coverage below 50%.
Coverage was calculated as alignment length divided by query sequence length. If no subject
hits passed these filters for a given query in each searched species, the hit with the smallest
e-value was retained. The green arrows represent a transcripts, and the blue boxes ORFs.
The orange brackets highlight the portion of the query used in the BLASTn search.
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Figure 4.4: Graphical illustration of the ORF-centric search of IncRNA smORFs using
tBLASTn. A. The amino acid sequence of each IncRNA smORF peptide was compared to
databases of coding and non coding transcripts from the selected species, translated in all
six possible reading frames, using tBLASTn v2.9.0+ (Altschul et al., 1990). B. A pool of
potential hits were returned for each peptide in each species (e-value of 0.0001). C. Subject
hits were filtered by removing all hits with percentage identity below 75%, and coverage
below 50%. Coverage was calculated as alignment length divided by query sequence length.
If no subject hits passed these filters for a given query in each searched species, the hit with
the smallest e-value was retained. The green arrows represent a transcripts, and the blue
boxes ORFs. The sequences of letters represent peptide sequences.
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ii) For the transcript-centric search (Figure 4.3), the nucleotide sequence of each translated
IncRNA transcript was compared to a database created using the combined coding and non-
coding transcriptomes of the species listed in Table 4.1, using default settings and an e-value
of 0.00001. The pool of potential homologous transcript sequences were used to create a
new, curated BLAST database for each species. The nucleotide sequence of each translated
IncRNA smORF was compared to the curated database using BLASTn v2.9.0+ (Altschul
et al., 1990), with default settings and an e-value of 0.00001. The remaining subject hits
were then filtered by removing all hits with percentage identity below 75% and coverage
below 50%. Coverage was calculated as alignment length divided by query sequence length.
If no subject hits passed these filters for a given query in each searched species, the hit with
the smallest e-value was retained.

iii) For the smORF-centric search (Figure 4.4), the amino acid sequence of each IncRNA
smORF peptide was compared to a database created using the combined coding and non-
coding transcriptomes of the species listed in Table 4.1, translated in all six possible reading
frames. Default settings and an e-value of 0.00001 were used. The pool of potential homolo-
gous sequences were filtered by removing all subject hits with percentage identity below 75%
and coverage below 50%. Coverage was calculated as alignment length divided by query
sequence length. If no subject hits passed these filters for a given query in each searched
species, the hit with the smallest e-value was retained.

4.2.4 Sequence alignment

Multiple sequence alignments (MSAs) were generated with hits that satisfied the criteria
described above from the peptide, transcript, and ORF-centric searches for each translated
IncRNA query sequence. As each set of potentially homologous sequences could contain a
different combination of insertions, deletions, rearrangements, and mutations, three differ-
ent algorithms were tested; (Figure 4.5) MUltiple Sequence Comparison by Log-Expectation
(MUSCLE) v5.0.1428 (Edgar, 2004) (E-appendix; Muscle5_ peptide.sh), MAFFT v7.487 (Ka-
toh and Standley, 2013) (E-appendix; MAFFT peptide.sh), and ClustalW v2.1 (Larkin et al.,
2007) (E-appendix; CLUSTAL peptide.sh), using default settings. These were selected as
popular, well benchmarked similarity based methods, as phylogeny aware methods were not
suitable for these data.

These alignments were then compared using MetAl v1.1.0 (Blackburne and Whelan, 2012)
(E-appendix; Metal_peptide.sh) which calculates the d,,,s alignment distance metric, which
incorporates information on the position of gaps in MSAs. If MetAl found < 5% difference
between these alignments, the MAFFT result was carried forward, as the MAFFT algorithm
performed the most efficiently. Else, noRMD v1.2 (Thompson et al., 2001) was used to
select the optimal alignment, based on the mean pairwise distance between sequences in
continuous sequence space, summed over the full length of the alignment (E-appendix;
normd_peptide.sh).

The ORF-centric results (tBLASTn) were aligned as nucleotide sequences, and also converted
to aa sequences and aligned to eliminate the noise of synonymous substitutions.

4.2.5 Assessment of alignments

Alignments from the peptide, transcript, and smORF-centric searches were assessed using
the Heads-or-Tails (HoT) score (Landan and Graur, 2007) (Figure 4.5), within Guidance
v2.02 (Sela et al., 2015) (E-appendix; hot peptide.sh). By comparing a set of co-optimal
alignments to the standard alignment, the uncertainty of each residue, residue-pair, column
and sequence in an alignment is calculated and scored (0-1). As Guidance does not accept
MUSCLE v5.0.1428 (Edgar, 2004) alignments, the MSAs that were generated using this
method were visually inspected using Jalview v2.10.2b2 (Waterhouse et al., 2009). For amino
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Figure 4.5: Overview of pipeline for the alignment and assessment of quality of BLAST
results. Each query sequence was aligned with the BLAST subject hits that met our thresh-
olds, using three different algorithms - MUSCLE v5.0.1428 (Edgar, 2004), MAFFT v7.487
(Katoh and Standley, 2013), and ClustalW v2.1 (Larkin et al., 2007). These alignments were
compared using MetAl v1.1.0 (Blackburne and Whelan, 2012). If MetAl found < 5% differ-
ence between these alignments, the MAFFT result was carried forward. Else, noRMD v1.2
(Thompson et al., 2001) was used to select the "best" alignment, based on the mean pairwise
distance between sequences in continuous sequence space, summed over the full length of
the alignment. Alignments were then assessed using the HoT (Landan and Graur, 2007)
score, a measure of alignment uncertainty based on co-optimal alignments, within Guidance
v2.02 (Sela et al., 2015), and odseq v1.22.0 (Jiménez, 2022), which detects outliers using
the average distance between sequences. Figure created with BioRender.com.
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acid tBLASTn results, wildcard characters (representing stop codons) and gaps introduced
by tBLASTn v2.9.0+ (Altschul et al., 1990) were removed in order to analyse them using
Guidance. Alignments were also assessed using odseq v1.22.0 (Jiménez, 2022), which detects
outliers using the average distance between sequences (Figure 4.5).

The evidence for sequence conservation was manually evaluated for each translated IncRNA
smOREF, considering the peptide, transcript, and smORF-centric searches. Alongside visual
examination of the alignments to check for clear misalignment and modular conservation,
the following metrics were considered:

i) The HoT score (Landan and Graur, 2007) for the entire alignment; this was classed as
high (x > 0.9), medium (0.9 > x > 0.5), or low (0.5 > x). Modular areas, such as around
the smORF in a longer transcript alignment, may still be well conserved even if the whole
sequence alignment does not score highly, so this metric was more relevant to the shorter
peptide alignments.

ii) The results of odseq v1.22.0 (Jiménez, 2022) analysis allow us to determine which
sequences are outliers. A number of scenarios can be tested in this way, e.g if the query se-
quence is the only sequence to be deemed an outlier, it is likely that a group of related subject
sequences have been returned that are not homologous to the query, but are homologous to
one another. The alignment can be pruned and realigned to investigate this further.

iii) Other considerations include how many non-human species results were returned, and
whether the pattern of subject hits followed the species phylogeny. For example, if results are
only found in one distantly related species, this may be an artefact of how the annotations
were produced. The number of potential homologs in the BLAST search was also informative
as a large number of poorly aligned results may suggest that the IncRNA contains a repetitive
sequence. In all cases the upstream and downstream ATGs were taken into account, as a
smORF could be partially conserved between species if different start codons were used but
the frame was maintained.

Using these metrics, the translated IncRNA smORFs were grouped into the following cate-
gories based on their results in all BLAST searches; A) No BLAST results. These smORFs
did not return any filter passing results from any BLAST search in the queried non-human
species. B) No convincing evidence. Results were returned for these IncRNA smORFs, but
they aligned very poorly with the query smORF sequence. C) Results in 1 or 2 species. These
smORFs returned well aligned results, but only in one or two of the queried species. D)
Evidence of sequence conservation. For these smORFs, well aligned results were returned
for multiple species in one or more of the BLAST searches, and this evidence was convincing
when considered alongside the HoT score (Landan and Graur, 2007), conserved start codons,
and if query sequences were marked as outliers.

The number of results filtered at each step in the BLASTp, BLASTn and tBLASTn sequence
searching, alignment and assessment pipeline are summarised in Figures 4.6, 4.7, and 4.8.

4.2.6 General statistics and plots

Data were analysed and plotted in R (R Core Team, 2021), using packages including the
tidyverse (Wickham et al., 2019), tibble (Miiller and Wickham, 2021), plot.matrix (Klinke,
n.d.), reshape (Wickham, 2007), matrixStats (Bengtsson et al., 2022), seqinr (Charif and
Lobry, 2007), protr (Xiao et al., 2015), ggplot2 (Wickham, 2016), gggenes (Wilkins, 2023),
ggpubr (Kassambara, 2023), VennDiagram (Chen, 2022) ggtext (Wilke and Wiernik, 2022),
ggtree (Yu et al., 2017), and viridis (Garnier et al., 2021).

To assess whether there was a significant association between the "stringent" and "non-
stringent" IncRNA smORF groups and conservation category, a Chi-square test was performed.
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Figure 4.6: BLASTp alignment assessment pipeline. Translated IncRNA smORF peptide
sequences were compared to the proteomes of 20 species including human using BLASTp
v2.9.0+ (Altschul et al., 1990), and any queries with no hits removed. The BLASTp results
were filtered by removing all hits with percentage identity below 75% and coverage below
50%. Coverage was calculated as alignment length divided by query sequence length. Else,
the hit with the smallest e-value was retained. The remaining hits were then aligned to their
query IncRNA smORF peptide using MAFFT v7.487 (Katoh and Standley, 2013), ClustalW
v2.1 (Larkin et al., 2007) and MUSCLE v 5.0.1428 (Edgar, 2004) and the "best" method
selected. MAFFT and CLUSTAL alignments were scored and visualised using Guidance v2.02
(Sela et al., 2015). MUSCLE alignments were visualised using Jalview V2 (Waterhouse
et al., 2009). Following manual assessment 65/355 smORFs with evidence of sequence
conservation remained. Figure created with BioRender.com.
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Figure 4.7: BLASTn alignment assessment pipeline. Translated IncRNA smORF transcript
sequences were compared to the transcriptomes of 20 species including human using BLASTn
v2.9.0+ (Altschul et al., 1990). From these hits a new, curated BLASTn database was created,
and the sequences of the smORFs only were compared to this new database. Any queries with
no hits were removed. The BLASTn smORF results were filtered by removing all hits with
percentage identity below 75% and coverage below 50%. Coverage was calculated as align-
ment length divided by query sequence length. Else, the hit with the smallest e-value was
retained. The remaining hits were then aligned to their query IncRNA smORF and transcript
sequences using MAFFT v7.487 (Katoh and Standley, 2013), ClustalW v2.1 (Larkin et al.,
2007) and MUSCLE v 5.0.1428 (Edgar, 2004) and the "best" method selected. MAFFT and
CLUSTAL alignments were scored and visualised using Guidance v2.02 (Sela et al., 2015).
MUSCLE alignments were visualised using Jalview V2 (Waterhouse et al., 2009). Following
manual assessment 93/355 smORFs with evidence of sequence conservation remained. Fig-
ure created with BioRender.com.
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Figure 4.8: tBLASTn alignment assessment pipeline. Translated IncRNA smORF peptide se-
quences were compared to the transcriptomes of 20 species including human using tBLASTn
v2.9.0+ (Altschul et al., 1990), and any queries with no hits removed. The tBLASTn results
were filtered by removing all hits with percentage identity below 75% and coverage below
50%. Coverage was calculated as alignment length divided by query sequence length. Else,
the hit with the smallest e-value was retained. Both the nucleotide sequence and the trans-
lated amino acid sequence of each query IncRNA smORF were aligned to the remaining hits
using MAFFT v7.487 (Katoh and Standley, 2013), ClustalW v2.1 (Larkin et al., 2007) and
MUSCLE v 5.0.1428 (Edgar, 2004). and the "best" method selected. MAFFT and CLUSTAL
alignments were scored and visualised using Guidance v2.02 (Sela et al., 2015). MUSCLE
alignment were visualised using Jalview V2 (Waterhouse et al., 2009). Following manual
assessment 102/355 smORFs with evidence of sequence conservation remained. Figure cre-
ated with BioRender.com.
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This test was selected as it is suitable for categorical data, and the data meets the assumptions
of mutual exclusivity, independence, and the assumption that at least 80% or more of the
expected values equal to or greater than 5.

101



Chapter 4. Translated IncRNA smORFs exhibit sequence conservation across species

102

4.3 Results

4.3.1 Generation of inclusive list of translated IncRNA smoRFs

To investigate the sequence conservation of translated IncRNA smORFs and their peptide
products within mammals, a suitable dataset of IncRNA smORFs was required. The majority
of Chapter 3 focused on a the properties of a stringent set of 45 IncRNA smORFs, selected
due to our confidence in their active translation in SH-SY5Y cells. As in Section 3.3.5, a larger
dataset is more suitable to for this question to increase the likelihood of detecting sequence
conservation, as IncRNAs are generally considered to be under little selective pressure at
the sequence level. The requirement that a SmORF be identified in at least two of the three
biological replicates of a given condition to be considered translated was therefore removed
(Section 2.2.3.1). This produced a dataset of 355 IncRNA smORFs actively translated in
SH-SY5Y cells, in control or RA conditions.

This wider dataset of 355 IncRNA smORFs also includes ‘smORF isoforms’. These occur when
genes with multiple transcript splice variants are expressed and translated. In some cases the
smORFs from these splice variants are identical or overlap significantly, producing the same
or very similar peptides; smORF isoforms (Figure 4.9). Here smORFs have been considered
isoforms if they originate from the same gene and at least 50% of the smORF overlaps in
the same frame. For example, many smORF isoforms occur when different in-frame start
codons are identified across different replicates for what is likely the same smORF, due to
the position of Ribo-seq reads. When smORF isoforms are grouped, the 335 smORFs collapse
into 242 smORFs.

4.3.2 Putative homologs returned in all 18 sampled species

To assess whether the sequences of the translated IncRNA smORFs were conserved within
vertebrates, three levels of sequence similarity searches were performed; i) a peptide-centric
search, ii) a transcript-centric search and iii) an ORF-centric search.

4.3.2.1 Peptide-centric search

To search for homologous sequences in currently annotated peptides in the selected species,
a BLASTp search (Altschul et al., 1990) was performed. Of the 355 IncRNA smORF peptide
queries, 90 returned putative homologs in one or more of the non-human species in the
dataset (Appendix C, Figure C.1). The percentage identity and coverage filters described in
Section 4.2.3 removed a large number of low quality hits, reducing the mean number of hits
per query from 665.3 to 6.089 hits (Table 4.2). This significantly reduced the amount of
noise for later analysis, and made alignment of these results both possible and helpful.

As expected, as the evolutionary distance from human increased, fewer IncRNA smORF
peptides returned hits (Ulitsky, Shkumatava, et al., 2011). Only three of the smORF pep-
tides were also found in the outgroup Gallus gallus. These three queries also returned
hits in all other selected species (Figure 4.10). On closer inspection two of the three pep-
tides originate from overlapping, in frame smORFs on the same transcript, and are there-
fore classified as 'smORF isoforms’ (Figure 4.9). One of these query peptides from smORF
ENST00000526036.1 1226 2042, referred to as smORF A throughout, is discussed in more
detail later in this chapter.

Only 18/355 of the peptide queries returned one or more hits in human (Figure C.1, Table
4.3), which was to be expected as this was a search of novel/unannotated peptides against a
database of canonical, annotated peptides. The results returned in human are likely due to
a shared domain or region within the peptide, although a shared evolutionary history is also
possible. To identify shared domains, the query and hit peptides were searched against
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Figure 4.9: Example of translated IncRNA smORF isoforms. The arrows represent tran-
scripts, and dark pink boxes represent smORFs. A. Three splice variants transcribed from
the same gene. B. Four potential smORFs identified from the splice variants. smORF A does
not overlap with any other smORFs from this gene, so will be investigated independently.
smORFs B to D overlap significantly. If these smORFs are translated in the same frame, and
therefore share > 50 of their peptide sequence, they will be considered together as smORF
isoforms.
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Table 4.2: Summary of BLASTp hits, pre and post-filtering. The pool of potential homol-
ogous peptide sequences were filtered by removing all hits with percentage identity below
75% and coverage below 50%. Coverage was calculated as alignment length divided by
query sequence length. Else, the hit with the smallest e-value was retained.

No. of hits per query | No. of filtered hits per query
Range 1-28,078 1-36
Median 4 3.5
Mean 665.3 6.089
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BLASTp

Total
Homo sapiens 18

Pan paniscus 53

Pan troglodytes 43

Gorilla gorilla 38

Pongo abelii 33

—— Nomascus leucogenys 38
Papio anubis 24
Cercocebus atys 33
Macaca nemestrina 25
Macaca fascicularis 44
Macaca mulatta 37
Saimiri boliviensis 25
Callithrix jacchus 22
Microcebus murinus

Oryctolagus cuniculus
Mus musculus

Rattus norvegicus
Canis lupus familiaris
Monodelphis domestica
Gallus gallus

Wb oo o

Query Peptide

Figure 4.10: Distribution of BLASTp hits returned for IncRNA smORF peptides. Initial results from BLASTp v2.9.0+ (Altschul et al., 1990), as
described in Figure 4.2B. The phylogeny shows the species included in the conservation analysis, and the total number of IncRNA smORF queries
which returned hits in each species is given at each branch end. Each column represents a IncRNA smORF peptide query, and the blue cells represent
one or more hits that were returned for that query in a given species. Dark grey cells indicate that no hits were returned.
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Table 4.3: Human peptides returned by BLASTp search. Query peptide denotes the IncRNA smORF peptide query entered into the BLASTp search.

Hit peptide denotes the human peptide hit returned by BLASTp. Orthologous region describes any domains shared between the query and hit peptides,

identified using PRINTS BLAST. Coverage is calculated as the length of the alignment from the BLAST result, divided by the length of the query peptide.

Percent identity is the percentage of identical matches between the aligned portion of the query and hit peptides. PRINTS BLAST is an interface to a
BLAST v2.2.4 (Altschul et al., 1990) search of all protein sequences contained within the PRINTS database release 42.0 (Attwood et al., 1994).

Query Peptide Hit Peptide Orthologous region Coverage fg:l:;;
ENST00000424349.1 491 656 ENSP00000369673.3 | Query and hit contain a HTH_48 domain. 82% 76%
ENST00000424349.1 491 656 ENSP00000373354.3 | Query and hit contain a HTH_48 domain. 82% 76%
ENST00000424349.1 491 656 ENSP00000403145.1 | Query and hit contain a HTH_48 domain. 82% 76%

Hit contains three F138DOMAINS.

ENST00000295549.8 609 822 ENSP00000403769.2 62% 64%
95549.8_609_ 403769 Query contains F1I38DOMAIN like region. ° 4%
ENST00000295549.8_609_822 ENSP00000502572.1 | Query and hit contain F138DOMAIN like region. 68% 56%
ENST00000344893.4 298 883 ENSP00000392024.3 | Query and hit contain KRAB domains. 100% 63%

Hit overlaps with hit from query smORF isoform
ENST 3 3. 3 ENSPO 10.1 100% %
ST00000344893.4 409 88 SP000004984 (ENST00000344893.4_298_883). 00% 60%

i F138DOMAIN.

ENST00000371417.3 542 1070 | ENSP00000354971.4 | Query contains a F138DO 20% 74%

Hit contains a F1I38DOMAIN like region.
No annotated domain. Short alignment to
ENST00000424989.1 284 479 ENSP00000419129.1 | propionyl-CoA carboxylase subunit beta (PCCB) 40% 81%
hit protein.

No annotated domain. Short alignment to
ENST00000506795.1_100_544 ENSP00000402917.1 | gamma-glutamyltransferase 5 (GGT5) 30% 66%
hit peptide.

No annotated domain. Well aligned to start of
follistatin like 4 (FSTL4) hit peptide.

Hit contains F138DOMAIN.

ENST00000507759.5 202 50 ENSP00000384436.2 32% 0%
7759.5_202_508 844 Query contains F138DOMAIN like region. ’ 70%

ENST00000507387.1 303 633 ENSP00000427662.1 39% 86%
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Hit contains F138DOMAIN.

ENST00000507759.5_202 508 ENSP00000505475.1 32% 0%
7759.5_202_ 47 Query contains F1I38DOMAIN like region. ° 70%
ENST00000526036.1 1226 2042 | ENSP00000461610.1 | Query and hit contain a DNA binding 38% 41%
- - HTH_Tnp_Tc5 domain.
ENST00000526036.1 1226 2042 | ENSP00000483808.1 | Query and hit contain a DNA binding 38% 41%
- - HTH_Tnp_Tc5 domain.
ENST00000526036.1 1340 2042 | ENSP00000461610.1 | As in ENST00000526036.1 1226 2042. 28% 37%
ENST00000526036.1 1340 2042 | ENSP00000483808.1 | Asin ENST00000526036.1 1226 2042. 28% 37%
Hit contains a F138DOMAIN.
ENST 14.5 131 ENSP 1299.1 % %
ST00000534914.5_131 503 SP00000431299 Query contains F138DOMAIN like region. 43% 60%
No annotated domain. Short alignment with
ENST00000548329.1 212 563 ENSP00000472170.1 36% 86%
48329.1 212_ 47217 zinc finger protein 675 (ZNF657) hit peptide. ’ °
No annotated domain. Well aligned to start of
ENST00000549357.1 66_315 ENSP00000492329.1 | gamma-aminobutyric acid type A receptor subunit | 64% 74%
gamma2 (GABRG2) hit peptide.

ENST00000549357.1_90_315 ENSP00000492329.1 | As in ENST00000549357.1 66 315. 60% 69%
ENST00000551597.6_54 252 ENSP00000338107.4 | 0 annotated domain. End of query well aligned | 45, 86%
- = to end of cancer antigen 1 (CAGE1) hit peptide.
ENST00000608396.2_548_869 ENSP00000499080.1 | Query and hit contain F138DOMAIN like region. 41% 71%
ENST00000608396.2_548 869 ENSP00000501710.1 | Query and hit contain F138DOMAIN like region. 33% 83%
ENST00000632111.1 163 529 ENSP00000490329.1 | Query and hit contain F138DOMAIN like region. 23% 82%
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PRINTS BLAST (Attwood et al., 1994; Altschul et al., 1990), a database containing 2156
protein family ‘fingerprints’, encoding 12,444 individual motifs, and the Ensembl annotation
(Cunningham et al., 2022) of the hits was examined. Of the 18 peptides, 11 contained a
known protein domain which overlapped with the same domain in the hit peptide (Table
4.3). Helix-turn-helix (HtH) and F138DOMAIN domains were the most common.

More query peptides (> 22) returned hits in the non-human Primates in the dataset (with
the exception of Microcebus murinus) than in human, which may be indicative of differences
in annotation pipelines; for example higher stringency during annotation of human protein
coding genes.

4.3.2.2 Transcript-centric search

To search for sequence conservation of the translated IncRNA smORFs at the nucleotide level,
the sequence of each translated IncRNA transcript was compared to databases of annotated
coding and non-coding transcripts from the selected species using BLASTn (Altschul et al.,
1990). The hits were pooled to create a custom BLAST database for each species, and a
second BLASTn search performed using the smORF nucleotides sequence only (Figure 4.3).
This filtered the hits to those with sequence similarity across the IncRNA smORF in particular,
instead of other parts of the transcript.

All 288 IncRNA transcripts (ranging in length from 180 to 19,245 nt) returned themselves
from the human transcriptome in the intial BLASTn (accounting for annotation versions)
(Appendix C, Figure C.2), confirming that the selected e-value cut off was reasonable. In
total, 260/288 translated IncRNA transcript queries returned putative homologs in one or
more of the non-human species in the dataset in the initial BLASTn (Altschul et al., 1990)
search. There was a drop off in the number of IncRNA smORF transcripts returning results
outside of the Primates, with 114 queries returning results in Microcebus murinus (mouse
lemur) compared to 37 in Oryctolagus cuniculus (rabbit) (Appendix C, Figure C.2).

The smORF nucleotide sequences (ranging in length from 9 to 816 nt) were then used for a
the second BLASTn search (Altschul et al., 1990) against the curated BLAST database. This
was effective in filtering out lower quality hits from the pooled database, reducing the mean
number of hits per query from 3,729.96 to 87.61 hits (Table 4.4). Following this initial filter,
the percentage identity and coverage filters (Section 4.2.3) did not remove as many low
quality hits as in the previous section, but did further reduce the mean number to 20.49 hits.
A small number of queries remained with a particularly large number of results, with the
highest number of hits for a single query being 1,515.

203/355 translated IncRNA smORFs returned sequences in the non-human species in the
dataset. Very few results (1 to 8) were returned in queried non-primate species (Figure 4.11).
When human results are included, BLASTn hits were returned for 351/355 translated IncRNA
smORF sequences (Figure 4.11, Appendix C Figure C.3) from 287/288 IncRNA transcripts.
All 351 of these smORFS returned their own transcript from the human transcriptome from
Gencode v30 (Frankish et al., 2021), and 350/351 in Gencode v38 (accounting for annota-
tion versions). The transcript which was not returned by its smORF has been reannotated
as a retained intron in Gencode v38, and was approximately half its previous length. The
four smORFs which did not return any hits from the human transcriptome are all < 24
nucleotides in length, so were likely unable to pass the stringent e-value requirement.

In both the transcript and smORF BLASTn (Altschul et al., 1990) searches, there was some
variation in the hits returned from the 16 mouse transcriptomes. If a hit was returned in at

least half (8/16) of the queried mouse transcriptomes, then this was classified as a mouse
hit.



4.3. Results

Table 4.4: Summary of BLASTn hits at transcript search, ORF search, and filtering steps.
The pool of potential homologous transcript sequences were filtered by removing all hits
with percentage identity below 75% and coverage below 50%. Coverage was calculated as
alignment length divided by query sequence length. Else, the hit with the smallest e-value

was retained.

No. of hits per

No. of hits per

No. filtered of hits

transcript query ORF query per ORF query
Range 1-34,943 1-8,240 1-1,515
Median 51 10 9
Mean 3,729.96 87.61 20.49
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BLASTNn ORF Search

Total

Pan paniscus 93

Pan troglodytes 77

Gorilla gorilla 68

Pongo abelii 77

—— Nomascus leucogenys 64
Papio anubis 42
Cercocebus atys 67
Macaca nemestrina 71
Macaca fascicularis 95
Macaca mulatta 105

Saimiri boliviensis 44
Callithrix jacchus 38
Microcebus murinus 15
Oryctolagus cuniculus 1
Mus musculus 4

Rattus norvegicus 1
Canis lupus familiaris
Monodelphis domestica
Gallus gallus

w N

Query Transcript

Figure 4.11: Distribution of BLASTn hits returned for translated IncRNA smORFs in non-human species. Initial results of smORF BLASTn, as
described in Figure 4.3D. Human results have not been included as all but four query smORFs returned their transcript of origin in human. The
phylogeny shows the species included in the conservation analysis, and the total number of IncRNA smORF queries which returned hits in each species
is given at each branch end. Each column represents a IncRNA smORF query, and the blue cells represent one or more hits that were returned for that
query in a given species. Dark grey cells indicate that no hits were returned.

$o109ds SSOIJB UONBAIISUOD 20Uanbas NqIYXd STHOWS YNYOU[ pate[suell, ‘4 1o1deyn



4.3. Results

4.3.2.3 ORF-centric search

To identify homologous sequences in the entire annotated transcriptomes of the selected
species, a tBLASTn search (Altschul et al., 1990) was performed using the IncRNA smORF
peptide sequences (ranging in length from 3 to 272 aa). 215/355 IncRNA smORF peptide
queries in the ORF-centric tBLASTn returned one or more putative homologs in non-human
species in the dataset (Appendix C Figure C.4). The percentage identity and coverage filters
described in Section 4.2.3 reduced the mean number of hits per query from 496.4 to 17.13
hits (Table 4.5). A small number of queries remained with a large number of results, with
the highest number of hits for a single query being 449, but this was a large reduction from
the initial range of 1 to 33,039 hits.

There were a small number (17) of IncRNA smORF peptide query sequences that did not
return any hits in human; ranging in length from 3 - 19 aa. The their short length is likely
to have prevented results from passing the stringent e-value threshold, although one 18 aa
query peptide did return a hit in human. Peptides of <24 aa are considered particularly
small, and difficult to identify and characterise (Ruiz-Orera and Alba, 2018). Of the 338/355
IncRNA smORF peptides which did return one or more hits in human, 337 peptides re-
turned their transcript of origin from Gencode v30, and 334 in Gencode v38 (Frankish et al.,
2021). Interestingly, a higher number of queries returned one or more hits in Macaca mulatta
(macaque) and Macaca fascicularis (crab-eating macaque) (105 and 95 queries) than in the
more closely related Hominidae (Figure 4.12).

4.3.2.4 Putative homologs returned for ~64% of translated smORFs

When the peptide-centric, transcript-centric and ORF-centric sequence searches are com-
bined, 227/355 translated IncRNA smORF queries returned possible evidence of conserva-
tion in one or more of the selected non-human species. This was a surprising result given
the low levels of sequence conservation generally expected in IncRNA. Figure 4.13 shows a
high level summary summary of the results; it does not describe whether the same results
were returned from each search, or in how many species each hit was found. The 90 queries
returning hits from BLASTp were a subset of the 215 queries returning hits in tBLASTn, and
86 of these queries returned hits from all three BLAST searches. As the BLASTp search is of
annotated proteins, this overlap is to be expected; if a query aligns well with an annotated
protein from a given species, tBLASTn is likely to return the same or a similar result.

12 of the queries only returned non-human hits in the BLASTn search (Figure 4.13), and
upon closer examination they only returned hits from one or two species. These 12 smORFs
produced particularly short peptides, with a median length of 34.5aa, compared to 60aa for
all 227 smORFs which returned BLAST hits, and 42aa for the 128 smORFs which returned
no BLAST hits (Table 4.6). This short sequence length means any results were likely filtered
out by our stringent e-value cut-off in the BLASTp and tBLASTn searches, as short sequences
are more likely to align by chance rather than due to a true biological relationship. A further
20 queries only returned non-human hits in the tBLASTn search (Figure 4.13). This is likely
due to synonymous substitutions, which alter the nucleotide sequence of the smORF without
affecting the the amino acid sequence of the peptide.

The majority (191/227) of the translated IncRNA smORF queries which returned hits in one
or more of the non-human species in the dataset did so from both BLASTn and tBLASTn
searches (Figure 4.13). As the BLASTn focused on the smORF nucleotide sequence, this may
indicate that the smORFs are well conserved at the nucleotide and aa level, but this depends
on the hits returned for each individual query.

A proportion of the translated IncRNA smORFs (36%) did not return any evidence of se-
quence conservation. 11/128 of these smORFs were from the stringent set of 45 IncRNA
smORFs (24%), translated in two or more replicates in the same condition. This suggests
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Table 4.5: Summary of tBLASTn hits, pre and post-filtering. The pool of potential ho-
mologous sequences were filtered by removing all hits with percentage identity below 75%

and coverage below 50%. Coverage was calculated as alignment length divided by query
sequence length. Else, the hit with the smallest e-value was retained.

No. of hits per query | No. of filtered hits per query
Range 1-33,039 1-449
Median 10 9
Mean 496.4 17.13
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Pan paniscus

Pan troglodytes

Gorilla gorilla

Pongo abelii

—— Nomascus leucogenys
Papio anubis
Cercocebus atys
Macaca nemestrina

Saimiri boliviensis
Callithrix jacchus

Microcebus murinus
Oryctolagus cuniculus
Mus musculus

Rattus norvegicus
Canis lupus familiaris
Monodelphis domestica
Gallus gallus

Total

90
74

82

Macaca fascicularis 105
Macaca mulatta 116

57
53
38

9
16
1
16

tBLASTn

Query Transcript

Figure 4.12: Distribution of tBLASTn hits returned for IncRNA smORF peptides in queried non-human species. Initial results from tBLASTn
v2.9.0+ (Altschul et al., 1990), as described in Figure 4.4B. Human results have not been included as all but 17 query smORFs returned one or more
hits in human. The phylogeny shows the species included in the conservation analysis, and the total number of IncRNA smORF peptide queries which
returned hits in each species is given at each branch end. Each column represents a IncRNA smORF peptide query, and the blue cells represent one or
more hits that were returned for that query in a given species. Dark grey cells indicate that no hits were returned.
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BLASTn tBLASTNn

Figure 4.13: LncRNA smORF queries returning one or more BLAST hits in non-human
species. Intersection between the number of queries returning one or more BLAST hits in
non-human species in BLASTp, BLASTn, and tBLASTn (Altschul et al., 1990) searches.



4.3. Results

Table 4.6: Summary of translated IncRNA peptide lengths. Average measures of the pep-
tide lengths of all translated IncRNA peptide queries, peptides returning possible evidence
of conservation from one or more queried non-human species using BLASTp, BLASTn or
tBLASTn, peptides which did not return any results from non-human species, and peptides
which only returned hits from non-human species using BLASTn.

Mean | Mode | Median Range
All peptide queries | 64.3aa | 26 aa | 54 aa 3-272aa
BLAST hits in one or
more non-human species
No BLAST hits in
non-human species
Hits in non-human species
from BLASTn only

72.6aa | 37aa | 60 aa 17 - 272 aa

49,4 aa | 26aa | 42 aa 3-193 aa

33.7aa | 18aa | 34.5aa | 17-56aa
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that it was reasonable to expand our dataset to include all 355 smORFs for this analysis,
given that a comparable proportion of the smORFs returned possible evidence of sequence
conservation.

4.3.3 Assessing sequence conservation in translated IncRNA smORFs

To investigate if each set of putative homologs could represent true homologs of the IncRNA
smORF queries, they were aligned to the IncRNA smORF sequences. The quality of these
alignments were then assessed as described in Section 4.2.5.

4.3.3.1 Alignment of putative homologs

To allow the levels of smORF sequence conservation to be assessed, each translated IncRNA
smORF query was aligned with all of their remaining subject hits from each search strategy
using three different algorithms, as described in 4.2.4. MetAl v1.1.0 (Blackburne and Whe-
lan, 2012) found no significant difference between alignment methods for 84 of the 215
ORF-centric aa queries and their hits, likely due to their short length limiting the amount of
potential high confidence alignments in alignment space. However, 90/215 of these queries’
alignments were unable to be compared by MetAl as MUSCLE v5.0.1428 (Edgar, 2004)
handled gap characters differently to the other algorithms, creating alignments of differing
length (Table 4.7). These queries were therefore only compared using noRMD v1.2 (Thomp-
son et al., 2001). One of the transcript-centric queries (ENST00000442007.1 154 283) and
its hits were aligned by MAFFT v7.487 (Katoh and Standley, 2013) alone due to a high
number of remaining hits; therefore this alignment was not assessed using MetAl v1.1.0
(Blackburne and Whelan, 2012).

MAFFT v7.487 (Katoh and Standley, 2013) produced the "best" alignment for the majority
of queries in all search strategies (~53%), followed by ClustalW v2.1 (~29%) (Larkin et al.,
2007) (Table 4.7). MUSCLE v5.0.1428 (Edgar, 2004) was selected for less than 5% of the
alignments.

4.3.3.2 Assessment of alignments

To analyse the conservation of each smORF, the alignments created from all three BLAST
v2.9.0+ (Altschul et al., 1990) strategies were assesed using the metrics described in Section
4.2.5; the HoT score (Landan and Graur, 2007), odseq v1.22.0 (Jiménez, 2022) results, and
the species hits were returned in, alongside visual examinations. The translated IncRNA
smORFs were categorised as A) No BLAST results, B) No convincing evidence, C) Results in
1 or 2 species, or D) Evidence of sequence conservation, based on these results.

~6% of IncRNA smORF alignments revealed no convincing evidence of conservation

Only 15/227 smORFs with BLAST v2.9.0+ (Altschul et al., 1990) hits exhibited no convincing
evidence (Category B). SmORFs in this category had low to medium HoT scores (Landan
and Graur, 2007) for the whole alignment for the majority of the BLAST (Altschul et al.,
1990) search strategies, the human sequences were outliers compared to the other species
according to odseq v1.22.0 (Jiménez, 2022), and visual examination of the alignment did
not reveal any well aligned modules of conservation, particularly over the smORF. However,
it is likely that if some of these smORFs were examined in more depth, for example using
1-to-1 alignments of the smORF and each result, evidence to support re-categorisation of
this smORF into Category C) or even D) may be found. A limitation of this study is the time
required to carry out this depth of analysis on the 227 translated IncRNA smORFs which
returned BLAST results.



Table 4.7: Alignment methods selected for BLAST results using MetAl and noRMD.
Search strategy refers to the different sequence homology searches performed on the trans-
lated IncRNA smORFs using the BLAST (Altschul et al., 1990) suite of programs. No signifi-
cant difference; MAFFT refers to the number of queries which were found to have no signifi-
cant difference between each alignment algorithm by MetAl v1.1.0 (Blackburne and Whelan,
2012), and therefore aligned using MAFFT 7.487 (Katoh and Standley, 2013). MAFFT, MUS-
CLE and ClustalW refer to the number of queries for which MAFFT v7.487 (Katoh and
Standley, 2013), MUSCLE v 5.0.1428 (Edgar, 2004), or ClustalW v2.1 (Larkin et al., 2007)
were found to be the "best" aligner by noRMD v1.2 (Thompson et al., 2001). MetAl failed
refers to the number of alignments for which MetAl v1.1.0 (Blackburne and Whelan, 2012)
was unable to compute comparisons. In these cases the alignments were only assessed using

noRMD v1.2 (Thompson et al., 2001).

4.3. Results

Search strategy ,NO significant MAFFT | MUSCLE | ClustalW M?tAl
difference; MAFFT failed
Peptide-centric 13 55 8 14 0
Transcript-centric 2 119 5 77 1
smORF-centric (nt) 2 127 8 78 0
smORF-centric (aa) 84 80 12 39 90
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Putative homologs found in 1 or 2 species only for ~35% of translated IncRNA smORFs

Category C) smORFs only returned hits in one or two species, so even if the hits aligned
well with the smORF, they could not be taken as evidence of sequence conservation. This
is because the hits could be an artefact of the methods used to create the human genome
annotation, or the annotations of the other species. If a smORF is under selective pressure
and well conserved, we would expect to see some evidence in other closely related species.
This evidence may be missing because the transcripts these smORFs are in are not annotated
yet. Alternatively they may not exist, and the conservation we see between a small number
of species is due to mis-annotation. A further, unlikely option is that the smORFs are truly
under strong selective pressure in these species, and have been lost in the other queried
species. Depending on the phylogenetic position of the species the smORF was found in, this
may require several independent loss events.

A total of 120 smORFs returned results in 2 queried non-human species or fewer within all
three BLAST (Altschul et al., 1990) strategies (Figure 4.14); 110 of which were classified
as Category C), although 10 are in B) (No convincing evidence). Only 22 of these smORFs
returned BLASTp results, with the majority in Pan paniscus (bonobo); the queried species
most closely related to human. Approximately 39% of the 120 the smORFs returned BLAST
hits from Macaca fascicularis (crab-eating macaque) or Macaca mulatta (macaque) (Figure
4.14), likely due to differences in their annotation methods (Ensembl, 2019; Ensembl, 2021a)
compared to the other queried primates (Ensembl, 2018; Ensembl, 2021b), which were
annotated using the same pipeline. This difference is reflected in the number of transcripts
in the annotations (Table C.1), as Macaca fascicularis (crab-eating macaque) and Macaca
mulatta (macaque) have 6,628 and 4,773 annotated IncRNAs respectively, compared to only
640 annotated IncRNAs in Macaca nemestrina (pig-tailed macaque).

Evidence of sequence conservation found for ~27% of translated IncRNA smORFs

The original set of 45 ‘stringent’ IncRNA smORFs approximately split into thirds, with 31%
smORFs falling into categories A) and B) with no results, or no convincing evidence of
sequence conservation. 35% of the smORFs were in category C) (results in 1 or 2 species), and
33% were classified as D) with convincing evidence of sequence conservation.The larger, ‘non-
stringent’ dataset of 355 translated IncRNA smORFs had a similar split; 40% were categorised
as A) or B), 31% as C), and 29% as D. The majority of smORFs in all categories were from
antisense or intergenic IncRNA genes, reflecting the proportions of IncRNAs annotated in the
human genome, as these are more straightforward to identify.

Some of the translated IncRNA smORFs were not unique, as for genes with multiple tran-
scripts, or transcripts with multiple splice variants, slight variations on the same smORF could
be found to be translated in different replicates by Ribotaper v1.3 (Calviello, Mukherjee, et
al., 2016). In cases where these SmORF isoforms (Figure 4.9) are present, their results have
been grouped, taking the "best" category result for each group. If two smORFs were similar
but not identical, they were grouped if at least half of the peptide sequence was shared. Using
this strategy the 355 IncRNA smORF isoforms collapse into 242 smORFs. This provides a
more accurate estimate of the number of smORFs found with evidence of sequence conserva-
tion, with 65/242 translated IncRNA smORFs exhibiting convincing evidence of conservation
(category D) (Figure 4.15). To test if there was a significant association between being in
the grouped ‘stringent’ (37 smORFs) or ‘non-stringent’ datasets (242 smORFs) and the level
of conservation found a Chi-square goodness of fit test was performed. The proportions of
smORFs in categories A to D did not differ by stringency, X?2(3,242)=5.82, p=.1209. This
supports the inclusion of the wider pool of IncRNA smORFs, given that a similar proportion
returned convincing evidence of sequence conservation as in the ‘stringent’ set.
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Figure 4.14: Translated IncRNA smORFs returning results in 2 queried non-human species or fewer. Count of translated IncRNA smORFs which
returned results in 2 queried non-human species or fewer within all three BLAST (Altschul et al., 1990) strategies. The plot shows colour coded counts

for the number of these smORFs returned by each search strategy, in each species.
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Figure 4.15: Evidence of sequence conservation in grouped IncRNA smORF isoforms.
The number of smORFs categorised as A) No BLAST results, B) No convincing evidence, C)
Results in 1/2 species, and D) Evidence of sequence conservation, when smORFs isoforms
were combined. Bars are colour coded according to the type of IncRNA gene the smORFs
originate from; antisense, bidirectional promoter, lincRNA, sense intronic, or sense overlap-

ping IncRNA genes.



4.3. Results

4.3.4 Characterisation of the conservation of individual translated IncRNA
smORFs

In the above section, all of the results from the BLAST v2.9.0+ (Altschul et al., 1990) analysis
have been summarised. Here, these results are intepreted in the context of specific translated
IncRNA smORFs, using selected examples from categories B) No convincing evidence, C)
Results in 1 or 2 species, and D) Evidence of sequence conservation. To understand the
biological implications of these results they are discussed in the context of evidence of
functionality from this work and the literature.

4.3.4.1 LIPT2-AS1-201: smORFs A and B

LIPT2-AS1-201 (ENST00000526036.1) is a 2,493 nt IncRNA transcript transcribed from
LIPT2-AS1 (ENSG00000254837.2) which contains two translated smORF isoforms (Ta-
ble 4.16A., Figure 4.16B.). LIPT2-AS1-201 is expressed in 43% of the human tissues in-
cluded in the SyntDB database (Bryzghalov, Szczesniak, and Makatowska, 2020), is highly
expressed in neural cell and neural progenitor cells, and is down regulated in large-cell
medulloblastoma (Birks et al., 2013), the second most common paediatric brain tumour. The
two smORF isoforms are ENST00000526036.1_1226_ 2024, referred to as ‘smORF A, and
ENST0000052603-6.1 1340 2024, referred to as ‘smORF B'’. Both of these smORFs are ex-
amples from conservation category D) (evidence of sequence conservation). SmORF A (272
aa) represents an N-terminal extension of smORF B, as smORF A starts slightly upstream of
and in the same frame as smORF B (234 aa), and they end at the samnde stop codon (Figure
4.16.B).

Putative homologs of smORF A and B returned in all 18 sampled species

SmORFs A and B are particularly interesting as they returned BLAST v2.9.0+ (Altschul et al.,
1990) hits from all species in the dataset, including the outgroup Gallus gallus (chicken) for
smORF A (Figure 4.17). The majority of IncRNAs are thought to be lineage-specific (Hezroni,
Koppstein, et al., 2015), so the possibility of human IncRNA sequence conservation outside
of mammals or even primates is intriguing. SmMORF A was identified as conserved in our
preliminary analysis (Douka, Birds, et al., 2021), although as a smaller set of species were
used this was only observed in Pongo abelii (orangutan).

Hits were found in all queried non human species using BLASTp and tBLASTn for smORF A.
SmORF B also returned hits in all non human species using BLASTp and tBLASTn except the
outgroup Gallus gallus, as the Gallus gallus peptide aligned to the N terminus of the smORF A
peptide which is which is not found in smORF B. The majority of hits were the same for the
two smORFs, aside from the aforementioned Gallus gallus result, and different splice variants
were returned from the same Papio anubis gene (Table 4.8). Results were only returned for
four species for both smORFs using BLASTn. This is likely due to BLASTn searches being
performed using nucleotide sequences, as opposed to the amino acid sequences used in the
other BLAST searches. At the nucleotide level, synonymous substitutions can occur which
produce the same aa sequence, meaning that the nucleotide sequence of a transcript can
diverge even when under selective pressure. Although we have attempted to account for
this by initially searching with the full IncRNA transcript nucleotide sequence, followed by
the smORF nucleotide sequence, the non smORF portions of the transcript may also have
diverged further, meaning possible transcript hits were unable to pass the e-value cut-off
filter.
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A. smORF | Replicate | Frame | Start | Stop | P-sites | P-sites in frame
1
SmORFA | 1P 2 | 1226 | 2042 | 43 67%
Control
Rep 2
smORF A 2 1226 | 2042 58 79%
Control
Rep 3
smORF A 2 1226 | 2042 36 94.4%
Control
Rep 3
smORF A RA 2 1226 | 2042 99 79%
SmORFB | 1°P2 2 | 1340 | 2042 | 91 70%
RA
B.
ENST00000526036.1
smORF B | |
SMORF A —| |
1200 1400 1600 1800 2000

Position along transcript

Figure 4.16: Summary of translated smORFs identified in LIPT2-AS1-201. A) smORF
refers to the identifier used for each smORF in this chapter. SmORF ID refers to the identifier
given to the smORF, based on the transcript ID and the position of the smORF along the
transcript. Replicate refers to the Poly-Ribo-Seq replicate the smORF was identified in, and
under which condition (Control or Retinoic Acid). Start and stop refer to the positions of the
start and stop codons of the smORF along the transcript. P sites refer to the number of ribo-
some footprints identified along the smORF, and P sites in frame gives the number of those
footprints that are in frame with the identified smORF. B) Two potential translated IncRNA
smORFs were identified in LIPT2-AS1-201; smORF A (ENST00000526036.1_1226_2024)
and smORF B (ENST00000526036.1_1340_2024). The plot shows their relative positions
along the transcript.
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smORF A smORF B

Homo sapiens

Pan paniscus

Pan troglodytes
Gorilla gorilla

Pongo abelii
Nomascus leucogenys
Papio anubis
Cercocebus atys
Macaca nemestrina
Macaca fascicularis
Macaca mulatta
Saimiri boliviensis
Callithrix jacchus
Microcebus murinus
Oryctolagus cuniculus
Mus musculus

Rattus norvegicus
Canis lupus familiaris
Monodelphis domestica
Gallus gallus

BLASTp
BLASTn
tBLASTn
BLASTp
BLASTh
tBLASTn

Figure 4.17: Summary of BLAST search results for translated IncRNA smORFs iden-
tified in LIPT2-AS1-201. The phylogeny shows the species included in the conserva-
tion analysis. The columns summarise the BLAST v2.9.0+ (Altschul et al., 1990) hits
returned for LIPT2-AS1-201 smORF A (ENST00000526036.1 1226 2024) and smORF B
(ENST00000526036.1 1340 2024). Each column represents a BLAST search, and the blue

cells represent a one or more hits that were returned for that BLAST search in a given species.

Dark grey cells indicate that no hits were returned.
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Table 4.8: BLAST results for translated IncRNA smORFs identified in LIPT2-AS1-201. ‘Species’ refers to the included species, by their common and
scientific name. ‘Hit transcript’ refers to transcripts from the included species, and ‘BLASTn’ and ‘tBLASTn’ denote whether LIPT2-AS1-201 smORF A
or smORF B returned these transcripts from BLASTn and tBLASTn searches. ‘Hit peptide’ refers to peptides from the included species, and ‘BLASTp’
denotes which of the smORFs returned these peptides from BLASTp searches. ‘Syntenous?’ gives a brief description of the position of the gene, in

comparison to LIPT2-AS1 which is bidirectional to the human LIPT2-201 gene.

Species Hit transcript BLASTn tBLASTn Hit peptide BLASTp Syntenous?
Marmoset Yes, bidirectional
(Callithrix jacchus) ENSCJAT00000096635.1 | smORF A, B | smORF A, B | ENSCJAP00000069628.1 | smORF A, B | '/ or"
Macaque Yes, bidirectional
(Macara mulatta) ENSMMUT00000018364.4 | smORF A, B | smORF A, B | ENSMMUP00000036837.3 | smORF A, B | 7 om0
Crab-eating macaque ENSMFAT00000084317.1 | smORF A, B | - ENSMFAP00000047715.1 | - No, STX11-204
(Macaca fascicularis)

Crab-eating macaque ENSMFAT00000085873.1 | smORF A, B | smORF A, B | ENSMFAP00000061433.1 | smORF A, B | ‘e, bidirectional
(Macaca fascicularis) to LIPT2-201
Orangutan ENSPPYT00000034012.1 | smORF A, B | smORF A, B | ENSPPYP00000024748.1 | smORF A, B | 1cs> Didirectional
(Pongo abelii) to LIPT2-201
Chicken ENSGALT00000062186.3 | - smORFA | ENSGALP00000048513.3 | smORFA | No
(Gallus gallus)
Opossum

: : ENSMODT00000035523.2 | - smORF A, B | ENSMODP00000058528.1 | smORF A, B | No, JRK-201
(Monodelphis domestica)
Dog o ENSCAFT00000089198.1 | - smORF A, B | ENSCAFP00000075353.1 | - No, JRK
(Canis lupus familiaris)
Dog o ENSCAFT00000015636.2 | - - ENSCAFP00000014470.2 | smORF A, B | N TIGD2-201.
(Canis lupus familiaris) Archived gene.
Rabbit . ENSOCUT00000054082.1 | - smORF A, B | ENSOCUP00000029923.1 | smORF A, B | No
(Oryctolagus cuniculus)
Rat . ENSRNOT00000000199.4 | - smORF A, B | ENSRNOP00000007697.2 | smORF A, B | No, Jrk-202
(Rattus norvegicus)
Mouse ENSMUST00000050234.4 | - smORF A, B | ENSMUSP00000051842.3 | smORF A, B | No, Jrk-201
(Mus musculus)
Mouse Lemur ENSMICT00000063729.1 | - smORF A, B | ENSMICP00000048026.1 | smORF A, B | No, JRK-201
(Microcebus murinus)
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Table 4.8 continued from previous page

Species Hit transcript BLASTn tBLASTn Hit peptide BLASTp Syntenous?

Bolivian squirrel
monkey (Saimiri ENSSBOT00000032997.1 smORF A, B | ENSSBOP00000016192.1 | smORF A, B | No, JRK-201
boliviensis boliviensis)
Sooty mangabey ENSCATT00000069085.1 smORF A, B | ENSCATP00000044643.1 | smORF A, B | No, JRK-201
(Cercocebus atys)
Olive baboon ENSPANT00000008710.2 smORFB | ENSPANP00000002239.1 | - No, JRK-203
(Papio anubis)
Olive baboon ENSPANT00000041574.1 smORFA | ENSPANPO0000037301.1 | smORF A, B | No, JRK-202
(Papio anubi)
Pig-tailed macaque ENSMNET00000066965.1 smORF A, B | ENSMNEP00000042462.1 | smORF A, B | No, JRK-201
(Macaca nemestrina)
Gibbon ENSNLET00000001586.2 smORF A, B | ENSNLEP00000001501.1 | smORF A, B | No, JRK-201
(Nomascus leucogenys)
Gorilla . ENSGGOT00000030873.2 smORF A, B | ENSGGOP00000018106.2 | smORF A, B | No, JRK-201
(Gorilla gorilla gorilla)
Chimpanzee

ENSPTRT00000093865.1 smORF A, B | ENSPTRP00000069879.1 | smORF A, B | No, JRK-201
(Pan troglodytes)
Bonobo ENSPPAT00000052462.1 smORF A, B | ENSPPAP00000029612.1 | smORF A, B | No, JRK-201
(Pan paniscus)
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Subset of smORF A and B hits returned due to a shared Helix-turn-Helix motif

Two clear categories of hits emerged from the smORF A and B BLAST results. The first were
peptides originating from various Jrk HtH proteins (Table 4.8), including two annotated
proteins from the human Jrk HtH gene; ENSP00000483808.1 and ENSP00000461610.1.
The HtH motif is an abundant DNA binding motif, often found in proteins involved in the
regulation of gene expression (Roy and Kundu, 2021). To determine if the smORF A and
B peptides shared any motifs with these proteins, a domain analysis was performed using
PfamScan v1.6 (Mistry, Bateman, and Finn, 2007) (as described in 3.2.6). This identified a
HTH_Tnp_Tc5 domain at the N-terminus of both peptides.

To understand how well the HtH motif was conserved across the BLAST hits, the tBLASTn re-
sults for LIPT2-AS1-201 (Figure 4.18) were compared to the HMM logo for the HTH_Tnp_Tc5
family (Figure 4.19). The positions most conserved within the model of the motif are also
well conserved across the aligned results from the smORF A tBLASTn search. An exception
is the Gallus gallus (chicken) result (ENSGALT00000062186.3), which does not originate
from a JRK gene, although it does appear to share some of the motif. The HtH motif could
be indicative of smORF A having a function in DNA binding, particularly given its high levels
of conservation. SmORF B, however, begins halfway through the motif (highlighted in pink
in Figure 4.18), so is unlikely to function in this capacity.

Syntenous conservation of LIPT2-AS1 in Primates

The second category of BLAST hits for smORF A and B were sytenous to LIPT2-AS1. As
IncRNA sequences are often poorly conserved, it can be important to consider their position
on the chromosome relative to canonical protein coding genes to find evidence of conserva-
tion, so it is encouraging that this result has arisen from a sequence based approach.

LIPT2-AS1 is a bidirectional IncRNA gene which overlaps with the promoter of the protein
coding LIPT2-201 gene. The BLAST hits returned from the monkeys Callithrix jacchus, Macaca
mulatta, and Macaca fascicularis (Marmoset, macaque and crab-earing macaque), and the
great ape Pongo abelii (orangutan) were all protein coding genes, bidirectional to LIPT2-201
genes in these species (Table 4.8). Aside from an extra Macaca fascicularis transcript, these
were the only non human results returned from the BLASTn searches for both smORFs.
When aligned, the ATG of smORF B is conserved in all four syntenous transcripts, whilst the
ATG of smORF A has been replaced by TTG in both Macaca results (Figure 4.20). However
an upstream, in frame ATG is conserved in all four species and in human, which would
enable the translation of a longer peptide. Indeed, the canonical peptides translated from
the Macaca mulatta, Macaca fascicularis and Pongo abelii results begin from this start codon,
highlighted in green in Figure 4.20. Of all the hits returned from tBLASTn, the peptides
identified in these four syntenous transcripts aligned most closely with the human query
peptides (Figure 4.18; highlighted in orange), with pairwise identity distances from smORF
A ranging from 19% - 26%.

Adjacent to this group, but not syntenous, was the peptide returned from Oryctolagus cu-
niculus (rabbit) (ENSOCUP00000029923.1) which had a pairwise identity distance of 52%.
When the full canonical peptides returned from these species are aligned with the other
BLASTDp results (Figure 4.20), the Oryctolagus cuniculus peptide aligned well with the start
of smORF A, followed by a large insertion and lower levels of similarity across the rest of the
peptide.

Although the human LIPT2-AS1 gene currently has no annotated orthologs, using the synte-
nous Callithrix jacchus gene as a query in Ensembl Release 107 (Cunningham et al., 2022)
returned results for four of our species of interest (Table 4.9). The Macaca fascicularis, Macaca
mulatta, and Oryctolagus cuniculus genes match the results identified by BLAST. Both of the
macaque results had a Gene Order Conservation (GOC) score of 100, indicative of strong
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141 KDVFNSNNEAPVVHSLSNGEV TKMV LNQDDHDDNDNEDDVNTAEKVP | DDMVKMCDGL | KGLEQHAF | TEQE | MSVYK | KERLLRQKAS LMRQMTLKE TFKKA | QRNASSSLQ-DPLL- - - - - GPSTASDASSHLKIK 272
140 KDVFNSNNEAPVVHSLSNGEV TKMVLNQDDHD - - - -EDDGDTAEKVP | DDMVKMCDGL | EGLEQHAF | TEQE IMSLYK | KERLLRQKAS LMRQMTLKETFKKT I QWNASSSLQ-DPLL- - - - - GPSTASDAASHLK I K 267
141 KDVFNSNNEVPVVHSLSNGEV TKMVLNQGDHDSNDNEDDVNTAEKVP | DDMVKMCDGL | KGLEQHAF | TEQE I MSVYK | KERLLRQKAS LMRQMTLKE TFKKA | QRNASSSLQ-NPLL - - GPSTASDASSHLK I K 272
141 KDVFNSNNEVPVVHSLSNGEV TKMVLNQGDHDSNDNEDDVNTAEKVP | DDMVKMCDGL | KGLEQHAF | TEQE | MSVYK | KERLLRQKASLMRQMTLKE TFKKA I QRNASSSLQ-NPLL - - - - - GPSTASDASSHLKIK 272
141 KDVFNSNNEASVVHSLSNGEV TKMV LNQDDHDNNDNEDDVNTAEKVP | DDMVKMCDGL | KGLEQHAF | TEQEVMSVYK | KERLLRQKAS LMRQMTLKE TFKKA I QRNASSSLQ-DPLL- - - - - GPSTASDAASHLK I K 272

169

KDVFNSNNEAPVVHSLSNGEV TKMVLNQDDHDSNDNEDDVNTAEKVP | DDMVKMCDGL | KGLEQHAF | TEQE I MSVYK I KERLLRQKASLMRQMTLKE TFKKA | QRNASSSLQIDPLL I GKCNGPSTASDASSHLK I K

LT1

Figure 4.18: Alignment of results from LIPT2-AS1-201 smORF A tBLASTn search. Results returned from queried non-human species using tBLASTn
v2.9.0+ (Altschul et al., 1990). The alignment is coloured by percentage identity, and the consensus sequence shown below. The four syntenous results
are highlighted in orange, and start of the smORF B peptide is highlighted in pink. Created in Jalview v2.10.2b2 (Waterhouse et al., 2009).
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Figure 4.19: Hidden Markov Model logo for the HTH_Tnp_Tc5 family. The height of the each letter stack corresponds to the level of conservation at
that position, and the height of each letter within a stack corresponds to the frequency of that letter at that position. The table at the bottom of the
figure shows occupancy - the probability of observing a letter at that position, as opposed to a gap - in the top row, where a darker blue background
indicates lower occupancy. Insert probability is in the middle row, giving the probability of an insertion of one or more letters between that position
and the next letter in the sequence. The bottom row shows expected insert length, the expected length of an insertion between that postion and the
next letter in the sequence, if one is present. For both insert rows, a darker red background indicates higher values When a cell in the insert probability
row is highlighted, a vertical bar of the same colour indicates where the insertion would be in the sequence. From Pfam (Schuster-Bockler, Schultz,
and Rahmann, 2004).
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Figure 4.20: Alignment of selected results from LIPT2-AS1-201 smORF A BLASTp search. Syntenous results returned from queried non-human
species using BLASTp v2.9.0+ (Altschul et al., 1990). The alignment is coloured by percentage identity, and the consensus sequence shown below. The
start of the smORF A and B peptides are highlighted in pink. The position of an upstream, conserved methionine is highlighted in green. Created in
Jalview v2.10.2b2 (Waterhouse et al., 2009).
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Table 4.9: Ortholog pairs to the Callithrix jacchus gene ENSCJAG00000053703. Results according to Ensembl Release 107 (Cunningham et al.,
2022). ‘Species’ refers to the included species, by their common and scientific name. ‘Type’ refers to the type of orthology found between a species
pair. ‘Ortholog’ refers to the id of any orthologous genes found. ‘Target %id’ refers to the percentage of the orthologous sequence matching the query
sequence. ‘Query %id’ refers to the percentages of the query sequence matching the orthologous sequence. ‘GOC score’ refers to the Gene Order
Conservation score, which indicates how many of the four closest neighbours of a gene match between orthologous pairs. ‘WGA coverage’ refers to the
Whole Genome Alignment Coverage, a calculation of the coverage of the alignment over the ortholog pair, ranging from 0-100. ‘High confidence’ is a
yes/no score of the confidence of the ortholog, based on percentage identity, GOC score, and WGA coverage.

Species Type Ortholog Target %id | Query %id | GOC Score | WGA Coverage | High Confidence
Crab-eating macaque | 4 ENSMFAG00000049105 | 76.20% 91.81% 100 n/a Yes
(Macaca fascicularis)

Macaque 1-to-1 ENSMMUG00000013093 | 76.20% 91.81% 100 n/a Yes
(Macaca mulatta)
Olive baboon 1-to-many | ENSPANG00000036988 | 75.64% 91.13% 50 n/a No
(Papio anubis)
Olive baboon 1-to-many | ENSPANGO0000037152 | 75.64% 91.13% 50 n/a No
(Papio anubis)
Rabbit

. 1-to-1 ENSOCUG00000031325 | 29.17% 54.27% 0 n/a No
(Oryctolagus cuniculus)
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syntenous conservation around the gene. No results were returned for Pongo abelii, as the
transcript and associated gene identified by BLAST have been retired from the latest Ensembl
annotation. Two more orthologs were also identified in Papio anubis (olive baboon), which
align well to smORF A (Figure 4.21). These orthologs were not identified by BLAST as
they were not in the Papio anubis annotation (Panu_3.0) at the time of analysis, and a new
annotation (Panubis1.0) has now been released. Papio anubis actually has three annotated
LIPT2 paralogs with syntenous antisense genes, but smORF A is not conserved in the third
antisense paralog. These syntenous results are summarised in Figure 4.22.

smOREF A is conserved in euarchontoglires

Based on the species studied, it is likely that smORF A was present in the last common
ancestor of Homo sapiens and Oryctolagus cuniculus, represented by a green star (Figure
4.22). SmORF A may have originated earlier in evolutionary time, but more species would
need to be included in the analysis to investigate this. The species in which smORF A is
conserved are highlighted by green circles, and the high levels of conservation between their
sequences suggests functionality. The Oryctolagus cuniculus smORF differs most from smORF
A, which is to be expected as it is the most distantly related to Homo sapiens. However, the
N-terminus of the Oryctolagus cuniculus smORF which contains the HtH DNA binding domain
is most conserved, suggesting that function may also be conserved.

It is most likely that smORF A is also conserved in the majority of the other queried species
which diverged from the last common ancester of Homo sapiens and Oryctolagus cuniculus,
but these orthologs are currently unannotated. Over the course of this analysis orthologous
transcripts have been added to and removed from annotations, and we lack the quality of
genome annotation to confirm the absence of smORF A in these species. If smORF A truly
is absent in any of these species, there may have been a gene loss event, or a change of the
function of the gene causing the loss of the smORF sequence.

Interestingly, although all of the orthologs identified are annotated as protein coding, they
were all annotated automatically by Ensembl’s (Cunningham et al., 2022) pipeline, and have
no function assigned to their peptides aside from likely DNA binding due to the HtH motif.
Has this difference in annotation simply arisen from the higher levels of scrutiny applied to
the human genome?

LIPT2-AS1-201 is translated in Control and RA conditions

SmORF A was was detected as translated in all three Control replicates (Figure 4.16.A),
and is therefore part of the stringent IncRNA smORF set. SmORF A exhibits high triplet
periodicity (Control Replicate 2; Figure 4.23.B), with 79% of the Ribo-seq reads mapped to
frame 1 across the smORF. This bias is indicative of active translation. Very few Ribo-seq
reads mapped to the rest of the transcript, outside of the smORF (Figure 4.23C.) SmORF
A was also translated in RA conditions, replicate 3, and smORF B was only detected in RA
conditions, replicate 2. Given that smORF A was detected in 4 of the 6 samples, it is possible
that only smORF A is truely translated, and smORF B was detected due to a low number of
reads mapping between the smORF A and B start codons.

To examine if the conserved upstream ATG could be a potential smORF start in LIPT2-AS1-
201, footprints upstream of the smORFs were examined. Only a very small number of Ribo-
seq reads mapped at this position (Figure 4.24A., postion 995 on the x-axis), demostrating
why no translated smORFs were detected starting from this position by Ribotaper v1.3
(Calviello, Mukherjee, et al., 2016)

The non-canonical translation of the IncRNA LIPT2-AS1-201 is also supported by the litera-
ture. Analysis of previously published mass spectrometry results in RA-induced SH-SY5Y
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Figure 4.21: Alignment of conserved LIPT2-AS1-2011 smORF A peptides. Selected results returned from queried non-human species using BLASTp
v2.9.0+ (Altschul et al., 1990) and Ensembl release 107 (Cunningham et al., 2022) queries. The alignment is coloured by percentage identity, and the
consensus sequence shown below. The start of the smORF A and B peptides are highlighted in pink. The position of an upstream, conserved methionine
is highlighted in green. Created in Jalview v2.10.2b2 (Waterhouse et al., 2009).
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Figure 4.22: Phylogenetic distribution of smorf A conservation across euarchontoglires.
The phylogeny shows the species included in the conservation analysis, with estimated
divergence times in millions of years ago (Kumar et al., 2017). Species in which smORF A is
conserved are highlighted in green, and the green star represents the ancestral gene shared
by these species.
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Figure 4.23: Detail of the Ribo-seq P-sites and framing within LIPT2-AS1-201 smORF A
(ENST00000526036.1_1226_2042) in Control Replicate 2. A) Number of Ribo-seq P-sites
in colour, and RNA-seq coverage in grey, across the LIPT2-AS1-201 transcript in Control
conditions, replicate 2. Ribo-seq reads are colour coded by frame, arbitrarily designated as
frame 0; dark purple, frame 1; turquoise, and frame 2; yellow. The start and end of smORF A
is marked by purple lines. The positions of all canonical start and stop codons, colour coded
by frame, are shown below the plot. B) P-site framing within the smORF. C) P-site framing
without the smORF. 79% of the Ribo-seq reads within the smORF are in the same frame
(frame 1), whilst very few Ribo-seq reads were found across the rest of the transcript.
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Figure 4.24: Detail of the Ribo-seq P-sites and framing within LIPT2-AS1-201 in RA
replicate 3. A) Number of Ribo-seq P-sites in colour, and RNA-seq coverage in grey, across
the LIPT2-AS1-201 transcript in RA conditions, replicate 3. Ribo-seq reads are colour coded
by frame, arbitrarily designated as frame 0; dark purple, frame 1; turquoise, and frame 2;
yellow. The start and end of smORF B is marked by purple lines. The positions of all canonical
start and stop codons, colour coded by frame, are shown below the plot. B) P-site framing

across the transcript.
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cells (Brenig et al., 2020) supported the production of a peptide from smORF A. Further,
translation from the conserved upstream ATG identified in the conservation analysis per-
formed here (Figure 4.21) has been identified by Ribo-seq in three studies; translated in
human embryonic stem cells, HEK293 cells (a human embryonic kidney cell line), and hu-
man heart tissue (Calviello, Mukherjee, et al., 2016; van Heesch, Witte, et al., 2019; Gaertner
et al., 2020; Mudge et al., 2022). This longer smORF was also found in mass spectrometry
data from the HEK293 cells, human heart tissue, and in a further study using human leuko-
cyte antigen bound peptides (Calviello, Mukherjee, et al., 2016; van Heesch, Witte, et al.,
2019; Chong et al., 2020; Mudge et al., 2022). Given this evidence and the conservation of
the upstream ATG, it seems likely that the upstream ATG represents the "true" start of the
smORF, and smORFs A and B represent translation from alternative start sites (Kochetov,
2008).

4.3.4.2 ZEB1-AS1-203: smORF C

From the 67 grouped smORFs that were found to have 1-2 hits in other species (category
C), an example was selected to illustrate the potential meaning of such a result. One such
translated IncRNA smORF was identified in ZEB1-AS1-203 (ENST00000441257.1), tran-
scribed from ZEB1-AS1 (ENSG00000237036), a gene which overlaps the promoter of the
transcriptional repressor ZEB1. ENST00000441257.1 75 243 produces a 56 aa peptide, and
going forward will be referred to as smORF C.

SmORF C was translated in RA replicates 2 and 3, and is also described in the literature,
identified as translated in two isogenic human cancer cell models - a Src-inducible mammary
epithelial model, and a Ras-dependent fibroblast model - and in HEK293 (a human embryonic
kidney cell line), HeLa-S3 (a clonal derivative of the HeLa adenocarcinoma cell line), and
K562 cells (a myelogenous leukemia cell line) (Ji, Song, et al., 2015; Martinez et al., 2020).

ZEB1-AS1-203 is particularly interesting as the ZEB1-AS1 IncRNA is well established as
oncogenic. ZEB1-AS1 is overexpressed in a wide range of cancers, including osteosarcoma
(Liu and Lin, 2016), prostate cancer (Su et al., 2017), and gastric cancer, (Ma et al., 2019;
Chai et al., 2019), and in pulmonary fibrosis (Qian et al., 2019). A number of mechanisms
of action have been proposed for this association, including acting as a molecular sponge or
as a ceRNA, but the current consensus is that ZEB1-AS1 upregulates the expression of ZEB1.
However, there is not yet any examination of the possible translation of ZEB1-AS1 in the
context of cancer or other disease in the literature.

smORF C exhibits modular sequence conservation

SmORF C was previously identified as conserved in our earlier, less stringent work (Douka,
Birds, et al., 2021), in which we found evidence of sequence conservation in Gorilla gorilla.
Hits were found in Gorilla gorilla and Macaca mulatta by BLASTn (Altschul et al., 1990)
and in Gorilla gorilla only by tBLASTn (Figure 4.25, Table 4.10). ZEB1-AS1 splice variants
were returned in human from BLASTn and tBLASTn. Two other smORFs were identifed in
ZEB1-AS1-208, a splice variant of ZEB1-AS1, producing peptides of 21 and 26 aa. The 21 aa
peptide has an identical peptide sequence to the C-terminus of smORF C. However, neither
returned any BLAST hits, like due to their particularly short lengths.

The N-terminus of the smORF C peptide and the Gorilla gorilla aa sequences align well
(Figure 4.26), as do the start of the transcripts and the corresponding half of the smORF
(Figure 4.27). The Gorilla gorilla gene is also syntenous to ZEB1-AS1, as it is antisense to
the Gorilla gorilla ZEB1-202 gene (Table 4.10). The Macaca mulatta transcript, however,
originated from Macaca mulatta ZEB1-201 (ENSMMUT00000043036.1), which does not
currently have any annotated antisense genes. This transcript was returned by BLASTn due
to a short, reverse alignment to smORF C, so to properly visualise this alignment the reverse
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Figure 4.25: Summary of BLAST search results for translated IncRNA smORFs identified

in ZEB1-AS1-203. The phylogeny shows the species included in the conservation analysis.

The columns summarise the BLAST v2.9.0+ (Altschul et al., 1990) hits returned for smORF
C (ENST00000526036.1 75 243). Each column represents a BLAST search, and the blue

cells represent a one or more hits that were returned for that BLAST search in a given species.

Dark grey cells indicate that no hits were returned.
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Table 4.10: BLAST results for the translated IncRNA smORF identified in ZEB1-AS1-203. ’Species’ refers to the included species, by their common
and scientific name. 'Hit transcript’ refers to transcripts from the included species, and 'BLASTn’ and *tBLASTn’ denote whether smORF C returned
these transcripts from BLASTn and tBLASTn searches. 'Hit peptide’ refers to peptides from the included species, and 'BLASTp’ denotes which of the
smORFs returned these peptides from BLASTp searches. ’Syntenous?’ gives a brief description of the position of the gene, in comparison to ZEB1-AS1.

Species Hit transcript BLASTn | tBLASTn Hit peptide BLASTp | Syntenous?
Gorilla Yes, antisense
(Gorilla gorilla gorilla) ENSGGOT00000068843.1 | smORF C | smORF C | None; ncRNA - to ZEB1-202
Macaque ENSMMUT00000043036.3 | smORF C | - ENSMMUP00000036050.3 | - No, ZEB1-201

(Macaca mulatta)
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SMORF C 1 TPGFPPSEPGV\I\/T MRLNFSWI EREARSSACQQPP 56
GGO ENSTGGOT00000068843.1 1 P TAVHEGGMDSEIL *SIL 37

S— A R

MPGNRRD+VRKATGCRSWKG+++++++++++E++S+RLNFSWIEREARSSACQQPP

Figure 4.26: Alignment of results from smORF C tBLASTn search. Results returned from queried non-human species using tBLASTn v2.9.0+
(Altschul et al., 1990). The alignment is coloured by percentage identity, and the consensus sequence shown below. Created in Jalview v2.10.2b2

(Waterhouse et al., 2009).
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Figure 4.27: Alignment of results from smORF C BLASTn search. Results returned from queried non-human species using BLASTn v2.9.0+ (Altschul
et al., 1990). The alignment has been cropped to show the area including the ZEB1-201-203 transcript only. The alignment is coloured by percentage
identity, and the consensus sequence shown below. The start and end of smORF C are highlighted in pink. Created in Jalview v2.10.2b2 (Waterhouse
et al., 2009).
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4.3. Results

compliment of ENSMMUT00000043036.1 was aligned to the other BLASTn results (Figure
4.27). ENSMMUTO00000043036.1 is much longer than the other transcripts at 3843 nt,
compared to ZEB1-201-203 at 585 nt, so the figure is also cropped to the aligned portion of
the transcript. This small aligned area is at the start of ZEB1-AS1, where it overlaps the start
of ZEB1 in human, so may be due to selective pressure on ZEB1.

These alignments show clear modules of conserved sequences in the transcripts, and in
Gorilla gorilla partial conservation of the peptide sequence. However, these modules overlap
the protein coding ZEB1 gene in the antisense direction. Therefore this conservation is likely
due to selective pressure acting on the ZEB1 sequence, not on smORF C. Further, if SmORF C
was truly conserved we would expect to observe some conservation in other closely related
species, such as another macaque or great ape. However, given the importance of ZEB1-201
in disease, this and other examples from Category C represent strong candidates for further
investigation using more comprehensive genome annotations.

4.3.4.3 LINC03011-201: smORF D

ENST00000445681.1 322 376 is an example of the 13 grouped smORFs with no convincing
evidence (category B), which will be refered to as smORF D. SmoRF D produced a 18 aa
peptide, and was identified in LINC03011-201 (ENST00000445681.1), transcribed from
LINC03011. SmoRF D was translated in RA replicate 3, and the same peptide was also
identified in two Ribo-seq studies in the literature from another splice variant of LINC03011
(LINC03011-205), in human cancer cell models; a Src-inducible mammary epithelial model,
and a Ras-dependent fibroblast model, and in human embryonic stem cells (Ji, Song, et al.,
2015; Gaertner et al., 2020).

Poor sequence conservation over smORF D

SmORF D only returned results from the BLASTn (Altschul et al., 1990) search strategy
in two macaque species. Three transcripts from Macaca fascicularis and two from Macaca
mulatta passed the filter thresholds (Figure 4.28, Table 4.11). Alignment of these hits (Figure
4.29) does not reveal any large modules of conservation over the smORF; instead there are
smaller areas of sequence similarity, and no conserved start codons.

All of the transcripts returned from non-human species are protein coding; however none of
these proteins were returned by the other BLAST search strategies, and they aligned poorly to
the short peptide produced from smORF D. Three of the five returned transcripts do exhibit
some synteny with LINC03011, as they are upstream of the RABGEF1 gene (Table 4.11). In
human, LINC03011 is upstream and antisense to RABGEF1 pseudogene 1.

This analysis finds no convincing evidence that smORF D is conserved in the queried species,
although there may be some conservation of the whole IncRNA transcript sequence. There is a
possibility that LINC03011 may have a shared evolutionary history with the identified Macaca
fascicularis and Macaca mulatta transcripts given their syntenous genomic postitions and
small modules of sequence similarity. For example, they may share a function at the sequence
level, as all of the transcripts returned by BLASTn are novel transcripts with no elucidated
function as yet. As potentially homologous sequences were only returned from Macaca
fascicularis(crab-eating macaque) and Macaca mulatta (macaque), whose annotations have
been already discussed (Section 4.3.3.2), any future investigations of this IncRNA and smORF
should also consider other annotations.
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smORF D

Homo sapiens

Pan paniscus

Pan troglodytes

Goirilla gorilla

Pongo abelii

—— Nomascus leucogenys
Papio anubis
Cercocebus atys
Macaca nemestrina
Macaca fascicularis

Macaca mulatta
Saimiri boliviensis
Callithrix jacchus
Microcebus murinus

Oryctolagus cuniculus
Mus musculus

Rattus norvegicus
Canis lupus familiaris
Monodelphis domestica
Gallus gallus
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Figure 4.28: Summary of BLAST search results for translated IncRNA smORFs identified
in LINC03011-201. The phylogeny shows the species included in the conservation analysis.
The columns summarise the BLAST v2.9.0+ (Altschul et al., 1990) hits returned for smORF
D (ENST00000445681.1 322 376). Each column represents a BLAST search, and the blue
cells represent a one or more hits that were returned for that BLAST search in a given species.
Dark grey cells indicate that no hits were returned.
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Table 4.11: BLAST results for translated IncRNA smORFs identified in LINC03011-201. ‘Species’ refers to the included species, by their common
and scientific name. ‘Hit transcript’ refers to transcripts from the included species, and ‘BLASTn’ and tBLASTn’ denote whether smORF D returned
these transcripts from BLASTn and tBLASTn searches. ‘Hit peptide’ refers to peptides from the included species, and ‘BLASTp’ denotes which of the
smORF returned these peptides from BLASTp searches. ‘Syntenous?’ gives a brief description of the position of the gene, in comparison to LINC03011.

erl

Species Hit transcript BLASTn | tBLASTn | Hit peptide BLASTp | Syntenous?
Crab-eating macaque Yes, upstream and
(Macaca fascicularis) ENSMFAT00000089185.1 | smORFD | - ENSMFAP00000052836.1 | - antisense to RABGEF1
Crab-eating macaque Yes, upstream of
(Macaca fascicularis) ENSMFAT00000073877.1 | smORFD | - ENSMFAP00000057602.1 | - RABGEF1

Crab-eating macaque | penrpaT00000074186.1 | SmORE D | - ENSMFAP00000050139.1 | - No

(Macaca fascicularis)

Macaque Yes, upstream and
(Macaca mulatta) ENSMMUT00000107908.1 | smORF D | - ENSMMUP00000081027.1 | - antisense to RABGEF1
Macaque ENSMMUT00000079644.1 | smORF D | - ENSMMUP00000066219.1 | - No

(Macaca mulatta)
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Figure 4.29: Alignment of results from LINC03011-201 smORF A BLASTn search. Results returned from queried non-human species using BLASTn
v2.9.0+ (Altschul et al., 1990). The alignment is coloured by percentage identity, and the consensus sequence shown below. The figure is cropped to
the portion of alignment showing LINC03011-201. The start and end the smORF D are highlighted in pink. Created in Jalview v2.10.2b2 (Waterhouse
et al., 2009).
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4.4 Discussion

In summary, the 355 translated IncRNA smORFs can be collapsed down into 242 unique
smORFs when isoforms are grouped. There is convincing evidence of sequence conservation
in non-human species for 65/242 smORFs. These results include both novel peptides, and
some of the few conserved IncRNA smORF peptides already described in the literature. For
example ATP synthase-associated peptide (ASAP), encoded by LINC0O0467. This analysis
found evidence of sequence conservation across the ASAP smORF, and variation from the
smORF isoform discovered in the original paper (Ge et al., 2021).

Three examples of individual translated IncRNA smORFs were described in detail, including
smORF A from LIPT2-AS1-201, which was sequentially and syntenously conserved across
euarchontoglires. Importantly, although the peptide sequence varied more with increasing
evolutionary distance, a helix-turn-helix motif was well conserved. This DNA binding mo-
tif is found in proteins involved in regulation of gene expression (Roy and Kundu, 2021),
suggesting a potential function for smORF A, perhaps with links to disease given the down
regulation of LIPT2-AS1-201 in large-cell medulloblastoma (Birks et al., 2013). Further, inclu-
sion of orthology analysis from Ensembl (Cunningham et al., 2022), and evidence from other
Ribo-Seq and mass spectrometry analyses (Calviello, Mukherjee, et al., 2016; van Heesch,
Witte, et al., 2019; Brenig et al., 2020; Chong et al., 2020; Mudge et al., 2022), revealed
conservation and translation of a longer smORF than originally identified by our analysis.
This highlights the importance of combining data from a wide range of sources. Although
the basis of this work is a high quality Poly-Ribo-Seq dataset, publically available ’omics
datasets and the literature are key to help build a picture of these IncRNA smORFs and their
biological importance.

For those ORFs like smORF C, for which conservation was only observed in a few species, or
smORF D for which no strong sequence conservation was found across the smORF, further
study may still uncover biologically important functions. For example, it may be the act
of translation of the smORF that is functional, not the resulting peptide. The IncRNA may
be competing with other transcripts for ribosomes, or producing peptides which stall and
sequester ribosomes, reducing the translation of other proteins. If so, we would not expect
to see strong conservation across the whole smORF sequence.

We have found evidence of sequence conservation in 17/45 translated IncRNA smORFs from
the stringent set, equivalent to 13/37 grouped smORF isoforms (Douka, Birds, et al., 2021).
The work in this chapter both supports and builds on this initial study, finding evidence of
sequence conservation for 15/37 of these smORFs (category D), and results in 1 or 2 species
for 10/37 (category C). This was achieved by expanding our search to include a greater
evolutionary range of species, and by introducing tBLASTn alignments at the aa level to
produce better visualisations of smORF conservation.

This variation between studies does highlight the downside of the manual part of this work,
where the strands of the sequence alignment analysis are pulled together to categorise each
smORF. However, this analysis includes stringent filters on the initial BLAST (Altschul et al.,
1990) results for all search strategies, using p-value, percentage identity and coverage to
effectively remove a high number of low quality results. Adding further automated filters, for
example to identify syntenous hits, or to prioritise alignments with conserved start codons,
would improve the consistency of this work by removing the element of human judgement,
but this would also cause the loss of key data for many IncRNA smORFs. By excluding these
data that may not represent conservation, interesting results which provide deeper context
would be lost. For example, smORF A and B include subject hits which do not represent
conservation but a shared protein domain, giving clues to the potential function of these
peptides.
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Starting with a larger set of candidate smORFs than in our earlier work, including those for
which we only had evidence of translation in a single replicate, was found to be a valid and
fruitful method. When the categorisations of the smORFs with and without the stringent set
(translated in two or more replicates in a given condition) are compared, found no significant
association with stringency and conservation category. Therefore it is no more likely to find
a smORF with evidence of sequence conservation (category D) in the stringent than in the
non-stringent set.

Further, evidence for a "stringent" IncRNA smORF for which we can truly argue for translation
does not need to come from a single dataset. The study of non-canonical ORFs is a fast
growing field. Although Poly-Ribo-Seq is particularly suited to IncRNA smORF identification
given the requirement of multiple bound ribosomes, Ribo-seq and mass spectrometry results
are now available in a range of tissues, cell types, and conditions. This is due in no small
part to a drive for open science, and many journal’s requirement for data to be shared in a
publically available format. These data can be used to further bolster our confidence in a
non-stringent smORF’s translation, and to provide further context on when and where these
smORFs are translated. Community projects are working to bring these data together, and
create a reference annotation of non-canonical ORFs identified using Ribo-seq. For example,
the work currently supported by Gencode (Mudge et al., 2022), which also includes ORFs in
UTRs, and internal out of frame ORFs found in canonical mRNA CDSs.

Genome annotations in general have been a key factor affecting the results in this chapter.
Many of these IncRNA smORFs, particularly those with results in 1 or 2 species (category
C), could in fact be conserved at the sequence level in more of the queried species than
identified in this work. However, this analysis was limited by the contents of the annotations
- if a transcript is not included in an annotation, it will not be found. Importantly for this
work, there is bias in the kind of IncRNAs included in annotations, in particular those which
are more straightforward to identify. For example, the Ensembl primate annotation pipeline
(Ensembl, 2018; Ensembl, 2021b) focuses on lincRNAs, using a lack of overlap with protein
coding genes and lack of Pfam domain to identify them. However, 2-exon lincRNA models
are excluded by this pipeline.

Another issue particular to IncRNAs is the time and tissue specificity of their expression, and
their low abundance (Ponting, Oliver, and Reik, 2009). Transcriptome annotations depend
heavily on the depth of the sequencing used to build them, so depending on the tissues
and developmental time points used, IncRNAs can be missed. Further, genome assemblies
are often built using the another, well annotated model species annotation as a scaffold,
introducing bias. This is a particular concern for IncRNA smORFs with results in 1 or 2 species
(category C), as their sequence conservation in one or two closely related species could not
be a reflection of reality, but an artefact from this scaffolding. The Ensembl annotation, for
example, used the human assembly as a reference (Ensembl, 2018; Ensembl, 2021b).

As the genome annotations were acquired from Ensembl, many of the annotations were built
using the same pipeline, in particular the primate genomes (Ensembl, 2018; Ensembl, 2021b).
If the pipeline excludes a particular area of the genome or particular type of transcript in one
species, it is likely to do so in another closely related species. Future analysis would include
multiple genomes for the same species from different sources as a step towards combating
this, although all annotation pipelines still face difficulties with IncRNAs.

Basic human error can also introduce issues. When the Pongo abelii (orangutan) genome
was first published in 2011, ten re-sequenced genomes were also shared by the Orangutan
Genome Consortium (Locke et al., 2011). A recent paper revealed that nine of these ten
sequenced genomes were accidentally switched, leading to the mis-assignation of sex, and
in one case species (Banes et al., 2022). There is always a none zero risk that errors such as
this can occur, and perpetuate through the field.
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Using the original, raw reads which were used to create the annotations could give greater
confidence that a smORF truly isn’t present in a species. However, as annotations continue
to increase in quality and species coverage, this is likely to be required less and less. Con-
sider Ensembl (Cunningham et al., 2022), which at launch in 2000 only featured a human
annotation, with a promise of mouse and worm to come soon. At time of writing there
are 314 annotated species on Ensembl, with a rapid release pipeline working to make new
annotations available more quickly. Further, as Gencode looks to incorporate non-canonical
ORFs in their human annotation, more researchers will be aware of the need to consider
annotating beyond the canon of protein coding genes. This will lag behind in non-human
species however, due to the work involved and differences in non-canonical ORFs between
species. For example, the difference in effective population sizes between Drosophila and
human contributes to differences in selective pressure upon IncRNA sequences (Haerty and
Ponting, 2013).

4.4.1 Conclusions

This work has produced a pool of potentially biologically important translated IncRNA pep-
tides, with evidence of sequence conservation within and in some cases beyond primates.
Given the assumption that IncRNAs typically lack strong sequence conservation (Mudge
et al., 2022), to find this in 27% of of these human neuronal IncRNA smORFs is a surprising
and intriguing result.

Further, this does not exclude the smORFs without evidence of conservation from future
research efforts. These may be limited by annotation, by specificity of expression, or may
even represent particularly evolutionarily young smORFs. These in particular are important
to study to elucidate their place in the de novo evolution of new protein coding genes.
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Chapter 5

Discussion

5.1 General discussion

LncRNAs are a heterogeneous class of ncRNAs, forming ~23% of the human transcriptome
(Derrien et al., 2012). Initially considered to be "junk DNA", we now know that IncRNAs are
key regulators of processes such as cell differentiation and development (Flynn and Chang,
2014; Statello et al., 2021), and their dysregulation has been implicated in a wide range of
diseases (Bao et al., 2019). In particular, IncRNAs are enriched and in some cases specifically
expressed in the human brain (Derrien et al., 2012; Jandura and Krause, 2017), and are
misregulated in Alzheimer’s disease (Mus, Hof, and Tiedge, 2007; Faghihi, Modarresi, et
al., 2008), Parkinson’s disease (Carrieri, Cimatti, et al., 2012), and other neurodegenerative
disorders (Yang et al., 2021). However, the majority of well characterised IncRNAs thus
far are nuclear, and little is known about the ~54% of IncRNAs which are exported to the
cytoplasm (Carlevaro-Fita et al., 2016), and their roles in neurogenesis.

Further, advances in ’omics technologies have expanded our understanding of the ORFeome
and translatome to include non-canonical ORFs. Cytoplasmic IncRNA have been found to as-
sociate with the translational machinery (Carlevaro-Fita et al., 2016), and translated IncRNA
smORFs are have been identified using ribosome profiling in a growing number of tissues,
cell lines, and development time points (Mudge et al., 2022; Chothani, Adami, Widjaja, et al.,
2022).

This PhD thesis sought to identify and characterise populations of cytoplasmic human neu-
ronal IncRNAs based on their association with the translational machinery, using a model of
neuronal differentiation; SH-SY5Y cells. Further, it aimed to gain an understanding of the
role of translated IncRNAs in the context of the evolution of novel protein coding sequences,
and to determine the extent of their conservation in non-human species.

5.2 Cytoplasmic IncRNAs are actively translated in human
neuronal cells

Poly-Ribo-Seq of undifferentiated and RA-treated differentiated SH-SH5Y cells revealed the
active translation of 45 IncRNAs, representing ~2% of the detected cytoplasmic IncRNAs
(E-appendix; IncRNA summary.xlsx). Upon expansion to include a "less stringent” set of
translated IncRNA smORFs, 242 grouped smORF isoforms were detected (Figure 4.9). These
smORFs are mostly found in antisense and lincRNA transcripts, reflecting the current bias
in current IncRNA annotations (Derrien et al., 2012). However, this could also be due to
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potential cytoplasmic enrichment of these types of IncRNAs. We were not able to separate
out the sub-populations of cytosolic and polysome-associated IncRNA transcripts from these
data, but based on the literature it is likely that a large proportion of the IncRNAs interacted
with the translational machinery (Ingolia, Lareau, and Weissman, 2011; Chew et al., 2013;
Aspden et al., 2014).

LncRNAs are lowly expressed compared to mRNA. This means that despite the high quality
of the Poly-Ribo-Seq analysed in this thesis, there may only be a small number of ribosome
footprints mapped to actively translated IncRNA smORFs, reducing the likelihood of the full
smORF being detected as translated. Further, the sequence of a given footprint effects the
likelihood of it being sucessfully sequenced. For example, sequencing coverage is significantly
decreased for sequences with particularly high (>70%) or low (<40%) GC content (Amr
and Funke, 2015). This difficulty is evidenced by the different smORF isoforms identified
by Ribotaper between replicates. In some cases, such as between undifferentiated (Control)
and differentiated (RA) samples, this may be indicative of translational regulation; use of
an alternative start site. However it is more likely that there were insufficient reads to
pass Ribotaper’s (Calviello, Mukherjee, et al., 2016) requirements for in-frame ribosomal
footprints between an ATG and the next upstream, in-frame ATG. For example, analysis of
publicly available data revealed that the true start side of smORF A (Section 4.3.4.1, Figure
4.21) is likely upstream of the ATG identified in this translational analysis. To distinguish
which isoforms are translated, future work would involve combining the replicates to improve
read coverage across the smORFs, as performed in the literature (Ruiz-Orera, Messeguer,
et al., 2014; Ruiz-Orera and Alba, 2019). This follow up analysis is currently underway in the
Aspden lab using both Ribotaper (Calviello, Mukherjee, et al., 2016) and the newer software
ORFquant (Calviello, Hirsekorn, and Ohler, 2020), and has led to the detection of 147 high
confidence IncRNA-smORFs, including many which are exact matches or isoforms of those
described in this work.

To further improve the detection of IncRNA translation from these data, work is also ongoing
to use wider range of Ribo-Seq analysis tools, including RiboTISH (Zhang, He, et al., 2017),
Riboflow (Ozadam, Geng, and Cenik, 2020), Riboviz2 (Cope et al., 2022), and PRICE (Erhard
et al., 2018). As in the recent work to establish a comprehensive picture of human translation
using a wide range of cell and tissue types, which identified 1,652 IncRNA ORFs (Chothani,
Adami, Widjaja, et al., 2022), this combination of approaches allows a greater number of
IncRNA smORFs to be detected. For example, PRICE aims to address variation in P-site
positions within footprints, while RiboTISH accounts for non-canocial start site, factors which
are not accounted for by the Ribotaper pipeline.

This analysis also focused on a very small window of human neuronal differentiation, as Poly-
Ribo-Seq was only performed on undifferentiated SH-SY5Y cells, and differentiated SH-SY5Y
cells following 3 days of treatment with RA. RA treatment does not result in the terminal
differentiation of SH-SY5Y cells, meaning IncRNAs expressed and translated at intermediate
and later stages of neuronal differentiation were not captured. Although costly, performing
Poly-Ribo-Seq at more frequent time points and following treatment with other differentia-
tion agents would build a fuller picture of IncRNA translation in human neurogenesis. It is
also possible to culture neurons on porous membranes, allowing the main body of the cell to
be analysed seperately from the neurites(fuscoNeuronalRibosomesExhibit2021). Perform-
ing Ribo-Seq on the cell body and neurites could provide information about the localisation
and possible function of the IncRNA peptides, as localised translation is common in neurites
given the long distance from the cell body andrelative lack of space.

Although Poly-Ribo-Seq data was used here in order to identify IncRNA smORFs actively
translated by polysomes, rather than single scanning or spuriously bound ribosomes, this
does exclude particularly small smORFs that are only large enough to be bound by a single
ribosome at a time (Heyer and Moore, 2016). Recent analysis used a modified version
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of Ribotaper v1.3 (Calviello, Mukherjee, et al., 2016) with no minimum length for ORF
assignment, and more stringent requirements for number and framing of P-sites, to identify
particularly small smORFs of 3 - 15 aa. 221 of these ORFs were detected in publically
available Ribo-Seq data from human brain, testis, liver, kidney, and heart, (Sandmann et al.,
2023). Future work should look to ensure that smORFs such as these are not excluded from
our detection pipelines.

5.3 Translated IncRNAs share features with protein coding
and de novo coding sequence

In order to identify distinguishing characteristics of translated IncRNA, in Chapter 3 the
translated human neuronal IncRNA smORFs were compared to protein coding ORFs, uORFs,
and dORFs. Many of the IncRNA smORFs exhibited similar characteristics to protein coding
ORFs, such as start codon enrichment, amino acid composition and high levels of triplet
periodicity and translational efficiency, in line with the literature (Ruiz-Orera, Messeguer,
et al., 2014; Patraquim et al., 2022). They also exhibited features indicative of novel coding
sequence, such as a lack of known protein domains (Murphy and McLysaght, 2012), and
low RNA expression levels (Palmieri, Kosiol, and Schlotterer, 2014; Zhao et al., 2014). The
translation of 77% of the 45 "stringent" smORFs was validated by other publically available
Ribo-Seq datasets, and evidence for the production of stable peptides found for 66% of these
smORFs in mass spectrometry data (Mudge et al., 2022). Given the challenges of detecting
small peptides using mass spectrometry, this is a substantial proportion of the peptides.
Future work would look to expand this work to validate members of the wider, non-stringent
IncRNA smOREF set using public Ribo-Seq and mass spectrometry data, in particular using
mass spectrometry from more timepoints across neurogenesis.

These features were however investigated prior to establishing the extent of sequence conser-
vation of the translated IncRNA smORFs. Further understanding of their characteristics can
be gained using this context. Are the IncRNA smORFs with convincing evidence of sequence
conservation more similar to protein coding ORFs compared to the rest of the translated
IncRNA population, or do they exhibit novel features more like that of de novo coding se-
quence? However, this analysis should be performed with the caveat that the inclusion of
more sequencing data from other tissues or annotations from other species could provide
sufficient evidence to recategorise a gicen IncRNA smORF.

The expression of the translated IncRNA transcripts was significantly enriched in human and
macaque brain tissue compared to untranslated IncRNAs. This is a key result, as the IncRNA
smORFs were identified in a cell line, and this confirms their upregulation compared to the
wider IncRNA population in neuronal tissues. In our earlier work (Douka, Birds, et al., 2021),
analysis performed by Andreas Kosteletos found that the 45 "stringent" translated IncRNAs
were more likely to have developmentally dynamic expression than untranslated IncRNAs,
particularly in the gonads and brain. 68% of the 45 translated IncRNAs were associated
with central nervous system cancers, and only 24% had no significant disease associations.
Expanding this analysis to include the "non stringent" set of 242 grouped smORF isoforms
would help to establish whether the conserved translated smORFs (Category D) have a dis-
tinct expression profile compared to the wider set of translated IncRNAs. Further work could
also investigate and compare the changes in expression of nearby genes and overlapping
genes to the translated IncRNA throughout neurogenesis. A recent study in yeast found that
changes in antisense de novo transcripts expression were similar to changes in the genes they
overlapped in stress conditions, and given the large-scale changes in transcriptional control
throughout neurogenesis we may expect to see a similar result (Blevins et al., 2021).
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5.4 Translated IncRNAs exhibit sequential and syntenic con-
servation

In chapter 4 the extent of sequence conservation of the translated IncRNA smORFs in non-
human species was investigated. Convincing evidence of sequence conservation was found
for 65/242 grouped smORF isoforms, and 67/242 returned potential conservation in 1 or 2
non-human species.

This conservation analysis has expanded upon our earlier work (Douka, Birds, et al., 2021),
including the larger "non stringent" set of translated IncRNA smORFs, more stringent filters,
a greater range of species, and alignment of the tBLASTn hits as amino acid sequences. Given
the small number of non-human species included in our earlier work (6), it is unsurprising
that of the 17 smORFs with evidence of sequence conservation, 13 only returned results in 1
or 2 species. Despite the size of this initial analysis, the majority of the results are supported
by the larger, in depth analysis in this thesis. All 4 IncRNA smORFs which returned originally
convincing hits in 3 or more species were classified as Category D (evidence of sequence
conservation), and 12/13 which returned results in 1 or 2 species (Category C) remained in
this category, or returned convincing evidence in a greater number of species.

On average, the conserved, translated IncRNA smORFs were longer than other IncRNA
smORFs, with a median peptide length of 71 aa. Being short did not preclude the detec-
tion of sequence conservation, however; shorter peptides including 3 with a length of 25
aa were conserved. A higher proportion of conserved smORFs were also found in publicly
available Ribo-Seq and mass spectrometry data, suggesting that these smORFs may be more
widely translated than the other IncRNA smORFs.

The sequence conservation and biological context of three individual smORFs has been de-
scribed in detail, including smORF A in LIPT-AS1 (Section 4.3.4.1), which is sequentially
and syntenously conserved across euarchontoglires. To do so, information from a variety of
sources was integrated, including the protein domains contained in the smORF peptide, the
expression of LIPT2-AS1-201, analyses of Ribo-Seq and mass spectrometry data in the litera-
ture, and genome annotations. Follow up work in the Aspden Lab has aimed to understand
the potential function of sSmORF A, by knockdown and overexpression of LIPT2-AS1-201
to investigate potential effects on neuronal differentiation, and by FLAG-tagging to investi-
gate the localisation of the peptide. This has revealed specific subcellular localisation and
functions of the LIPT2-AS1-201 peptide in neuronal differentiation.

For 110/242 grouped smORF isoforms, no BLAST results (Category A) or no convincing
evidence (Category B) was returned. However, this lack of conservation does not preclude
function. Recent work in Saccharomyces cerevisiae detected thousands of non canonical
ORFs, only 14 of which were under purifying selection (Wacholder et al., 2023). Despite
this, a proportion of the unconserved non canonical ORFs were found to provide fitness
benefits, contributing to regulatory processes including DNA repair, stress response, and
post-transcriptional regulation. 12 de novo IncRNA peptides, including two human specific
peptides, had significant fitness effects upon disruption of the ORFs in human cell lines using
CRISPR-Cas9 (Vakirlis, Vance, et al., 2022).

To understand the translation initiation of IncRNA smORFs, future work should include anal-
ysis of the Kozak context of the translated IncRNA smORF both in the individual smORFs, and
across the BLAST hits from all conservation categories. For those IncRNAs with a TIS which
is particularly strong (close to the consensus sequence), but with little sequence conservation
across the smOREF, this may indicate that it is the act of translation that is functional, rather
than the resulting peptide. As with other IncRNA functions which sometimes only require
very small modules of sequence conservation, e.g. molecular decoys, we may find evidence
of conservation in other species by looking for syntenous transcripts, with similar expression
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profiles, and similarly strong TIS and ribosomal footprinting. Further, analysis of the Kozak
sequences would be a useful tool to establish the likely "true" start codon of smORF isoform.

Further work could also seek to compare the sequences of the translated IncRNA transcripts,
to identify shared motifs and possible modes of regulation. For example, a study of 74
human/hominoid-specific de novo genes, including a gene implicated in neuronal maturation,
identified distincitive elements controlling their export from the nucleus (An et al., 2023).

5.5 Conclusions

The work presented in this thesis highlights the potential involvement of translated cyto-
plasmic IncRNA in human neuronal differentiation. Poly-Ribo-Seq data was analysed from
SH-SHSY cells, revealing 242 actively translated smORFs with triplet periodicity and transla-
tional efficiency comparable to protein coding ORFs. The sequences of 27% of these smORFs
were conserved in non-human species, suggesting that the resulting peptides may contribute
to neuronal development.
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Chapter 2

Ensembl files type used, v104 (Cunningham et al., 2022):

* species name.cdna.all.fa: The super-set of all transcripts resulting from Ensembl gene
predictions.

* species_name.ncrna.fa: The super-set of all transcripts resulting from Ensembl short
and long non-coding gene predictions. Combined with species name.cdna.all.fa to
create a transcript sequence file.

* species_name.pep.all.fa: The super-set of all translations resulting from Ensembl gene
predictions.

Gencode files used, v30 and v38 (Frankish et al., 2021)
* gencode.version.transcripts.fa

» gencode.version.pc_translations.fa
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Table A.1: Mean and standard deviation of RNA and Ribo-Seq fragment lengths. Mean,
minimum, and maximum fragment lengths were estimated from tapestation readouts. Stan-

dard deviation was calculated as SDEgtimate = %’”m.

Standard

Sample Replicate | Mean | Min Max Deviation

Control Total 1 188 160 240 | 20
Control Polysome | 1 185 160 230 | 17.5
Control Footprint | 1 168 140 190 | 12,5
RA Total 1 187 160 230 | 17.5
RA Polysome 1 188 160 230 | 17.5
RA Footprint 1 162 140 190 | 12.5
Control Total 2 198 175 240 | 16.25
Control Polysome | 2 194 175 240 | 16.25
Control Footprint | 2 161 135 190 | 13.75
RA Total 2 189 160 230 | 17.25
RA Polysome 2 182 160 225 | 16.25
RA Footprint 2 157 130 180 | 12.5
Control Total 3 184 160 220 | 15
Control Polysome | 3 178 150 215 | 16.25
Control Footprint | 3 159 137.5 | 180 | 10.6
RA Total 3 180 150 220 | 17.5
RA Polysome 3 178 155 220 | 16.25
RA Footprint 3 152 130 175 | 11.25
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Table A.2: Ribo-Seq read lengths and offsets. High quality read lengths selected for each
Ribo-Seq replicate based on metaplots, used in translational analysis using Ribotaper v1.3
(Calviello, Mukherjee, et al., 2016). The P-site offset is the estimated offset of the P-site from

the start of each Ribo-Seq read.

Replicate Read Length | P-site Offset
Control, Replicate 1 | 31 13
Control, Replicate 1 | 33 5
Control, Replicate 2 | 31 10
Control, Replicate 2 | 33 5
Control, Replicate 3 | 31 7
Control, Replicate 3 | 33 5
RA, Replicate 1 33 5
RA, Replicate 2 31 13
RA, Replicate 2 33 5
RA, Replicate 3 31 10
RA, Replicate 3 33 5
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Table A.3: Number of reads aligned to the human genome in each sample. Supplementary to Figure 2.3. Samples are named by type of sequencing,
and the conditions the cells were in. These were total cytoplasmic polyadenylated RNA-seq, Polysome-associated polyadenylated RNA-Seq, and Ribo-
Seq, in Control and RA conditions. Rep refers to the replicate each sample was from. The starred samples are those highlighted in Figure 2.3. Adapter
sequences were trimmed from raw reads using Cutadapt v2.10 (Martin, 2011). Low quality reads were removed using the Fastq quality filter in
FASTX-Toolket v0.0.14 (Hannon, 2009). rRNA and tRNA contaminants were aligned and removed using Bowtie2 v2.3.4.3 (Langmead and Salzberg,
2012). Remaining reads were mapped to the human genome using STAR (v2.7.5¢) (Dobin et al., 2013). The overall percentage of raw reads mapped
to the genome is also given.

Sample Rep No. of Reads after Reads after Reads after Reads after | Reads aligned | Percent
raw reads | adapter trimming | quality filter | tRNA removal | rRNA removal to genome aligned
Control Total 1 74580218 73987868 59925151 49196300 49185248 48522608 65%
Control Polysome 1 75815765 75394406 61610625 49981898 49977859 49147072 65%
Control FP 1 | 210729343 201306731 174680552 154701468 119932694 114046520 54%
RA Total 1 47091265 47011115 38052453 34540528 34533610 34242186 73%
RA Polysome 1 64468224 64317646 51443298 41870107 41868254 41396996 64%
RA FP 1 180333341 167105627 143917744 127508671 106887772 98311891 55%
Control Total 2 84553605 83708049 67496433 62296427 62284252 59617098 71%
*Control Polysome | 2 | 251494676 246274020 220113977 115912944 115870271 98844317 39%
Control FP 2 172613271 168133150 148443740 104648901 81336826 75497312 44%
RA Total 2 77512549 76500077 63512964 55983849 55967658 53401852 69%
*RA Polysome 2 63950891 61494601 51557736 27775961 27759910 21436972 34%
RA FP 2 | 206766558 180372772 157443114 104910323 79532804 62060178 30%
Control Total 3 54946328 54337292 45155000 38201612 38195104 37524685 68%
Control Polysome 3 74521025 74230186 62637374 33944162 33938799 32907862 44%
Control FP 3 | 123263935 118550426 104255049 74876309 64561118 49588008 40%
RA Total 3 59056664 58680906 49252943 43978544 43973849 43362788 73%
RA Polysome 3 69816758 68974561 57634216 46683472 46680700 45808989 66%
RA FP 3 | 189414183 174948478 152968776 101740468 89880360 79892176 42%
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Table A.4: Number of reads aligned to the human genome. Supplementary to Figure 2.4. Samples are named by type of sequencing, and the
conditions the cells were in. These were total cytoplasmic polyadenylated RNA-seq, Polysome-associated polyadenylated RNA-Seq, and Ribo-Seq, in
Control and RA conditions. Rep refers to the replicate each sample was from. Uniquely mapped and multi mapped reads were combined to give the

6ST

total number of mapped reads.

Sample Rep Input Uniquely Multi “f:(l:l;f;lnt; Unmapped; | Unmapped; Total Percent
mapped mappers loci too short other mapped mapped
Control Total 1 49,185,248 | 41,078,769 | 7,443,839 194,789 440,530 27,321 48,522,608 99%
Control Polysome 1 49,977,859 | 43,182,199 | 5,964,873 152,027 634,680 44,080 49,147,072 98%
Control FP 1 119,932,694 | 89,662,264 | 24,384,256 | 1,577,906 4,221,959 86,309 114,046,520 95%
RA Total 1 | 34,533,610 | 29,865,627 | 4,376,559 81,834 192,733 16,857 34,242,186 99%
RA Polysome 1 41,868,254 | 37,228,791 | 4,168,205 92,030 346,335 32,893 41,396,996 99%
RA FP 1 | 106,887,772 | 82,419,111 | 15,892,780 | 1,579,965 | 6,459,205 536,711 98,311,891 92%
Control Total 2 62,284,252 | 53,126,051 | 6,491,047 133,285 2,500,744 33,125 59,617,098 96%
Control Polysome | 2 | 115,870,271 | 88,258,244 | 10,586,073 | 336,626 | 16,619,940 69,388 98,844,317 85%
Control FP 2 81,336,826 | 58,868,737 | 16,628,575 | 1,302,064 4,498,797 38,653 75,497,312 93%
RA Total 2 | 55,967,658 | 46,288,901 | 7,112,951 | 178,482 2,342,605 44,719 53,401,852 95%
RA Polysome 2 27,759,910 | 18,119,568 | 3,317,404 89,589 6,213,304 20,045 21,436,972 77%
RA FP 2 | 79,532,804 | 49,106,533 | 12,953,645 | 1,574,700 | 15,822,873 75,053 62,060,178 78%
Control Total 3 38,195,104 | 31,836,976 | 5,687,709 147,140 498,734 24,545 37,524,685 98%
Control Polysome | 3 | 33,938,799 | 28,778,073 | 4,129,789 | 121,007 869,959 39,971 32,907,862 97%
Control FP 3 64,561,118 | 39,218,990 | 10,369,018 699,043 14,247,669 26,398 49,588,008 77%
RA Total 3 | 43,973,849 | 38,082,036 | 5,280,752 | 113,647 471,056 26,358 43,362,788 99%
RA Polysome 3 46,680,700 | 41,602,278 | 4,206,711 125,101 703,277 43,333 45,808,989 98%
RA FP 3 | 89,880,360 | 66,612,048 | 13,280,128 | 845,857 9,095,295 47,032 79,892,176 89%
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Figure B.1: Principle component analysis of RNA-seq and Ribo-Seq datasets, from con-
trol and RA conditions. PC1 is visualised on the x-axis, and PC2 is visualised on the y-axis,
and together these components account for 95% of the variance in the data. PC1 separates
the sample types, indicating that the largest sources of variance is between sequencing type.
The second largest source of variance, PC2, separates the conditions.
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Figure B.2: Translated ORF lengths (nt). The x axis shows categories of translated ORFs, n
denotes the number of ORFs in each category. The y axis shows the length in nucleotides. A
Kruskal-Wallis test was used to compare the groups, and pairwise comparisons were made
using Dunn’s test.
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Figure B.3: Number of exons in transcripts. The x axis shows categories of transcripts, and
n denotes the number of transcripts. The y axis shows the number of exons in the transcripts.
A Kruskal-Wallis test was used to compare the groups, and pairwise comparisons were made
using Dunn’s test.
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Table B.1: Expression of translated IncRNA genes in the macaque brain. Tissue denotes
the area of the brain analysed, and number of samples denotes the number of individuals
samples were taken from. Kruskal-Wallis indicates if a Kruskal-Wallis test found that the
IncRNA gene set had a significant effect on RPKM in each sample, and p-values summarises
the range of p-values from each sample. Multiple comparison describes whether a multi-
ple comparison test found that the levels of translated IncRNAs (RPKM) were significantly
different from randomly selected IncRNAs, and in what direction. RPKM values from the
PsychENCODE consortium (Zhu, Sousa, et al., 2018; Akbarian et al., 2015).

Tissue No. of Kruskal-Walls P-values Multlp.le
samples Comparison
Hippocampus 29 Significant 0.00011 or True, higher
(HIP) smaller (549/550)
Medial prefrontal cortex 95 Significant e.5 or smaller True, higher
(MFC) (608/625)
Dorsolateral prefrontal cortex 22 Significant e-7 or smaller | True, higher
(DFCQ)
bital prefrontal cort True, high
?OrFICE)I prefrontat cortex 25 Significant e-5 or smaller (ggi’/ 6t)gO)er
Ventrolateral prefrontal cortex e 0.00042 or True, higher
24 Significant ’
(VFC) gniean smaller (591/600)
Amygdala 21 Significant e-8 or smaller True, higher
(AMY) (521/525)
Striatum 22 Significant e-8 or smaller True, higher
(STR) (545/550)
f;?lg;y motor cortex 24 Significant e-5 or smaller F(F;;Z’/ }61)10g(§1)er
Pri True, high
Prmary somatosensory X | 54| gignifcant | o7 orsmaler | e MEher
Inferior posterior parietal cortex 24 Significant e.5 or smaller True, higher
(IPC) (599/600)
Primary auditory cortex 23 Significant e.5 or smaller True, higher
(A1Q) (571/575)
Superior temporal cortex 21 Significant 0.00025 or True, higher
(STC) smaller (520/525)
Inferior t 1 cort True, high
(rllTeCr)lor emporal cortex 22 Significant e-5 or smaller (;er’/Slsgo)er
Primary visual cortex 29 Significant e-5 or smaller True, higher
(Vic) (548/550)
Mediodorsal nucleus of thalamus 24 Significant e-6 or smaller | True, higher
(MD)
Cerebellar cortex 20 Significant -6 or smaller True, higher
(CBQO) (499/500)
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Table C.1: Number of annotated genes and transcripts in species used in conservation analysis. Species sampled are provided with common and
latin names. 'Number of genes’ refers to the number of genes defined by the annotation, split into protein coding, long non-coding, small non-coding,
misc. non-coding, and pseudogenes, and a total. ’Number of transcripts’ refers to the number of transcripts defined by the annotation, split into protein
coding, long non-coding, and a total.

. Number of genes Number of transcripts
Species - - :
Protein Long Small Misc Pseudo Protein Long
] ] ] ) Total R . Total
coding | non-coding | non-coding | non-coding | genes coding | non-coding
Human v30 19,986 | 16,193 7,576 i 14,706 | 58,870 | 83,688 | 30,369 | 208,621
(Homo sapiens)
Human v38 19,955 | 17,944 7,567 i 14,773 | 60,649 | 86,757 | 48,752 | 237,012
(Homo sapiens)
Bonobo 21,210 1,497 4,998 2,004 549 | 30,258 - - 53,360
(Pan paniscus)
Chimpanzee 23,534 1,786 5,640 2,284 485 | 33,729 - - 61,457
(Pan troglodytes)
_ Gorilla 21,794 490 5,207 2,071 522 | 30,084 - - 53,705
(Gorilla gorilla gorilla)
Orangutan 20,424 ; 5,796 1,200 1,023 | 28,443 - - 29,447
(Pongo abelii)
Gibbon
20,794 7 4,479 1,979 567 27,826 - - 47,559
(Nomascus leucogenys)
Olive baboon 21,647 714 4,686 2,006 423 | 29476 | - - 53,493
(Papio anubis)
Sooty mangabey 20,926 545 4,525 1,923 540 | 28,459 - - 53,925
(Cercocebus atys)
Pig-tailed macaque -, 640 4,584 1,997 584 | 28865 | - i 54,453
(Macaca nemestrina)
Crab-eating macaque | ., o, 6,628 4,687 3,274 1,457 | 38,550 , - 66,619
(Macaca fascicularis)
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Table C.1 continued from previous page

Number of genes

Number of transcripts

Species Protein Long Small Misc Pseudo Protein Long
. ) ) ] Total R . Total
coding | non-coding | non-coding | non-coding | genes coding | non-coding
Macaque 21,761 4,773 4,712 3,419 767 | 35,432 ; ; 64,228
(Macaca mulatta)
Bolivian squirrel
monkey (Saimiri 19,380 384 4,146 3,153 439 27,502 - - 49,071
boliviensis boliviensis)
Marmoset 22,615 6,709 6,384 4,260 1,190 | 41,158 - - 66,095
(Callithrix jacchus)
Mouse lemur 18,895 665 3,983 2,785 470 | 26,798 - - 46,396
(Microcebus murinus)
Rabbit
. 20,612 5,736 2,520 63 656 29,587 - - 51,853
(Oryctolagus cuniculus)
Mouse
22,213 11,310 5,526 562 13,649 | 53,260 - ; 149,478
(Mus musculus)
Mouse 20,720 5,930 4,627 549 6,401 | 38,227 , - 102,148
(Mus musculus)
Mouse 20,698 5,952 4,631 550 6,397 | 38,228 . ; 102,254
(Mus musculus)
Mouse 20,659 5,941 4,623 552 6,359 | 38,134 - - 102,168
(Mus musculus)
Mouse 20,709 5,943 4,622 553 6,371 | 38,198 ; ; 102,138
(Mus musculus)
Mouse 20,580 5,926 4,588 550 6,258 | 37,902 - - 101,710
(Mus musculus)
Mouse 20,901 5,970 4,725 558 6,826 | 38,980 . ; 103,002

(Mus musculus)
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Table C.1 continued from previous page

Number of genes

Number of transcripts

Species Protein Long Small Misc Pseudo Protein Long
. ) ) ) Total R . Total
coding | non-coding | non-coding | non-coding | genes coding | non-coding
Mouse
(Mus musculus 20,319 5,853 4,448 548 5,912 | 37,080 - - 102,099
castaneus)
Mouse 20,589 5,911 4,577 549 6,269 | 37,895 ; ; 101,632
(Mus musculus)
Mouse 20,658 5,938 4,588 551 6,346 | 38,081 , . 101,908
(Mus musculus)
Mouse 20,580 5,916 4,592 549 6,263 | 37,900 - - 101,520
(Mus musculus)
Mouse 20,717 5,942 4,602 549 6,376 | 38,186 ; ; 101,892
(Mus musculus)
Mouse 20,608 5,910 4,576 552 6,367 | 38,013 - ; 101,562
(Mus musculus)
Mouse 20,858 5,974 4,680 558 6,777 | 38,847 - - 103,134
(Mus musculus)
Mouse
(Mus musculus 20,179 5,816 4,414 546 5,739 | 36,694 - - 101,394
musculus)
Mouse
(Mus musculus 20,389 5,883 4,508 544 5,962 37,286 - - 100,622
domesticus)
Rat . 22,250 3,288 5,122 524 1,668 32,852 - - 41,078
(Rattus norvegicus)
Dog 20,567 6,485 3,437 22 610 | 31,121 ; ; 55,335

(Canis lupus familiaris)
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Table C.1 continued from previous page

Number of genes

Number of transcripts

Species Protein Long Small Misc Pseudo Protein Long
. . . . Total . . Total
coding | non-coding | non-coding | non-coding | genes coding | non-coding

Opossum

(Monodelphis domestica) 21,384 10,869 1,832 34 866 34,985 - - 58,883
Chicken

(Red jungle fowl) 17,077 12,449 1,275 5 56 30,862 - - 74,296

(Gallus gallus)
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Figure C.1: BLASTp hits were returned for IncRNA smORF peptides in all queried species. Initial results from BLASTp v2.9.0+ (Altschul et al.,
1990), as described in Figure 4.2.B. The phylogeny shows the species included in the conservation analysis, with estimated divergence times in millions

of years ago (Kumar et al., 2017). The number of IncRNA smORF peptides which returned one or more potentially homologous sequences is shown for
each queried species.
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Figure C.2: BLASTn hits were returned for translated IncRNA transcripts in all queried species. Initial results from IncRNA transcript BLASTn
v2.9.0+ (Altschul et al., 1990), as described in Figure 4.3B. The phylogeny shows the species included in the conservation analysis, with estimated
divergence times in millions of years ago (Kumar et al., 2017). The number of IncRNA transcripts which returned one or more potentially homologous
sequences is shown for each queried species.
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Figure C.3: BLASTn hits were returned for translated IncRNA smORFs in all queried species. Initial results from IncRNA smORF BLASTn v2.9.0+
(Altschul et al., 1990), as described in Figure 4.3D. The phylogeny shows the species included in the conservation analysis, with estimated divergence

times in millions of years ago (Kumar et al., 2017). The number of IncRNA smORFs which returned one or more potentially homologous sequences is
shown for each queried species.
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Figure C.4: tBLASTn hits were returned for IncRNA smORF peptides in all queried species. Initial results from tBLASTn v2.9.0+ (Altschul et al.,
1990), as described in Figure 4.4B. The phylogeny shows the species included in the conservation analysis, with estimated divergence times in millions
of years ago (Kumar et al., 2017). The number of IncRNA smORF peptides which returned one or more potentially homologous sequences is shown for
each queried species.
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