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Abstract

One gene could be transcribed to different RNA isoforms, and then produce various forms of protein sequences. This mecha-
nism largely diversifies the cellular pool and allows natural selection to select from a wider range of substrates. In the cancer
field, the isoform switches between tumor and normal tissues, such as the alternative splicing, stop codon read-through, or
protein domestication, are significantly ignored by the traditional differential expression analyses. The intention of this work
is to fill this gap. We collected public transcriptome and translatome data from ten patients with liver cancer, and performed
genome-wide comparison on the stop codon read-through and protein domestication events. Both events diversify the pro-
teome during long-term evolution. Surprisingly, we found that the tumor tissues globally have higher occurrence of stop
codon read-through events as well as protein domestication events (translation signals of non-coding repetitive elements).
These read-through and domestication events show limited overlapping across the ten patients, indicating the randomness
of their occurrence and their deleterious nature. These tumor-specific events might have been purged by natural selection if
they are not collected timely. Our work manifests the role of protein extension and domestication in liver cancer oncogenesis,
adding new aspects to the cancer field.
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Abbreviations et al. 2020; Tieng et al. 2020). However, when talking
mRNA Messenger RNA about one “gene”, we do not refer to only one sequence.
TE Transposable elements One gene could have different transcription start/termina-
TSG Tumor suppressor gene tion sites (Soong et al. 1994), translation start/termination
UTR Untranslated region sites (Kochetov et al. 2005), alternative splicing patterns
CDS Coding sequence or coding region (Liu et al. 2015), nucleotide modifications (Chandola et al.
RPKM Reads per kilobase per million mapped reads 2015), protein modifications (Fung and Liu 2018), and even

the switch between coding and non-coding genes, termed

domestication (Murray and Murray 2016). All these factors
Introduction and their combinations result in the endless isoforms of tran-

With the single-cell sequencing technique becomes more
and more popular in the cancer field (Bagger and Probst
2020), the differential expression analyses between tumor
and normal samples seem to be the golden standard of find-
ing the key genes participating in the oncogenesis (Liu
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scripts and protein sequences, even they are produced from
the same gene. Thus, one gene does not only represent one
sequence. Traditionally, the differential expression analysis
between tumor and normal samples is over-simplified, and
it may only find out the genes with very strong functional
impact. For the majority of genes that play minor roles in
the oncogenesis, more delicate comparisons are needed to
determine whether the splicing patterns (or any other mecha-
nisms that change the final protein isoforms) are different
between tumor and normal samples. There is compelling
incentive for researchers to dig deeper into the molecular
changes in oncogenesis. The general scope of this work is to
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stress the necessity of more detailed insight into the changes
at molecular level when studying cancer.

Traditional cancer studies begin with finding key genes
(like oncogenes and tumor suppressor genes) responsible for
tumor development and oncogenesis. However, instead of
particular genes, the oncogenesis could also be triggered by
particular mechanisms. For example, any disruptions to the
cellular homeostasis could potentially contribute to onco-
genesis. The global up- or down-regulation of biological
processes (DNA replication, proofreading, repair, mRNA
transcription, translation, TE transposition), unbalanced cel-
lular components, and abnormal molecular functions would
definitely destroy the steady state of cells (Magistri et al.
2015; Okada and Brennicke 2006; Sbodio et al. 2016). In
the comparison between tumor and normal samples, apart
from checking gene by gene, it is equally necessary to check
mechanism by mechanism.

In this study, we focus on two mechanisms termed stop
codon read-through (protein extension) and protein domesti-
cation (from non-coding to coding) (Fig. 1). Both processes
diversify the protein pool. The stop codon read-through is
a random process where ribosomes do not stop at the usual
stop codons and go on to translate the 3-prime untrans-
lated regions (3'UTR). Normal genes should have ribo-
some footprints in coding regions (Fig. 1a) while the read-
through genes have ribosome footprints detected in 3'UTRs
(Fig. 1b). The extended ribosome signals will be translated
into extended proteins. Although read-through is random in
most cases, it may also be affected by sequential features and
mutations on stop codons. Changes in global read-through

Fig. 1 Diagrams telling the A

readers what stop codon read-

through (protein extension) and

TE domestication means. a For

normal genes, only the coding

region is covered by ribosome

footprints, but the whole gene SUTR
is covered by mRNA reads. b
For stop codon read-through
genes, both coding region and
3'UTR are covered by ribosome
footprints. ¢ For un-domesti- SUTR
cated TEs, they should not be

translated and have no ribosome

footprints. d For domesticated C
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probabilities would affect the entire ribosome density in
3'UTRs. The protein domestication process occurs when the
non-coding transposable elements (TE) somehow acquire
coding ability. Normal TEs just jump in the genome and
have nothing to do with the translation machines (Fig. 1c)
while the domesticated TEs have bona fide translation sig-
nals detected in the coding regions (Fig. 1d). The global
change in protein domestication would also be reflected by
the amount of ribosomes translating the non-coding TE.

We aim to test whether the extent of protein extension
and domestication is different between tumor and normal
samples. From an understandable aspect of biology, the
domestication events represent “from zero to one” while the
protein extension events represent “from one to one point
five or more”. To accomplish our aim, we collect the tran-
scriptome and translatome data from ten patients suffering
from liver cancer (Zou et al. 2019). If these two mecha-
nisms are irrelevant to liver cancer oncogenesis, then we
expect to observe similar degrees of protein extension and
domestication events. If these mechanisms really contrib-
ute to oncogenesis, then we should observe different extent
of read-through and domestication events. What’s more, if
these tumor-specific changes are deleterious and should not
exist in normal tissues, then we should see a skewed fre-
quency spectrum among the ten patients, where many of
these tumor-specific read-through or domestication events
are singletons, that is, nearly eliminated.

We are going to test our hypothesis among the ten
patients suffering from liver cancer. Our results generally
support the notion that protein extension and domestication
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mechanisms are correlated with liver cancer oncogenesis.
Stop codon read-through ratios and the occurrence of protein
domestication significantly elevate in tumors compared to
normal samples. Among the ten patients, the poor overlap-
ping between the tumor-specific read-through or domestica-
tion events highlights the generally low frequency of these
events, suggesting the deleterious effect conferred by these
random processes. Since these tumor-specific read-through
and domestication events are not observed in normal sam-
ples, and are likely to be avoided in healthy individuals, our
study provides novel aspects in describing the landscape of
oncogenesis, telling the readers that not only some particu-
lar genes are important for cancer, but also many particular
mechanistic changes could be related to oncogenesis.

Materials and methods
Data availability

The transcriptome (RNA-seq) and translatome (ribosome
footprints) data of ten patients of liver cancer were retrieved
from the study (Zou et al. 2019). The accession number
of data is GSE112705. The human and mouse reference
genomes and the annotation of transposable elements were
downloaded from UCSC genome browser. The genome ver-
sions are hg38 for human and mm10 for mouse. The can-
cer gene consortium (https://cancer.sanger.ac.uk/census/)
contains the list of oncogenes and tumor suppressor genes.
As said, the information of transposable element contained
in the reference genome website. The use of TE databases
might be biased because the database could be over-compli-
cated due to entangled sources (Bao et al. 2015), complex
mechanisms and pipelines (Wei et al. 2016), or inaccessible
websites (Roberg-Perez et al. 2003; Wu and Lu 2019).

Mapping the sequencing reads

We mapped the RNA-seq and ribosome profiling reads to the
reference genome using hisat2 (Kim et al. 2019). The reads
mapped to unique locations of the genome were kept. The
tumor or normal samples from each individual were mapped
separately. The IDs of the ten patients are LC001, LCO033,
LCO034, LC501, LC502, LC505, LC506, LC507, LC508, and
LC509 as provided by the original study. In our study, “genes
with read-through events” means genes with at least one ribo-
some footprint mapped to the 3'UTR. Similarly, “domesticated
TE” means the non-coding TE with at least one ribosome foot-
print detected. The locations of TE are given by the reference
genome annotation. “Read-through ratio” for a gene is the
percentage of ribosome footprints mapped to the 3'UTR to
the footprints mapped to the whole gene region. For ribosome
footprints in TE, a fraction is given for each TE as the number

of ribosome footprints divided by the RNA reads mapped to
this TE. The “tumor-specific read-through events” are defined
as the genes with read-through events only appearing in tumor
samples. Similarly, “tumor-specific protein domestication
events” are the TEs that are specifically translated in tumor
samples but not in normal samples.

Random sampling of expressed genes

The RNA expression in each sample was provided by the
original paper as RPKM values. To simulate the frequency
spectrum of read-through or domestication events, we focus
on the expressed genes (defined as RNA RPKM >0.1) in
each sample. For example, assume that the numbers of genes
expressed in ten patients are N1, N2,..., N10, and the numbers
of genes with tumor-specific read-through events are nl, n2,
..., n10. Of course, the n is smaller than N. The n1 —n10 genes
already have an observed frequency spectrum across the ten
patients. Then, we randomly sample nl genes from N1 genes,
sample n2 genes from N2 genes, sample n10 genes from N10
genes. We look at the frequency spectrum of the randomly
sampled genes, and compare this simulated result with the
really observed frequency spectrum. The protein domestica-
tion (translated TE) is subjected to the same random sampling
procedure.

Mutations in mRNA-seq data

We used MuTect (do Valle et al. 2016) to treat the alignment
files of mMRNA-seq data. Default parameters were used but we
ask the mutations to be derived mutations, that is, considering
the ancestral state in mouse. The reference genome nucleotides
should be identical for human and mouse for the mutation sites
in the mRNA data. The matched positions and nucleotides
were known from the alignments between human and mouse.

Gene ontology enrichment

The GO analysis was conducted in R language with in-house
packages.

Graphic works

The graphic works were done in EXCEL or R platform.

Results

Stop codon read-through is elevated in tumor
samples

As we have introduced, the extent of stop codon read-
through (potential protein extension) could be measured
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by the fraction of ribosome footprints in 3'UTRs. Theoreti-
cally, no ribosome footprints should be mapped to 3'UTRs.
However, due to some inaccurate annotation of reference
genome and the imperfect translation termination mecha-
nism, there are always a small fraction of ribosome foot-
prints mapped to the untranslated regions. We calculated
the percentage of ribosome footprints in 3'UTRs (relative
to the reads mapped to the whole gene region). In all the ten
patients, this percentage is significantly higher in tumors
than normal samples (Fig. 2a). In normal samples, on aver-
age 3.2% of ribosome footprints were mapped to 3'UTRs,
while in tumor samples, this average value is as high as
4.6%. In contrast, for RNA-seq data, roughly 48.2% of the
reads could be mapped to 3'UTRs (relative to the whole
gene region), with no difference between tumor and normal
samples (Fig. 2b). This is an indication that the higher ribo-
some density in 3'UTR of tumor samples is not caused by
any potential biases in the mapping procedures.

After looking at the global ribosome footprints in
3'UTRs, which is an indicator of stop codon read-through,
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Fig.2 Protein extension (stop codon read-through) is elevated in
tumor samples compared to normal samples. a The percentage of
ribosome footprints mapped to the 3'UTR (relative to the whole
gene region). The differences between tumor and normal samples
are significant (proportion tests) for all ten individual patients (p
value < le—3 in all samples), and also significant for the “ten versus
ten” non-parameter test (p value=0.0019). The IDs below the bars
are the sample IDs used by the original study. b The percentage of
RNA-seq mapped to the 3'UTR (relative to the whole gene region).
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we are also curious about whether the global changes in
read-through ratios are caused by the increased number
of genes with read-through events or simply by the ele-
vated read-through ratios of the same genes. We counted
the numbers of genes with ribosome footprints detected
in 3'UTRs (defined as genes with read-through events).
We found that this number is obviously higher in all
tumor samples compared to the matched normal samples
(Fig. 2c). On average, 1583 genes have detectable read-
through events in normal samples while 2278 genes have
detectable read-through events in tumor samples. Next,
for each gene, we calculated the percentage of ribosome
footprints in 3'UTRs (relative to the whole gene region)
as their read-through ratios. This comparison also reveals
globally higher read-through ratios of genes in tumors
than normal samples (Fig. 2d). We can conclude that the
globally elevated read-through ratios in tumor samples are
contributed by both the increased numbers of read-through
genes and the increased power of read-through events in
target genes.
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None of the differences in the ten individuals are significant using
proportion tests. The “ten versus ten” non-parameter test is not sig-
nificant either. ¢ The numbers of genes with stop-codon read-through
events. The differences between tumor and normal samples are signif-
icant (proportion tests) for all ten individual patients (p value < le—3
in all samples), and also significant for the “ten versus ten” non-
parameter test (p value=0.0019). d The read-through ratios per gene.
“**%” means p value <0.001 in the comparison between tumor and
normal samples (KS tests)
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The tumor-specific read-through events are rare
but enriched in oncogenes

We have shown that more genes bear stop codon read-
through events in tumor samples than normal samples. We
wonder whether these tumor-specific read-through events are
deleterious. A reasonable prediction of deleterious events is
that they should be observed with lower frequencies in popu-
lation compared to neutral or beneficial events. We define
the tumor-specific read-through events as the genes with
read-through events only appearing in tumor samples. We
calculate the frequency of the tumor-specific read-through
events across ten patients. Meanwhile, we randomly sample
the same numbers of genes with read-through events from
the expressed gene pool in each individual. We find that
the actual frequency spectrum is apparently skewed to low
frequency compared to the simulated frequency spectrum
(Fig. 3a). To rule out potential technical biases, we calculate
the occurrence of non-“tumor-specific” read-through events
(shared between tumor and normal samples) and perform
identical random sampling. The non-specific read-through
events indeed show a slight tendency towards low frequency
compared to simulated results (Fig. 3b). However, the extent
towards low frequency is much weaker for non-specific read-
through events than the tumor-specific read-through events.

Notably, although the tumor-specific read-through
events themselves are mostly singletons across the ten
patients, these events have higher occurrence in onco-
genes and tumor suppressor genes (TSG) compared to
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the remaining genes (Fig. 3c). Roughly less than 10% of
expressed genes have tumor-specific read-through events,
but among oncogenes and TSG, this fraction is higher than
10%. It is known that oncogenes play positive roles in
oncogenesis while TSG play counteractive roles. How-
ever, the read-through event in a gene does not necessarily
enhance/promote or reduce/damage its function, the read-
through only potentially extends the protein sequence.
This protein extension could be either deleterious or ben-
eficial (for a gene), but for the individual patient, the effect
might be harmful since these tumor-specific read-through
events are present in tumor and absent in normal samples.

For the genes with tumor-specific read-through events,
we exclude the oncogenes and TSG and perform gene
ontology enrichment analysis. It turns out that these genes
are enriched in various important cellular pathways like
DNA replication, mRNA transcription and translation
(Fig. 3d). This gives a reason that the extended protein
caused by read-through events might have a great impact
on the entire cellular processes, making these abnormal
translation events deleterious. Next, we try to look for
potential factors responsible for the seemingly random
read-through events. We can attribute a small fraction
of read-through events to the mutations on stop codons
revealed by RNA-seq data, however, for the majority of
genes with read-through events, no mutations are observed
on the stop codons (Fig. 3e). This again suggests the ran-
domness of the abnormal read-through events, which
could be caused by multiple undetermined factors.
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The protein domestication from non-coding region
is prevalent in tumor samples

As we have introduced, both protein extension by read-
through events and protein domestication from non-coding
repetitive elements could diversify the cellular protein pool.
The changes caused by the two mechanisms could either
be beneficial or deleterious, which depends on the function
of target genes. Here, we perform very similar analyses as
we did in previous parts. In summary, we find that the frac-
tions of ribosome footprints mapped to the transposable
elements (TEs that are non-coding, footprints relative to
RNA) are higher in tumor samples than normal samples,
globally (Fig. 4a) or individually (Fig. 4b). The numbers
of transposable elements with footprints detected (termed
protein domestication events) are higher in tumor samples
than normal samples (Fig. 4c). Finally, the frequency spec-
trum across ten patients suggests that the tumor-specific pro-
tein domestication events (the TEs specifically translated in
tumors but not normal samples) are skewed to low frequency
(Fig. 4d) and seem to be deleterious for the individuals.
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Fig.4 The protein domestication (translated TE) events. a Fraction
of ribosome footprints mapped to non-coding TE regions normalized
by RNA reads. The difference is significant for the “ten versus ten”
non-parameter test (p value=0.0019), and also significant for indi-
vidually testing the two fractions in each sample (p value<le-3 in
all samples). b Fraction of ribosome footprints mapped to each TE
normalized by RNA reads. “***” means p value<0.001 using KS
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Since these patterns are highly identical to those observed
for stop codon read-through (protein extension) events, we
can conclude that the tumor-specific protein extension and
domestication events correlate with liver cancer oncogen-
esis, and are likely to play a role during the cancer develop-
ment process. These events are of low frequency among the
ten patients, and may otherwise be purged from the popula-
tion if not sequenced timely.

Mutation profile reveals possible role of the protein
extension and domestication in oncogenesis

We are curious whether we can dig out any clues from
the mutation profile of these samples. The mutations
in a sample could be known from the mRNA-seq data.
Although the traditional mutation calling pipeline
requires genome re-sequencing, here we only care about
the mutations in coding regions and UTRs, and there-
fore the mRNA data are deep enough to accomplish this.
We ask a mutation in the patient sample to be derived
mutation by checking the matched genomic position in
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each individual patient. The difference is significant for the “ten ver-
sus ten” non-parameter test (p value=0.0019), and also significant for
individually testing the two fractions in each sample (p value < le—3
in all samples). d Frequency spectrum of the tumor-specific translated
TE. The real and simulated frequencies are shown
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mouse. Only the mutation sites with identical nucleotide
in human and mouse reference genomes are kept.

One basic assumption is, if the read-through or TE
domestication events really contribute to oncogenesis,
then the tumor-specific events should be advantageous
and the mutations in those regions should be positively
selected in tumor sample (although they are deleterious to
the individual patients). The selection should be reflected
by the enrichment of mutations in the “effective regions”
of these events, which are, 3'UTRs for read-through
events and coding regions for TE domestication events.

We divide all read-through genes into tumor-spe-
cific and non-specific genes. We count the numbers of
mutations in 3'UTRs and other regions. The fraction of
mutations in 3'UTR is higher in tumor-specific genes
and lower in non-specific genes (Fig. 5a). We divide all
domesticated TEs (with ribosome footprints detected)
into tumor-specific and non-specific TEs. The fraction
of mutations in CDS is higher in tumor-specific TEs and
lower in non-specific TEs (Fig. 5b). These results verify
our assumption that the tumor-specific events might play
a role in oncogenesis as the mutations are enriched in
the “effective regions” of these events (3'UTRs for read-
through events and coding regions for TE domestication
events).

Fig.5 Mutation profiles of
read-through genes and domes-
ticated TEs. a The read-through
genes are divided into tumor-
specific genes and non-specific
genes. We calculate the fraction
of mutations in 3'UTR regions.
The difference is significant for [
the “ten versus ten” non-param-
eter test (p value=0.0019), but
insignificant for individually
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Discussion

While the gene by gene examination could be accomplished
by experimental biologists, the mechanism by mechanism
examination is the gift from the big data era. The advan-
tage of high-throughput sequencing data is that it allows
us to look into any cis-regulatory changes at genome-wide
level. For example, when testing whether the read-through
ratios are different between tumor and normal samples, the
rejection of null hypothesis would indicate the global change
in a mechanism rather than the change in particular genes.
Although some mutations in particular genes might account
for the observed read-through events, the overall tendency is
to show the mechanistic change. There is high confidence to
claim that the occurrence of stop codon read-through events
is elevated in tumor sample, however, for any specific genes,
it is hard to give a probability of whether this gene has sig-
nificantly changed its read-through ratio. To test for spe-
cific genes, it would better to design cellular experiments to
mimic the in vivo situation.

Natural selection favors particular changes and elevates
their frequencies in a population. For the deleterious muta-
tions, natural selection suppresses them to very low fre-
quencies or directly sweeps them out, termed extinction.
Therefore, extinction events are taking place all the time.
The tumor samples are precious materials to study evolution
because the patients carrying the deleterious changes (or
mutations) are almost on the edge of extinction (no offense).
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Once eliminated, the changes or mutations would never have
the chance to be observed. The tumor samples allow us to
trace back in time and look for the patterns of deleterious
changes.

Now that we have observed globally higher protein exten-
sion and domestication events in tumor samples than nor-
mal samples, suggesting that these events might correlate
with oncogenesis. Ironically, although the tumor-specific
protein extension and domestication events might facilitate
the formation of tumor (they could be beneficial for the
tumor cells), they are definitely deleterious to the individual
patients. The frequency of occurrence across the ten patients
further supports the harmful effect of these events.

One more issue to be discussed is the potential causal fac-
tors of protein domestication events. In the above sections of
the protein extension events, we have already tried to explain
(a small part of) the stop codon read-through events by the
mutations that abolish stop codons. The majority of the
read-through events are still to be explained by randomness,
though. Here, for the protein domestication (TE domesti-
cation) events, we will discuss why some of the TEs are
translated (with ribosome footprints) and some are not. We
assume that different coding sequences have different cod-
ing potential. TEs with high coding potential CDS should
be preferentially translated, becoming a domesticated TE.
Nest, we suppose that the actively transcribed TEs are easier
to encounter free ribosomes and therefore have higher prob-
ability to be translated and domesticated. Besides, the length
of a TE (and the length of its protein) may also decide how
worthy it is to take a risk (energy waste during translating)
to try on this new TE. All these factors plus randomness
could affect the choice of which TEs to be translated and
domesticated. Not testing these factors is also the limitation
of our work. To fix this limitation in future studies, we need
to analyze and compare these features in domesticated and
non-domesticated TEs. A clear difference should be seen if
the proposed factors really contribute to TE domestication.

Our study also re-emphasizes the notion that one gene
does not represent one sequence. One gene could be tran-
scribed to different RNA isoforms, and then produce
various forms of protein sequences. Unfortunately, this
notion did not receive sufficient attention. In many cancer
studies, the differential expression analyses of single cell
sequencing data are over-simplified because they do not
consider the isoform changes or any other “intra-gene”
changes (like stop codon read-through which replenishes
the cellular pool). Indeed, the single cell sequencing
might not be deep enough for a cell to analyze the iso-
form changes. However, the technical limitation is not the
reason to ignore this concern. Particular examples could
show that there might be false discoveries of the differ-
entially expressed genes. Assume that gene B expresses

@ Springer

B1 isoform in normal samples and B2 isoform in tumor
samples. In both conditions, there are 100 molecules. If
B2 is longer than B1, then there should be more sequenc-
ing reads in tumor (B2 isoform) than in normal samples
(B1 isoform). Gene B would be erroneously regarded as
differentially expressed genes. But actually, both condi-
tions have 100 molecules (in other words, they are not
differentially expressed at all), the only difference is that
isoform B2 is longer than isoform B1. This fact promotes
the fact that the precise medicine claimed by the single
cell sequencing biotechnology is actually not precise.
There are still spaces for improvement like increasing the
sequencing depth to allow deeper analyses on isoform
changes and other “intra-gene” changes.

In conclusion, the advantages of our work are, (1) we
find the interesting patterns of elevated protein extension
(stop codon read-through) and domestication (translating
TE) events in tumor samples compared to normal samples.
Both types of events diversify the cellular pool; (2) we
surmise that the tumor-specific read-through or domes-
tication events are deleterious to the individual patients,
with support from the observed frequency spectrum; (3)
we propose the idea that not only particular genes should
be examined, but also the particular mechanisms should
be investigated in the cancer studies; (4) one gene does
not refer to only one sequence. Many changes at the RNA
or protein levels could increase the sequence pool of the
same gene. Therefore, merely looking for the differentially
expressed genes between tumor and normal tissues is not
enough to reflect the real landscape of oncogenesis. This
importance issue should be paid adequate attention to and
should no longer be ignored by this field.
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