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Disruption of ribosome biogenesis triggers nucleolar stress, a conserved cellular response that activates p53. We previously demon-
strated that depletion of Nucleolar Complex Protein 1 (Noc1) in Drosophila wing imaginal discs impairs rRNA maturation and ribosome
assembly, resulting in elevated p53 levels and apoptosis, hallmarks of nucleolar stress. The Drosophila p53 gene produces four mRNA
isoforms, yet their individual contributions to nucleolar stress responses remain poorly understood. Using newly designed isoform-spe-
cific gPCR primers, we found that although all p53 isoforms exhibit moderate transcriptional changes following Noc1 reduction, the trun-
cated isoform p53E is robustly and preferentially upregulated. Notably, p53E lacks the N-terminal transactivation domain and has been
reported to negatively regulate p53-induced apoptosis in specific tissues. Furthermore, our analyses indicate that y-H2AV accumulation
arises from caspase-dependent apoptosis rather than primary genomic lesions, suggesting the activation of a p53-dependent stress
pathway distinct from canonical genotoxic pathways. Together, these findings suggest that p53E may be part of a novel mechanism ac-
tivated during nucleolar stress, providing insight into how cells adapt to defects in ribosome biogenesis.
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Introduction

Nucleolar stress is a cellular response to unbalanced ribosomal
biogenesis (Boukoura and Larsen 2024). The nucleolus acts as a
key stress sensor, responding to perturbations in ribosomal RNA
(rRNA) processing and ribosome biogenesis by inducing the upre-
gulation of p53 (Lindstrom et al. 2022).

Drosophila p53 exhibits significant structural and functional
similarities with human p53 (Brodsky et al. 2000; Ollmann et al.
2000; Bourdon et al. 2005; Ingaramo et al. 2018). The p53 gene
(FBgn0039044) maps to chromosome 3R and encodes four mRNA
isoforms (p53A, p53B, p53C, and p53E). According to the current
deep RNA sequencing-based genome annotation, these isoforms
encode three distinct proteins (Boley et al. 2014). Notably, p53A,
also known as ANp5S3, and p53C differ in their 5’ untranslated re-
gions (5'UTRs), and while the protein product of p53C remains un-
confirmed, its open reading frame (ORF) is predicted to be
identical to that of p53A, and to encode a 44 KDa protein (Zhang
et al. 2015; Chakravarti et al. 2022). This suggests that differential
promoter regulation underlies their distinct functions in different
cellular contexts. p53B is the longer isoform, carrying a unique
N-terminal domain and encoding for a 56 KDa protein considered
the closest homolog to human p53 (TP53) (Ingaramo et al. 2018).
p53E is the shorter isoform that encodes a predicted 38 kDa pro-
tein lacking part of the N-terminal transactivation domain, and

is considered to act as a dominant negative in specific tissues
and stress conditions (Wylie et al. 2022).

p53A and pS3B are the most characterized protein isoforms.
While their expression is comparable in the germline, they begin
to exhibit distinct expression and regulation patterns across various
developmental stages (Chakravarti et al. 2022). In somatic tissues,
Pp53A mRNA and protein were found to be more abundant, likely re-
flecting differential roles during tissue development (Chakravarti
et al. 2022). This may reflect their role in controlling apoptosis.

Initial studies demonstrated that overexpression of each p53
protein isoform leads to embryonic lethality. In addition, it was
demonstrated that overexpression of p53A or p53B and of pS3E in-
duced apoptosis in the developing eye when driven by the GMR
promoter, while in the ovary, overexpression of pS3A and p53B
proteins markedly enhanced apoptosis following irradiation,
whereas p53E overexpression reduced the number of apoptotic
cells, suggesting a dominant-negative role for this isoform in the
ovary under irradiation-induced stress conditions (Zhang et al.
2015). Numerous studies have demonstrated that both p53 pro-
tein A and B isoforms play distinct roles in regulating stress re-
sponses and inducing apoptosis; indeed, p53A was shown to be
both necessary and sufficient to activate the proapoptotic genes
rpr and hid in response to DNA damage in somatic and germline
tissues (Zhang et al. 2015; Chakravarti et al. 2022).
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Although p53B can induce apoptosis when experimentally
overexpressed, its behavior in normal tissues appears to be differ-
ent. In several somatic tissues, the mRNA levels of p53B are only
slightly lower than those of p53A, yet the amount of p53B protein
detected is considerably lower. This discrepancy suggests that
p53B may be translated less efficiently or undergo more rapid pro-
tein degradation (Zhang et al. 2014, 2015). These differences in
protein abundance and activity among tissues may stem from
competition between p53 isoforms that have opposing regulatory
functions. Specifically, p53B primarily acts as a transactivator,
promoting the expression of target genes, whereas p53A, which
is more broadly expressed across tissues, can function as both a
transactivator and a transrepressor (Wylie et al. 2022). Thus, the
relative levels and functional properties of these isoforms likely
contribute to the tissue-specific outcomes of p53 signaling. In sup-
port of this hypothesis, studies in photoreceptor neurons have
shown that the balance between autophagy-mediated survival
and apoptosis-driven cell death is governed by antagonistic regu-
latory inputs from p53A and p53B, whose mRNA levels shift differ-
entially in response to oxidative stress (Robin et al. 2019).

Although p53 is best known for its conserved role in apoptosis
triggered by DNA damage, it also exerts broad control over tissue
physiology and metabolic homeostasis. Under nutrient-limiting
conditions, p53-null mutant flies fail to sustain normal survival,
revealing that p53 is essential for coordinating metabolic adapta-
tion and efficient nutrient consumption during stress (Barrio et al.
2014). pS3 also regulates growth and proliferation in a coordi-
nated, non-autonomous manner and modulates apoptosis in
response to stress, such as rRNA depletion (Mesquita et al.
2010). Furthermore, p53 is necessary to maintain imaginal disc
plasticity and regenerative potential (Wells and Johnston 2012)
and to act as a general sensor of competitive confrontation during
MYC-induced cell competition (de la Cova et al. 2014). Notably,
P53 isoform-specific protein functions have not been assessed in
these experiments despite growing evidence that their function
can differ significantly depending on the cellular context in which
they are expressed. Thus, it may be important to consider that dis-
tinct signals and tissue-specific expression programs could drive
isoform-specific roles in stress response and gene regulation.

Our previous study demonstrates that reducing the nucleolar
gene Nocl (FBgn0036124) impairs rRNA processing and ribosome
biogenesis, leading to apoptosis and the upregulation of p53
(Destefanis et al. 2022; Rambaldelli et al. 2025), both hallmarks
of nucleolar stress. Using our newly designed p53 isoform-specific
gPCR primers, we found that p53E is the most upregulated isoform
following Nocl reduction. This suggests that nucleolar stress may
induce a novel regulatory mechanism for p53E, whose strong up-
regulation upon nucleolar disruption points to a potential autore-
gulatory interaction in which one p53 isoform may influence the
activity or stability of other isoforms. In addition, y-H2AV phos-
phorylation accumulates because of caspase-dependent cell
death rather than direct genomic lesions, consistent with the ac-
tivation of a p53 stress pathway distinct from the canonical geno-
toxic pathway. Together, these findings suggest that p53E may be
part of a novel mechanism activated during nucleolar stress, pro-
viding insight into how cells adapt to defects in ribosome
biogenesis.

Materials and methods
Drosophila husbandry and lines

Animals were raised atlow density in vials containing standard fly
food, composed of 9 g/l agar, 75 g/l corn flour, 50 g/l fresh yeast,

30 g/l yeast extract, 50 g/l white sugar, and 30 ml/l molasses,
along with nipagin (in ethanol) and propionic acid. The crosses
and flies used for the experiments are kept at 25 °C, unless other-
wise stated.

Line used: w'*'® from VDRC #6000, Rotund-Gal4 BDSC#76179,
UAS-Noc1-RNA1 BDSC #25992, UAS-p35 (Destefanis et al. 2022),
p53°1~* BDSC #6815, p53+%2 and p53P*! from (Chakravarti et al.
2022).

Alkaline comet assay

Using the UAS-Gal4 system (Brand and Perrimon 1993), Nocl was
downregulated in the entire imaginal disc using a temporally con-
trolled expression system under the Actin-Gal4 promoter in com-
bination with the temperature-sensitive Gal80-ts allele that
inhibits Gal4 (Germani et al. 2018). Animals were left to develop
for five days after egg laying (AEL) at the permissive temperature
of 18 °C, then shifted to 30 °C for 60 h, during which Gal4 was ac-
tive and induced the ubiquitous expression of Nocl-RNAi. Wing
imaginal discs were dissected and incubated in Ringer’s solution,
then enzymatically digested with Collagenase in TrypLE at
37-38°C for 30 min following the protocol in (Pederzolli et al.
2025). After electrophoresis and Hoechst staining, photos of nuclei
were imaged using a Zeiss Axio Imager fluorescent microscope
with a 40x objective, and DNA damage was analyzed with
CometScore 2.0.

RNA extraction and RT-qPCR

RNA extraction was performed with the RNeasy Mini Kit (Qiagen).
Five larvae or 30 wing discs were collected and placed in 250 pl of
lysis buffer, then processed following the manufacturer’s instruc-
tions. The isolated RNA was quantified using a Nanodrop (Thermo
Scientific) and stored at —80 °C for extended periods. RNA (1 jg)
was retro-transcribed into cDNA using the SuperScript IV VILO
Master Mix (Invitrogen). DNase was added to the samples. To per-
form retro-transcription, the mix was incubated at 25 °C for
10min, 50 °C for 10 min, and 85 °C for 5min. The obtained
cDNA was used to perform quantitative PCR (qPCR) with the
SYBR Green PCR Kit (Qiagen). The final mix for each sample to
be tested was composed by 8 ul of cDNA, 2 pl of primers (10 pM),
and 10l of SYBR Green reaction mix. Reactions were carried
out using a BioRad CFX96 machine with the following protocol:
50 °C for 2 min, 95 °C for 2 min, 95 °C for 15 s, and 60 °C for 30 s (re-
peated for 45 cycles), followed by 72 °C for 1 min. Analyses were
done using Bio-Rad CFX Manager software. The relative abun-
dance level for each transcript was calculated by subtracting
the value of actin from the value of p53 and using the 27**“*meth-
od. For gPCR in wing discs analysis, the RNA was extracted from at
least 20 wing imaginal discs, or from at least five larvae for each
genotype. Data are expressed as arbitrary units (A.U.). The num-
ber of independent biological replicates is cited in the figure le-
gend for each data set. The sequences of the primers used are in
Table 1.

Dissections and immunofluorescence

Larvae were collected at the third-instar stage, dissected in 1x
phosphate-buffered saline (PBS), and fixed for 30 min in 4% paraf-
ormaldehyde (PFA) at room temperature (RT). After 15 min of tis-
sue permeabilization with 0.3% Triton X-100, samples were
washed in PBS with 0.04% Tween 20 (PBS-T) and blocked in 1% bo-
vine serum albumin (BSA) for 1 h at RT. Samples were incubated
overnight at 4 °C with primary antibodies in 1% BSA and, after
washing, with Alexa-Fluor-488- or 555-conjugated secondary
antibodies in BSA. During washing in PBS-T, nuclei were stained
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Table 1. Sequences of the primers used in this work.

Target Sequence Reference
p53A/C F: TATATCACAGCCAATGTCGTG This work
R: CCTCCGTGGAGTCATCC
p53B F: CCACAAGGGCACTGATTC This work
R: ATTCCGATCCCGATACCTC
p53C F: GTGAGCAAATTCAAAACACGC This work
R: CCATTCGCCACGCAG
p53E F: GAGCGCAAACAATCCGT This work

R: TGTGATTCTCTAGCTTGGGC

p53 pan isoform

F: CCAAGCTAGAGAATCACAACATCG

(Zhang et al. 2014)

R: TCGAGTACATCCAAAGAGACTTGG

with Hoechst 33342 (Thermo Fisher Scientific). Imaginal discs
were dissected from the carcasses and mounted on slides with
Vectashield (LsBio-Vector Laboratories). Images were acquired
using a Leica SP8 confocal microscope or Zeiss Axio Imager
fluorescent microscope and analyzed with the Fiji program to
measure fluorescence. Images were assembled using Adobe
Photoshop 2025. Primary antibodies used were rabbit anti-cleaved
Caspase3, 1:400 (Cell Signaling 9661); and anti p2HAV, 1:1000
(DSHB#UNC93-5.2.1)(Lake et al. 2013).

Image processing

Raw confocal images were processed with Fiji to obtain a z-stack
projection (using the Average Intensity or Max Intensity options).
Then, all images from the same experiment were processed, en-
hancing the brightness of all channels equally across all images.

Results

Reduction of Noc1 triggers DNA double-strand
breaks, p53 upregulation, and apoptotic signaling
that regulates yH2AV phosphorylation

We previously demonstrated that downregulation of the nucle-
olar factor Nocl in Drosophila tissues leads to the accumulation
of TRNA (Destefanis et al. 2022; Rambaldelli et al. 2025).
Furthermore, Noc1-RNAi expression driven by the rotund promoter
in cells of the wing imaginal discs induces DNA damage as evi-
denced by the comet-like morphology of the nuclei in the affected
cells (Fig. 1a and b, and (Pederzolli et al. 2025). These nuclei show a
statistically significant increase in the comet tail length (or tail
moment, calculated as tail length multiplied by the percentage
of DNA in the comet head), indicating the presence of double-
strand breaks absent in the nuclei of wild-type w'!'® cells
(Fig. 1c). Notably, reduction of Noc1 is accompanied by a signifi-
cantincrease in apoptosis in cells of the wing pouch (Fig. 1d-f), to-
gether with the upregulation of p53 at both transcriptional and
protein levels (Fig. 1g and h).

To assess the impact of Nocl downregulation on DNA
damage signaling, we monitored yH2Av phosphorylation, a well-
established marker of double-strand breaks. Interestingly, block-
ing apoptosis prevented yH2AV accumulation (Fig. 1i), indicating
that in this context, yH2Av phosphorylation is downstream of
apoptotic signaling rather than a direct consequence of Nocl
loss. This suggests that apoptosis itself contributes to the ob-
served DNA damage response in these tissues. Together, these
findings are consistent with a cellular response to nucleolar stress
resulting from impaired rRNA processing upon Nocl reduction.
Based on these data, we designed isoform-specific gPCR primers
to determine which individual p53 isoforms respond to Noc1l re-
duction, as they may respond specifically to nucleolar stress.

P53 locus and novel primers for detecting distinct
p53 isoforms

The Drosophila genome contains a single p53 locus (Fig. 2a,
FBgn0039044 and NCBI gene ID: 2768677) on chromosome 3R,
which produces four distinct mRNA transcripts through alterna-
tive promoter usage and splicing, resulting in four protein iso-
forms (Fig. 2b). The canonical p53A (also referred to as ANp53)
lacks part of the N-terminal Transactivation Domain (TAD), pro-
ducing a protein of approximately 44 kDa. The p53B transcript re-
tains the full TAD, encoding for a protein of about 56 kDa, while
the rest of the sequence is identical to that of p53A mRNA. p53C
protein shares the same amino acid sequence as p53A, but their
mRNAs originate from an alternative transcription start site and
are predicted to produce a longer transcript. Finally, p53E is the
shortest isoform, predicted to encode a 38 kDa protein that lacks
the N-terminal TADs of p53A and pS53B, but retains the
DNA-binding domain. This isoform has been shown to inhibit
the apoptotic response to ionizing radiation, suggesting that it
may act as a dominant-negative regulator of the other p53 iso-
forms (Zhang et al. 2015; Wylie et al. 2022).

Although primer sets have previously been reported for distin-
guishing among p53 mRNA isoforms (Supplementary Fig. 1), none
have been fully optimized to reliably differentiate between p53A
and p53B. Additionally, primers capable of specifically discrimin-
ating between p53B and p53C, or uniquely amplifying p53C, re-
main unavailable. To overcome these limitations, we designed
and optimized a novel set of primers to enable precise and
isoform-specific analysis of p53 transcripts (Table 1).

To ensure isoform specificity and accurate validation, primers
were designed using the sequences of the available p53°4~* null
lines and the isoform-specific p53A and p53B mRNA mutant lines.
Briefly, the p53A null line carries a 23 bp deletion and 7 bp inser-
tion at the end of the first exon which expands also in the first in-
tron (Robin et al. 2019); the mutant p53B null line has a 14 bp
deletion and 1 bp insertion in the second exon, resulting in mul-
tiple early STOP codons (Chakravarti et al. 2022); and the
p53°41* null line carries a large deletion of approximately
3.3 Kb that removes four exons, preventing the transcription of
a functioning mRNA, resulting in a complete loss of p53 protein
expression (Fig. 2c) (Rong et al. 2002).

The new primers for the p53A isoform span the exon-exon
junction between exons 1 and 2 (Fig. 2d-1, shown as light green ar-
rows in the panel, and Table 1), providing enhanced specificity
compared to earlier designs (shown as arrows in pink, and
Table 1). Like the previously available primers, this set can be
used to assess p53A expression in the p5S3A null line as the forward
primer anneals upstream of the deleted region, while the reverse
primer anneals right after the deletion, allowing the amplification
of a specific region of the mutant (Fig. 2d-ii). A limitation of the
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Fig. 1. Noc1 downregulation induces DNA double-strand breaks (DSBs), leading to pS3 upregulation and apoptosis, which contributes to yH2AV
phosphorylation. (a—c) Comet assay showing fluorescent images of nuclei stained with Hoechst (white) from cells of the wing imaginal discs of w***® third
instar larvae (a), and from animals in which Nocl was transiently reduced for 60 h under the temporal control of the Act-Gal80™ system. b), scale bar is
50 um. ¢) Quantification of single-cell tail moment from the comet assay performed on nuclei from the genotypes shown in (a and b). These data are
obtained from pooling at least 20 wing imaginal discs of each genotype, and one representative experiment is shown. Statistical analysis was performed
using the non-parametric Kruskal-Wallis as described in (Pederzolli et al. 2025). Experiments in (d-i) are from wing imaginal discs from third instar
control larvae (m > w''*8) or from larvae in which expression of the transgenes was reduced using the indicated Rnai lines in the wing pouch under the
control of the rotund (m) promoter. d and e) Confocal images of wing imaginal discs from third instar larvae immunostained for the expression of p53
protein (green) and for Caspase3, as a marker of apoptosis (red). Nuclei were stained with Hoechst (blue). Scale bar is 100 pm. f) Quantification of Caspase3
by immunofluorescence in cells from the pouch of wing discs from third instar larvae of the indicated genotype. g) gPCR analysis from RNA extracted
from at least 20 wing imaginal discs from larvae of the indicated genotype, p53 mRNA expression was analyzed using p53 pan isoform primers (Table 1).
Data are expressed as arbitrary units (A.U.) (H). Quantification of p53 by immunofluorescence was analyzed in the pouch of wing imaginal discs from
animals of the indicated genotype. i) Quantification of yH2AV phosphorylation by immunofluorescence was analyzed in the wing pouch form larvae of
the indicated genotype. In (c), the asterisks represent the P-values from Student’s t-test ***P < 0.0001, in one out of three independent experiments
performed, where the dots represent the number of nuclei analyzed. In (f), (g), (h), and (i), the dots represent the number of independent biological
replicates, with at least five imaginal discs analyzed for each genotype. The asterisks represent the P-values from Student’s t-test *P < 0.05 and **P < 0.01;
the error bars indicate the standard deviations.

new primers, as with previously published ones, is their inability (5'UTR) (Fig. 2e). While the reverse primer anneals in a sequence
to distinguish between p53A and p53C transcripts, due to the common between p53B and p53C, the forward primer for p53B an-
high sequence similarity between them. To design primers cap- neals at the end of the second exon and extends into the beginning
able of distinguishing p53B from p53C isoform, we took advantage of exon 3 (green arrows in Fig. 2e-i and 2e-iii). This design maxi-

of the difference in the length of their 5 untranslated region mizes specificity, ensuring amplification of only p53B. Moreover,
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this set of primers is suitable for screening p53B in p53B null lines,
as they do not anneal within the deleted region (Fig. 2e-ii).

Through detailed analysis of the S’'UTR sequence of p53C, we
identified a region unique to this isoform (highlighted in orange
in Fig. 2f-i). Thus, we designed primers that specifically target
this region, enabling the selective detection of p53C mRNA and
providing a distinct primer set for this isoform. Furthermore, the
availability of p53C-specific primers allows for a more accurate in-
terpretation of results obtained with the p53A primer set, which
cannot distinguish between the p53A and p53C transcripts.

In addition to p53A, p53B, and p53C, we developed isoform-
specific primers for the truncated p53E isoform. These primers
target the unique 5’ sequence generated by the p53E transcription
start site (Fig. 2g), providing selective amplification and prevent-
ing cross-detection with other isoforms.

Primer specificity was tested by performing gPCRs on RNA ex-
tracted from imaginal discs of w'**® third-instar larvae. All primers
amplified a single product, as evidenced by a single band observed
in the gel (Fig. 2h) and confirmed by melting curve analysis, which
showed a distinct peak for each primer (Supplementary Fig. 2).

Validation of isoform-specific primers in
wild-type and p53 mutant background

To further assess the specificity and to complete the characteriza-
tion of the newly designed primer sets, we conducted gPCR ana-
lysis on RNA from wild-type control w'**® and p53 mutant lines
using primers targeting the single p53 mRNA isoforms (Table 1).

As shown in Fig. 3a, the p53 pan primers, which target a region
common to all the p53isoforms (Fig. 2b-i), detect p53 transcript le-
vels in the p53A null line that are comparable to those of control
w'® In contrast, the p53B null line exhibits a small but not sig-
nificant increase in p53 mRNA expression, suggesting a potential
compensatory upregulation in response to the loss of p53B.

Using the pS3A/C primers, we observed that the p53A/C mRNA
levels were significantly reduced by approximately 50% in the
p53A nullline (Fig. 3b). In contrast, the p53B null line showed a sig-
nificant twofold increase in p53A/C mRNA expression. Consistent
with the data in Fig. 33, these findings may suggest the presence of
a compensatory response to the other isoforms when p53B is
eliminated in null animals, whereas loss of p53A has minimal ef-
fect on overall transcript abundance.

In the p53B null line (Fig. 3c), we observed an unexpected sig-
nificant upregulation of p53B mRNA. However, since the mutation
does not prevent transcription and the primers amplify regions
downstream of the deletion, it is likely that the mutant transcript
can still be detected by qPCR. Overall, this finding suggests that
compensatory or autoregulatory feedback mechanisms may act
toincrease p53B transcription or stabilize the mutant mRNA in re-
sponse to reduced levels of p53B protein.

Finally, analysis of the p53C isoform, using primers that specif-
ically detect the transcript, reveals a significant reduction in its
expression in both p53A and p53B null lines (Fig. 3d), suggesting
that both p53A and p53B isoforms, directly or indirectly, partici-
pate in the regulation of p53C expression.

Importantly, the complete absence of p53 transcripts in the
p53°4* null line confirms the specificity and reliability of the
isoform-targeted primer set used in this study.

p53E is the predominantly upregulated isoform
upon Nocl downregulation

Analysis of p53 expression in cells of the wing imaginal disc in
which Noc1 was reduced in the pouch revealed a significant upre-
gulation of p53 mRNA levels when assessed using pan-isoform

primers (Figs. 4a and 1g). Because these primers recognize a con-
served region shared by all four p53 isoforms, as illustrated in the
magnified view (Fig. 2b-i), this initial analysis did not allow dis-
crimination between individual isoform contributions. Given
that Noc1 reduction leads to TRNA accumulation and increased
pS3 levels (Fig. 1b and c), and considering that p53 isoforms can
be expressed at different levels under various stress conditions,
we therefore designed isoform-specific primers to determine
which p53 isoform(s) are preferentially upregulated in response
to Nocl-RNAi-induced nucleolar stress.

Among the isoforms, pS3E exhibited the strongest induction
(P <0.001), whereas all the other isoforms showed a moderately
significant increase (P <0.05). Notably, p53E has been reported
to act as a dominant negative in a tissue-specific manner. Thus,
our analysis suggests that p53E may contribute to the repression
of specific target genes during the nucleolar stress response.

Collectively, these findings highlight an isoform-specific regu-
lation of p53 in response to nucleolar stress, with p5S3E emerging
as a potential novel key mediator of transcriptional repression.
The differential upregulation of p53 isoforms suggests a fine-
tuned cellular strategy, where transrepressor isoforms may se-
lectively modulate gene expression to orchestrate an appropriate
stress response, while other isoforms potentially maintain canon-
ical p53 functions. This underscores the importance of consider-
ing isoform-specific roles in understanding p53-mediated
pathways under nucleolar stress conditions.

Discussion

In this study, we present an optimized and validated set of
isoform-specific primers designed for the accurate detection and
quantification of Drosophila p53 transcript variants. Here, we
also designed primers to specifically detect the unique p53C iso-
form, enabling precise isoform discrimination. We first utilized
p53 mutant lines to validate the specificity of these primers.
These analyses show that the p53A null line retains some of
p53A and p53C transcript levels (Fig. 3b and d). Moreover, despite
the introduction of premature stop codons within the coding se-
quence of the p53B mutation, our gPCR analysis revealed an upre-
gulation of p53B-mRNA in p53A/C and B mutant lines (Fig. 3d and
), which may suggest the presence of a compensatory mechan-
ism, to buffer the loss of p53B function, or to compensate for the
reduction of p53A/C protein, highlighting isoform-specific plasti-
city of the p53 network, where alternative isoforms may adjust ex-
pression to preserve critical stress response functions.

Our analysis of isoform-specific p53 expression under nucleolar
stress induced by Noc1 reduction (Milkereit et al. 2001; Destefanis
et al. 2022) (Fig. 1) reveals that all p53 isoforms were upregulated
(P<0.05), with p53E showing the most robust increase (P<0.01),
marking its first correlation with nucleolar stress and its role in
stress-induced apoptosis. This truncated variant, characterized by
a unique N-terminal domain, has been shown to counteract
p53-induced apoptosis in eye imaginal discs (Zhang et al. 2015).

Indeed, the transcriptional repression activity of p53 isoforms is
highly context-dependent. While p53A was shown to act as both an
activator and a repressor in salivary glands, p53E functions only as
a transrepressor and is dispensable for transactivation in irradiated
embryos, where pS3A was essential (Wylie et al. 2022). However,
our study specifically addresses nucleolar stress, which is mechan-
istically distinct from stress induced by DNA damage. In wing im-
aginal discs subjected to Nocl depletion, p53E may be selectively
induced to engage stress-specific or compensatory mechanisms
that modulate the nucleolar stress response in a manner that
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Fig. 2. Schematic representation of the p53 locus and primer design used to detect specific isoforms. a and b) Schematic representation of the p53 locus
(gene ID 2768677) and of the p53 isoforms A, B, C, and E. (b-i), magnification of a common exon with the representation of the region where the primers
that capture all p53 isoforms anneal (Zhang et al. 2015). These primers detect mRNA transcripts for all isoforms and were used in Fig. 1f; they will be
referred to as p53 pan. ¢) Schematic representation of the p53#%3, p53541°, and p53°4"'~* null mutant alleles. The p53#?? null line was generated with a
23 bp deletion and a 7 bp insertion spanning from the end of the first exon until the first base of the first intron (in red), generating multiple early STOP
codons (Supplementary Fig. 3a). This disrupts protein production from the pS3A and p53C isoforms, but mRNA may still be detectable if primers anneal
outside the deleted region. p53°*1° null line carries a 14 bp deletion and a 1 bp insertion in exon 2, resulting in a frameshift and premature stop codons
leading to a truncated, non-functional p53B protein (Supplementary Fig. 3b)(Chakravarti et al. 2022). p53°4"** null line, contains a 3.3 kb deletion that
removes the common 3’ coding region (in red), eliminating protein expression from all isoforms. d) p53A isoform. (d-i and ii). Magnification of exons 1 and
2 of p53A and p53*%° null isoform, respectively, showing where the primers designed in this study anneal (large arrows in green) compared to previous
primers (in pink). As shown in (d-ii), the new primers can also be used to detect p53A mRNA in the p53*%? null mutant, because the forward primer
anneals outside the deleted region. In contrast, the previous reverse primer (small arrows in pink) has 1 bp mismatch and may fail to detect the transcript
in the p53A null line. The new primers also detect p53C mRNA and will therefore be referred to as p53A/C. e) p53B and p53C isoforms. (e-i, ii, and iii).
Magnification of exons 2 and 3, shared by both isoforms, showing where the primers designed in this study anneal (in green). The new primers specifically
detect p53BmRNA, whereas the old primers (pink) also detect p53C mRNA. Moreover, the new pair is also suitable for analyzing the p53B null line because
the forward primer does not anneal in the deleted region marked in red (e-ii). This pair of primers will be referred to as p53B. f) p53C isoform. (f-i).
Magnification of the region in exon 2 that includes the sequence of 78 bp, from 440 to 518 nucleotides from the beginning of the p53C transcript (in
orange), unique to this isoform. Optimized primers (green) detect p53C mRNA and are referred to as p53C. g) pS3E isoform. (g-i). Magnification of the region
between exons, highlighting the amplified region specific to this isoform. h) Agarose gel (2%) showing qPCR-amplified products from RNA extracted from
wing imaginal discs of w'**® third-instar larvae, using the indicated primers and actin as a control. A single band is observed for each primer pair,
demonstrating the specificity for mRNA detection.

differs across tissues and developmental stages. p53E could influ- In this context, p53E may alter the balance of p53A-p53B-
ence the relative abundance and composition of p53 oligomeric containing complexes. Depending on the cellular milieu, p53A
complexes, thereby fine-tuning p53 signaling output. can affect the formation of homo- or hetero-oligomers, ultimately
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Fig. 3. Expression analysis of p53 mRNA isoforms by RT-gPCR in p53 mutant lines using isoform-specific primers. (a-d) Relative expression of p53 mRNA
isoforms compared to actin5C, used as a control. The relative p53 isoforms analyzed with the specific primers are indicated at the top of each graph. The
genotype of the lines is shown below. Relative expression of p53 mRNA is shown as arbitrary units (A.U.). p53 pan detects all p53 isoforms; p53A/C
specifically detects p53A and the predicted p53C isoforms; p53B, p53D, and p53E detect only the respective isoform; w''*® animals are used as control. The
asterisks indicate the P-values obtained from Student’s t-test analysis from two independent biological experiments. RNA was extracted from five whole
larvae of the respective genotype for each experiment. *P < 0.05, **P < 0.001, and ***P < 0.0001, and the error bars indicate the standard deviations.
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Fig. 4. Upregulation of p53 isoforms in Noc1-downregulated cells. (a—e) qPCRs from RNA extracted from wing imaginal discs of w'*® animals and
expressing Noc1-RNAi in the wing pouch using the rotund promoter. Data are expressed as relative expression of p53 mRNA isoforms as arbitrary units
(A.U.) compared to actin5C, used as a control. The asterisks represent the P-values obtained from Student’s t-test analysis: *P < 0.05, and ***P < 0.001. The
error bars indicate the standard deviations. The dots represent the number of independent biological experiments. In each biological experiment, 30-40
wing imaginal discs were dissected per genotype and pooled for RNA extraction.

shaping transcriptional responses and cell fate decisions. acetylation may differ among p5S3 isoforms due to variations in

Consistent with this model, shorter p53 isoforms have been
shown to repress the activity of longer isoforms through heterote-
tramer formation, a conserved mechanism of p53 isoform regula-
tion (Anbarasan and Bourdon 2019). Supporting isoform-specific
regulation in vivo, Chakravarti et al. (Chakravarti et al. 2022)
used isoform-specific mutants with the hid-GFP reporter in the
germline, demonstrating differential transcription outputs
among p53isoforms. Together, these studies highlight the import-
ance of heterotetramer formation among p53 isoforms (Zhang
et al. 2014) and suggest a potential role for post-translational
modifications (PTMs) in modulating isoform-specific functions.
Further investigation will be required to determine how these
regulatory mechanisms integrate under distinct cellular stress
conditions, including nucleolar stress.

PTMs also contribute to isoform-specific regulation of pS3.
Indeed, ubiquitination, phosphorylation,

sumoylation, and

their amino acid sequences. Lok/Chk2-dependent phosphoryl-
ation at serine 4 activates DNA repair and apoptotic responses
(Peters et al. 2002; Brodsky et al. 2004). The E3 ligase dSyx5 acts
as a negative regulator of p53 protein levels, while the role of
the deacetylase dSir2 remains unclear (Bauer and Helfand 2009).
Sumoylation at lysines 26 and 302 is essential for its full transcrip-
tional and apoptotic activity (Mauri et al. 2008).

Moreover, our findings also highlight key mechanistic differ-
ences in pS3 regulation between flies and humans. In vertebrates,
nucleolar stress primarily activates p53 post-translationally
through protein stabilization, mediated by ribosomal proteins
that inhibit the E3 ubiquitin ligase MDM2 (Lindstrom et al. 2022).
In contrast, Drosophila lacks a clear MDM2 homolog with E3 ligase
activity, suggesting an alternative regulatory mechanism. The
gene companion of reaper (Corp) has been proposed as a structural
and partial functional analog of mammalian MDM?2. Corp binds
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to p53 and negatively regulates its levels through a feedback loop,
similar to MDM2; however, it lacks an E3 ligase domain and thus
cannot mediate canonical p53 degradation (Chakraborty et al.
2015). These distinctions point to a divergence in the evolution
of p53 regulatory circuits, where transcriptional control may
play a more prominent role in flies. This difference emphasizes
the evolutionary divergence in p53 regulation and raises import-
ant questions about whether isoform-specific transcriptional con-
trol might also serve as a stress adaptation mechanism in
vertebrates, including humans.

Further supporting the evolutionary conservation of nucleolar
stress responses, our previous data show that downregulation of
the human homolog of Nocl, called CEBPZ (Rambaldelli et al.
2025), also activates p53 both transcriptionally and at the protein le-
vel, consistent with our findings in Drosophila (Destefanis et al. 2022).
Noc1 functions as part of a conserved nucleolar heterodimeric com-
plex with Noc2 and Noc3, which is essential for pre-TRNA processing
and 60S ribosomal subunit assembly, as demonstrated in both yeast
and Drosophila (Milkereit et al. 2001; Destefanis et al. 2022). Our find-
ing that Noc1 depletion triggers p53 upregulation in both flies and
humans highlights the evolutionary conservation of nucleolar stress
responses. This conserved activation highlights the broader rele-
vance of nucleolar stress-induced p53 signaling and underscores
the value of isoform-specific tools in elucidating the underlying
regulatory mechanisms.

In conclusion, our analysis, enabled by isoform-specific pri-
mers and p53 mutant lines, reveals previously unrecognized re-
sidual activity and compensatory regulation, underscoring the
intricate and multifaceted control of pS3in Drosophila. Our results
indicate that p5S3E may participate in the apoptotic response trig-
gered by nucleolar stress, suggesting it may have an isoform-
specific role in this process. Furthermore, the observation that
v-H2AV phosphorylation reflects caspase-dependent apoptosis
rather than direct genomic lesions indicates activation of a p53
stress response distinct from canonical genotoxic pathways.
Collectively, these findings suggest that p53E is a component of
a novel nucleolar stress-responsive mechanism that influences
cellular adaptation to defects in ribosome biogenesis.

While our findings are consistent with potential transcriptional
regulation of stress responses, further studies will be required to
determine the relative contributions of transcriptional and post-
translational mechanisms in maintaining cellular homeostasis.

Data availability

All data are available in the published manuscript and its online
Supplementary Files: Supplementary Fig. 1, which reports the se-
quences of all the primers published for p53 isoforms, along with
their corresponding recognition region in the p53 locus;
Supplementary Fig. 2, which includes the melting curve of the pri-
mer sets used; and Supplementary Fig. 3. Sequences showing the
mutation present in the p534%3, p53841> mutant lines.
Supplemental material available at G3 online.
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