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Abstract

Translational readthrough (TR) has come into renewed focus because systems biology
approaches have identified the first human genes undergoing functional translational read-
through (FTR). FTR creates functional extensions to proteins by continuing translation of
the mRNA downstream of the stop codon. Here we review recent developments in TR
research with a focus on the identification of FTR in humans and the systems biology meth-
ods that have spurred these discoveries.

Introduction

An mRNA template directs protein synthesis at the ribosome. When a stop codon is in the A-site
of the ribosome, release factors recognize the stop codon and mediate termination of translation.
Eukaryotic release factor 1 (eRF1) binds all three stop codons [1]. Translational termination, like
all biological processes, is prone to errors; a stop codon terminates ribosomal translation with an
error rate of <0.1% [2,3]. In the case of stop suppression, a stop codon is interpreted as a sense
codon due to the competition between the release factor and a near-cognate tRNA (nc-tRNA) at
the A-site. The degree of misincorporation varies between the three stop codons in most organ-
isms, and termination efficiency can be influenced by the nucleotides in the vicinity of the stop
codon and/or by longer and more distant cis-elements on the mRNA. A gene will be affected by
readthrough at a rate dictated by normal translational (stop) fidelity. In rare cases, natural stop
suppression can increase readthrough by several orders of magnitude, resulting in rates higher
than 10% [4,5]. For the purpose of this review, we define only this elevated ribosomal read-
through with suppression frequencies of at least 1% as translational readthrough (TR).

With the discovery of TR in viruses and, more recently, also in metazoa, it became clear that
TR could fulfill a function by appending new signals and domains to the C-termini of proteins.
Viruses use TR and other recoding mechanisms to maximize the coding capacity of their often
small genomes [6]. Examples of TR in viruses include the RNA replicase of tobacco mosaic
virus (TMV) and Sindbis virus (SINV) [7,8], coat proteins of the barley yellow dwarf virus [9]
and the bacteriophage Q-beta [10,11], the gag-pol fusion protein of Moloney murine leukemia
virus (Mo-MuLV) [12,13], and the release factor encoded by the giant mimivirus/megavirus
[14]. Functional translational readthrough (FTR), also termed programmed TR, is defined as
TR that leads to functions different from the parent protein, providing organisms with an
unusual mechanism to regulate protein expression. In evolutionary terms, TR allows testing of
new functions at the C-termini without compromising the bulk of the parent protein. In
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general, the protein’s termini are more likely to be altered in evolution than its core [15]. Inter-
estingly, there may be preference for altering the C-terminus as opposed to the N-terminus.
Changes at the N-terminus are more likely to affect the genes’ regulatory sites, which might
explain why the C-terminus is preferably altered [15].

In a broader context, TR is a manifestation of recoding. The term recoding comprises redirec-
tion of linear readout (frameshifting), redefinition of stop codon meaning (TR), and subversion
of contiguity (ribosomal bypassing and trans-translation) [16]. TR modifies the information writ-
ten in the standard genetic code—specifically that of the stop codon—and leads to synthesis of a
peptide that is different from what would be predicted from the DNA sequence using the stan-
dard genetic code. Experimentally, TR can be differentiated from other forms of recoding by
using aminoglycosides, which alter the ribosomes’ conformation to induce the level of TR
[17,18]. A wider definition of recoding could also include the use of alternative start codons [19],
because a start AUG is redefined as a normal methionine-encoding AUG. The leakiness of a start
codon can depend on its context, and start codons in sub-optimal contexts are followed by signif-
icantly higher conserved alternative start codons than a start codon in optimal context [19].

In this short review, we will provide an overview on TR with a focus on FTR in mammals
and the more recent systems biology approaches that led to genome-scale identification of TR
and FTR in metazoa.

Translational Readthrough in Fungi and Yeast

The yeast gene encoding phosphodiesterase 2 (PDE2) undergoes FTR by creating an extension
of 22 amino acids, which results in proteasome dependent degradation instead of localization
to the nucleus. The extension also reduces enzymatic activity, leading to higher cAMP levels in
the cell, which in turn affects stress response [20]. Dual localization of the enzymes 3-phospho-
glycerate kinase (PGK), D-ribulose-5-phosphate-3-epimerase and the NADH-dependent alde-
hyde reductase in Ustilago maydis, as well as glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in Aspergillus nidulans is achieved by FTR that appends peroxisomal targeting sig-
nal 1 (PTS1) at the C-terminus [21-23]. Interestingly, FTR appending a PTS1 appears to be
related to alternative splicing: Peroxisomal targeting of PGK and GAPDH are subject to regula-
tion by alternative splicing in A. nidulans and U. maydis, respectively, leading to a mosaic pat-
tern across fungal species of how the cryptic PTS1 is attached [21].

The release factor Sup35 (eRF3) in Saccharomyces cerevisiae and other fungi is an especially
intriguing case [24]. Sup35 is the prion associated with the [PSI"] phenotype. In [PSI'] strains,
Sup35 forms amyloid so that part of the available release factor aggregates and is no longer
functional [25]. This leads to a global increase in TR with detrimental or beneficial outcomes
for cell survival, depending on the environment [26,27]. The [PSI"] phenotype can be viewed
as a special case of global FTR.

A genome-wide in silico survey in yeast using Stanford Genome Database detected potential
readthrough genes, of which IMP3 and BSC4 showed increased TR in [PSI*]-strains. Their
stop codons are thus most likely bypassed by eRF3-dependent TR [28]. Another genome-wide
in silico study in yeast using Saccharomyces Genome Database analyzed the nucleotide bias rel-
ative to the stop codon and the position of downstream stop codons that may have evolved to
suppress unnecessary readthrough extensions [29].

Systems Biology Approaches to Translational Readthrough in
Metazoan

Three complementary systems biology approaches have been used recently to identify genes
undergoing TR. We will briefly discuss these here; for more details see Box 1.
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Box 1. Systems Biology Approaches to TR/FTR

The discovery of physiological TR involves the identification of translationally active
sequences in the genome or transcriptome that have been annotated as 3’ untranslated
regions (UTRs). We highlight here three approaches to systems-level research into TR.

Ribosome profiling. A translating ribosome protects a footprint of about 30 nucleo-
tides of the mRNA from digestion by nucleases [33,69]. This becomes useful when one
stalls translation, digests the unbound mRNA and sequences the remaining fragments.
Translation is stalled by inhibitors, and unprotected parts of the mRNA are digested
using micrococcal nuclease or ribonuclease I [36]; the fragments are then analyzed by
deep sequencing [34]. The ribosome’s position on the mRNA can be determined using
sub-codon resolution, i.e., the reading frame can be determined [33]. Footprint density
and the local translation rate are defined as the number of ribosome-protected fragments
per kb of coding region per million aligning reads in the dataset [33,36]. Ribosomal foot-
print density in potential TR extensions is higher than in untranslated regions but lower
than in regular coding regions. To differentiate putative TR events from other forms of
recoding, it is important to verify that the ribosomal footprint in the extension results
from ribosomes in the process of elongation. Ribosome profiling may be less suitable to
uncover TR in genes with low expression rates. In long extensions it may be difficult to
distinguish reinitiation of translation from TR.

Phylogenetic approaches estimate the coding potential of genomic sequences based
on a multiple alignment of related species. CSF (codon substitution frequencies) is a met-
ric that observes and searches genome-wide for patterns or biases in the substitution fre-
quencies that are known to occur in protein coding regions [31]. These patterns result
from selective pressure, which acts in coding regions in favor of synonymous nucleotide
substitutions and amino acid substitutions that preserve biochemical properties. Each
substitution detected by the comparison of sequences in the alignment is assigned a score
by CSF, which expresses how much more frequently the given substitution occurs in cod-
ing regions than in non-coding regions [70]. The further developed metric PhyloCSF
employs the models M¢ and My to represent codon evolution in coding and non-coding
regions, respectively. The probability of a sequence alignment is estimated with both
models, resulting in the probabilities P and Py, respectively. The logarithm of the ratio
of the probabilities (log(P/Py)) indicates whether the sequence is likely to be protein
coding or non-protein coding [30]. PhyloCSF is a systematic approach suitable for
genome-wide searches for unknown coding regions and potential readthrough candi-
dates, because it incorporates and uses prior information (e.g., branch lengths between
orthologs) of a genome. Thus, this global information does not need to be gathered for
each sequence in question during the genome-wide analysis [30]. PhyloCSF recruits sev-
eral thousand parameters to model substitution rates and provides a higher resolution
than the CSF metric in the detection of coding regions [30,32], which is favorable for the
search of readthrough candidates. Short extensions are more likely to be overlooked by
phylogenetic approaches, as the length may be insufficient for comparison [4].

The in silico regression model of human stop codon contexts (SCCs) is a computa-
tional method that allows the identification of TR genes. The model focuses on TR that
depends on the SCC, which is defined as the stop codon (position +1 to +3) and its con-
text (positions -6 to +9). SCCs are formalized into a binary vector with the stop codons
being considered as one position. These binary vectors were combined with experimental
data of readthrough frequencies derived from dual reporter experiments expressing these
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SCCs between fluorescence and luminescence reporters [4]. These data were used as a
training set for linear and iterative regression modeling. Regression coefficients were cal-
culated for each nucleotide at each position. All SCCs and their corresponding putative
extensions were extracted from the human transcriptome database. Then, readthrough
propensity (RTP) was computed as the sum of the SCCs’ regression coefficients for each
of the 42,000 unique SCCs. The linear regression model was analyzed by feature selec-
tion, eliminating the SCC positions that contribute least to prediction quality [4]. The
resulting consensus UGA CUA (G) (stop codon underlined) confers high endogenous
TR rates under non-inducing conditions. Genes regulated by this motif are, for example,
LDHB, MDHI, and AQP4 [4,5,22].

Phylogenetic approaches evaluate the coding potential of gene sequences by establishing a
comparative metric on sequence alignments [30]. These approaches are applicable to whole
genomes of related species. For the verification of TR candidates, additional experiments are
still necessary. Analysis of 12 related Drosophila genomes led to the detection of 49 putative TR
events with a protein coding signature downstream of their stop codon [31]. With newer tran-
scriptional data and an improved phylogenetic approach [30], the number of TR candidates in
Drosophila melanogaster increased to 283 [32]. Some of these were tested and shown to
undergo TR using mass spectrometry or transgenic flies with GFP as a readthrough sensor
[32].

Ribosome profiling recognizes the mRNAs in actively translating ribosomes [33,34] and
has the potential to identify recoding events, including readthrough, when regions downstream
of ORFs are found occupied by ribosomes. To confirm TR, it is possible to verify that ribosomal
footprint results from elongating ribosomes, e.g., by using RiboTaper [35]. Ribosome profiling
identified 350 TR candidates in D. melanogaster embryos and in the Drosophila-derived S2 cell
line [36]. The findings include 43 candidates detected previously by PhyloCSF, a phylogenetic
approach [32]. Of these, 15 were experimentally analyzed and eight could be confirmed. The
extensions contained potential nuclear or peroxisomal targeting signals, transmembrane
domains (TMDs), and a potential prenylation signal. Before the application of system biology
approaches, only three Drosophila genes (syn, kel, and hdc) had been experimentally shown to
undergo TR [37-39], and two additional proteins (Sx/ and oaf) were predicted [40,41]. TR-
dependent expression of full length kel protein varies with tissue and the organism’s develop-
mental state [38]. Ribosome profiling further identified TR candidates in yeast and in human
skin fibroblasts (Fig 1) [36].

Regression model: Focusing on the human transcriptome and on TR that is entirely depen-
dent on the stop codon and its nucleotide environment (context-driven TR), our group devel-
oped a genome-wide in silico TR analysis [4]. The model is based on linear regression between
experimental readthrough values and their respective sequences represented in a multidimen-
sional vector space (see Box 1). The resulting regression coefficients describe the influence
exerted on TR by all nucleotides in all positions of the stop codon context (SCC, six nucleotides
before to six nucleotides after the stop codon). By applying this model to all 42,000 unique
SCCs of the human transcriptome, we could identify a TR nucleotide context that is present in
57 human genes and that generally confers TR in a dual reporter assay [4]. Six of these 57 TR
candidates have been tested and were confirmed experimentally [4,5,22].
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Fig 1. Systems biology uncovers translational readthrough in humans. Readthrough genes have been identified with
varying levels of experimental confirmation. Gene symbols of gene products known to undergo functional translational
readthrough (FTR) are depicted in bold. Circle sizes do not correspond to the number of analyzed genes. Black circles refer to
approaches other than systems approaches.

doi:10.1371/journal.pgen.1006196.g001

These three approaches described here have inherent advantages and disadvantages with
respect to the identification of TR (Table 1). By design, phylogenetic approaches identify evolu-
tionarily conserved TR, and the in silico regression model focuses exclusively on context-driven
TR and will thus miss all other forms of readthrough (e.g., those controlled by RNA structural
motifs) or other recoding events in the 3'UTR. Both methods can detect TR candidates that are
only expressed at a low level or only in few tissues. Ribosome profiling as an experimental
method is closer to the real-life situation, but identification of TR becomes increasingly difficult
in extensions shorter than the ribosomal footprint of 30 nucleotides. All three methods require
additional experimental analysis to verify TR. A candidate’s verification could include a test of
the SCC by a dual reporter assay followed by analysis of the full-length construct. For FTR, the
functional significance of the appended extension has to be analyzed.

Taken together, the application of systems biology approaches yielded a multitude of TR
candidates in a relatively short time (Fig 1). The results produced by these methods do not

Table 1. Characteristics of systems biology approaches to translational readthrough.

Method Approach Potential false positives Shortcomings and potential false
negatives

Phylogenetic In silico identification of extensions with high Conserved 3’ elements; method not specific | Recent evolutionary acquisitions and

approaches coding potential (evaluation based on codon for readthrough; genes not expressed; very short extensions are not detected;

substitutions) and high sequence conservation | method requires experimental validation of lack of information on tissue specificity

from pre-aligned genomes candidates
Ribosome Analysis of extensions with ribosomal footprint | Extensions with ribosomal footprint but Identification might be difficult in
profiling and reading-frame periodicity from translating without reading-frame periodicity extensions shorter than footprint; genes
ribosomes not expressed in tissue sample
In silico In silico SCC regression model based on Annotation of premature stop codons as Method does not detect TR depending
regression experimental dual reporter analyses natural stop codons in database; no on more distant cis-elements

model

information on expression levels;
experimental validation required

The three approaches to the identification of TR discussed in this review have their specific characteristics. Potential false positives/negatives are listed for

each systems biology approach.

doi:10.1371/journal.pgen.1006196.t001
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entirely overlap, which might relate to the pros and cons of the approaches with respect to
their aptitude to identify TR (Table 1). Each method specializes on specific features associated
with TR such as SCC, ribosome footprint, or coding potential, so that no single method can
cover all cases.

Translational Readthrough in Drosophila

Evidence for TR in four genes (Abd-B, cnc, Sp1, and z) was provided by GFP transgenic flies
(GFP replaced the downstream stop codon); the reporters exhibited readthrough in different
developmental states [32]. Nine other candidates (including the known TR genes kel and sync)
were confirmed to undergo TR by analysis of mass spectrometric data. Ribosome profiling
identified 307 additional TR candidates in D. melanogaster, and eight of them have been exper-
imentally confirmed [36]. Comparison of the footprint density in embryos and the Drosophila
S2 cell line led to the hypothesis that TR is differentially regulated depending on cell type [36].
Analysis of footprint density in conserved and evolutionarily novel extensions suggested that
older genes are more likely to exhibit TR. Furthermore, potentially functional domains were
found in the extensions, including TMDs, nuclear localization signals (NLS), a PTS1, and a pre-
nylation signal. Three NLS were shown to be functional, providing examples of FTR in D. mel-
anogaster [36]. TR genes with a predicted hidden peroxisomal targeting signal were found in
D. melanogaster (NADP-dependent isocitrate dehydrogenase) and in Caenorhabditis elegans
(inorganic pyrophosphatase) [22].

The First Cases of Translational Readthrough in Mammals

For a long time, the rabbit beta-globin protein was the only protein known to undergo natural
stop codon suppression in mammals [42-44]. The protein was discovered more than 35 years
ago when a radio-labeled rabbit reticulocyte lysate was analyzed by electrophoresis [42]. The
beta-globin TR extension comprises 22 amino acids but is probably not conserved in other
mammals [32]. Recently, the MPZ gene (myelin protein zero, P0) has been found to give rise to
large myelin protein zero (L-MPZ) by TR [45]. L-MPZ has a 5 kDa higher molecular mass
than MPZ and can be induced by the aminoglycoside G418 [45]. The extension of L-MPZ is
conserved from frog to human and contains antigenic sites for neuropathy-associated antibod-
ies. Mutations in MPZ can cause Charcot-Marie-Tooth disease and Dejerine-Sottas disease
[46].

PhyloCSF, based on a genome alignment of 29 mammalian species, identified SACMIL,
OPRK1, OPRL1, and BRI3BP as potential human TR genes [32,47]. OPRK1 and OPRLI,
together with AQP4 and MAPKI0, have been experimentally confirmed [5]. Similarly, a screen
of 3'UTRs for conserved peptide sequences and an in-frame second stop codon in five mam-
malian transcriptomes revealed VEGFA, MTCH2, and AGO1 with experimental TR between
11% and 24% [48]. A search for translationally active 3’ regions in human foreskin fibroblasts
by ribosome profiling identified 42 possible TR events [36].

A genome-wide screen of 200,000 human Ensembl transcripts and application of the RTP
prediction algorithm led to the identification of 57 TR candidates based on their stop codon
environment. AQP4 and LDHB, for example, display 2.3% and 1.6% TR, respectively [4]. Both
contain the extended consensus for TR in mammals (UGA CUA G). This consensus is also
present in the malate dehydrogenase gene MDH]1, which shows TR of 3% to 4% [4,5]. Human
MDH]1 turns out to be the most robust TR gene, as it was detected and analyzed independently
in four recent studies [4,5,22,36].

It is an intriguing question whether TR is common, and affecting many transcripts in mam-
mals, as has been suggested for Drosophila [36]. We suggest that pervasive TR is less likely to
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be found in more complex organisms, because large genomes are under less pressure to maxi-
mize the coding potential of individual genes, and because complex organisms are less likely to
tolerate global up-regulation of TR in all tissues than unicellular species. Therefore, complex
organisms are less likely to reassign stop codons globally to special purposes.

Functional Translational Readthrough in Humans

FTR results in distinct cellular functions of parent and extended proteins. Up to now, FTR has
been found in three human genes: VEGFA, LDHB, and MDH 1, which will be discussed in the
following.

FTR of 7% to 25% appends an extension of 22 amino acids to the vascular endothelial
growth factor A (VEGFA), thereby, changing its function from proangiogenic to antiangio-
genic [48]. The amount of VEGFA in the cell is tightly regulated: A two-fold increase of
VEGFA is embryonically lethal, and reduced expression is found in high-grade colon adeno-
carcinomas [48]. The TR extension is conserved in mammals and ends with the same C-termi-
nal sequence (SLTRKD) that mediates antiangiogenic activity of the alternative splice variant
VEGFAD [49]. TR of VEGFAx (extended) does not depend on the nature of the stop codon
separating gene and extension; instead, it appears to depend on a 63 nucleotide segment down-
stream of the first stop codon. This cis-element does not encompass the stop codon or the
motif found for TR in humans. VEGFAx is the only example of cis-element-dependent and
stop codon-independent TR in mammals.

A genome-wide screening in Homo sapiens for TR in combination with functional peroxi-
somal targeting signals (PTS1) in the extension identified the lactate dehydrogenase subunit B
(LDHB). LDHB had by far the highest product score of readthrough propensity and PTS1
probability [4]. FTR of 1.5% to 5%, depending on cell type, appends an extension of seven
amino acids to LDHB. The extension contains a PTS1 in humans, and both the extension and
the hidden PTS1 are conserved in mammals. Endogenous LDHBx (TR-extended LDHB) local-
izes to peroxisomes in several cell lines and neonatal rat cardiomyocytes. Interestingly, LDHA,
the other subunit of LDH, can be imported into the peroxisome by piggyback import with the
LDHBx [4]. This also explains why LDHA, which does not exhibit TR and has no PTS1 in its
3'UTR, had been detected in peroxisomes [50,51]. At least 2% of the total LDH is located in
peroxisomes. Assuming that peroxisomes fill about 2% of the cell’s volume [52], the LDH con-
centration in peroxisomes equals or exceeds the cytosolic concentration. Peroxisomes are
involved in fatty acid oxidation reactions that lead to the production of reduced nicotinamide
adenine dinucleotide (NADH), but the peroxisomal membranes are impermeable to NAD*
and NADH. Thus, the presence of LDH in the cytosol and the peroxisome by FTR supports the
idea of a lactate/pyruvate shuttle across the peroxisomal membrane [50,53,54].

MDH]1, which is closely related to LDH and was also found by ribosome profiling, displays
a high level of combined TR and PTS1 probability [4,36]. MDHI1 was previously found in liver
peroxisomes by proteomics [51]. Both LDHB and MDH1 are mainly cytosolic proteins, and a
small percentage of them are sent to the peroxisome by FTR [55]. Thus, peroxisomal MDH1
may have a function similar to peroxisomal LDH.

mRNA Elements and Mechanisms that Stimulate Readthrough

TR is universally conserved in evolution, although the actual details may vary. TR can be medi-
ated by genetically separable—but not mutually exclusive—elements on the mRNA. On the
one hand, the SCC has a strong influence on TR. On the other hand, more distal sequences
that can form extensive structures in the mRNA might induce or modulate TR. SCCs and such
cis-elements that are often further downstream of the stop codon are likely associated with
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distinct mechanisms for the induction of TR. Both types are present in viruses and throughout
all phyla. For example, TR of the stop codon of gag gene of MuLV [56,57] depends on a combi-
nation of both context and distal elements located ~140 nucleotides downstream of the stop
codon [58].

In tobacco mosaic virus (TMV) the consensus CAR YYA [R = A/G, Y = C/U] following the
stop codon holds for SCC-dependent TR of all stop codons in plant cells [59]. The consensus
UAG CARNBA [R = A/G, N = any base, B = U/C/G] promotes TR>5% in yeast [2,29]. Also,
in mammalian translation systems, the stop codons differ in their termination efficiency with
UAA>UAG>UGA [3,60,61]. Position +4, the nucleotide following the stop codon, exerts a
dramatic influence on the stop fidelity with C most prone to readthrough [62], such that the
stop codon together with the position +4 is referred to as the ‘tetranucleotide’ [63]. In humans,
the consensus UGA CUA (G) was derived by feature selection from the coefficients of the
regression model (see Box 1). This consensus alone confers TR in the range of 4% [4,5], which
can be increased by cis-elements to up to 31% [5]. In contrast, TR of VEGFA is mediated only
by (one or several) cis-elements and is independent of the stop codon [48]. Remarkably, before
the identification of TR consensus by systems biology, the UGA CUA had been found to regu-
late the TR-dependent expression of the Sindbis virus (SINV) RNA polymerase nsP4 in mam-
malian hosts [8].

How is the stop codon translated in TR? In yeast, UAG and UAA are decoded as codons for
glutamine, lysine, and tyrosine, whereas tryptophan, arginine, and cysteine can be incorporated
at UGA stop codons [64]. In mammalian translation systems, tryptophan, arginine, cysteine,
and serine are incorporated at UGA stop codon [44]. Whether type or frequency of inserted

amino acid at the stop codon depends on SCC or pharmacological induction is discussed
controversially [64-66].

SCC-dependent TR is likely regulated directly at the ribosome, although few trans-factors
such as the eukaryotic initiation factor eIF3 [67,68] are known to affect TR. Possibly the SCC
can change the conformation of the terminating ribosome. Endogenous release factor and nc-
tRNA concentrations critically influence TR, but these are poorly studied.

Conclusion

The study of physiological TR and FTR is becoming an exciting research field in molecular
genetics and cell biology. There is presently no single path to the identification of FTR. By
exploiting the combined strengths of experimental and in silico methods, it will ultimately be
possible to uncover the complete set of gene products undergoing TR. However, not only the
identification of TR poses a challenge; the mechanism itself of basal, non-induced TR is not
well understood. Specifically, the newly identified human TR stop context UGA CUA (G)
[4,5,22] calls for functional and structural studies of the ribosome: How, mechanistically, can
TR rates of UGA stop codons be increased from below 0.1% to more than 10% by the mere
addition of a CUA codon downstream of the stop codon?

Baseline levels of TR affect many genes and may provide the organism with the means to
adapt faster to stressful conditions. In contrast, the TR consensus affects only few genes and
leads to higher levels of TR, thus paving the way for the evolution of a new type of gene regula-
tion that diverts a relatively constant yet low quantity to new cellular functions. FTR allows the
testing of new protein functions and subcellular localizations at low evolutionary cost, because
the function and localization of the parent protein are not altered and the parent protein’s
expression levels are hardly compromised.
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