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Drosophila p53 tumor suppressor
directly activates conserved asymmetric
stem cell division regulators

Sandra Manzanero-Ortiz,1,2 Maribel Franco,1,2 Mahima Laxmeesha,1 and Ana Carmena1,3,*
SUMMARY

p53 is themostmutated tumor suppressor gene in human cancers. Besides p53 classical functions inducing
cell-cycle arrest and apoptosis in stressed cells, additional p53 non-canonical roles in unstressed cells have
emerged over the past years, including the mode of stem cell division regulation. However, the mecha-
nisms by which p53 impacts on this process remain elusive. Here, we show that Drosophila p53 controls
asymmetric stem cell division (ASCD), a key process in development, cancer and adult tissue homeostasis,
by transcriptionally activating Numb, Brat, and Traf4 ASCD regulators. p53 knockout caused failures in
their localization in dividing neural stem cells, as well as a significant decrease in their expression levels.
Moreover, p53 directly bound numb, brat, and Traf4 regulatory regions. Remarkably, human and mice
genes related to Drosophila brat (TRIM32) and Traf4 (TRAF4) were recently identified in a meta-analysis
of transcriptomic and ChIP-seq datasets as predicted conserved p53 targets.

INTRODUCTION

Asymmetric stem cell division (ASCD) is an evolutionary conserved process to generate cell diversity during development and to regulate

tissue homeostasis in the adult. Likewise, over the past years, it has been revealed the significance of ASCD in the context of stem and cancer

cell biology.1–9 The neural stem cells of the Drosophila central nervous system (CNS), called neuroblasts (NBs), constitute one of the main

paradigms in which to study ASCD, including the Type I NBs (NBIs) of the Drosophila embryo.10,11 These NBIs divide asymmetrically to

generate another NB that keeps on self-renewing and a ganglion mother cell (GMC) that is committed to initiate a differentiation program.

This GMC will divide only once more, asymmetrically, to give rise to two distinct neuron or glial cells (Figure 1A). The generation of two

different daughter cells through an ASCD requires the participation of an intricate regulatory machinery. For example, the "apical complex,"

which includes small GTPases, an atypical protein kinase C (aPKC) and partitioning-defective (PAR) proteins,12–19 is located at the apical pole

of dividing NBs and promotes the basal displacement in metaphase NBs of the so-called cell-fate determinants (Figure 1A). These cell-fate

determinants, such as the Notch inhibitor Numb and the translational regulator Brain Tumor (Brat)/TRIM3, TRIM2, and TRIM32 in humans, will

exclusively segregate to the basal daughter cell, the GMC, committing this cell to leave the self-renewal program.10,20–27 Hence, the ASCD

regulatory network ensures a precise balance between cell proliferation and differentiation. In fact, failures in the process of ASCD can lead to

tumor-like overgrowth.28 Likewise, genes originally identified as tumor suppressors, such as lethal (2) giant larvae (l(2)gl)/LLGL1 in humans,

brat, and discs large1 (dlg1)/DLG1, were shown a posteriori to be key ASCD regulators.20–23,29–35 Thus, an intriguing possibility is that other

well-known tumor suppressor genes also participate in modulating ASCD in normal conditions.

Human TP53 (Trp53 in mice), which encodes the tumor suppressor protein p53 known as the "guardian of the genome," is themost mutated

gene in human cancers.36–40 Multiple cellular stress factors, including DNA damage, hypoxia, nutrient deprivation, and oncogene deregulation,

lead to the stabilization and activation of p53, which is targeted for degradation by the E3 ubiquitin ligase MDM2 and, consequently, present at

low levels in normal conditions.41,42 p53 largely responds promoting cell-cycle arrest and apoptosis through transcriptionally activating a network

of target genes.43–45 However, since its discovery in 1979,46–50 p53 has been shown to display additional functions in non-canonical programs

such as autophagy, inflammation, and metabolism. Likewise, novel roles of p53 in unstressed cells, during embryonic development and differ-

entiation and in stem cell populations, have been emerging over the past decades.3,37,43,51–61 Despite the low sequence conservation and the

evolutionary distance, theDrosophila gene p53 is the structural and functional homolog of the human TP53.62,63 For example,Drosophila p53 is

also a key inductor of apoptosis64,65 but, unlike human p53, is not involved in DNA-damage-induced cell-cycle arrest.64,65 However, Drosophila

p53 does regulate cell-cycle progression in specific stress conditions, such as mitochondria dysfunction.66 Also, even though a clear MDM2 ho-

molog has not been found in theDrosophila genome, other ubiquitin ligases or negative regulators ofDrosophila p53, functionally equivalents,

have been described.64,67,68 Drosophila p53 has also contributed to the characterization of p53 novel non-canonical functions, including cell
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competition, coordination of tissue growth, and metabolic homeostasis.69–71 Thus, given the shared functional homologies, the simplicity of

Drosophila p53 family (only onemember versus three: p53, p63, and p73, in humans), along withDrosophila suitability for genetic manipulation,

Drosophila p53 is still an appealing model system to get deep insight into human TP53 functionality.58,63,72 Here, we show that Drosophila p53

controls ASCD by transcriptionally activating Numb, Brat, and Traf4, key ASCD regulators whose human and mice homologues have been

recently identified in a meta-analysis of transcriptomic and ChIP-seq datasets as predicted conserved p53 targets.73

RESULTS
p53 homozygous null mutant viability strongly decays throughout Drosophila life cycle

It has been reported that Drosophila p53 is not essential for normal development; even though flies lacking p53 show a reduced ability to

respond to stress signals, they survive displaying only mild defects in longevity and fertility.65,74 However, we observed that it was very

Figure 1. p53 is required for proper neuronal lineage formation

(A) NB asymmetric division is regulated by an "apical complex" and cell-fate determinants that localize asymmetrically at the apical and basal poles, respectively,

of metaphase NBs. NBI asymmetric division renders another NB and a GMC, which receives the determinants and stops self-renewing. The GMC through a

terminal asymmetric division generates two different neurons or glial cells: (A) apical, (B) basal.

(B) p53 homozygous null mutant viability strongly decays throughoutDrosophila life cycle (upper diagram). A significant number of p53 homozygous embryos do

not hatch compared to control embryos; no significant (ns) changes in the survival of p53mutants are observed from L1 to L2 larvae; very significant decay in the

survival of p53mutants is observed again since L3 to the adult eclosion compared to the control. Data are represented as meanG SD (standard deviation); n = 2

independent experiments (***p < 0.001).

(C) Ventral views of late stageDrosophila embryos, control, and p53E8 homozygous null mutants, showing different hemisegments (hs) at each side of the ventral

midline (vm). In control embryos, the transcription factor Eve is expressed in a subset of neurons, including one RP2 neuron per hs (blue arrows); in p53E8mutants,

a significant number (***p< 0.001; **p< 0.01 in the bar graphs) of RP2 duplications (blue arrows in the picture) or losses (blue asterisks) are detected. A diagram of

the GMC-1 neuronal lineage is represented. n = number of total hemisegments (hs) or embryos. Scale bar: 20 mm.
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Figure 2. Drosophila p53 impacts the localization of the ASCD regulators Numb and Brat in dividing NBs

(A) Confocal immunofluorescences showing an embryonic metaphase NB in control or p53E8 homozygous mutants stained with the apical protein aPKC (in red;

arrow); mitotic cells are visualized with PH3 (red), centrosomes are labeled with g-Tub (green), and membranes are marked by Dlg1 (blue). No significant (ns)

defects in the apical localization of aPKC are detected in p53E8 mutants.

(B) Confocal immunofluorescences showing an embryonic metaphase NB in control or p53E8 homozygous mutants stained with the cell fate determinant Numb

(red; arrow); mitotic cells are visualized with PH3 (blue), centrosomes are labeled with g-Tub (light blue), and membranes are marked by Dlg1 (green). Numb

localization is significantly altered (***p < 0.001 in the bar graph) in p53E8 homozygotes.

ll
OPEN ACCESS

iScience 27, 111118, November 15, 2024 3

iScience
Article

()Ce :>ress 

A control p53E8 B control ps3•• 

aPKC/PH3/y-Tub/Dlg1 Numb/PH3/y-Tub/Dlg1 

14 
ne 

l 
~ 

12 

e 10 

~ 
'¡ 
,5 
'i . .. 
z na232. 

o 

... 
.l 35 

J 
30 

25 
:¡¡ 

20 ,, 
; IS 
z 
5 'º 'i 
tt .. 
z 

control p53" control pSJ<I 

e control p53'8 o control p53" 

Par-6/PH3/y-Tub Brat/PH3/y-Tub 

... 
12 ns 35 

l 
'º l 

j ~ 
30 

E 25 
:¡¡ ~ 
! 20 

1:. f ,. 
" • .. 
j É 10 . • .. n-89 ,ll 

n■95 z z 
co,,trol p53'' control pSS" 



Figure 2. Continued

(C) Confocal immunofluorescences showing an embryonic metaphase NB in control or p53E8 homozygous mutants stained with the apical protein Par-6 (in red;

arrow); mitotic cells are visualized with PH3 (blue), and centrosomes are labeled with g-Tub (green). No significant (ns) defects in the apical localization of Par-6 are

detected in p53E8 homozygous mutants.

(D) Confocal immunofluorescences showing an embryonic metaphase NB in control or p53E8 homozygous mutants stained with the cell fate determinant Brat

(red; arrow); mitotic cells are visualized with PH3 (red), and centrosomes are labeled with g-Tub (blue). Brat localization is significantly altered (***p < 0.001 in the

bar graph) in p53E8 homozygote mutants. n = number of metaphase NBs analyzed; scale bar: 5 mm. See also Figures S1 and S3.
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problematic to maintain a stock of p53 homozygous null mutant flies for a long time. Thus, we performed a viability assay throughout the

Drosophila life cycle, finding an increased mortality of p53 mutants with respect to the control at different stages of the cycle, from embryo

until adult hatching (Figure 1B). This result suggested that the loss of p53 entails a sensitized genetic background, a disadvantage for fitness

and survival throughoutDrosophila life cycle. Thus, we started looking at potential phenotypes of p53 null mutants in theDrosophila embryo.

p53 is required for proper neuronal lineage formation

The embryonic Drosophila GMC-1 neuronal lineage has been extensively studied.75–77 This GMC expresses the transcription factor Even-

Skipped (Eve) and divides asymmetrically to give rise to two different neurons called RP2 and RP2 sibling. Both neurons express Eve initially

but, at later stages of embryogenesis, only RP2 keeps expressing Eve. Thus, under normal conditions, at these later stages only one Eve+ RP2

neuron is present per hemisegment (Figure 1C). However, defects in the number of RP2 neurons (i.e., either losses or duplications) are de-

tected in mutant embryos for ASCD regulators.78–82 We observed that p53E8 homozygous null mutant embryos (n = 99) displayed defects in

the number of RP2s in a significant number of hemisegments (n = 1830) compared to control embryos (n = 90; n = 1685 hemisegments) (Fig-

ure 1C). This result suggested that p53 might be regulating the ASCD within the GMC-1 neuronal lineage in normal conditions.

p53 impacts on the localization of the ASCD regulator Numb in dividing NBs

To more directly support a potential function of p53 in ASCD, we decided to look at the localization of central ASCD regulators, such as the

apical complex protein aPKC and the cell-fate determinant Numb (Figure 1A), in dividing NBs at earlier stages of embryogenesis. No signif-

icant defects were detected in the apical localization of aPKC in p53E8mutantmetaphaseNBs (n= 245NBs; 24 embryos) compared to control

NBs (n = 232; 27 embryos) (Figure 2A). However, the localization of Numb, present in a basal crescent in control metaphase NBs (n = 159 NBs;

28 embryos), was compromised in p53E8mutant embryos (n= 157metaphaseNBs; 24 embryos) (Figure 2B). Intriguingly, almost all the failures

observed (96,1%; 49/51 of the metaphase NBs with defective Numb) were "absence" of Numb, suggesting that p53 might be directly or indi-

rectly regulating the expression of Numb.

Drosophila homologues of conserved human/mice predicted p53 targets regulate ASCD

Next, we wondered whether, apart fromNumb, other ASCD regulators might be regulated by p53. Instead of a random analysis, we decided

to follow an in silico approach, taking advantage of published datasets about potential p53 target genes. It was particularly interesting a

recent meta-analysis of transcriptomic and ChIP-seq datasets in which the author unveiled a subset of 86 direct p53 target genes commonly

predicted in mice and humans.73 Hence, we decided looking for those human/mice genes whose closest counterparts in Drosophila are

ASCD regulators. We focused on three of these genes for further analyses: TRIM32, PARD6G, and TRAF4. TRIM32 is related to Drosophila

Brat, an atypical TRIM-NHL protein (Brat lacks the RING domain normally present in these proteins) and, like Numb, a key cell-fate determi-

nant during asymmetric NB division20–23 (Figure 1A). PARD6G is homologue of Drosophila Par-6, which forms part of the apical complex in

dividing NBs,13 and the TRAF4 counterpart in Drosophila, Traf4, is another apical regulator required in the telophase rescue pathway during

asymmetric NB division.83 Thus, we started analyzing the localization of these Drosophila regulators in metaphase NBs. The localization of

Par-6 was not affected in mitotic NBs (n = 89) of p53E8 mutant embryos (n = 14) (Figure 2C). However, we detected a significant number

of failures in the basal localization of Brat in metaphase NBs (n = 66) of p53E8 mutant embryos (n = 11) compared with control embryos (Fig-

ure 2D). Most of the defects in Brat localization were "absence" (47.6% of the metaphase NBs with defects) or Brat mislocalization (42.9% of

defective NBs). Intriguingly, both Brat and Numb localization defects (see above) in metaphase NBs were partially recovered at telophase, a

phenomenon known as "telophase rescue"31 (Figure S1). We could not analyze Traf4 localization as wewere not able to generate appropriate

antibodies to reproduce the published expression pattern of Traf4 in NBs.83

Drosophila p53 regulates the expression of the ASCD regulators Numb, Brat, and Traf4

To determine whether p53 was transcriptionally regulating Numb and Brat, we performed quantitative polymerase chain reaction (qPCR)

analyses to determine their expression levels in p53E8 homozygous mutant versus control larvae. We also included Traf4 in this set of

experiments. We observed a significant reduction in all numb, brat, and Traf4 expression levels in p53E8 homozygous mutants (Figure 3A

and Table 1). Hence, p53, directly or indirectly, regulates the expression of the ASCD regulators Numb, Brat, and Traf4.

Drosophila p53 directly binds to numb, brat, and Traf4 regulatory regions

Next, we wanted to clarify whether p53 was activating the expression of numb, brat, and Traf4 by directly binding to each of their regu-

latory regions. With that aim, we performed chromatin immunoprecipitation (ChIP) experiments. First, we analyzed the genomic regions
4 iScience 27, 111118, November 15, 2024



Figure 3. Drosophila p53 directly activates the ASCD regulators Numb, Brat, and Traf4

(A) RT-qPCRs reveal a significant decrease in the level of expression of the indicated genes in p53E8 null homozygotes relative to the control. *p< 0.05, **p< 0.01,

***p < 0.001; data are represented as mean G SD (standard deviation); n indicates the number of experiments (RT-qPCRs) performed for each gene.

(B) Visualization of ChIP-seq data using the Integrative Genomics Viewer (IGV) browser, showing the peaks or regions of interest (ROIs) for p53 binding at the

genomes of numb, brat, and Traf4 in about 10 kb (region delimited by red dots) from which the transcription starts (see also Figure S2). Selected peaks or

ROIs are highlighted by red open rectangles, and magnification of them are shown indicating, in each case, the primers used to validate those regions. Bar

graphs show the quantification of the ChIP-qPCR experiments measuring p53 occupancy at the brat, Traf4, and numb REs. Positive control (corresponding to

a p53 RE in the promoter, see Figure S2A) and negative control regions (the p53 30UTR without any p53 REs) were included. Values in the graphs represent

the fold enrichment observed using the p53 Ab for the immunoprecipitation with respect to an unspecific immunoglobulin G (IgG). Data are represented as

mean G SD (standard deviation); n = 3 independent experiments. A t test was used (*p < 0.05). See also Figure S2.
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(about 10 Kb) around the genes searching for p53 response elements (REs) or closely related sequences. These REs were originally defined

as two decameric repeats of the sequence RRRCWWGYYY, where R = A or G; W = A or T; and Y= C or T, separated by 0–18 bp,84 though

other combinations, such as only one decameric repeat, have also been found in p53 target genes.85–87 To strengthen the selection of

these regions, we also look in the Gene Expression Omnibus (GEO) repository and the Encyclopedia of DNA Elements (ENCODE) Con-

sortium Project for available p53 ChIP-seq datasets in Drosophila. Likewise, we took advantage of available data about epigenetic markers

for open active chromatin, as well as from the genomic regions bound by the p53 partner E2F2 (Figure S2B)88,89 to design pairs of primers

for our ChIP experiments (Table 2). We identified several bona-fide p53 REs in all three regulatory regions (both upstream or/and in intron

regions of each gene) (Figure 3B). In the case of Brat and Traf4, we focused on Peak regions previously identified in other ChIP-seq data-

sets to design the primers. (Figures 3B and S2B). For Numb, we selected a region in which we detected three decameric repeats

RRRCWWGYYY, each separated by 80 nucleotides; additionally, in the first two repeats RRRCWWGYYY, the central motif CWWG was

CAAG, which is predominantly found in p53 target genes85 (Figure 3B). A specific mouse anti-p53 and an unspecific mouse IgG (as a nega-

tive control) were used in parallel to immunoprecipitate the chromatin from wild-type larval tissue. As p53 is known to regulate its own

expression,90–92 p53 was also included in the experiments as a positive control (Figure S2A). All the values for the different target regions

were normalized against a p53 30UTR region that is not recognized by p53. A significant enrichment in the regulatory regions of all three

genes, numb, brat, and Traf4 were detected in the immunoprecipitates. (Figure 3B). Thus, Drosophila p53 directly binds to numb, brat, and

Traf4 regulatory regions.

p53 loss does not induce tumor-like overgrowth in larval brains

Compromising ASCD can lead to tumor-like overgrowth.28 Given the role of p53 as an ASCD regulator that we had observed, we next

wanted to analyze the consequences of eliminating p53 in the growth of NB lineages. Specifically, we focus on Drosophila larval brain

type II NB (NBII) lineages (Figure 4A).22,93,94 NBII lineages divide asymmetrically to give rise to another NB and, instead of a GMC, like

in NBI lineages, an intermediate neural progenitor (INP) (Figure 4A; see also Figure 1A). This INP will divide asymmetrically to give rise

to another INP and a GMC (Figure 4A). Hence, given this extra intermediate phase of proliferation, the NBII lineages are larger and

more prone than NBI lineages to induce tumor-like overgrowth when the ASCD process fails.22 In a normal NBII lineage, only one NB

is present, expressing the transcription factor Deadpan (Dpn), as well as several INPs, expressing both Dpn and the transcription factor

Asense (Ase) (Figures 4A and 4B). In p53E8 null mutant NBII clones, we did not observe any overgrowth of the clone or even the presence

of ectopic NBs (Dpn+ Ase�) (Figure 4B). Intriguingly, the localization of Numb in NBII lineage dividing cells (i.e., NBs and INPs) was not

significantly altered either (Figure S3A). In a similar way, the larval brain NBI lineages, which are comparable to the embryonic NBI lineages,

did not show significant failures in Numb localization in mitotic cells or ectopic NBs after downregulating p53 in these lineages

(Figures S3B and S3C). One possibility to explain these results is that there are enough levels of Numb in the quiescent larval NBs before

they resume division at late first/early second instar larval stage. This, along with the high redundancy in ASCD regulation to ensure the

basal presence of cell-fate determinants, may contribute to explain this lack of overgrowth in larval p53 mutant NB clones95,96 (see also

discussion). Hence, we decided to analyze the p53 mutant phenotype in a sensitized genetic background in which the ASCD process is

altered but does not yet induce tumor-like overgrowth.97 This sensitized genetic background consisted in the overexpression of a consti-

tutively activated form of Ras (RasV12) plus the complete loss of the ASCD regulator and tumor suppressor gene scribble (scrib).97 However,

we did not observe tumor-like overgrowth or any qualitative increase in the phenotype of RasV12 scrib2 after downregulating p53 in the

RasV12 scrib2 genetic background. Even more, the RasV12 scrib2 ectopic NB phenotype was partially suppressed after downregulating

p53 (Figure 4C). Thus, p53 loss might be interacting with other ASCD regulator genes in NBII lineages to be able to cause tumoral over-

growth when they fail simultaneously (see also discussion).

DISCUSSION

p53 is one of the most relevant tumor suppressor genes, as it is mutated in about 50% of all human tumors. Apart from the extensively

studied canonical functions of p53, additional non-canonical processes modulated by p53 have been unveiled over the past years,

including the mode of stem cell division regulation. However, the mechanisms by which p53 is modulating this process remain

elusive.43,56,60 Given that p53 is a transcription factor, we hypothesized that p53 might be directly regulating the expression levels of

ASCD regulators. Interestingly, some among the 86 direct p53 target genes commonly predicted in mice and humans in a recent in silico

study, such as TRIM32 and TRAF4, related or even orthologue of Drosophila ASCD regulators Brat and Traf4, respectively.73 We were

Table 1. Primers used for the RT-qPCR experiments

Gene Fw primer Rev primer

numb GCA GCA TTA ATC AGA ACA TC ATG GAG CGT CTG ATA TGT GG

brat GCA AGG TGA TGC GTG TGA TC TGT CGC TGA TGA AGA TCT CC

Traf4 GCA CTC TGT TGT GGA AGA TC AGT GTG AAG GTG ATG GAG TGC

Act88F TCG ATC ATG AAG TGC GAC GT CGG AGT ACT TCC TCT CGG GT

GADPH TAA ATT CGA CTC GAC TCA CGG T CTC CAC CAC ATA CTC GGC TC
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aware that the mechanisms by which ASCD regulators operate, or at least those that have been predominantly described, relay mainly on

protein-protein interactions and post-translational modifications, largely phosphorylation events. However, the relevance of ASCD regu-

lation at the transcriptional level is coming on stage over the past years.98–104 In this work, we have found that Drosophila p53 is, in

fact, modulating ASCD by directly regulating the expression of key ASCD regulators: Numb, Brat, and Traf4.

Numb action has been traditionally associated to the inhibition of the transmembrane Notch receptor and the consequent induc-

tion of differentiation in the daughter cell in which is asymmetrically segregated, as it has been shown in Drosophila nervous system,

in mammals and in human carcinogenesis.105–108 Remarkably, the tumor suppressor effect of human NUMB has also been linked to its

capacity to stabilize p53 in human mammary gland, preventing the MDM2-mediated ubiquitination and consequent p53 degrada-

tion.109 Likewise, Numb, in mouse mammary epithelial stem cells, ensures high p53 activity in the cell in which it is asymmetrically

segregated, and the loss of Numb promotes p53 loss-of-function-induced tumorigenesis.110 Intriguingly, here we have found that

Drosophila p53 directly activates the expression of Numb. Thus, it would be interesting to analyze whether this is also the case in

mammals. The establishment of such positive feedback loop could reinforce the regulatory function of the Numb-p53 pathway.111

That could also explain, at least in part, the mechanism by which p53 favors an asymmetric mode of cell division in isolated human

mammary stem cells.3

Drosophila TRIM-NHL protein Brat is related to human TRIM proteins (TRIM2, TRIM3, and TRIM32), especially closer to TRIM3, a tumor

suppressor gene also involved in regulating ASCD.7 Curiously, the role of human TRIM32 seems to be cell type and context dependent.

For example, TRIM32, identified as a novel p53 target some years ago, in turn binds and degrades p53 by ubiquitination,112 suggesting a

tumorigenic effect of TRIM32. However, TRIM32 has also been demonstrated to induce ASCD in neuroblastoma cells and other progenitor

cells, behaving as a tumor suppressor gene.113–115 A similar effect has been observed in mouse TRIM32, which prevents self-renewal in neural

progenitors, promoting differentiation through microRNAs.116

The function of human TRAF4 in the context of ASCD has not been reported. It has been described that the expression levels of TRAF4

are elevated in many human cancers, normally associated with gene amplification.117,118 In vivo experiments in mouse also suggest an

oncogenic role for TRAF4.119 Thus, in the case of TRAF4, a potential tumor suppressor role in particular contexts or cell types is not yet

clear.

Despite finding that Drosophila p53 was regulating crucial ASCD effectors, such as the cell-fate determinants Numb and Brat, the loss of

p53 did not cause tumor-like overgrowth in larval brain NB lineages. One potential explanation for this result is the high redundancy in the

regulation of the ASCD process to basally localize those cell-fate determinants. The loss of cell-fate determinants, particularly numb or brat,

has been reported to cause tumor-like overgrowth.22,120 However, mutations in the components of the apical complex or other ASCD reg-

ulators that modulate the basal localization of those cell-fate determinants does not normally cause tumoral growth.95,96 In fact, we have pre-

viously found that the loss of at least two of these latter ASCD regulators is required to provoke tumor-like overgrowth.95–97 Thus, we hypoth-

esize that p53 might be functionally interacting with other ASCD regulators to activate Numb, Brat, and Traf4. In the absence of p53, those

regulators might be compensating the loss of p53, avoiding stronger phenotypes. Actually, even though the loss of p53 caused significant

defects in the localization of Numb and Brat in the embryonic metaphase NBs, the phenotype was not completely penetrant, and both de-

terminants were still found in a percent of the p53 null mutant metaphase NBs (Figure 2). Moreover, that phenotype seemed to be at least

partially suppressed during telophase (Figure S1). These compensatory or redundantmechanisms in the ASCD regulation processmight also

help to understand why p53 null mutants can even reach the adulthood. However, as we observed, the viability of p53 null mutants is compro-

mised throughout the life cycle, suggesting that thesemutants are more sensitive to any potential genetic change/mutation that could unveil

stronger phenotypes.

A plausible explanation to justify the lack of synergism between p53 loss and RasV12 scrib2 (Figure 4C) is the molecular loop defined be-

tween p53 and Ras, in which the loss of p53 implies the activation of the Ras signaling cascade, placing them in the same pathway.121,122 How-

ever, the partial suppression of the RasV12 scrib2 phenotype after downregulating p53 in NB clones (Figure 4C) suggests that the loss of p53 in

this context is affecting, directly or indirectly, other unknown factors/signaling pathways relevant for the correct development of NB lineages.

In fact, the effects, autonomous and non-autonomous, of p53 in different organisms and environments are complex and involve diverse and

multiple targets, which are even different in normal and acute cell stress conditions.43,56,59,123,124 Thus, it would be intriguing but challenging

to search in the future for those ASCD regulators whose loss synergistically interact with the loss of p53 to induce tumor-like overgrowth.

Given the conservation of the Drosophila genes numb, brat, and Traf4 in humans and mice, it would be appealing to validate in vivo

whether TP53/Trp53 also modulates the mode of stem cell division, promoting differentiation, by directly impinging on the mammalian

Table 2. Primers used for the ChIP experiments

Gene Fw primer Rev primer

30UTR GTGGCAGCCGGTCGAA CAGCCAAAGCGGATGCA

p53PROM CGCTTGTACTTGCATCATTCG GCGCCTTGGCTGGATAAAC

brat GAATGGTTCCGTGGTTCGTTG AACAATTACGCCAAGCGTTGA

Traf4 GTGCAAAGGAGAGGGGTTAC ACGCCAATTCCTTGGAGCCAG

numb ACCGAGACAAGCTCGATTGG ATTACCCCTCTTTTGGCGGG
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Figure 4. p53 loss does not induce tumor-like overgrowth in larval brain NB lineages

(A) The Drosophila larval central brain (cb) contains type I (NBI) and type II (NBII) NBs. L3, third instar larva; ol, optic lobe; vc, ventral cord; m, medial; l, lateral; d,

dorsal; v, ventral; iINP, immature INP; mIPN, mature INP.

(B) Confocal immunofluorescences showing an NBII lineage. p53 loss does not induce tumorigenesis or even a significant number of ectopic NBs within NBII

lineages. Data are represented as medians within the interquartile range (box) and the maximum and minimum values (whiskers); n = number of NB lineages

analyzed. A Mann-Whitney test was used (ns, not significant in the boxplots).

(C) Confocal immunofluorescences showing an NBII lineage. p53 downregulation partially suppressed the UAS-RasV12 scrib2 ectopic NB phenotype. Data are

represented as medians within the interquartile range (box) and the maximum and minimum values (whiskers); n = number of NB lineages analyzed. A

Kruskal-Wallis test was used (ns, not significant; **p < 0.01, ***p < 0.001 in the boxplots). Scale bar: 10 mm. See also Figure S3.
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closest homologues of these Drosophila ASCD target genes. This could impact our understanding of the high complexity of p53 pleiotropic

effects to achieve its tumor suppressor activity.

Limitations of the study

In this work, we have found that Drosophila p53 tumor suppressor and transcription factor is regulating the process of ASCD in NBs. Further-

more, we have shown that p53 is directly activating key ASCDmodulator genes, such as those that encode the apical protein Traf4 and the cell

fate determinants Brat and Numb. However, despite of that, we have not detected any tumor-like overgrowth in the Drosophila larval brain NB

lineagesmutant forp53.Wehypothesize that p53might be functionally interactingwith other ASCD regulators to activatenumb,brat, andTraf4.

Hence, in the absence of p53, those regulators might be compensating the loss of p53, avoiding stronger phenotypes. One challenging aim in

the future will be looking for those ASCD regulators whose loss synergistically interacts with the loss of p53 to induce tumor-like overgrowth.
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D. melanogaster: UAS-CD8::GFP Bloomington Drosophila Stock Center BDSC: 5137

Oligonucleotides

GCA GCA TTA ATC AGA ACA TC numb (Fw primer) This paper NA

ATG GAG CGT CTG ATA TGT GG numb (Rev primer) This paper NA

GCA AGG TGA TGC GTG TGA TC brat (Fw primer) This paper NA

TGT CGC TGA TGA AGA TCT CC brat (Rev primer) This paper NA

GCA CTC TGT TGT GGA AGA TC Traf4 (Fw primer) This paper NA

AGT GTG AAG GTG ATG GAG TGC Traf4 (Rev primer) This paper NA

TCG ATC ATG AAG TGC GAC GT Act88F (Fw primer) This paper NA

CGG AGT ACT TCC TCT CGG GT Act88F (Rev primer) This paper NA

TAA ATT CGA CTC GAC TCA CGG T GADPH (Fw primer) This paper NA

CTC CAC CAC ATA CTC GGC TC GADPH (Rev primer) This paper NA

GTGGCAGCCGGTCGAA 3’UTR (Fw primer, ChIP) This paper NA

CAGCCAAAGCGGATGCA 3’UTR (Rev primer, ChIP) This paper NA

CGCTTGTACTTGCATCATTCG p53PROM (Fw primer, ChIP) This paper NA

GCGCCTTGGCTGGATAAAC p53PROM (Rev primer, ChIP) This paper NA

GAATGGTTCCGTGGTTCGTTG brat (Fw primer, ChIP) This paper NA

AACAATTACGCCAAGCGTTGA brat (Rev primer, ChIP) This paper NA

GTGCAAAGGAGAGGGGTTAC Traf4 (Fw primer, ChIP) This paper NA

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Our model system in this study has been Drosophila melanogaster.

Drosophila strains and genetics

The fly stocks used in this work were from the BloomingtonDrosophila Stock Center (BDSC) unless otherwise noted: white (w), was used as

a wild-type control fly strain; p53E8 74; hs-FLP (BDSC: #6); Dll-Gal4 UAS-CD8::GFP (BDSC: #64307); FRT82B tub-Gal80; FRT82B p53E8 (this

work); UAS-RasV12 FRT82B scrib2 (from G. Halder/H. Richardson); FRT82B; UAS-p53RNAi (BDSC: #41638); wor-Gal4 (BDSC:56553); UAS-

CD8::GFP ( BDSC: 5137).

Balancer chromosomes containing lacZ transgenes or a Tubby (Tb) dominant marker were used to identify homozygous mutant embryos

or larvae, respectively.

Drosophila husbandry

All the fly stocks were raised and kept in 18�C or 25�C incubators. Experimental temperatures for the assays were maintained using 25�C or

29�C incubators. The Gal-4 x UAS crosses (i.e. wor-Gal4; UAS-CD8::GFP x UAS-p53RNAi) in Figures S2B and S2C were carried out at 25�C for

2 days and then transferred to a new tube and left at 29�C until larvae of the proper stage (third instar, L3, larvae) developed. All stocks were

kept in bottles containing standard molasses fly food. We are not aware about the influence (or association) of sex, gender or both on the

results of this study.

METHOD DETAILS

Immunohistochemistry, immunofluorescence and microscopy

Embryos or larval brains were fixed and stained bymodification of standard protocols.125,126 In brief, dechorionated embryos or dissected late

L3 brains were fixed in 4% formaldehyde in phosphate-buffered saline (PBS, pH 7,4) during 20 minutes at room temperature (RT) in an orbital

shaker. The following primary Abs were used: rabbit anti-Ase 1:100,95 guinea pig anti-Dpn 1:2000,95 mouse anti-g-Tubulin 1:400 (Sigma-

Aldrich, T5326), rabbit anti-phospho-Histone H3 1:400 (Millipore, 06-570), mouse anti-phospho-Histone H3 1:2000 (Millipore, 05-806), mouse

anti-Dlg1 1:25 (DSHB), mouse anti-b-galactosidase from 1:200 to 1:8000 (for immunofluorescence and DAB staining, respectively) (Promega,

Z3781), rabbit anti-Eve 1:3000,127 rabbit anti-PKCz 1:100 (Santa Cruz Biotechnology, sc-216), goat anti-Numb 1:200 (Santa Cruz Biotech-

nology, sc-23579), guinea pig anti Par-6 1:1000 (a gift from A. Wodarz) and rabbit anti-Brat 1:200 (a gift from J. Knoblich).

The following secondary Abs conjugated with fluorescent dyes: Alexa Fluor 488, Alexa Fluor 546, Alexa Fluor 633 and Alexa Fluor 647 (all

from Invitrogen) and Cy3 (Jackson ImmunoResearch) 1:400 were used. VECTASHIELD Antifade Mounting Medium for Fluorescence (Vector

labs) was used for embryos or brain larvae immunofluorescences. 1:200 goat-biotinylated anti-mouse and 1:200 donkey-biotinylated anti-rab-

bit (Vector labs) were used for embryo immunohistochemistry followed by an incubation with the Vectastain ABC kit (Vector labs). After oxida-

tion of DAB by using 0.01% of peroxidase, embryos were rinsed several times in PBT followed by a dehydration process and finally mounted

with a drop of Epon.

Immunohistochemistry was visualized usingNomarski Optics on a Carl Zeissmicroscope (Axio Imager.A1). Images of ventral view embryos

were taken with a 63x/1.25 oil objective. Images were assembled using Adobe Photoshop CS6 program. Fluorescence images from

Figures 2A and 2B were recorded by using an Inverted Leica laser-scanning spectral confocal microscope TCS SP2 (Leica Spectral Confocal

acquisition software). The rest of fluorescence images were recorded using a Super-resolution Inverted Confocal Microscope Zeiss LSM

880-Airyscan Elyra PS.1. Images were analyzed using the image processing package FIJI from ImageJ and assembled using Adobe Photo-

shop CS6 program.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ACGCCAATTCCTTGGAGCCAG Traf4 (Rev primer, ChIP) This paper NA

ACCGAGACAAGCTCGATTGG numb (Fw primer, ChIP) This paper NA

ATTACCCCTCTTTTGGCGGG numb (Rev primer, ChIP) This paper NA

Software and algorithms

GEO Browser - GEO NCBI https://www.ncbi.nlm.nih.gov/geo/browse/

ENCODE Consortium Project https://www.encodeproject.org/

Integrative Genome browser IGV https://igv.org/

SigmaPlot 12.0 Software https://sigmaplot.software.informer.com/12.0/

Fiji/ImageJ Open Resourse

Adobe Photoshop CS6 Adobe Inc.
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MARCM clones

Clones in the brain were generated crossing hsFLP; Dll-Gal4 UAS-CD8::GFP; FRT82B tubGal80 females with males of the different genotypes

specified, including UAS-p53RNAi; FRT82B//UAS-RasV12 FRT82B scrib2// UAS-p53RNAi; UAS-RasV12 FRT82B scrib2 and FRT82B as control

males. The clones were identified by the presence of CD8::GFP. hsFLP was induced for 2 h at 37�C in late first/early second instar larvae

and clones were analyzed in late third instar larvae.

qRTPCR

To quantify RNA levels, total RNAwas extracted from 16 halvedDrosophila larvae using TRI Reagent (Invitrogen, AM9738). Briefly, samples

were incubated 5 min at RT, 100 ml BCP (1-bromo-3-chloropropane) / mL TRI Reagent was added and incubated again for 15 min at RT.

After centrifugation, the aqueous phase was collected and 0.7 volumes of isopropanol / mL TRI Reagent were added. After a centrifuga-

tion, pellet was washed with 70% Ethanol, resuspended in TE and quantified using a Nanodrop (Thermo Scientific, ND-1000). RNA was

treated with DNAse (Thermo Scientific, EN0521) and reverse transcripted with NZY Reverse Transcriptase (NZYTech, MB12401). For

Numb PCRs, SuperScriptTM III Reverse Transcriptase (Invitrogen, 1808044) was used. Oligo(dT) primer mix (NZYTech, MB12801 or Invitro-

gen, 184181-020 in the case of Numb) were used. Quantitative real time PCR (qRT-PCR) was performed using NZY Supreme qPCR Green

Master Mix, ROX Plus (NZYTech, MB440022) or Power SYBR Green PCR Master Mix (Applied Biosystems, PN4367218) in the case of Numb

amplification, following established protocols with 60�C for annealing/extension and 40 Cycles of amplification, on a QuantStudio� 3

apparatus (Applied Biosystems). Act88F and GADPH primers were used for mRNA normalization. Comparative qPCRs were performed

in at least three replicates and the relative expression was calculated using the comparative DDCt method. qRT-PCR primers are listed

in the Table.

ChIP experiments

Drosophila control (w) larvae were raised at 25�C until late third instar stage for brain dissection. Around 200 brains (with carcasses) were

dissected in cold PBS and fixed with 1 ml cross-linking solution (1.8 % formaldehyde, 50 mM Hepes pH 8.1 mM EDTA, 0.5 mM EGTA,

100 mM NaCl). The cross-linking solution was changed 3-4 times during fixation. The cross-linking was discontinued by washing for 3 min

in 1ml PBS/0.01 % Triton X-100/125 mM glycine with 3-4 changes. Fixed carcasses were washed for 10 min in 1 ml Wash A solution

(10 mMHepes pH 7.6, 10 mM EDTA, 0.5 mM EGTA, 0.25 % Triton X-100) and, subsequently, for 10 min in 1 mlWash B solution (10 mMHepes

pH7.6, 200 mMNaCl, 1mMEDTA, 0.5 mMEGTA, 0.01 % Triton X-100) changing the wash solution 3-4 times. Fine dissection of the brains was

carried out in coldWash B and samples were homogenized in 300 ml RIPA buffer (140mMNaCl, 10mMTris-HCl pH 8.0, 1mMEDTA, 1%Triton

X-100, 0.1 % SDS, 0.1 % sodium deoxycholate, 1 mM PMSF, 1 x Complete protease inhibitor cocktail (Sigma, 539137) with 0.5 %

N-Laurylsarcosine) during 15 min on ice, pipetting up and down several times. DNA was fragmented using a Biorruptor with 12 cycles of son-

ication for 30 s and interval for 30 s. This sonication yields genomic DNA fragments of around 500 bp. Sonicated lysate was centrifuged at 4�C
for 25 min at 14000 rpm to remove debris and diluted with RIPA buffer (without N-Laurylsarcosine) containing proteinase inhibitors to 2 brains

per 10ml. Samples were precleared with 100ml of pretreated ProtG/Sepharose (Sigma, P3296) for 1 hr at 4�C. After centrifugation to eliminate

the beads, 1ml precleared lysate were used for each IP and 100ml (10%) of it was saved for Input. The rest was separated into two aliquots of

450 ml each and incubated overnight at 4�C with 3 mg of a Mouse IgG Isotype Control (Thermo Fisher Scientific, 31903) or a Mouse anti-p53

(DSHB, p53 7A4) Abs, respectively. Overnight preblocked protG/Sepharose beads with 2 mg/ml BSA, 0.5 mg/ml Salmon Test DNA in RIPA

buffer +PI were added for an extra 4 h of incubation at 4�C. Beads were then washed once with RIPA buffer and 4 times with high salt wash

buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris–HCl pH8, 500 mM NaCl), once with LiCl wash buffer (1% NP40, 1% sodium deox-

ycholate, 1mMEDTA, 10mMTris–HCl pH8, 0.25M LiCl), twice with TE buffer (10mMTris-HCl pH8, 1mMEDTA), and then eluted and re-eluted

with 200 ml each of freshlymade elution buffer (1% SDS, 0.1MNaHCO3). Input was diluted by adding 300 ml of Elution buffer. 5MNaCl to a final

concentration of 0.3M was added into all tubes before incubation at 65�C overnight to reverse the crosslinking. 2ml 10mg/ml RNase was

added and incubated 1 h at 37�C; then, 10ml 0.5M EDTA, 20ml 1 M Tris pH 6.5 and 1ml Proteinase K 20mg/ml were added and incubated

1 h at 45�C. Samples were cleaned up with phenol:chloroform, precipitated with EtOH and resuspended in 50 ml of water. Purified DNA

was used for region-specific quantification by qPCR using Power SYBR Green (Applied Biosystems, 4367659) in triplicates per ChIP. ChIP

primers are listed in the following Table.

ChIPseq data processing and visualization

The following Drosophila genome-wide binding data sets were used: p53 embryos (4.5-5.5 hours) and p53 heads (1—2 weeks) from GEO

GSE109292,128 H3K27ac (embryo) fromGEOGSM1689671,129,130 andH3K4m3 (larva) fromGEOGSE218253.131 ChIP-seq for the Transcription

Factor E2F2 (embryo 0-24hours) and p53-MiMicGFP (embryo 0-24hours) were obtained from the ENCODEConsortium Project with accession

numbers ENCFF070DKY and ENCFF187EJC respectively. The IntegrativeGenomebrowser IGV132 was used to visualize the data set of p53 RE

sequences in the Drosophila melanogaster genome version Dm6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were carried out with SigmaPlot 12.0 Software. To assume statistical significance, p-values were determined below 0.05.

The data were first analyzed using the Shapiro-Wilk test to determinewhether the sample followed a normal distribution. Parametric t-test or a
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nonparametric two-tailed Mann Whitney U test and Kruskal-Wallis test for those that did not follow a normal distribution were used to

compare statistical differences between two different groups. To determine the equality of proportion between different groups, a Chi-

squared test (with Yates correction) was applied.

For most experiments, images data graphic representation was done using simple bars; box plots with whiskers were used in Figures 4

and S3B. The specific test used, experimental sample size (n) and the p-value are indicated in the figure or figure legend; * p < 0.05,

** p < 0.01, *** p < 0.001, ns: not significant (p > 0.05).
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