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Abstract

The p53 family of proteins evolved from a common ancestor into three separate genes encoding proteins that act as transcription factors with
distinct cellular roles. Isoforms of each member that lack specific regions or domains are suggested to result from alternative transcription start
sites, alternative splicing or alternative translation initiation, and have the potential to exponentially increase the functional repertoire of each
gene. However, evidence supporting the presence of individual protein variants at functional levels is often limited and is inferred by mRNA
detection using highly sensitive amplification techniques. We provide a critical appraisal of the current evidence for the origins, expression,
functions and regulation of p53-family isoforms. We conclude that despite the wealth of publications, several putative isoforms remain poorly
established. Future research with improved technical approaches and the generation of isoform-specific protein detection reagents is required
to establish the physiological relevance of p53-family isoforms in health and disease. In addition, our analyses suggest that p53-family variants

evolved partly through convergent rather than divergent evolution from the ancestral gene.
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Introduction

The members of the p53 protein family of transcription fac-
tors are encoded by three evolutionarily related genes: TP53,
TP63 and TP73. Each gene is proposed to produce a num-
ber of different isoforms, employing different promoters, dif-
ferential exon—exon splicing and/or alternative initiation of
translation. The production of protein variants lacking certain
domains and able to form hetero- and homo-oligomers pro-

vides a powerful example of how the functional repertoire of
a gene can be increased exponentially. In general, p53-family
isoforms can be categorized from four aspects: mechanisms
generating isoforms, alteration of functional domains, regula-
tion of isoform expression and biological function.
Alternative splicing is a major mechanism for producing
protein isoforms. It has been estimated that more than 90% of
human genes undergo alternative splicing, with the less abun-
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dant variants representing 15% or more of the total tran-
scripts for that gene in 80% (1,2). Remarkably, the number
of alternatively spliced transcripts is estimated to be 10-fold
higher than the number of transcribed genes, particularly in
tumours and rapidly growing cell lines. However, the role of
alternative splicing as the major driver of proteome complex-
ity is questionable (3). Within the alternative splicing land-
scape, it must be borne in mind that transcripts present at low
levels may arise from altered RNA polymerase fidelity com-
bined with imprecise transcription initiation and faulty splic-
ing machinery, rather than representing carefully controlled
processes. RNA polymerase Il may initiate at minor transcrip-
tional start sites in 95% of cases (4) and the splicing machinery
has error rates estimated as 0.7 % per intron—exon junction (35)
to > 1 mistake per 10° splicing events (6). Thus, 90% or more
alternative transcripts derived from moderately abundant mR-
NAs may be due to errors (4,7). Moreover, definitive experi-
mental evidence is lacking for up to 95% of curated function-
ally distinct splice isoforms, and only 13% have moderate lev-
els of evidence for their existence (8). On the other hand, re-
cent in-depth proteomics have confirmed the presence of most
proteins produced from frame-preserving alternative splicing
(9), and such approaches will lead to a clearer picture of the
extant proteome derived from alternative transcripts in the fu-
ture. Thus, although widely accepted, the functional authen-
ticity of many predicted alternative transcripts remains con-
tentious, particularly for low abundance variants expressed in
combination with high levels of the major product. Of partic-
ular relevance for p53-family isoforms, studies often employ
highly sensitive amplification methods that are able to detect
a single mRNA molecule of an individual isoform within an
entire sample, increasing the risk of detecting transcripts re-
sulting from errors rather than identifying physiologically rel-
evant isoforms. It should also be kept in mind that population-
level nucleic acid-based studies provide average mRNA levels,
hiding intercellular variations linked to tissue and cell hetero-
geneity. Moreover, they do not perform well for low-abundant
targets that include transcription factors, nor for identifying
alternative splicing events (10). These two aspects can, to some
extent, be tackled by single-cell RNA-sequencing (scRNA-seq)
approaches, keeping in mind that scRNA-seq studies gener-
ally do not report isoform levels and can be inaccurate due to
short read lengths and numbers of low-abundant transcripts.
In this respect, although not as sensitive as polymerase chain
reaction (PCR)-based methods, Northern blotting is an ideal
method for identifying and directly quantifying the relative
levels of mRNA isoforms, but is rarely, if ever, performed these
days.

A second general mechanism for producing protein variants
is the use of alternative promoters for transcription initiation.
Even though it remains controversial, there is good evidence
that alternative transcription start and termination sites are re-
sponsible for generating most isoforms in human tissues (11).
In particular, promoter usage often dictates the presence or
absence of initiating AUG codons in the 5’ regions of vari-
ant mRNAs, leading to different N-terminal sequences in the
translated protein product. Importantly, the decision of which
promoter is employed is dependent on the presence/absence
of specific transcription factors and epigenetic marks such as
histone acetylation and DNA methylation, providing simple
mechanisms to control which promoter is used in any given
cell at any given time. Thus, alternative promoter usage is
tightly regulated during cell state transitions and mammalian
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cell development (12-15), and can itself affect downstream
splicing and 3’ end selection (4,16).

A third mechanism to generate protein isoforms is alterna-
tive initiation of mRNA translation (17,18). Unlike alternative
transcripts, which are easily detected through mRINA sequenc-
ing or reverse transcriptase-PCR (RT-PCR)-based techniques,
alternative translation initiation products are derived from the
same transcript and therefore require detection at the protein
level. Thus, strategies for their identification are based mainly
on protein size differences combined with the use of antibod-
ies that recognize epitopes shared and not shared among the
variants. Such approaches rely on the availability of antibodies
with known epitopes in the N-terminus and elsewhere, which
are not always available (or the precise epitopes of commer-
cial antibodies are not provided). In addition, apparent molec-
ular weight in gel electrophoresis changes according to post-
translational modifications (PTMs) and proteolysis, making
it a non-trivial task to definitively identify alternative transla-
tion products derived from the non-canonical AUG. Mutage-
nesis approaches directed to putative AUG initiation codons
to eliminate one isoform can be used to determine whether
mRNAs are subject to alternative initiation, but this is only
easily implemented for expression of cDNA constructs in cell
lines. However, non-AUG codons may initiate translation. For
example, CUG-mediated initiation upstream of the canonical
annotated AUG translation start site generates a longer c-Myc
variant protein (18). As more studies demonstrate alternative
translation initiation as a source of protein isoforms under
different cellular conditions, their contribution to protein di-
versity will become better known.

A fourth general mechanism for producing protein variants
is through proteolytic cleavage of precursor proteins. There
are many such examples, including protease activation of hor-
mones and receptors [reviewed in (19,20)], but there is little
evidence that regulated proteolytic cleavage is a source for
p53-family isoforms and this mechanism will therefore not be
discussed further.

In the following sections, we discuss the evidence for the
presence of isoforms produced from each of the three p53-
family genes, including their relative levels and the mecha-
nism(s) involved in their production and regulation, as well
as their functions. We also provide suggestions for method-
ological approaches to improve the confidence for their poten-
tial biological relevance. Despite concentrating on the func-
tions and relevance of the encoded protein variants, we rec-
ognize that mRNAs may exert non-coding functions as scaf-
folding entities for RNA binding proteins (21-24), and that
aggregation (25-27) may potentiate p53-family isoform ef-
fects, although this propensity has been questioned recently
(28). These are areas that will require further investigation.
Whilst we focus here on the p53-family, these considerations
are equally valid for investigating all purported gene/protein
variants. Given the vast literature on p53-family isoforms, it is
not possible to include all of the original articles and we apol-
ogize to authors that are not cited due to space constraints.

TP63

Discovered almost 20 years after pS3, the TP63 gene is the an-
cestral member of the family from which p73 and p53 subse-
quently evolved by gene duplication events (29,30). TP63 was
first identified as a cDNA sequence from rat tongue epithelium
with extensive homology to TP53 (31), and was further char-
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acterized and named a year later (32). It was realized at that
early time that TP63 produces multiple mRNA and protein
isoforms, using alternative promoters to produce N-terminal
variants (TAp63 and ANp63) and alternative splicing to pro-
duce C-terminal protein isoforms («, B and 7). Since then,
additional C-terminal variants have been described, each of
which may theoretically be present as TAp63 or ANp63 forms
(Figure 1). Indeed, up to 12 protein isoforms are currently
listed in Uniprot (https://www.uniprot.org/; Q9H3D4) and 14
transcripts in Ensembl (https://www.ensembl.org/index.html
Gene: TP63 ENSG00000073282).

It is important to note from the start that there is not even
a single transcript to support two of these putative isoforms
(Transcript Support Level 5) and that the evidence for one
other isoform is limited to a single EST (Transcript Support
Level 3) in Ensembl (Supplementary Table S1). However, de-
spite the relative lack of evidence supporting some isoforms,
these transcripts and their predicted proteins are presented
and annotated in respected authoritative gene collections, sug-
gesting their functional reality and importance.

Alternative splicing of TP63

Up to five p63 isoforms are proposed to arise from alternative
splicing of TP63 3’ exons (designated «, f, v, § and ¢), each
of which may theoretically exist as either TAp63 or ANp63
protein variants (Figure 1 and Supplementary Table S1). Pre-
vious studies indicated that TP63a mRNA forms (TAP63«a
and ANP63a) predominate in normal tissues and tumours,
and other isoforms represent only a fraction of the over-
all TP63 mRNA (33-35). We analysed exon—-exon junction
reads that define the 3’ splice variants using the current
RNA-seq data in the Genotype-Tissue Expression (GTEx)
project portal containing multiple samples of normal adult
human tissues (GTEx Analysis Release V8, dbGaP Accession
phs000424.v8.p2 accessed on 01/02/24 and 10/08/24) (36).
This analysis confirms that TP63e mRNA is the most com-
mon 3’ variant, with the exception of muscle, where TP63y
is seen along with TP63a (Figure 2A). TP63p is present at
about 20% or lower total TP63 mRNA levels in some tis-
sues, with TP63« accounting for the remainder. Apart from
muscle, TP63y represents < 1% of total TP63 mRNA levels
(and only in the oesophagus and skin). No tissue shows lev-
els of TP638 above 1% of total TP63 mRNA, and there is
no evidence for the existence of TP63¢ mRNA in any normal
adult human tissue. Similar results are seen using RNA-seq
in a range of cancer cells, showing TP63¢ mRNA to be the
predominant form in all samples, with much lower levels of
TP63B or TP63y occasionally detected and no evidence for
TP638 or TP63s (35,37).

These data contrast with studies showing the presence of
3 alternatively spliced isoforms, often reported to show al-
tered levels in tumours compared to normal tissue counter-
part controls. This apparent discrepancy can be explained by
the use of assays that target a specific TP63 mRNA splice
variant, often involving multiple cycles and/or nested PCR,
sometimes followed by Southern blotting to detect the ampli-
fied product [e.g. (38)]. Although this has been, and continues
to be, a common approach for investigating TP63, TP53 and
TP73 mRNA isoforms, these PCR-based techniques are hyper-
sensitive and, in consequence, capable of identifying just a few
mRNA molecules within the sample analysed. In addition, re-

sults are presented as fold-change in the individual isoform,
not as total amount of isoform compared to total amount of
TP63 mRNA. Therefore, such techniques do not indicate the
functional importance of an individual isoform in tumouri-
genesis, particularly if the mRNA variant is swamped by far
higher levels of another isoform. It must also be remembered
that a low level of a particular mRNA isoform may be due
to either a low number of transcripts in each cell (unlikely to
have biological relevance and possibly due to erroneous rather
than regulated splicing), or may indicate that only a small pop-
ulation of cells transcribe that specific mRNA isoform (likely
to have functional effects and suggesting specific regulation).
Thus, spatial single cell determination is critical for evaluating
isoforms.

Alternative promoters in TP63

In contrast to the weak evidence for some proposed alternative
splicing of 3’ exons, there is overwhelming data to support the
two N-terminal p63 variants, TAp63 and ANp63, that are
derived from alternative promoters and contain distinct N-
terminal amino acid sequences (Figure 1 and Supplementary
Table S1). The TAP63 and ANP63 5" mRNAs show robust
levels by standard RT-qPCR, RNA-seq and scRNA-seq, and
are expressed in cell-type dependent manners (Figure 2B).

There is no evidence for alternative initiation of translation
as a mechanism for producing p63 protein variants, unlike
pS53 and p73 (see below).

Evidence for p63 isoform proteins

The use of pan-p63 antibodies (that recognize all variants
equally) has identified endogenous proteins in normal and tu-
mour cells with sizes that correspond to TAp63x or ANp63«
proteins produced by in vitro translation or cell transfection
with TAP63a or ANP63«a coding sequences. These proteins
also show differential expression in different cells/tissues that
corresponds with mRNA data (32,35). Polyclonal and mon-
oclonal antibodies have also been produced to the unique
TAp63 and ANp63 peptide sequences and these confirm cell-
and tissue-dependent N-terminal p63 isoforms by Western
blotting and at the single-cell level using immunohistochem-
istry (Figure 3) (35,39-41). An important side issue in detect-
ing p53-family protein isoforms is antibody cross-reactivity,
where many pan-p63 antibodies also identify p73 and/or
pS3 (40), and many p73 antibodies similarly show cross-
reaction with p63 and/or show non-specific protein binding
(42). Given that isoforms in the p53-family show overlap-
ping molecular sizes, the use of pan-p63 or pan-p73 antibod-
ies may therefore identify a different family member rather
than a different isoform. For these reasons, antibodies to p53-
family proteins require rigorous characterization to demon-
strate specificity, including precise epitope mapping and direct
assessment of cross-reactivity with other members of the fam-
ily. Although this has been achieved for a minority of reagents
(40,42), such extensive characterization is not available for
commercial antibodies used in the majority of studies.

To date, there are no antibodies available to p63 C-terminal
variant proteins other than p63« (35,41), which calls for the
development of new tools to assess the expression patterns of
these other protein variants.

¥202 1890100 GZ U0 Jasn eolgnday e| ap AlUN AQ £62228./55898YB/1BU/SE0 L 0 | /I0p/a0Ie-aouBApE/IeU/WwOoD dnoolwapeoe//:sdy Woll papeojuMO(


https://www.uniprot.org/;
https://www.ensembl.org/index.html
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae855#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae855#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae855#supplementary-data

P1 P2
o fe

¢

™, \
bt |

Nucleic Acids Research, 2024

19« Blloflx 8 2ol@hishdeisizvqeind o v 10 [olh-JicE ool b il

\,

\, A 7

Isoforms detected in normal tissues and cancer samples and/or cell lines.

TApB3a NCYEN  PRD
ANp63a

g

OD TA2 [FISAM imiDI
OD TA2 [WISAMI DN

Isoforms not yet detected from endogenous sources.

TAp63p
TAp63y
TAp635
TApB3e
ANpE3p
ANp63y
ANp635
ANp63e

888838383
EEEEEEEE

oD | TA2
oD
oD
oD
oD | TA2
oD
oD
oD

Figure 1. p63 protein isoforms. (Top) Gene architecture of the human TP63 locus. Boxes represent exons and DNA cartoon represents introns. Exons
are numbered according to canonical annotation and cryptic exons are named 3’, 10" and 10”". Promoters P1 and P2 driving production of TAp63 and
ANpB3, respectively, are represented by arrows. Translation initiation codons (ATG) are indicated with arrowheads. Splicing patterns are signalled by
dashed lines that connect the regions involved. Dashed lines at the 5" end (on the left) refer to splicing resulting from alternative promoter usage. For 3’
variants (on the right), top dashed lines are canonical (« variants) while bottom are alternative splicing patterns ([3, y, 6 and ¢). Shaded areas denote
nucleotide sequences that correspond to different protein domains presented on the panel below. (Bottom) Putative p63 protein isoforms listed
according to detection confidence from endogenous sources and showing the domains present. TA1 and TA2: transactivation domain. PRD, proline-rich
domain; DBD, DNA-binding domain; OD, oligomerization domain; SAM, sterile alpha motif domain; TID, transactivation inhibitory domain. The unique
peptides are shown for y and ¢. Sizes of exons and protein domains are to scale. Protein isoforms are grouped according to the evidence for their

expression.

Regulation of p63 isoform mRNAs and protein
activities
If different protein isoforms are produced to achieve specific
functions, it follows that the levels of each isoform should
be tightly regulated. Thus, the ability to influence the levels
and activities of each isoform in different cell types and/or
under different circumstances is important evidence for phys-
iological relevance. For p63, cell-type specific expression of
N-terminal variants is clear (Figures 2 and 3), as is their func-
tional relevance, with TAp63 derived from P1 exhibiting p53-
like properties and being an essential component of germ
cell apoptosis by post-translational activation after genotoxic
stress (43). In contrast, ANp63, derived from P2, is a lineage
determinant factor for epithelial cells, involved in stem cell
maintenance, growth and survival, and is overexpressed in
specific cancers, sometimes associated with gene amplification
(44-46).

The two TP63 gene promoter sequences contain binding
sites for different transcription factors, providing a simple

method for controlling individual promoter activity depend-
ing on the presence or absence of these transcription factors
in different cell types and/or under different conditions [re-
viewed in (44)]. DNA methylation has also been shown to
differ at the two promoter regions in different cell types, and
the degree of methylation inversely associates with the level of
transcription from each promoter (47). In addition, numerous
growth factors and signalling pathways increase or repress N-
terminal TP63 isoform mRNA and protein levels, including
effects on mRNA translation and protein stability (44,47,48).
p63 levels are also regulated by ubiquitin-mediated degrada-
tion pathways (44,49). Hence, the mechanisms for controlling
N-terminal p63 isoforms are well-established and the com-
plexity of regulatory factors is in keeping with the requirement
for tight control of these two distinct isoform types.

In contrast, there is no firm evidence for controlled alter-
native splicing of 3’ exons, although the presence of high lev-
els of TP63y mRNA in muscle but not in other cells (Figure
2A) suggests cell-type-specific control of this splicing event.
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Figure 2. The distribution of TP63 transcripts in human tissues. (A) Proportions of alternatively spliced TP63 mRNAs. Numbers inside the circles refer to
the average number of reads for each tissue, and the shading of the circles represent the percentage of reads across 3’ exon—exon junctions that define
the alternative splicing event. Data are normalized according to the number of reads of non-spliced exon—-exon junctions using the approach described in
(33). (B) Proportions of TAP63 and ANP63 mRNAs derived from alternative promoter usage. Note that absolute levels vary considerably among tissues.

Data are taken from GTEx. Esoph., esophagus; EBV* lym., Epstein—Barr virus-positive lymphocytes; skin-nexp., skin not exposed to sun; skin-sexp., skin

exposed to sun.

In addition, ANp63p protein levels are lower than ANp63«
in cells transfected with these isoform ¢cDNAs (50,51), sug-
gesting different rates of protein synthesis or stability. There
is also evidence that p63f and p63y have higher transactiva-
tion properties than p63« due to their lack of the p63wx in-
hibitory domain (50,51), making it difficult to ascertain the
importance of these isoforms.

In summary, there is good evidence for the sources and
functions of TAp63 and ANp63 in normal tissues and tu-
mour cells, and their mechanisms of regulation are at least
partly known. For the proposed C-terminal mRNA variants,
TP63« is the predominant isoform in all normal tissues and
tumour cells examined, except for TP63y in striated mus-
cle, which expresses TAP63 but not ANP63 mRNA. TP638
mRNA is detected at low-moderate levels alongside TP63«
in epithelial tissues and tumours that express ANP63 mRNA,
and in lymphocytes that express TAP63. Thus, TAp63« and
ANp63« are supported at the mRNA and protein levels, while
ANp63B, TAp63B and TAp63y are supported at only the
mRNA level. Robust evidence is lacking for ANp63y, and for
p638 or p63¢ as either ANp63 or TAp63 forms.

TP53

TP53 (TrpS3 in mouse) is one of the most highly studied genes
in the human genome (52). Its product, p53, is a pivotal tu-
mour suppressor whose activity is disrupted by mutation in
more than one-third of all human cancers according to the
Catalogue Of Somatic Mutations In Cancer (53). The human
TP53 gene is located on chromosome 17p13 and contains
11 canonical exons. The N-terminal region of the full-length
canonical protein (also known as TApS53 or p53« but here
termed pS53 for simplicity) harbours the transactivation do-
mains (TA1 and TA2) and the highly conserved Box I domain
to which the E3 ubiquitin ligase MDM2 binds. TA1 and TA2

are followed by a proline-rich region (PRR) and the DNA-
binding domain (DBD), the latter containing the majority of
cancer-associated mutations. Further towards the C-terminus
are the oligomerization domain (OD) and regulatory domains
(Figure 4).

P53 constitutes a crucial hub that controls cellular home-
ostasis and contributes to the resolution of endogenous and
exogenous stresses, including DNA damage, oncogene acti-
vation, ribosomal stress and hypoxia. To achieve the appro-
priate response, among which DNA repair, growth arrest,
apoptosis and senescence are the most iconic, p53 has mul-
tifaceted and carefully controlled activities [reviewed in (54—
56)]. How p53 integrates cellular signals to trigger such a di-
verse set of outputs relies on the combination of two main
characteristics; (i) a diverse pattern of PTMs and (ii) a large
interactome (controlled through distinct PTM patterns) with
other proteins and with DNA and RNA (55,57,58). The pro-
posed existence of p53 isoforms adds to the potential com-
plexity through which p53 response pathways may be con-
trolled. Twelve putative protein isoforms have been inferred
(59) (Figure 4), and nine of these are currently listed in Uniprot
(https://www.uniprot.org/; P04637). However, several tran-
scripts listed in Ensembl (Gene: TP53 ENSG00000141510)
have low transcript support levels, suggesting that the number
of authentic variant mRNAs is lower than the predicted figure
(Supplementary Table S2). Three mechanisms are reported to
produce p53 protein isoforms: alternative promoters, alterna-
tive splicing and alternative translation initiation (Figure 4).

Alternative splicing of TP53

As with TP63, alternative splicing of 3’ exons in TP53 mRNA
is reported to result in mRNA isoforms that encode proteins
with different C-terminal sequences (o, 8 and y) (59,61) (Fig-
ure 4). The TP53« transcript arises when exons 9 and 10 are
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Lymph node Ovary Cervix Vagina

Figure 3. Distribution of TAp63 and ANp63 protein isoforms in normal human tissues. Paraffin sections (4 um) of the indicated normal human tissues
were immunostained for ANp63 (mouse monoclonal ANp63-1.1) or TAp63 (mouse monoclonal TAp63-4.1) (40). Antibody binding was detected using
peroxidase polymer-conjugated anti-mouse immunoglobulin and 3,3'-diaminobenzidine (DAB, brown) as chromogen. Nuclei were counterstained with

haematoxylin (blue).

spliced together, and this is the most abundant transcript de-
tected in all normal adult human tissues catalogued in GTEx
(Figure 5A). Retention of cryptic exons 93 and 9y within in-
tron 9 gives rise to TP538 and TP53y mRNAs that produce
proteins with unique 10 (DQTSFQKENC) and 15 (MLLDLR-
WCYFLINSS) amino acid C-terminal sequences, respectively.
TP53B mRNA is detected in 16 of the 54 normal adult tissues
in GTEx, but with at least 20-fold less abundance than TP53«
mRNA (Figure 5A) and the exon 9-9y junction that defines
TP53y is not observed in GTEx. However, these data remain
incomplete and specific cellular conditions not currently in-
cluded may affect the relative expression of different TP53
transcripts in specific cells or tissues. On the other hand, sim-
ilar to cancer-associated TP53 nonsense or frame-shift mu-
tations that would produce truncated proteins, there is good
evidence that these mRNAs are rapidly degraded through
nonsense-mediated RNA decay (62,63).

Alternative splicing was also reported to occur within the
5’ region of TP53, where retention of intron 2 produces a
transcript containing three stop codons in frame with the
first AUG from which translation of full-length p53 begins
(64,65) (Figure 4). However, there is no evidence for intron 2-
retaining transcripts in GTEx. In the original study, the main
TP53 transcript was detected after 20 PCR cycles, whereas the
5 spliced variant required 40 cycles (65). Assuming that the
primers used to detect the two transcripts have similar prop-
erties, this alternative transcript would be 22°-fold (10°) less
abundant than the canonically spliced TP53 mRNA, question-
ing whether this would be sufficient to influence p53 activity.

It has also been shown that p53 mutations may alter p53
isoform levels: most TP53 alternative splicing events associate
with p53 frame-shift mutations (68) and transfection of com-
mon mis-sense mutant p53 increased the level of A160p53

(see below) (69), although this still represented only 10% of
total p53 in transfected cells and much less in cancer cells
that endogenously express the same mutation. Importantly, al-
though TP53 mRNA is detected robustly in cancer cells using
RNA-seq, alternatively spliced TP53 mRNAs are not detected
without using PCR amplification (25). Similarly, isoform mR-
NAs represent only a small proportion of total TP53 mRNA
in tumour samples in TCGA and in cancer cell lines in the
cancer cell line encyclopaedia (68).

Regardless of giving rise to biologically significant levels
of protein in normal tissues or not, the levels of TP538 and
TP53y transcripts are reported to increase in some cancers,
and may act as prognostic markers associated with thera-
peutic response and/or prognosis [reviewed in (27,70,71)].
Equally important to the issue of p53 isoforms and prognosis
is to consider whether the relationship is causal or simply cor-
relative, an often understudied issue in cancer research (72).
Given that cancers show aberrant splicing of thousands of
transcripts (73) that associate with tumour biology and ther-
apeutic response (74), the clinical associations of TP53 iso-
form mRNA changes are equally compatible with isoforms
representing a non-specific marker of global splicing aberra-
tion rates in a tumour, rather than indicating a functional ef-
fect of the particular TP53 isoform. Strategies to address this
question are discussed in the final sections of this review. In
addition, showing a causal relationship of p53 isoforms with
prognosis/therapy response will require at least demonstra-
tion of necessity and sufficiency (72).

Alternative promoters in TP53

The canonical TP53 promoter (P1) lies within the non-coding
exon 1 and generates transcripts to produce the complete N-
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Figure 4. p53 protein isoforms.(Top) Gene architecture of the human TP53 locus. Boxes represent canonical and alternative exons and DNA cartoon
represents introns. Exons are numbered according to canonical annotation and cryptic exons are named 2i, 93 and 9y. Promoters P1 and P2 are
represented by arrows and translation initiation codons (ATG) by arrowheads along with the position on the coding sequence of full-length p53. Splicing
patterns are annotated by dashed lines that connect the regions involved. Top are canonical while bottom are alternative splicing patterns. Shaded areas
denote nucleotide sequences that correspond to different protein domains presented on the panel below. (Bottom) Putative p53 isoforms listed
according to detection confidence from endogenous sources and showing the domains present. TA1 and TA2: transactivation domain. PRR, proline-rich
region; DBD, DNA-binding domain; HD, hinge domain; OD, oligomerization domain; C-t, regulatory C-terminal domain. The unique peptide sequences
are shown for 93 and 9. Sizes of exons and protein domains are to scale, except for exon 11 and (3 and -y peptides. Protein isoforms are grouped
according to the evidence supporting their expression from endogenous sources in different cell types and their regulation. *Endogenous expression of
p53y was inferred once in cancer cell lines under conditions affecting the activity of splicing factors, and with a complex detection approach based on
specific siRNAs to alter the expression pattern of p53 isoforms combined with three Western blotting experiments: presence of signal at an expected
position (~47-48 KDa) using antibodies recognizing several p53 isoforms and absence of signal using both N-terminal and 3-specific antibodies to
discard p53/47 (A40p53 ) and p533, respectively (60).

terminal region of p53. These transcripts have the potential
to drive the synthesis of four N-terminal variants through al-
ternative translation initiation, as described in the next para-
graph (75,76). In light of previous knowledge regarding TP63
gene architecture and the presence of two independent pro-
moters, a second promoter was searched for in TP53. Indeed,
transcripts derived from a putative promoter located in intron
4 (analogous to exon 3’ of TP63) were detected using highly

sensitive nested PCR (70 cycles, approximately 10*°-fold am-
plification) (77) (Figure 4). The mRNA derived from this pro-
moter contains two in frame AUG codons at +396 and +495 in
exon 5 (positions refer to the full-length p53 coding sequence)
that drive translation initiation of two N-terminal isoforms,
A133p53 and A160p53 (see below for details) (77,78). It is
not clear from GTEx data that the P2 transcript is expressed
in normal adult human tissues.
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Figure 5. TP53 transcripts in human tissues and their relative polysome distribution. (A) Levels of alternatively spliced C-terminal TP53 mRNAs.
Numbers inside the circles refer to the average number of reads for each tissue, and the shading of the circles represent the percentage of reads across
3’ exon—exon junctions that define the alternative splicing event. Data are normalized according to the number of reads of non-alternatively spliced
exon—exon junctions using the approach described in (33). The tissues shown are those for which more than one mRNA variant is present. Tissues not
shown contain only TP53¢ mRNA. Data are taken from GTEx. adi. sub., adipose-subcutaneous; adi. vis., adipose-visceral; col. tra., colon-transverse;
EBV* lym., Epstein—Barr virus-positive lymphocytes; esoph., esophagus; fallop. tube, fallopian tube; kid. med., kidney-medulla; sal. min., salivary
gland-minor; si. ter., small intestine-terminal ileum; skin-nexp., skin not exposed to sun; skin-sexp., skin exposed to sun. (B) Quantification of TP53
mRNAs associated with ribosomal fractions (ribosome profiling) of HEK293 cells. Translation was halted with cycloheximide, cell extracts were
generated and ribosomal fractions were isolated according to their sedimentation index on a continuous 10-560% sucrose gradient. Total RNA was
precipitated, purified and used to create a library by polyA capture and reverse transcription (66,67). Samples were sequenced using lllumina PE150
technology. The figure shows a schematic representation of polysome fractionation (top) and the relative quantification of P7 versus P2 and o versus 3
TP53 mRNAs (bottom). Concentration of ribosomal fractions was monitored by absorbance at 254 nm.

Alternative initiation of translation

Initiation of translation at +1 of the P1 TP53 mRNA gives
rise to canonical p53, whilst initiation at +118 produces the
p47 isoform (also known as A40p53«) that lacks the first 39
amino acids, including TA1 and Box-I (79,80) (Figure 4). Sim-
ilarly, translation initiation at the first or second AUG in exon
5 of the P2 transcript (AUG codons at +396 and +495) would
give rise to A133p53 and A160pS3 isoforms (77,78) (Figure
4). These P2-derived proteins lack TA1, TA2, Box-I, the PRR
and part of the DBD. Notably, the two AUGs in exon 5 are also
present in the P1 transcript and, considering the seemingly low
levels of mRNA derived from P2, it will be important to know
if these protein isoforms arise from the full-length transcript.
In theory, 3’ alternative variants could occur in the longer and
shorter N-terminal isoforms (Figure 4).

Evidence for p53 protein isoforms

The detection of proteins originating from different TP53
transcripts and translation initiation sites is not well estab-
lished. There are many well-characterized antibodies to p53
with known epitopes (81,82) that can be used in combination
to detect the presence or absence of specific p53 domains by
Western blotting, and bands can be putatively assigned as spe-
cific isoforms by their relative size in comparison to overex-
pressed recombinant p53 isoforms. Some polyclonal reagents
have been produced against specific isoforms, but show ques-

tionable reactivity and results that do not correlate with
mRNA analyses (83,84), which in any case should be con-
sidered with caution due to the abundant post-transcriptional
control observed for p53 [reviewed in (55,85-88)]. Therefore,
improved reagents including mono-specific antibodies to indi-
vidual p53 isoforms will be required to identify p53 protein
isoforms definitively.

An indirect approach to estimate which transcripts give rise
to proteins is the detection of mRNAs present on isolated ma-
ture ribosomes (heavy polysomes). Conversely, mRNAs asso-
ciated with free ribosomes (light fractions) are not translated
with high efficiency (89,90). As an example, in a pilot exper-
iment, we found that 98% of TP53 P1 transcripts in prolif-
erating HEK293 cells are located in heavy polysomes (i.e. ac-
tive protein synthesis fraction), whereas transcripts from the
TP53 P2 promoter are found mainly in fractions containing
free ribosomal subunits. Combined with the relative paucity
of P2-derived transcripts, their lack of accumulation in heavy
polysomes indicates that they are not only rare, but also less
actively translated. Similarly, the level of TP538 transcripts
associated with heavy polysome fractions is less than 1%,
while TP53y mRNAs are absent from these actively trans-
lating fractions (Figure 5B). These observations together with
GTEx data suggest that mRNAs coding for C-terminal p53
variants are relatively minor forms and appear to be less ac-
tively translated compared to TP53«. We stress that this ex-
ample is from only one cell line under normal growth condi-

¥202 1890100 GZ U0 Jasn eolgnday e| ap AlUN AQ £62228./55898YB/1BU/SE0 L 0 | /I0p/a0Ie-aouBApE/IeU/WwOoD dnoolwapeoe//:sdy Woll papeojuMO(



Nucleic Acids Research, 2024

tions and there may be differences in the translation of tran-
scripts depending on cell type and conditions.

The alternatively initiated p47 isoform (A40pS53«) was
the first p53 isoform detected in non-transformed and can-
cer cell lines from diverse origins (79,80). Because this iso-
form does not contain unique amino acids at the N-terminus,
p47 isoform-specific antibodies are difficult to produce and
the only polyclonal antibody raised so far (ACMDD) also
cross-reacts with full-length p53 (91). Despite the lack of p47-
specific reagents, Western blotting with an antibody exclusion
approach suggested that p47 is synthesized in primary hu-
man neural progenitor and pluripotent embryonic stem cells,
as well as glioblastoma (92,93).

Detection of alternatively initiated A133p53 and A160p53
face similar difficulties. A polyclonal serum (MAP4) raised
against the free N-terminus of A133p53 detects A133p53«
following expression of a ¢DNA lacking the first 132
codons of p53 (94). A protein with a size corresponding to
A133p53w is reported in some human tissues and primary
cultures, in cancer samples and cell lines (78,94-100). More-
over, A133p53« has been suggested to be accompanied by
A160pS53c in some cancer cell lines, but this isoform has
not yet been detected in normal tissues or cancer samples
(78,96,100).

Proteins from translation of the cryptic exon 9f-retaining
transcripts can be detected using polyclonal sera (KJC8 and
TLQA40) raised against the unique C-terminal peptide se-
quence. These antibodies detect a protein corresponding to the
size of p53p in cell lines (77,101-103), normal human tissues,
primary cultures (94,98) and cancer samples (94,97,103). The
other putative B forms derived from P1 and P2 transcripts
are suggested to be produced only in cell lines (77,78,94,103).
However, due to the lack of specificity of the polyclonal anti-
bodies, which recognize numerous bands by Western blotting,
and the similar apparent size of some p53 isoforms and the
low frequency of P2 transcripts, it is difficult to assign indi-
vidual bands definitively to specific variants.

In line with the lack of TP53y mRNAs in GTEx, there is lit-
tle evidence for proteins derived from these transcripts. How-
ever, interfering with mRNA splicing in cultured cells showed
increased detection of a band of the approximate size of p53y
(47-48 kDa) using monoclonal and polyclonal p53 antibod-
ies that recognize different epitopes within p53 (60). Again,
this is not conclusive evidence but may instead represent dif-
ferential p53 modification/proteolysis under the experimental
conditions tested. On the other hand, that splicing inhibition
induces TP53y supports the notion that this alternative splice
variant in cancer (27,70,71) may occur due to low splicing
fidelity in tumour cells.

Regulation and function of TP53 isoforms

Considering the importance of p53 in controlling cellular
functions, transcription of p53 isoforms is expected to be
tightly regulated, but there is little information on cellular
conditions and molecular mechanisms that control p53 iso-
form expression. Evidence for mechanisms that control the
choice of promoter usage or that regulate alternative splicing
of TP53 mRNAs is sparse. Reciprocal changes in A133TP53«
and TP538 transcripts have been linked to fibroblast passage
number and other senescence conditions, but the mechanisms
are not known (94,97-99). Alternative promoter usage dur-

ing senescence may be regulated by epigenetic changes, and
one study reported non-random demethylation events within
TP53 exon 5 during continued cell passage, with a similar
pattern in adult compared to embryonic mouse tissues (104).
However, this methylation profile does not affect transcrip-
tion from P1 and P2, since their induction rate was similar in
passaged and control cells (104). There are no reports of se-
lective induction or repression of P2 over its P1 counterpart,
which appears contradictory to the suggested downregulation
of P2 promoter-encoded A133p53« reported to affect the on-
set of senescence in both cancer cell lines and primary cultures
(78,94-100). However, as for the p47 isoform derived from
the main TP53 transcript (80,105-108), post-transcriptional
regulatory mechanisms may control A133p53« protein syn-
thesis via alternative initiation of translation, although there
is no direct evidence for this.

A133p53w lacks the N-terminal TA domains but retains
the OD, and it is possible that the replicative phenotype de-
scribed above depends on interactions with p53 (and see be-
low for p47). Whilst the levels of A133p53« are orders of
magnitude lower than full-length p53, N-terminal truncated
variants may be expressed preferentially in individual cells to
control replicative cellular states and senescence. Thus, inves-
tigations of such intercellular heterogeneity will require single
cell analyses at the protein and/or RNA level.

The p47 (A40p53«) variant arises from alternative initi-
ation of translation following endoplasmic reticulum (ER)
stress and activation of the unfolded protein response in a
PERK kinase-dependent fashion (105-109). The mechanism
for selecting the translation initiation codon is via a con-
formational change in the TP53 mRNA structure (110). In-
terestingly, human but not murine TP53 mRNA shows this
PERK-dependent conformational alteration and consequently
only human cells induce p47 under ER stress. Overexpress-
ing p47 in cells causes G2 cell cycle arrest by upregulating
14-3-30 and suppressing p21°PXNIA (105,109). p47 has no
effect on G1 transition, which is instead regulated by full-
length p53 (111,112), pointing to the specialization of these
two isoforms to control the cell cycle progression under differ-
ent conditions (105,109). Transgenic mice overexpressing the
corresponding p44 variant show a premature ageing pheno-
type, with early death accompanied by changes in stem cell
pluripotency. Importantly, the phenotype was not observed
in mice lacking Trp53 (113,114), indicating that the two iso-
forms act together and highlighting the role of translationally-
initiated isoforms in expanding the functional repertoire of
pS3.

Contrary to p53, which is induced at the protein level after
multiple stresses, p53 protein is not induced by actinomycin-
D (77). This is surprising since the +1 AUG initiation site and
the surrounding regions that are shared between TP53« and
B mRNAs enhance p53« translation following DNA damage
(77,107,108,115). p53p also lacks the C-terminal ubiquitina-
tion lysine residues (370, 372, 373, 381, 382 and 386) that
mediate MDM2-dependent degradation, thus its turnover rate
is not affected by MDM2 that acts in a feedback loop to re-
duce p53« protein levels (63,116). These observations can be
explained by the nonsense-mediated RNA degradation path-
way of TP538 mRNA (62,63). Detailed descriptions of p533
function under stresses linked to DNA metabolism, as well as
the molecular mechanisms responsible for controlling its ex-
pression, remain to be addressed.
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TP73

The TP73 gene (Trp73 in mouse) was first discovered in 1997
and is located on chromosome 1p36.33 and organized into 14
canonical exons (117) (Figure 6). Trp73 knockout mice show
abnormal neural development, chronic inflammation and re-
duced fertility, but not tumour susceptibility (118). These ab-
normalities were originally ascribed to the direct effects of p73
loss in cells of the abnormal tissues, but can also be explained
by indirect effects relating to the role of TAp73 as an inducer
of multiciliated epithelial cells, which are required for cere-
brospinal fluid and airway mucus flow (119,120). The p73
DBD shows strong similarity to p53, and a weak p53-like ac-
tivity is observed in cells in which TAp73 isoforms have been
overexpressed. Despite this ability, p73 is rarely mutated but
is often overexpressed in specific human tumour types (121),
presumably as ATAp73 isoforms (i.e. proteins that lack the TA
domain; see below). The tissue distribution of ATAp73 forms
and their physiological roles are unclear, but they are unlikely
to relate to p53, which does not oligomerize with p73, but may
involve influencing p63, which forms stable heterotetramers
with p73 (122).

Alternative splicing to produce N- and C-terminal
variant p73 proteins

Two 3’ end splice variants (TP73« and TP738) were iden-
tified during initial characterization, with TAp73a contain-
ing all 14 exons and TP738 lacking exon 13 (117). Since
then, several other variant TP73 transcripts have been pro-
posed to result from alternative splicing at the 3’ end of
the primary transcripts, providing seven different C-terminal
isoforms (designated «, B, v, §, ¢, ¢ and n) (Figure 6)
(123,124). Although these are annotated in Ensembl (Gene:
TP73 ENSG00000078900), many are not well supported at
the transcript level (Supplementary Table S3). These splice
variant mRNAs were reported to show tissue-specific varia-
tion, suggesting that they possess distinct functions and reg-
ulation, but many isoforms rely on highly sensitive amplifi-
cation methods for their detection (123,124). In GTEx, the
most widespread and abundant form is TP73«, which is
found in all tissues expressing TP73 mRNA (Figure 7A and
Supplementary Table S3). Indeed, in situ hybridization identi-
fied TP73a but not TP738, TP73y or TP735 mRNAs during
murine development (118).

In addition to 3’ alternative splicing, the 5’ end of P1-
derived TP73 mRNAs was reported to produce N-terminal
truncated variants by single or double removal of exons 2
and 3 (AEx2p73 or AEx2/3p73) (Figure 6). These transcripts
therefore produce proteins that lack the TA domain, collec-
tively termed ATAp73 forms. Of these, splicing out of exon 2
(AEx2TP73) was reported using PCR amplification followed
by hybridization or by using radiolabelled PCR, and repre-
sents a minor form of TP73 transcripts seen only in tumour
cells (117,125,126). Removal of both exon 2 and exon 3 pro-
duces AEx2/3TP73 mRNA, a variant also seen only in tu-
mours with highly sensitive detection methods (127). These
transcripts are not seen in any tissue in GTEx. Another pu-
tative transcript that produces a ATAp73 protein is termed
AN’TP73. This transcript is derived from P1, contains ex-
ons 1, 2 and 3, but exon 3 is spliced to a site within exon 3’
(128,129). Despite containing the canonical AUG of TAp73
within exon 2, this transcript is proposed to initiate transla-
tion from the AUG in exon 3’ to produce a protein identical
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to ANp73 (Figure 6). There is no evidence in GTEx for the
presence of this splicing event in normal adult human tissues.

Alternative promoters to produce
N-terminal-truncated p73 proteins

TP73 is proposed to contain two major promoters. The P1
promoter is located at exon 1 and drives mRNAs carrying
the information to encode TAp73 proteins. By analogy with
TP63, a potential second promoter was identified within in-
tron 3, which transcribes exon 3’ to generate mRNAs coding
for ANp73, lacking the p53/p63-like TA domain and con-
taining a short unique amino acid sequence at the N-terminus
(118,128,130), similar to the mechanism used to produce
ANp63 (Figure 6). In addition, recent analyses identified a
discrepancy between the amount of TP73 exon 4 mRNA and
the amounts of exon 3 and 3’ transcripts, which led to the
discovery of a transcription start site immediately upstream
of exon 4 (33). These transcripts would produce a ATAp73
protein from an in-frame initiating AUG codon in exon 4.
GTEx does not include this proposal, but it is represented
by the discrepant number of combined reads for TAP73,
AEx2P73,AEx2/3P73, ANP73 and AN’P73 compared to the
total number of TP73 reads. Figure 7B therefore shows the rel-
ative proportions of TP73 5’ variants as TAP73, ANP73 and
the remainder labelled as ATAP73 (AEx2P73,AEx2/3P73
and AN’P73 are not identified in any tissue).

Studies of human tumours have shown an increase in
some 5’ splicing events in some tumours, but data are gen-
erally reported as fold-change rather than absolute values.
Where available, quantitative data show that 5’ splice vari-
ants (AEx2p73,AEx2/3p73, ANP73 and AN’P73) are mi-
nor forms in solid tumours compared to TAP73 transcripts,
which range from 10 to 10 000-fold higher levels than 5’
splice variants or alternative promoter derived transcripts in
most tumours examined (131-133). In contrast, it has been
reported that B-cell lymphomas show approximately 10-fold
higher levels of ANP73 than TAP73 (134), which may relate
to the disruption or deletion of chr 1p36 leading to decreased
TAP73 or increased ANP73 mRNA (135).

Alternative initiation of translation to produce
N-terminal-truncated p73 proteins

The use of downstream AUGs for initiation of translation of
TP73 mRNAs was first proposed by the presence of a poten-
tial internal ribosome entry site adjacent to a strong Kozak
consensus site within exon 4, representing the fifth in-frame
AUG in TAP73 mRNA (136). Support for the use of this site
to initiate translation from TAp73 mRNA came from trans-
fected cells, with some evidence for regulation following DNA
damage. This fifth AUG in TAp73 mRNA is the same as the
first AUG in transcripts derived from the recently discovered
transcription start site immediately upstream of exon 4 that is
proposed to be the major origin of ATAp73 isoforms (33).

Evidence for p73 protein isoforms

There are many reports on p73 isoform transcripts, but p73
protein isoforms are not well documented due to a lack of re-
liable detection reagents. TAp73-specific antibodies are avail-
able that have been appropriately characterized (42), but most
p73 antibodies are poorly characterized and often show cross-
reaction with p63 and/or p53, or even non-specific bind-
ing to proteins outside the family (40,42). For example, al-
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Figure 6. Gene architecture of the human TP73 locus. Boxes represent canonical and alternative exons and DNA cartoon represents introns. Exons are
numbered according to canonical annotation and cryptic exon is denoted as 3'. Promoters P1 and P2 are represented by arrows and translation initiation
codons (ATG) with arrowheads. Splicing patterns are annotated by dashed lines that connect the regions involved. Splicing at the 5" end (on the left)
above the cartoon refers to splicing patterns resulting from alternative promoter usage, and below the cartoon refers to alternative splicing events. At
the 3" end (on the right), canonical splicing is indicated above and alternative splicing patterns are indicated below. Shaded areas denote nucleotide
sequences that correspond to different protein domains. Note that ATAp73 may originate in at least five ways; as a result of alternative splicing of Ex2,
Ex2/3 and AN’, through use of P2 to transcribe exon 3’, as well as alternative translation initiation at an AUG located in exon 4.
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Figure 7. The distribution of TP73 transcripts in human tissues. (A) Proportions of alternatively spliced TP73 mRNAs. Numbers inside the circles refer to
the average number of reads for each tissue and isoform data represent the percentage of reads across 3’ exon—exon junctions that define the
alternative splicing event, normalized according to the number of reads of non-spliced exon—exon junctions, as described in (33). TP73« cannot be
determined from junction reads since there is no specific junction to define it. Therefore, values were estimated by subtracting the reads assigned to
other isoform from the total number of reads. 3 and e cannot be uniquely distinguished; thus, the values represent their sum. The same approach was
used for y/e. (B) Proportions of TAP73, ANP73 and ATAP73 mRNAs. ATAP73 levels were calculated as the number of TP73 reads that are not assigned
to TAP73 or ANP73 (AEx2P73 and AEx2P73 are undetectable). Note that absolute TP73 mRNA levels vary considerably. Data are taken from GTEX. cer.

hemi., cerebellar hemisphere; EBV* lym., Epstein—-Barr virus-positive lymphocytes; skin-nexp., skin not exposed to sun; skin-sexp., skin exposed to sun.

though the mouse monoclonal antibody to ANp73 38C674.2
(also known as IMG-313A) has been widely used, it recog-
nizes a non-specific protein band in Western blotting (42)
and shows widespread nuclear and cytoplasmic staining in tu-
mours (133,137). Some pan-p73 monoclonal antibodies with
demonstrated specificity are available [e.g. (138)], and it is
to be hoped that isoform-specific antibodies will be produced
in the future. Additionally, the use of isoform-specific in situ
hybridization is extremely sparse. Measurement of p73 tran-
scripts from isolated polysomes would also help in identifying
transcripts that are translated under different conditions.

Regulation and function of TP73 isoforms

Unlike p53 and p63, no medical syndromes linked to TP73
germline mutations are known, and the role as a human tu-
mour suppressor or oncogene is not obvious as TP73 is rarely
mutated, lost or gained in cancer (121). Transgenic mice lack-
ing exons 2 and 3 required for TAp73 synthesis (TAp73~/~
mice) are prone to spontaneous tumour formation, indicating
a tumour suppressor activity for TAp73 (139), while target-
ing exon 3’ to produce ANp73~/~ mice indicates a major role

in neural cell survival and choroid plexus development, with a
reduced growth of transformed ANp73~/~ embryonic fibrob-
lasts (140,141).

Apart from the different downstream pathways of p53 and
p73 illustrated by the knockout animal phenotypes, upstream
pathways are also different. The TP73 P1 promoter is a tar-
get for induction by E2F1, Myc and E1A, and is repressed by
C-EBPx and N-Myc (142-148). Methylation and mRNA sta-
bilization have also been put forward as mechanisms to con-
trol TAP73 and ANP73 transcript production in leukaemias
and other cancers (149-152). At the protein level, the WWP2
NEDD4-like E3 ubiquitin ligase controls TAp73 and a het-
erodimer of WWP1 and WWP2 controls ANp73 stability
(153). ITCH is another p73 NEDD4-like E3 ubiquitin ligase
that is downregulated after DNA damage, allowing accumu-
lation of p73 (154). Several other PTMs, including phospho-
rylation and acetylation, have been implicated in regulating
the stability and activity of p73 isoforms [reviewed in (155)].

In summary, the sources of N-terminal truncated (ATA)
p73 variants are unclear at the present time and may result
from alternative splicing of 5" exons, alternative promoter us-
age and/or alternative AUGs used for translation initiation.
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Clearly, this is an important area for elucidation. Evidence for
alternative C-terminal isoforms other than p73« is also insuf-
ficient in many instances and requires further investigation.

Summary and perspectives

We have critically evaluated the evidence for isoforms in each
member of the p53-family, highlighting the technical chal-
lenges to determine their origin, level of expression and regu-
lation. Despite the data indicating that many alternative p53,
p63 and p73 transcripts are rare in normal human adult tis-
sues and tumours, it is important to remember that these ob-
servations do not rule out that there are specific conditions
where they are present at sufficient levels to have an active
physiological function, for instance, during embryogenesis,
tissue differentiation, stress or ageing. Although isoforms in
the p53-family undoubtedly have the potential to play im-
portant physiological roles, we conclude that more data are
needed to understand how, or if, they play a part in differ-
entiating the functional repertoire of their respective genes.
These considerations have wider implications outside the p53-
family, and standardized protocols for the detection and anal-
ysis of mRNA and protein isoforms would be beneficial for
many genes/proteins.

Ideally, validation of isoforms should include a combina-
tion of assays: (i) detection and quantitation of steady-state
levels and translation rate of mRNAs coding for different
protein variants, both at cell population and single-cell scale;
(i) observation of protein isoforms with specific and sensi-
tive antibodies or other reagents in both cell extracts and in
situ; (iii) confirmation that their endogenous expression is af-
fected when the specific coding mRNA is removed or altered
in an appropriate physiological setting, with concomitant al-
terations to cellular behaviour; (iv) evidence for differential
regulation of the isoform under specific conditions; and (v)
evidence for the mechanism for differential regulation.

A recent database of splicing variations (156) can help in
understanding tissue or cancer-specific mRNA splicing, while
tools such as MANE, APRIS and TRIFID are reliable unbi-
ased approaches to identify the functional relevance of alter-
native transcripts (157-159). Characterization of isoforms in
the p53 family suffers from lack of reagents that can detect the
encoded proteins and there is a clear need to develop isoform-
specific reagents such as antibodies, scFv, monobodies or syn-
thetic customizable protein binders such as DARPINS, affi-
bodies or anticalins (160-164). Detection of peptides by mass
spectrometry will also help but requires further improvement
of current technologies to reach deeper proteome sequencing
at the population or single-cell level (9,165). In particular, tar-
geted N-terminal proteomics together with ribosomal profil-
ing is useful for identifying translation-derived isoforms (166).
Appropriate quantitative studies of mRNA and protein lev-
els combined with careful knockdown of specific isoforms in
vivo will be required to address these possibilities and confirm
or refute the proposed roles of each isoform. For example,
CRISPR-mediated deletion of Trp63 exon 13 in mice resulted
in higher p63p and lower p63a mRNA levels without affect-
ing TA, AN or p63vy (167). These mice show female infertility
due to depletion of oocytes that express TAp63, but no ob-
vious effects on other tissues such as skin and thymus that
express ANp63 protein variants. However, one needs to be
cautious of this approach because cells now synthesize equal
levels of p63 and p63p, altering the dominance of the tar-
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geted transcript from the normal physiological situation. The
use of CRISPR-mediated insertion of tags would be an alterna-
tive method to track expression of individual isoforms i vivo
or in cell lines to obviate the need for isoform-specific antibod-
ies. A further issue that needs investigation regarding the func-
tional properties of p53-family isoforms is their propensity to
form mixed tetramers. Here, mis-sense p53 mutant proteins
have been proposed to interact with p63 and/or p73 to pro-
vide gain of function activities (168). Many of these studies
use overexpression and cell lysis followed by immunoprecipi-
tation, potentially allowing protein complexes to form in solu-
tion. In contrast, endogenous p63—p73 interactions have been
shown using DARPINS that bind to the heteromeric form only
(122), and techniques such as proximity ligation assays (169)
can also identify heteromeric p53/p63/p73 in situ, although
identification of tetramers containing specific isoforms would
require suitable reagents.

A common thread in the identification of p53-family iso-
forms has been that ‘if alternative promoters or splicing oc-
curs in one gene in the family, they should also occur in the
others’. Although this may be true and is common during gene
evolution, it is a risky logic, and targeted searches for poten-
tial isoform sequences with highly sensitive detection methods
will detect rare transcripts, with their importance potentially
overemphasized. In addition, this line of reasoning assumes
that the p53-family has evolved solely through divergent evo-
lution, where the ancestral gene (TP63 in this case) was du-
plicated twice to form the TP73 and TP353 genes, and these
have retained the same gene architecture (i.e. two or more
promoters and alternative 3’ exon splicing) but have diverged
in nucleotide sequence to produce proteins with slightly dif-
ferent properties. An alternative hypothesis is similar to the
concept of convergent evolution, where a useful property is
not inherited directly but develops independently. As exam-
ples, enzymes with a slightly different but similar function may
have evolved from a related enzyme (divergent evolution) or
from an unrelated enzyme (convergent evolution) (170), dif-
ferent families of viruses have evolved diverse mechanisms of
maturation through convergent evolution to achieve greater
sophistication of this process (171), and the evolution of eyes
and photoreceptors involved divergent and convergent evolu-
tion paths to produce the various eye-types seen in modern
organisms (172). For the p53-family, our observations tend
to support convergent evolution for producing N-terminal
truncated proteins in each family member. Indeed, alterna-
tive promoter usage and the cryptic exon 3’ is clear for TP63,
whilst the available evidence indicates that the correspond-
ing exon 3’ in TP73 is not the major source for N-terminal
truncated p73 proteins, and the separate mechanism of alter-
native AUG usage is used to produce N-terminal p53 vari-
ants (for which there is conversely no evidence in p63). Thus,
the production of N-terminal truncated proteins appears to
have evolved through different and unrelated mechanisms, im-
plying convergent gene evolution to produce the same useful
property. A critical unanswered question here is when dur-
ing species evolution did TP63 develop two N-terminal iso-
forms driven by alternative promoters—was it before or after
gene duplication events that led to TP73 and TP53? Similarly,
when did the ancestral gene evolve C-terminal isoforms—
before or after gene duplication events? The increasing whole
genome and particularly whole transcriptome sequencing
of diverse species will help in answering these intriguing
questions.
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A second common theme in p53-family research, as in
many other fields, is the use of functional studies employ-
ing overexpression of particular isoforms and then measur-
ing the effects on gene expression or biological behaviour. Al-
though overexpression approaches provide important infor-
mation for structure—function studies (72), they are less valu-
able for demonstrating or understanding true physiological
function; unless the levels of exogenous isoform are controlled
to mimic a natural condition, such studies show what could
happen, not what actually happens in a physiologically rel-
evant situation. These considerations are pertinent for many
p53-family isoform studies, and additional approaches are re-
quired to show which transcripts are present under specific
conditions prior to investigating their potential function. For
example, comparative RNA analysis will help in determining
the relative amounts of different transcripts, where a simple
Northern blot has the advantage of accurate comparison of
relative transcript levels, and isoform-specific probes can iden-
tify specific sets of variants. RT-qPCR analysis of transcripts
isolated from polysome fractions helps in minimizing the risks
of detecting transcripts that are not actively translated. In
combination with state-of-the-art long-range and single-cell
sequencing and improved detection tools (173) and/or droplet
digital PCR, these approaches will give a better idea of the
presence and amounts of transcripts under different condi-
tions.

In addition, current studies in cancer versus normal tissues
suffer from an absence of controls; an increase/decrease in a
particular splicing event does not indicate a deliberate inten-
tion by the cell to increase/decrease that specific isoform, but
may instead be a marker of general splicing accuracy or the
activity of a particular splicing-associated factor, which are
known to be aberrant in cancer (73,74,174,175). This is rel-
atively easy to control for by employing the same approach
with the same level of sensitivity to examine splicing of one or
more genes that have similar gene structures but no known
role in carcinogenesis of that type. To our knowledge, this
simple assessment has not been performed, leaving the signifi-
cance of changes in p53-family isoforms unclear—are altered
mRNA splicing patterns of p53-family members a cause or a
consequence of the tumour biology?

Finally, a key aspect that is lacking for many putative iso-
forms is their mechanism of regulation. Isoforms that play dif-
ferent physiological roles should be tightly regulated to con-
trol their activity, yet this information is missing for most p53-
family isoforms, including how one promoter is used preferen-
tially over another and how alternative splicing is controlled
to adapt to cellular requirements. With the low levels of many
isoform transcripts, it is difficult to determine whether alter-
native splicing represents a purposeful cellular process to pro-
duce a particular isoform, or instead represents erroneous ac-
tivities and is simply a passenger alteration. Thus, extensive
effort is needed to shed light on the important aspect of iso-
form control, and once this level of information is available, it
will be possible to generate animal models in which endoge-
nous isoforms can be manipulated in a physiologically rele-
vant manner to uncover their physiological effects and poten-
tial therapeutic value.

Data availability

Isoform expression-related datasets of normal adult hu-
man tissues were derived from the Genotype-Tissue Ex-
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pression (GTEx) project portal (https://www.gtexportal.
orglhome, GTEx Analysis Release V8, dbGaP Accession
phs000424.v8.p2 accessed on 01/02/2024 and 10/08/2024).

The preliminary data related to ribosome profiling analy-
sis will be shared on reasonable request to the corresponding
authors.
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