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SUMMARY

Inappropriate activation of the p53 transcription factor contributes to numerous developmental 

syndromes characterized by distinct constellations of phenotypes. How p53 drives exquisitely 

specific sets of symptoms in diverse syndromes, however, remains enigmatic. Here, we 

deconvolute the basis of p53-driven developmental syndromes by leveraging an array of mouse 

strains to modulate the spatial expression pattern, temporal profile, and magnitude of p53 

activation during embryogenesis. We demonstrate that inappropriate p53 activation in the neural 

crest, facial ectoderm, anterior heart field and endothelium induces distinct spectra of phenotypes. 

Moreover, altering the timing and degree of p53 hyperactivation substantially affects the 

phenotypic outcomes. Phenotypes are associated with p53-driven cell cycle arrest or apoptosis, 

depending on the cell type, with gene expression programs, rather than extent of mitochondrial 

priming, largely governing the specific response. Together, our findings provide a critical 

framework for decoding the role of p53 as a mediator of diverse developmental syndromes.
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eTOC blurb

Various developmental syndromes are associated with increased p53 activity. Bowen et al. 

generate a panel of mouse models to define how different spatial expression patterns, temporal 

profiles, and magnitudes of p53 activation during embryogenesis drive distinct spectra of 

developmental phenotypes.

INTRODUCTION

Developmental defects, including isolated congenital defects and those found in multi-

symptom developmental syndromes, affect approximately 3% of all babies in the United 

States and are the leading cause of infant mortality (Egbe, 2015; Petrini et al., 2002). While 

the genetic or environmental causes of most isolated congenital defects are unknown 

(Khokha et al., 2017), inherited or de novo mutations have been identified as causative in 

various developmental syndromes. The cellular consequences of these mutations are varied 

and include alterations in ubiquitous processes such as ribosome biogenesis, DNA repair, 

RNA processing, centriole duplication, and epigenetic regulation (Bowen and Attardi, 2019). 

How these diverse causative mutations trigger very specific constellations of phenotypes has 

remained elusive.

Emerging evidence reveals that the p53 tumor suppressor protein is inappropriately activated 

in many developmental syndromes, which we refer to here as “p53-associated syndromes” 

(Bowen and Attardi, 2019; Van Nostrand and Attardi, 2014). p53 is a transcription factor 

that is normally maintained at low levels in the cell but becomes stabilized and activated in 

response to various types of stress (Kastenhuber and Lowe, 2017). Many of the mutations 

that cause developmental syndromes can trigger intracellular stress that activates p53. 

Accordingly, increased p53 activity is observed in clinical samples from patients with a 

range of developmental syndromes, and deletion of Trp53 can fully or partially rescue some 

or all of the developmental defects in mouse models of developmental syndromes (Figure 
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1A; Bowen and Attardi, 2019). Thus, a unifying theme shared by many syndromes is that 

their causative mutations induce stress signals that trigger p53 activation, and once active, 

p53 may contribute to their associated developmental defects.

The notion that inappropriate p53 activation can trigger developmental defects in humans is 

underscored by recent findings that activating mutations in TP53 itself or hypomorphic 

mutations in MDM2, which encodes the main negative regulator of p53, can cause 

syndromes associated with certain developmental phenotypes (Figure 1A) (Lessel et al., 

2017; Toki et al., 2018). Similarly, in mice, a range of developmental defects is observed in 

strains with activating Trp53 mutations or hypomorphic Mdm2 mutations (Bowen and 

Attardi, 2019). Together, analyses of both mice and humans indicate that inappropriate p53 

activation, due to mutations in TP53 itself or due to mutations in p53 regulators, can drive a 

wide range of developmental phenotypes.

The syndromes associated with p53 hyperactivity have overlapping yet ultimately distinct 

sets of developmental defects, and the basis for the phenotypic differences between these 

syndromes is not well understood. Here, to test the hypothesis that differences in the nature 

of p53 activation contribute to the phenotypic diversity of these syndromes, we generate a 

panel of mouse models in which we modulate the magnitude, the timing, and the spatial 

pattern of p53 activation during embryogenesis. We thus deconvolute the threshold and 

spatiotemporal requirements of p53 activation needed for the manifestation of different 

developmental phenotypes. We further interrogate the cellular and molecular basis for how 

p53 promotes phenotypes in different tissues. Together, our analyses provide a critical 

framework for decoding the broad role of p53 in diverse developmental syndromes.

RESULTS

Establishing a platform for understanding the phenotypic diversity of p53-associated 
syndromes

To decipher the mechanisms by which p53 hyperactivation contributes to developmental 

defects in numerous human syndromes, we sought initially to establish mouse models in 

which we could modulate both the intensity and the spatial location of p53 activation during 

embryogenesis. To this end, we established a series of conditional alleles, coupled with a 

panel of tissue-specific Cre transgenes, to activate p53 to different degrees and in different 

cell compartments.

To achieve mild activation of p53, we co-expressed a p53 transcriptional mutant – 

p5325,26,53,54 – and wild-type p53, which had previously revealed a role for p53 in driving 

phenotypes characteristic of CHARGE syndrome (Van Nostrand et al., 2014). p5325,26,53,54 

contains four mutations in its transactivation domains (TADs) that render it transactivation-

dead, but also increase its stability due to disruption of the residues required to bind Mdm2, 

the main ubiquitin ligase that targets p53 for degradation (Figure 1B) (Brady et al., 2011; 

Mello et al., 2017). We previously showed that p5325,26,53,54 can bind to and modestly 

stabilize wild-type p53, leading to a mild increase in p53 target gene induction (Van 

Nostrand et al., 2014). Here, we used our conditional Trp53LSL−25,26,53,54 knock-in allele, 

which is only expressed after Cre-mediated recombination of a transcriptional stop cassette 
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flanked by LoxP sites (LSL) (Brady et al., 2011), to express p5325,26,53,54 in a tissue-specific 

manner and modestly induce p53 activity (Figure 1C). We also established another system 

for mild p53 activation, through heterozygous Mdm2 and Mdm4 deletion, which triggers a 

modest increase in p53 target gene expression (Terzian et al., 2007; Zhang et al., 2017) and 

can be achieved using mice carrying a conditional Mdm2flox allele and an Mdm4 null allele 

(Grier et al., 2002; Parant et al., 2001) (Figure 1C).

To attain higher levels of p53 activity, we co-expressed another p53 mutant with alterations 

only in the first p53 TAD – p5325,26 – and wild-type p53 (Figure 1B,C) (Johnson et al., 

2005). Although p5325,26 and p5325,26,53,54 are both more stable than wild-type p53 due to 

disruption of the residues required for Mdm2 binding, p5325,26 has some transactivation 

activity, while p5325,26,53,54 is transactivation-dead (Brady et al., 2011; Jiang et al., 2011). 

We thus hypothesized that p53 target gene induction would be higher in Trp5325,26/+ 

embryos than in Trp5325,26,53,54/+ embryos, due to the combined effects of wild-type p53 

stabilization and residual p5325,26 transactivation activity. We first confirmed that p5325,26 

was able to stabilize wild-type p53, by showing that wild-type p53 levels were elevated in 

Adenovirus Cre (AdCre)-infected Trp53LSL−25,26/+ mouse embryonic fibroblasts (MEFs) 

relative to AdCre-infected Trp53+/− MEFs (Figure 1D). Next, we examined p53 

transcriptional activity and found that Sox2-Cre;Trp53LSL−25,26/+ embryos ubiquitously co-

expressing p5325,26 and wild-type p53 displayed moderate induction of a panel of known 

p53 target genes, in contrast to the relatively mild induction of p53 target genes observed in 

Sox2-Cre;Trp53LSL−25,26,53,54/+ embryos and Mdm2+/− ;Mdm4+/− embryos (Figure 1E). 

These data confirm that co-expression of p5325,26 and wild-type p53 can be used to trigger 

higher levels of p53 activity than co-expression of p5325,26,53,54 and wild-type p53 or 

heterozygous Mdm2 and Mdm4 deletion.

To achieve even stronger p53 activation, we relied on conditional deletion of both alleles of 

Mdm2, which can induce high levels of p53 activity (Moyer et al., 2017). We confirmed that 

p53 accumulated to higher levels in AdCre-infected Mdm2flox/flox MEFs than in AdCre-

infected Trp53LSL−25,26/+ MEFs (Figure 1D). Thus, through these approaches, we 

established an allelic series to achieve different levels of p53 activity, which we refer to as 

“mild”, “moderate” and “severe” p53 activation (Figure 1C). While it is possible that each 

method of activating p53 may have certain nuanced effects on p53’s functionality, our 

analysis of p53 target gene induction supports a model of progressively increasing p53 

activity rather than driving selective gene expression programs. By coupling these 

conditional alleles with a panel of tissue-specific Cre transgenes (Figure 1F,G), as described 

below, we were poised to investigate how both the degree and spatiotemporal pattern of p53 

activation contribute to the phenotypic diversity of p53-associated syndromes.

Inappropriate activation of p53 in the neural crest triggers a host of developmental defects 
that depend on the degree and timing of p53 activation

Craniofacial, cardiovascular and pigmentation defects are common features of p53-

associated syndromes. For example, cleft palate, outer ear defects and facial bone hypoplasia 

are major features of Treacher Collins syndrome, heart outflow tract and ventricular septal 

defects (VSDs) are common in 22q11.2 deletion and CHARGE syndromes, and patches of 
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hypopigmented hair are characteristic of Waardenburg syndrome (Corsten-Janssen et al., 

2013; McDonald-McGinn et al., 2015; Vincent et al., 2016; Zaman et al., 2015). Given that 

neural crest cells (NCCs) give rise to melanocytes as well as components of the craniofacial 

skeleton and heart (Figure 1G) (Bronner and Simões-Costa, 2016), we sought to determine 

whether p53 activation in NCCs recapitulates the craniofacial, cardiovascular and/or 

pigmentation defects observed in p53-associated syndromes, and whether the degree and 

timing of p53 activation influences the phenotypic spectrum and severity.

To activate p53 in NCCs, we used mice carrying the Wnt1-Cre transgene (Hari et al., 2012) 

(Figure 1F,G). Mice with mild p53 activation in NCCs were obtained at the expected 

Mendelian ratios at postnatal day 21 (P21; Figure S1A, Table S1), had hypoplastic NCC-

derived facial bones, displayed pigmentation defects manifesting as white belly spots, and 

had no overt heart defects (Figure 2A, Figure S1B–C). In contrast, moderate p53 activation 

in NCCs led to embryonic lethality (Table S1) and triggered a host of craniofacial and 

cardiovascular defects, including cleft face, short snouts and lower jaws, cleft palate, small 

outer ears, hypoplastic nasal passages, heart VSDs and incompletely septated heart outflow 

tracts, a phenotype known as persistent truncus arteriosus (PTA; Figure 2B). Even more 

dramatic developmental defects were observed in embryos with severe p53 activation in 

NCCs, which lacked most of the frontonasal region, displayed incompletely penetrant 

exencephaly and exhibited PTA (Figure 2C, Figure S1D). These defects could be rescued by 

concomitant loss of p53 (Figure S2), confirming that they are caused primarily by p53 

activation rather than any potential p53-independent consequences of Mdm2 loss. 

Collectively, our results indicate that activating p53 to different degrees in NCCs is sufficient 

to trigger a broad spectrum of developmental defects involving the craniofacial skeleton, 

palate, outer ears, neural tube, heart outflow tract, ventricular septum and melanocytes. 

Thus, many of the congenital defects in p53-associated syndromes likely arise due to the 

sensitivity of NCCs to p53 hyperactivation.

To better understand the extent to which the timing of p53 activation affects NCC-based 

phenotypes, we used mice carrying the Sox10-Cre transgene, which is expressed in NCCs 

only after they start migrating, in contrast to Wnt1-Cre, which is expressed in pre-migratory 

NCCs (Hari et al., 2012) (Figure 1F,G). We found that the pigmentation and craniofacial 

phenotypes triggered by mild p53 activation in migratory NCCs (Figure 2D, Figure S1E) 

were less severe than those triggered by mild p53 activation in pre-migratory NCCs (Figure 

2A). Similarly, moderate p53 activation in migratory NCCs (Figure 2E) was not sufficient to 

trigger the cleft face and PTA phenotypes induced by moderate p53 activation in pre-

migratory NCCs (Figure 2Bi,ix). Furthermore, severe p53 activation in migratory NCCs 

(Figure 2F) was not sufficient to induce the PTA and exencephaly induced by severe p53 

activation in pre-migratory NCCs (Figure 2C). As NCCs begin to express Sox10-Cre only a 

few hours after the onset of Wnt1-Cre expression (Hari et al., 2012), these data indicate that 

subtle differences in the timing of p53 activation can substantially alter the spectrum of 

phenotypes induced by p53. Of note, Wnt1-Cre is also expressed in the developing midbrain 

(Figure 1F), which likely contributes to the exencephaly in Wnt1-Cre-expressing embryos 

with severe p53 activation and not Sox10-Cre-expressing embryos. Together, our data 

suggest that even slight differences in either the timing or degree of p53 activation in NCCs 

could account for many of the phenotypic differences between p53-associated syndromes.
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Inappropriate activation of p53 in the facial ectoderm and telencephalon induces 
craniofacial defects

Although p53 activation in NCCs induced craniofacial defects involving the facial skeleton, 

palate and outer ears (Figure 2), it did not induce other craniofacial defects observed in p53-

associated syndromes, such as eye defects, inner ear defects, and choanal atresia (a blockage 

of the back of the nasal airway), raising the possibility that other cell types beyond NCCs 

contribute to p53-driven craniofacial defects. Given that the ectodermal placodes, which 

arise as focal thickenings on the facial ectoderm, contribute to the development of facial 

structures such as the eyes, inner ears and nasal airway (Steventon et al., 2014), we asked 

whether p53 activation in the facial ectoderm using Foxg1-Cre (Hébert and McConnell, 

2000) (Figure 1F,G) could trigger craniofacial defects. Furthermore, since Foxg1-Cre is also 

expressed in the telencephalon, a region of the developing forebrain (Hébert and McConnell, 

2000), we queried whether p53 activation in Foxg1-Cre-expressing cells could recapitulate 

the microcephaly observed in p53-associated syndromes.

We observed a variety of craniofacial defects in mice with p53 hyperactivation in Foxg1-
Cre-expressing-cells. Mice with mild p53 activation were viable postnatally and displayed 

subtle craniofacial defects, including mild microphthalmia (Table S1, Figure 3A). Embryos 

with moderate p53 activation, which were not viable postnatally (Table S1), exhibited 

microcephaly due to hypoplasia of the telencephalon and displayed microphthalmia, retinal 

coloboma, hypoplastic nasal passages, a complete blockage of choanae and nasopharynx, 

and hypoplastic inner ears (Figure 3B; Figure S1F). Embryos with severe p53 activation 

displayed even more dramatic defects, with a near-complete absence of the frontonasal 

region, eyes, otic vesicle, and telencephalon, and exhibited incompletely penetrant 

exencephaly (Figure 3C). These data indicate that p53 activation in the facial ectoderm and 

telencephalon is sufficient to trigger craniofacial defects involving the eyes, inner ears, nasal 

airway and forebrain, with the severity of these defects highly dependent on the degree of 

p53 activation. Importantly, these defects overlap with those observed in human p53-

associated syndromes. For example, microphthalmia is a common feature of Fanconi 

Anemia (Tsilou et al., 2010), retinal coloboma, choanal atresia and inner ear defects are 

hallmarks of CHARGE syndrome (Bergman et al., 2011), and microcephaly is characteristic 

of Seckel syndrome and autosomal recessive primary microcephaly (Gilmore and Walsh, 

2013; Sir et al., 2011). Our data indicate further that p53 activation in the facial ectoderm 

and telencephalon induces craniofacial phenotypes distinct from those induced by p53 

activation in NCCs, suggesting that the specific set of craniofacial defects that manifests in a 

given p53-associated syndrome depends on the particular tissues in which p53 is activated.

Inappropriate activation of p53 in mesodermal populations triggers cardiovascular defects

While our data indicate that p53 activation in NCCs can trigger heart defects (Figure 2Bix–

x), NCCs only contribute to part of the heart, with the remainder deriving from the 

mesodermal heart fields (Figure 1G) (Brade et al., 2013). To better understand the causes of 

congenital heart defects, we sought to determine whether p53 activation in mesodermal 

populations also induces heart defects. To this end, we first used mice carrying Mesp1-Cre, 

which is expressed broadly in the mesoderm by embryonic day 6.5 (E6.5) (Saga et al., 1999) 

(Figure 1F,G). Mice with mild p53 activation in the mesoderm were viable with no overt 
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developmental defects, whereas embryos with moderate or severe p53 activation died at 

E10.5 or were resorbed by E8.5, respectively (Figure 4A; Table S1). Thus, activating p53 

above a certain threshold in the mesoderm dramatically perturbs embryogenesis, rather than 

leading to specific heart defects. To activate p53 in a more restricted fashion, we next used 

mice carrying Mef2c-Cre, which is expressed in the anterior heart field (AHF) that 

contributes to the outflow tract, ventricular septum, and right ventricle (Verzi et al., 2005), 

and Tie2-Cre, which is expressed in endothelial cells, including those that give rise to the 

endocardial cushions, which contribute to the outflow tract and ventricular septum (Kisanuki 

et al., 2001) (Figure 1F,G). Embryos with severe p53 activation in either of these populations 

were hypoplastic and died at ~E10.5 (Figure 4B) (Zhang et al., 2012). In contrast, embryos 

with moderate p53 activation in the AHF were viable at E18.5 and exhibited both VSDs and 

PTA (Figure 4C, Table S1), and embryos with moderate p53 activation in endothelial cells 

survived until E12.5 and displayed hypoplastic ventricular septa but normally septated 

outflow tracts (Figure 4D, Table S1). Together with previous observations that mild p53 

activation in endothelial cells triggers incompletely penetrant VSDs (Zhang et al., 2012), 

these observations define the mesodermal populations in which p53 acts to drive heart 

defects, with p53 activation in the AHF inducing both PTA and VSDs, and p53 activation in 

endothelial cells only triggering VSDs. Collectively, our findings suggest that the etiology of 

p53-driven developmental defects is multifaceted, with contributions from multiple cell 

compartments. Moreover, by defining how the spatiotemporal pattern and degree of p53 

activation influence the phenotypic outcome, our data provide a fundamental framework for 

understanding phenotypic diversity in developmental syndromes (Figure 4E).

Inappropriate p53 activation induces apoptosis or dampens proliferation in a cell-type-
dependent and timing-dependent manner

Having decoded the spatiotemporal and threshold requirements for p53 activation to drive 

different developmental defects, we next sought to gain insight into the molecular pathways 

underlying these defects. Based on our observation that NCCs play a key role in various 

p53-driven developmental phenotypes (Figure 4E), we chose to define the transcriptional 

response to p53 hyperactivation in NCCs. By isolating NCCs from E10.5 embryos and 

performing RNA-sequencing (RNA-seq), we identified 448 and 209 genes that were up- and 

downregulated, respectively, in NCCs with moderate p53 activation (Trp5325,26/+ compared 

to Trp53+/+; Figure 5A). 63% of the upregulated genes had been identified previously as 

p53-induced genes in other cell types, validating our approach (Table S2) (Kenzelmann Broz 

et al., 2013; Lee et al., 2010; Li et al., 2012; Tonelli et al., 2015). Notably, the top signatures 

enriched in the upregulated genes were those related to apoptosis and cell cycle arrest 

(Figure 5A; Table S3), suggesting that these processes may be important for promoting p53-

driven developmental defects.

p53 activation can trigger apoptosis, restrain proliferation, or have no obvious effect on cell 

survival or proliferation, depending on the context (Gudkov and Komarova, 2003). To 

determine whether p53-driven NCC-based developmental defects are associated with 

increased apoptosis and/or decreased proliferation, we performed immunostaining for 

cleaved-Caspase 3 (CC3) and 5-bromodeoxyuridine (BrdU) after BrdU-pulse labeling, 

respectively. Moderate p53 activation triggered apoptosis in NCCs without affecting their 
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proliferation (Figure 5B). Intriguingly, this induction of apoptosis was observed in the dorsal 

neural tube containing pre-migratory NCCs and in migratory NCCs, but not in NCCs that 

had reached the pharyngeal arches (PA) (Figure 5B). Thus, NCCs are susceptible to p53-

mediated apoptosis during a narrow developmental time window, providing mechanistic 

insight into our prior observation that subtle differences in the timing of p53 activation in 

NCCs substantially alters the phenotypic outcome (Figure 4E).

We next asked whether increased apoptosis and/or decreased proliferation underlie p53-

driven developmental defects of ectodermal and mesodermal origin. Moderate p53 activation 

triggered apoptosis in the otic and optic vesicles and the AHF, but restrained proliferation 

without inducing apoptosis in the right ventricle and endocardial cushions (Figure 5C–D; 

Figure S3). Thus, the susceptibility of mesodermal cells to p53-driven apoptosis also 

changes during a narrow developmental time window, with the choice of cell fate following 

p53 activation switching from increased apoptosis to decreased proliferation as cells from 

the AHF migrate into and populate the right ventricle and endocardial cushions. Overall, our 

data indicate that p53 activation triggers apoptosis and restrains proliferation in a cell type- 

and timing-dependent manner during embryogenesis (Figure 5E).

We next asked whether the degree of p53 activation influences the choice of cellular 

response. We found that the susceptibility of a given cell compartment to p53-driven 

apoptosis was not dependent on the degree of p53 activation, with severe p53 activation 

triggering apoptosis in the same tissues as moderate p53 activation (dorsal neural tube, the 

otic and optic vesicles, and the AHF, but not the right ventricle; Figure S4). However, 

increasing the degree of p53 activation did alter the amplitude of the apoptotic response, 

with severe p53 activation triggering more extensive apoptosis in apoptosis-susceptible 

tissues than moderate p53 activation (Figure S4). Conversely, decreasing the degree of p53 

activation dampened the apoptotic response (Figure S5A). Interestingly, no level of p53 

activation (mild, moderate or severe) affected cellular proliferation in the dorsal neural tube 

(Figure S5; Figure 5B), Thus, our data suggest that the degree of p53 activation dictates the 

amplitude rather than the choice of the cellular response.

Neuronal derivatives of the neural crest are hypersensitive to p53 activation

To further explore the mechanisms underlying p53-driven developmental defects, we next 

analyzed the RNA-seq data for genes that were downregulated upon p53 activation in NCCs 

(Figure 5A). Gene Ontology analysis of these genes revealed a strong enrichment for genes 

expressed in neurons (Figure 6A; Table S3). Because we had performed RNA-seq at E10.5, 

a time point at which some NCCs are initiating differentiation programs for downstream 

lineages (e.g. neurons and chondrocytes), we reasoned that reduced neuronal gene 

expression could reflect a decrease in the number of NCCs contributing to neuronal lineages 

relative to other NCC lineages. Indeed, NCC lineage tracing experiments showed that 

moderate p53 activation in either pre-migratory or migratory NCCs dramatically decreased 

the number of NCCs contributing to the dorsal root ganglia (DRG), the enteric nervous 

system, and the sympathetic ganglia (Figure 6Bi-iii; Figure S2G, Figure S6I). Whole mount 

staining for the pan-neuronal marker Neurofilament-M (NFM) also revealed that moderate 

p53 activation led to a striking decrease in the size of the neuronal DRG population (Figure 
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6Ci–ii). In contrast, moderate p53 activation did not dramatically disrupt the formation of 

the PAs (Figure 6Biv) or the initiation of chondrogenesis in the craniofacial region (Figure 

6Ciii). Flow cytometry-based quantification revealed that activating p53 in migrating NCCs 

led to a ~60% reduction in the size of the trunk NCC population at E11.5, yet only a ~20% 

reduction in the size of the cranial NCC population (Figure 6E–F). Together, these data 

suggest that different NCC lineages have different sensitivities to p53 hyperactivation, with 

trunk neuronal lineages being more sensitive than cranial chondrocytic lineages.

We next asked whether defects in the formation of neuronal derivatives were also caused by 

p53-driven apoptosis in these structures. Indeed, moderate p53 activation triggered apoptosis 

in the developing DRG (Figure 6D). In contrast, the majority of NCCs that reached the PAs 

and frontonasal process did not undergo apoptosis in response to moderate p53 activation, 

with increased apoptosis only being observed in the lateral mandibular process of the first 

PA but not in other craniofacial compartments (Figure 6D, Figure S6). Furthermore, 

quantification of apoptosis by flow cytometry indicated that moderate p53 activation 

triggered higher levels of apoptosis in trunk NCCs than in cranial NCCs (Figure 6G). Thus, 

while the majority of NCCs that migrate to the PAs become resistant to p53-driven 

apoptosis, NCCs that migrate to the DRG retain their sensitivity to p53-driven apoptosis. 

Collectively, our data indicate that although inappropriate p53 activation in NCCs leads to 

developmental defects affecting multiple tissues, including the craniofacial skeleton and 

heart (Figure 4E), particularly severe developmental defects occur in neuronal NCC 

derivatives, which is due, at least in part, to their continued sensitivity to p53-mediated 

apoptosis. Importantly, our finding that neuronal development is hypersensitive to p53 

activation provides a basis for the neurodevelopmental phenotypes, such as microcephaly, 

cerebellar defects, intellectual disability and cranial nerve defects, observed in p53-

associated syndromes (Blake et al., 2008; Chrzanowska et al., 2012; Sir et al., 2011; Sohn et 

al., 2016).

Both apoptosis-resistant and apoptosis-susceptible embryonic cells have highly primed 
mitochondria

To better understand the molecular underpinnings of the observed developmental 

phenotypes, we next sought to determine why p53 activation induces apoptosis only in 

certain embryonic cell types. We leveraged a human NCC (hNCC) system in which we 

could study homogeneous populations undergoing synchronous responses to p53 activation 

(Bajpai et al., 2010). Specifically, hNCCs undergo efficient apoptosis when exposed to p53-

activating drugs such as Nutlin3a or Doxorubicin, but become strikingly resistant to p53-

driven apoptosis when differentiated toward the smooth muscle cell lineage (“early-

hSMCs”; Figure 7A–B; Calo et al., 2018). We supported our analysis of the factors 

underlying the nature of the p53 response by microdissecting the embryonic mouse heart 

and neuroepithelium, which comprise cells that are resistant and sensitive to p53-driven 

apoptosis, respectively (Figure 5B,D, Figure S6).

Recent studies have suggested that the propensity of a given cell type to undergo apoptosis 

in response to stimuli is determined by its degree of mitochondrial priming, a property 

dictated by the balance of proapoptotic and antiapoptotic proteins at the mitochondria 
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(Potter and Letai, 2016). Mitochondrial priming is measured using BH3 profiling assays, in 

which cells are exposed to proapoptotic peptides and the permeabilization of the 

mitochondrial outer membrane is measured using the JC-1 dye (Ryan and Letai, 2013). 

Surprisingly, we found that the degree of mitochondrial priming in early-hSMCs was as high 

as that in hNCCs, and the degree of priming in the E9.5 heart was only slightly lower than 

that of the E9.5 neuroepithelium (Figure 7C–D, Figure S7A). Indeed, each of these cell 

populations exhibited a degree of priming similar to that of the adult mouse spleen and far 

greater than that of the adult mouse brain (Figure S7B), tissues known to be highly primed 

and unprimed, respectively (Sarosiek et al., 2017). These findings suggest that factors other 

than mitochondrial priming likely play the predominant role in determining the resistance of 

the E9.5 mouse heart and early-hSMCs to p53-driven apoptosis.

Apoptosis-resistant populations display lower induction of p53 pro-apoptotic target genes

The similar degree of mitochondrial priming in cells prone to undergoing apoptosis and 

those resistant to apoptosis suggested that the differences in cell responses related more 

specifically to the p53 gene expression programs activated in the two contexts. To test this 

hypothesis, we performed RNA-seq to define the transcriptional response to p53 activation 

in hNCCs and early-hSMCs (Figure 7A). We first identified p53-responsive genes by 

selecting genes that were induced or repressed in response to Nutlin3a-treatment in either 

cell type (Figure 7E; Table S4). We found that 309 (97%) of the 320 Nutlin3a-induced genes 

were significantly upregulated or trended toward upregulation (log2FC>0) upon Nutlin3a 

treatment in both cell types. Likewise, 124 (93%) of the 133 Nutlin3a-repressed genes were 

significantly downregulated or trended toward downregulation upon Nutlin3a treatment in 

both cell types. These results indicate that p53 regulates the same set of genes in hNCCs and 

early-hSMCs and that the differential apoptotic sensitivities of these two cell populations is 

not due to differences in the repertoire of p53 target genes. Interestingly, the magnitude of 

the induction or repression of these p53-responsive genes did differ substantially between 

cell types. Specifically, the Nutlin3a-induced genes had a median fold induction of 2.5 fold 

in hNCCs but only 1.6 fold in early-hSMCs (Figure 7E). Similarly, the Nutlin3a-repressed 

genes had a median fold repression of 1.7 fold in hNCCs but only 1.3 fold in early-hSMCs 

(Figure 7E). These results suggest an overall dampening of the transcriptional response to 

p53 activation in early-hSMCs relative to hNCCs. We also observed less p53 protein 

accumulation following Nutlin3a treatment in early-hSMCs than in hNCCs (Figure 7G), 

suggesting that the diminished p53 transcriptional response is likely at least in part due to 

reduced p53 levels.

To understand the responses of these cell types in more detail, we assessed the expression of 

specific genes. We found first that p53 pro-apoptotic target genes, including PIDD1, 

PMAIP1/NOXA and TNFRSF10A, were notably less efficiently induced in early-hSMCs 

than in hNCCs (Figure 7F). Similarly, Pidd1 was less efficiently induced and Noxa and Bax 
trended toward less efficient induction upon p53 activation in the mouse embryonic heart 

than in the neuroepithelium (Figure S7C). Together, these data suggest that in both mouse 

and human embryonic cells, certain pro-apoptotic target genes are less efficiently induced in 

tissues that are resistant to p53-driven apoptosis. We next explored whether genes that 

change in expression as hNCCs differentiate towards hSMCs (Table S5) could influence the 

Bowen et al. Page 10

Dev Cell. Author manuscript; available in PMC 2020 July 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



p53 response. We identified two p53 repressors, HDAC5 and iASPP, whose gene expression 

increased as hNCCs differentiate toward hSMCs (Figure 7H). Both HDAC5, which 

deacetylates p53, and iASPP have been shown to inhibit p53’s transactivation of pro-

apoptotic target genes (Bergamaschi et al., 2006; Sen et al., 2013) and therefore could 

contribute to the dampened p53 transcriptional response in early-hSMCs. We also examined 

the expression of genes encoding members of the inhibitor of apoptosis (IAP) family, which 

can suppress apoptosis by inhibiting caspases (Kocab and Duckett, 2016). Two of these 

genes, BIRC2 and BIRC7, displayed enhanced expression as hNCCs differentiate towards 

hSMCs, suggesting that their increased expression could contribute to the resistance of 

early-hSMCs to p53-driven apoptosis (Figure 7H). Thus, reduced p53 protein accumulation, 

diminished p53 pro-apoptotic target gene induction, and enhanced expression of p53 

repressors and anti-apoptotic proteins could coordinately contribute to the resistance of 

certain embryonic populations to p53-mediated apoptosis (Figure 7I).

DISCUSSION

Congenital defects affecting craniofacial, cardiovascular and neuronal tissues occur in a 

wide range of developmental syndromes. As a common underlying mechanism – namely 

hyperactivation of p53 – may contribute to the developmental phenotypes in a number of 

these syndromes, the basis for their phenotypic differences has remained elusive. Here, we 

provide a critical framework for understanding how p53 hyperactivation drives diverse sets 

of developmental phenotypes. Our findings indicate that p53-driven developmental defects 

arise due to the sensitivity of a few key embryonic cell compartments to p53 activation, and 

that variations in the strength of p53 activation, as well as subtle differences in the timing of 

p53 activation, can substantially alter the spectrum and severity of symptoms. Thus, our 

results suggest that differences in the spatiotemporal pattern and degree of p53 activation 

alone could account for many of the phenotypic differences between p53-associated 

syndromes.

The factors that dictate the spatiotemporal pattern of p53 activation in p53-associated 

syndromes are not well understood. One likely contributing factor is that the genes mutated 

in these syndromes are themselves expressed in a tissue-specific fashion, which in turn 

would trigger p53 activation in those tissues. For example, Chd7, Tbx1, and Pax3, which are 

associated with CHARGE, 22q11.2 deletion, and Waardenburg syndromes respectively, 

encode transcription factors or chromatin remodelers with highly tissue-specific expression 

patterns during embryogenesis (Bosman et al., 2005; Epstein et al., 2000; Vitelli et al., 

2002). Other p53-associated syndromes are caused by mutations in genes involved in 

ribosome biogenesis, DNA repair, RNA processing and centriole duplication (Figure 1A), 

and although these genes are involved in global cellular processes, they are not uniformly 

expressed. For example, expression of the Treacher Collins syndrome-associated gene Tcof1 
is enriched in NCCs (Dixon et al., 2006), expression of ribosomal genes mutated in 

Diamond Blackfan anemia is enhanced in craniofacial and hematopoietic tissues (Robson et 

al., 2016), and expression of the Richieri-Costa-Pereira syndrome-associated gene Eif4a3 
and the microcephaly-associated gene Cenpj is strongest in the developing brain (Bond et 

al., 2005; Mao et al., 2016). Another factor that could dictate the spatiotemporal pattern of 

p53 activation is that different cell types differ in their sensitivities to specific cellular 
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perturbations. For example, NCCs exhibit high levels of endogenous oxidative stress, 

potentially explaining an increased propensity to activate p53 in response to mutations that 

disrupt pathways needed to repair oxidative stress-induced DNA damage (Sakai et al., 

2016). Thus, both differences in the expression patterns of genes mutated in p53-associated 

syndromes and differences in the sensitivities of diverse cell types to specific cellular defects 

could contribute to differences in the spatiotemporal patterns of p53 hyperactivation in 

developmental syndromes.

Our findings suggest that phenotypic differences between syndromes could also arise due to 

differences in the degree of p53 activation. Different types of p53-activating signals 

associated with diverse syndromes likely activate p53 to different extents, according to the 

different intracellular pathways and p53 post-translational modifications triggered in a given 

context (Meek, 2015). Moreover, even patients with the same syndrome could exhibit 

different degrees of p53 activation, due to genetic polymorphisms that modify p53 activity 

or in utero exposure to p53-activating stressors such as ionizing radiation (Quintens et al., 

2015; Whibley et al., 2009). It will be of interest to determine whether the high degree of 

variability in the penetrance and severity of developmental phenotypes in p53-associated 

syndromes arises due to genetic or environmental factors that modify p53 activity levels.

To understand the basis of the phenotypes observed in our models, we delineate the role for 

p53 in triggering apoptosis and restraining proliferation in a cell type- and timing-dependent 

manner during embryogenesis. Our results reveal striking differences in the p53 response 

even in closely-related lineages. Our finding that neuronal lineages are particularly 

susceptible to undergoing p53-driven apoptosis provides a rational for the range of 

neurodevelopmental defects observed in p53-associated syndromes, as well as the 

neurodegenerative defects observed in diseases such as Alzheimer’s and Parkinson’s disease 

and the microcephaly phenotype induced by Zika virus infection, which have also been 

associated with increased p53 activity (Slomnicki et al., 2017; Szybińska and Leśniak, 

2017).

Why p53 activation only triggers apoptosis in certain cell types is an intriguing question. 

Given that p53 can induce pro-apoptotic target genes, such as Bax and Puma, in both 

apoptosis-sensitive and apoptosis resistant cells (Attardi et al., 2000; Fischer, 2017), it has 

been proposed that the extent of mitochondrial priming determines the apoptotic cell fate 

(Liu et al., 2013). Surprisingly, we show here that the degree of mitochondrial priming does 

not differ between hNCCs and early-hSMCs, and only differs slightly between the 

embryonic mouse heart and neuroepithelium. This important observation indicates that 

differences in mitochondrial priming are not sufficient to explain different sensitivities to 

p53-driven apoptosis in all contexts. Instead, we find that differences in gene expression 

programs, including in the extent of induction of p53 pro-apoptotic target genes, may 

underlie the different apoptotic susceptibilities of these two cell populations.

Therapeutic strategies to dampen p53-activating stress signals or inhibit components of the 

p53 pathway may have clinical potential for mitigating the manifestation of developmental 

phenotypes. For example, maternal antioxidant supplementation can limit the accumulation 

of DNA damage in syndromes associated with impaired DNA repair, thereby attenuating 
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p53 activation and mitigating developmental phenotypes (Sakai et al., 2016). Direct 

pharmacological inhibition of p53 can also prevent developmental defects (Jones et al., 

2008; Morgan et al., 2008), but would have to be performed with care given the increased 

risk for tumorigenesis. Instead, delineating the specific pathways through which p53 drives 

developmental defects may allow the possibility of targeting downstream components, such 

as specific apoptotic factors, without completely perturbing p53. To provide further insight 

into potential therapeutic targets, it will be important to determine the relative contributions 

of other p53-regulated cellular processes – such as cellular migration, epithelial-to-

mesenchymal transition, and differentiation (Kaiser and Attardi, 2018) – to p53-driven 

developmental defects. Furthermore, for some developmental syndromes, it may be 

necessary to also target p53-independent pathways. Indeed, in mouse models of some p53-

associated syndromes, the developmental phenotypes are only partially rescued by loss of 

p53, suggesting that both p53-dependent and p53-independent pathways contribute to their 

pathogenesis (Mao et al., 2016; Van Nostrand et al., 2014). Parsing the relative contributions 

of p53-dependent and -independent pathways to each of the phenotypes in p53-associated 

syndromes will be an important step toward developing novel strategies for their prevention.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents and resources should be directed to and will be 

fulfilled by the Lead Contact, Dr. Laura D. Attardi (attardi@stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse husbandry—All mouse work was approved and performed in compliance with 

the Stanford University Administrative Panel on Laboratory Animal Care (APLAC). Mice 

were maintained on a mixed 129/Sv-C57BL/6 background and the following previously 

described alleles were used: Trp53LSL−25,26 (Johnson et al., 2005), Trp53LSL−25,26,53,54 

(Brady et al., 2011), Trp53-null (Jacks et al., 1994), Wnt1-Cre (Danielian et al., 1998), 

Foxg1-Cre (Hébert and McConnell, 2000), Tie2-Cre (Kisanuki et al., 2001), Mef2c-AHF-
Cre (referred to here as Mef2c-Cre) (Verzi et al., 2005), Mesp1-Cre (Saga et al., 1999), 

Sox2-Cre (Hayashi et al., 2002), Sox10-Cre (Matsuoka et al., 2005), Rosa26LSL-LacZ 

(Soriano, 1999), Rosa26mTmG (Muzumdar et al., 2007), Rosa26LSL-tdTomato (Madisen et al., 

2010), Mdm2flox (Grier et al., 2002), Mdm2-null (Montes de Oca Luna et al., 1995), and 

Mdm4-null (Parant et al., 2001).

To generate embryos, a male mouse was housed with 1–2 females overnight, and the day a 

vaginal plug was observed was considered E0.5. Embryos were harvested from pregnant 

females that had been euthanized via CO2 exposure, according to APLAC-approved 

methods. PCR genotyping was performed using tail or yolk sac DNA extracted using the 

HotSHOT method (Truett et al., 2000). Genotyping primers described in each 

aforementioned publication were used, with the exception that all Cre transgenes were 

genotyped using generic Cre primers (Marques et al., 2005). For 5’-Bromo-2’-deoxyuridine 

(BrdU) incorporation experiments, pregnant females were injected with BrdU (Millipore) 
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prepared in phosphate buffered saline (PBS) at a dose of 0.1 mg per gram body weight 10 

minutes before the embryos were harvested.

Data from male and female mice were pooled for the analysis of postnatal phenotypes. For 

characterization of embryonic phenotypes, gender was not determined, with two exceptions: 

1) gender was determined for embryos used for RNA-seq to ensure that both genders were 

equally represented; 2) gender was determined for Wnt1-Cre;Mdm2flox/flox embryos, to 

determine whether the exencephaly phenotype was female-specific, as had previously been 

reported for the exencephaly phenotype in Trp53-null embryos (Sah et al., 1995). We found 

that 2 out of 6 male Wnt1-Cre;Mdm2flox/flox embryos had exencephaly (33%), and 6 out of 

11 female Wnt1-Cre;Mdm2flox/flox embryos had exencephaly (55%), which was not 

significantly different based on a Chi-squared test. Gender was determined by PCR 

amplification of the male-specific Zfy gene (Sah et al., 1995).

Mouse cell culture—MEFs were generated from E13.5 embryos and were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM; ThermoFisher) with 10% fetal calf serum at 

5% oxygen and 5% carbon dioxide. Infection with Adenoviral Cre (AdCre) or an empty 

Adenoviral vector (AdEmpty) (Viral Vector Core, University of Iowa) was performed at a 

multiplicity of infection of 100 and cells were harvested after 24 hours. Some cells were 

treated with 0.2 μg/ml Doxorubicin hydrochloride (Millipore Sigma) 8 hours prior to 

harvesting. The gender of the MEF lines was not determined as it was not expected to 

impact the results.

Human cell culture—H9 human embryonic stem cells (WiCell) were differentiated into 

cranial neural crest cells (CNCCs) as previously described (Prescott et al., 2015). Briefly, H9 

colonies were detached using collagenase (2mg/ml, diluted in KnockOut DMEM) and 

clusters of 100–200 cells were plated in CNCC differentiation medium (1:1 Neurobasal 

medium and D-MEM F-12 medium [Invitrogen]) supplemented with 0.5x B-27 supplement 

with Vitamin A (50x stock, Gemini Bio-Products), 0.5x N-2 supplement (100x stock, 

Gemini Bio-Products), 0.5x Glutamax-I supplement (100x stock, ThermoFisher), 20 ng/ml 

bFGF (Peprotech), 20 ng/ml EGF (Sigma-Aldrich) and 5 µg/ml bovine insulin (Sigma-

Aldrich)) to form neuroepithelial spheres. After seven days of differentiation, neuroepithelial 

spheres attached to the dish and migratory CNCCs began to form at the periphery of the 

spheres. After a further 3–4 days of differentiation, cells were passaged using Accutase onto 

fibronectin-coated plates in CNCC early maintenance media (1:1 Neurobasal medium and 

D-MEM F-12 medium (Invitrogen) supplemented with 0.5x B-27 supplement with Vitamin 

A (50x stock, Gemini Bio-Products ##400-160), 0.5x N-2 supplement (100x stock, Gemini 

Bio-Products #400-163), 0.5x Glutamax-I supplement (100x stock, Invitrogen), 20 ng/ml 

bFGF (Peprotech), 20 ng/ml EGF (Sigma-Aldrich) and 1 mg/ml bovine serum albumin 

(serum replacement grade, Gemini Bio-Products #700-104P)). After 1–2 passages, CNCCs 

were transitioned into long term maintenance media (CNCC early maintenance media 

supplemented with 3µM ChIRON 99021 (Selleck, CHIR-99021) and 50pg/ml BMP2 

(Peprotech)). After 4 passages, CNCCs were either maintained in long term maintenance 

media for an additional 2 days, or were differentiated towards the smooth muscle cell 

lineage for 2 days in DMEM (Thermo Fisher Scientific) supplemented with 10% fetal 
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bovine serum (Omega), as previously described (Calo et al., 2018). Cells were then 

harvested for BH3 profiling assays or were treated with 0.2 µg/ml Doxorubicin 

hydrochloride (Millipore Sigma), 10 µM Nutlin-3a (Millipore Sigma), or 0.001% DMSO 

(vehicle control), and harvested after 8 hours for RNA-seq or Western blots, or after 14–16 

hours for AnnexinV/PI staining. The gender of the H9 line is female.

METHOD DETAILS

Tissue processing and histology—Embryos were fixed in 4% paraformaldehyde 

(PFA) at 4°C for 1–3 hours (E10.5 and below) or overnight (E11.5 and above). For 

histological analysis, embryos were dehydrated in graded ethanol, cleared in xylene, 

paraffin-embedded, and sectioned at 5 microns. Hematoxylin and Eosin (H&E) staining was 

performed by the Stanford Comparative Medicine Histology Facility.

Immunofluorescence and immunohistochemistry—For immunofluorescence 

staining on 5 micron paraffin sections, slides were deparaffinized in xylene, re-hydrated in 

graded ethanol and subjected to heat-mediated antigen retrieval in a pressure cooker for 5 

min in Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween 20, pH 9.0). Slides were 

permeabilized with tris-buffered saline containing 0.025% Triton X (TBS-TX), blocked in 

10% goat serum and 1% bovine serum albumin (BSA) in TBS-TX for 1 hour, and incubated 

overnight at 4°C in the primary antibody diluted in TBS-TX with 1% BSA. Slides were 

rinsed in TBS-TX and incubated for 1 hour at room temperature in the secondary antibody 

diluted in TBS-TX with 1% BSA. Slides were incubated in 1μg/ml DAPI for 5 minutes and 

were mounted in mounting medium prepared from glycerol, Mowiol 4–88 (Sigma-Aldrich) 

and DABCO (Sigma-Aldrich). For immunohistochemical staining on paraffin sections, 

slides were stained using the VECTASTAIN Elite ABC HPR kit (Vector laboratories) 

according to the manufacturer’s instructions, with hematoxylin counterstaining. The 

following primary antibodies and dilutions were used: rabbit anti-p53 CM5 (Leica) 1:1000, 

mouse anti-BrdU (BD pharmigen) 1:800, rabbit anti-CC3 (Cell Signaling) 1:800, and rabbit 

anti-RFP (Rockland) 1:1000. The following secondary antibodies and dilutions were used: 

Fluorescein goat anti-rabbit (Vector Laboratories, 1:200) and Alexa Fluor 546 goat anti-

mouse (Thermo Fischer Scientific, 1:200).

Whole mount staining—Whole mount immunohistochemistry on E10.5-E11.5 embryos 

was performed as described (Joyner and Wall, 2008) with mouse anti-neurofilament 2H3-s 

(Developmental Studies Hybridoma Bank) used at 1:20, and the DAB Peroxidase (HRP) 

Substrate Kit with Nickel (Vector Laboratories). Whole mount Xgal staining and Alcian blue 

staining were performed as described (Gierut et al., 2014; Nagy et al., 2009).

FACS isolation and RNA-seq library preparation—E10.5 embryos were harvested in 

cold PBS and were digested in 0.1% Trypsin for 15 min at 37 °C with intermittent agitation. 

Cells wer e resuspended in sorting buffer (PBS, 1% fetal calf serum, 1 mM EDTA), filtered 

through a 35 µm nylon mesh (Corning), and stained with the viability dye 7AAD 

(Biolegend). FACS-based isolation of GFP-positive cells was performed on instruments at 

the Stanford Shared FACS Facility. After sorting, cells were pelleted and lysed in TRIzol 

(ThermoFisher) and RNA was extracted using the RNeasy mini kit (Qiagen). RNA quality 
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was assessed using a Bioanalyzer, and only samples with an RNA integrity number (RIN) 

greater than 8.0 were used. RNA-seq libraries were prepared using the TruSeq RNA Sample 

Preparation Kit (Illumina). Each library was prepared from 300ng to 1µg of RNA that had 

been obtained from FACS-isolated cells from a single E10.5 embryo, and 5 libraries were 

generated per genotype. The quality and concentration of libraries was assessed using a 

High Sensitivity Bioanalyzer. Libraries were pooled in equimolar quantities and were 

sequenced on one lane of an Illumina HiSeq 4000 at the Stanford Functional Genomics 

Facility.

qRT-PCR—RNA was extracted from whole embryos or microdissected tissues using 

TRIzol (ThermoFisher), cDNA synthesis was performed using M-MLV reverse transcriptase 

(ThermoFisher), and qRT-PCR was performed using Power SYBR Green Master Mix 

(ThermoFisher). Changes in transcript abundance were calculated according to the 2-∆∆Ct 

method using B2m or Ubl5 as reference transcripts. The following forward and reverse 

primers were used: B2m (ATT CAC CCC CAC TGA GAC TG, TGC TAT TTC TTT CTG 

CGT GC), Ubl5 (TCG AGC TAC GAG TTG TGT CG, GCA CTT AAC GCG GAC TTT 

CT), Cdkna1/p21 (CAC AGC TCA GTG GAC TGG AA, ACC CTA GAC CCA CAA TGC 

AG), Pmaip1/Noxa (GCA GAG CTA CCA CCT GAG TTC, CTT TTG CGA CTT CCC 

AGG CA), Phlda3 (TTC GCC CGC ATC AAA GCC GT, AGG GGG CAG CGG AAG TCG 

AT), Perp (GAC CCC AGA TGC TTG TTT TC, CAG CAG GGT TAT CGT GAA GC), 

Mdm2 (CTG TGT CTA CCG AGG GTG CT, CGC TCC AAC GGA CTT TAA CA), Crip2 
(CCC AAA GGC GTG AAC ATC GGG G, GGG ACC TC GAT GGG GCC AGT), Pidd1 
(TCG CTG TCG TGA GGT AGT TG, GAG AAG TGC TCC CTC TGG TG), Apaf1 (GTT 

CAA AGC CGA GAC AGG AG, ATT GAC TTG CTC CGA GTG CT), Bbc3/Puma (GCG 

GCG GAG ACA AGA AGA, AGT CCC ATG AAG AGA TTG TAC ATG AC), and Bax 
(TGA AGA CAG GGG CCT TTT TG, AAT TCG CCG GAG ACA CTC G).

Western blots—Cells were lysed with NP-40 Lysis Buffer (1%NP-40; 200mM NaCl; 

50mM Tris Base pH8.0; 10% Glycerol; in dH2O) or RIPA buffer (50 mM Tris pH 8.0, 150 

mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS) with freshly added 

Complete Protease Inhibitor Cocktail (Roche). Protein concentration was determined using 

the Pierce bicinchoninic acid (BCA) assay kit (ThermoFisher). Protein extracts were 

resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

were transferred to Immobilon-P Polyvinylidene Difluoride (PVDF) membranes (Millipore). 

Membranes were blocked in 5% nonfat dry milk prepared in Tris buffered saline with 0.1% 

Tween-20 (TBST). Washes were performed in TBST and the following primary and 

secondary antibodies diluted in 5% milk in TBST were used: mouse anti-Mdm2 (Abcam 

ab16895, 1:500), rabbit anti-p53 (CM5, Leica, 1:1000), mouse anti-wild-type p53 (pAB242, 

provided by D. Lane and B. Vojtesek (Yewdell et al., 1986), 1:150), mouse anti-p53 (D01, 

Santa Cruz sc-126, 1:1000), mouse anti-GAPDH (Fitzgerald 10R-G109a, 1:10000), 

Peroxidase AffiniPure goat anti-mouse (Jackson ImmunoResearch 115-035-146, 1:5000), 

and Peroxidase AffiniPure goat anti-rabbit (Jackson ImmunoResearch 111-035-144, 

1:5000). Immunodetection was performed using ECL Prime (Pierce).
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Fluorescence-based BH3 profiling—BH3 profiling assays were performed as 

described (Ryan and Letai, 2013; Sarosiek et al., 2017). Custom peptides were synthesized 

by Elim Biopharm (Hayward, CA) as TFA salts at >95% purity with the following 

sequences: hBIM (Acetyl-MRPEIWIAQELRRIGDEFNA-Amide) and hBID-Y (Acetyl-

EDIIRNIARHLAQVGDSMDRY-Amide). Peptides were dissolved in DMSO, aliquoted and 

stored at −80°C. 2x staining solution was prepared by supplementing MEB buffer (150 mM 

Mannitol, 10 mM HEPES-KOH pH 7.5, 50 mM KCl, 5 mM Succinate, 20 µM EGTA, 20 

µM EDTA, 0.1% BSA) with 20 µg/mL Oligomycin, 50 µg/mL Digitonin, 2 µM JC-1 and 10 

mM 2-mercaptoethanol. Peptide treatments were prepared at 2x concentration in 2x staining 

solution and arrayed at 15 µl per well in a 384 well black flat bottom plates (Mansion Labs). 

Controls for no depolarization (1% DMSO) and complete depolarization with the 

mitochondrial oxidative phosphorylation uncoupler FCCP (10 µM) were also included.

Single cell suspensions were prepared from mouse tissues and human cells. The heart and 

neuroepithelium were isolated from wild-type mouse embryos under a dissecting 

microscope in cold PBS. For microdissection of the neuroepithelium, the neuroepithelium of 

the midbrain was isolated and surrounding ectodermal and mesenchymal tissue was 

discarded. For microdissection of the heart, the outflow tract and the left and right ventricles 

were isolated, and the atria and neighboring anterior heart field were discarded. The heart 

ventricles were dissected open and washed in PBS to remove blood cells inside the heart. 

Microdissected tissues from 2 to 5 embryos were pooled to obtain sufficient cells. Tissue 

samples from the spleen and brain from the pregnant female mouse were also harvested to 

be run in parallel. Tissues were digested in 0.1% Tryspin for 10 min at 37 °C. The Trypsin 

was neutralized by adding media (DMEM with 10% FBS) and the tissues were repeatedly 

pipetted until completely dissociated. To prepare hNCCs and hSMCs, Accutase was used for 

cell dissociation. Cells were counted and resuspended at a concentration of 6.7×105 cells/ml 

in MEB buffer. Cells (15 µl for 10,000 cells per well) were added to the 384 well plate 

containing peptide treatments.

Fluorescence at Ex545/Em590 was recorded at 0, 15, 30, 60, 90 and 120 minutes. In 

between recordings, cells were incubated at 30 °C. The area under the curve was calculated 

and the percentage depolarization was calculated relative to the DMSO (no depolarization) 

and FCCP (complete depolarization) controls.

AnnexinV/PI staining—Cells were treated for 14–16 hours with 0.2 µg/ml Doxorubicin 

hydrochloride (Millipore Sigma) or 10 µM Nutlin-3a (Millipore Sigma). Cells were 

dissociated using Accutase. The cell media was also collected, as this may contain non-

adherent apoptotic cells, and was combined with the Accutase-dissociated adherent cells. 

Cells were washed in PBS and resuspended at 1-5×106 cells/ml in 1x binding buffer (10 mM 

Hepes, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Cells were filtered through a 35 µm nylon 

mesh (Corning). 100µl of cells in binding buffer were stained with AnnexinV-FITC 

(Biolegend) and propidium iodide (PromoKine) for 15 minutes. 400µl of binding buffer was 

then added to each sample and the samples were placed on ice. Samples were analyzed by 

flow cytometry.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis—Excel (Microsoft) and R software (R Core Team, 2016) were used 

for analysis and graphical representations. In all bar charts, means are graphed with error 

bars representing standard deviation. The n number is included in the figure legends and 

represents the number of embryos analyzed per genotype. Unpaired T-tests were performed 

when assessing a mutant genotype compared to littermate controls. Chi-Square tests were 

used to determine whether genotype frequencies were significantly different from the 

expected Mendelian ratios.

RNA-seq data analysis—Reads were aligned to the GRCm38 mouse genome or the 

GRCh38 human genome using HISAT2 (Kim et al., 2015). Sorted BAM files were 

generated using SAMtools (Li et al., 2009). The number of reads mapping to each gene in 

the mouse Ensembl database (version 87) or human Ensembl database (version 93) (Aken et 

al., 2016) was counted using HTSeq-count (Anders et al., 2015). Differential gene 

expression was performed using DESeq2 (Love et al., 2014). Genes were classified as 

differentially expressed in they exhibited a fold change of at least 1.5 and an adjusted p 

value < 0.01. When classifying genes as Nutlin3a-responsive in hNCCs or early-hSMCs, 

only genes with a counts per million (CPM) value of at least 1 in at least 9 out of 12 samples 

were included. For comparison to published datasets, the lists of genes bound by p53 (ChIP-

seq / ChIP-chip) or responsive to p53 activation (RNA-seq / microarray) were obtained from 

the supplementary data files associated with the original publications (Fischer, 2017; 

Kenzelmann Broz et al., 2013; Lee et al., 2010; Li et al., 2012; Tonelli et al., 2015). Gene 

Ontology and pathway analysis was performed using Enrichr (Kuleshov et al., 2016) using 

the categories “KEGG 2016”, “GO Biological Process 2017”, “GO Cellular Compartment 

2017”. Given that Enrichr performs the Gene Ontology analysis using human gene names, 

we first used Biomart (Smedley et al., 2015) to obtain the human orthologs for our 

differentially expressed mouse genes.
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HIGHLIGHTS

• Inappropriate p53 activation during embryogenesis triggers developmental 

defects

• Spectrum of defects depends on degree and spatiotemporal pattern of p53 

activation

• p53 activation drives apoptosis and cell cycle arrest in a context-dependent 

manner

• Gene expression rather than mitochondrial priming dictates apoptotic 

responses
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Figure 1. Allelic series and Cre drivers to induce different degrees of p53 activation in specific 
embryonic cell types
(A) Genetic syndromes associated with increased p53 activity. NA: not applicable, ND: not 

determined.

(B) p53 transactivation domain (TAD) mutants. DBD: DNA-binding domain. OD: 

oligomerization domain.

(C) p53 allelic series. The p5325,26,53,54 (purple) and p5325,26 (pink) proteins are stabilized 

due to reduced Mdm2 binding and can tetramerize with and stabilize wild-type p53, leading 

to increased p53 target gene induction. Target gene induction is greater in p5325,26/+ cells 

than p5325,26,53,54/+ cells due to the residual transactivation potential of p5325,26. In 

Mdm2+/− ;Mdm4+/− cells and Mdm2−/− cells, decreased negative regulation of p53 leads to 

increased p53 activity.

(D) Representative Immunoblot of lysates from MEFs 24hrs after AdCre or AdEmpty 

infection. pAB242 binds to residues 18–27 of p53 and therefore does not recognize 
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p5325,26,53,54 or p5325,26. Note that wild-type p53 is stabilized in the presence of 

p5325,26,53,54 or p5325,26 to levels that are similar to what is observed in Trp53+/− MEFs 

after Doxorubicin (Dox) treatment. n=3.

(E) qRT-PCR analysis of p53 target gene expression (mean±SD) relative to B2m, normalized 

such that the mean expression in Trp53+/+ embryos is equal to 1. n=3–7 embryos per 

genotype. *p<0.05 when comparing to Trp53+/+ embryos.

(F) Xgal-stained E10.5 embryos carrying Cre transgenes and the Rosa26LSL-LacZ reporter. 

NT: neural tube. FNP: frontonasal prominence. PA: pharyngeal arches. H: heart. Te: 

telencephalon. OpV: optic vesicle. OP: olfactory placode. OtV: otic vesicle.

(G) Tissue-specific expression patterns of Cre transgenes. EMT: epithelial-to-mesenchymal 

transition. OFT: outflow tract. RV, LV: right/left ventricle. RA, LA: right/left atrium.
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Figure 2. Activation of p53 in the neural crest leads to diverse developmental defects that depend 
on the degree and timing of p53 activation
(A) (i-ii) Wnt1-Cre;Trp53LSL−25,26,53,54/+ mice display small belly spots (arrow, 84%, n=13) 

and have slightly shortened snouts. (iii-v) Alizarin red (bone) staining on P21 skulls and 

quantification (mean±SD) of bone length (n=7 per genotype). Dotted lines outline the 

mesodermally-derived parietal bones (p) and the NCC-derived frontal bones (f), nasal bones 

(n) and mandibles (m). *p<0.05. (vi-viii) P21 Wnt1-Cre;Mdm2flox/+;Mdm4+/− mice display 

large white belly spots (arrow, 100%, n=9) and have short snouts.

(B) (i-iv) E12.5–13.5 Wnt1-Cre;Trp53LSL−25,26/+ embryos display cleft face (arrows i-iii, 

36%, n=11) and have short snouts (iv, 100%, n=11). (v-viii) A single Wnt1-
Cre;Trp53LSL−25,26/+ embryo that was viable at E15.5 (v, n=1) had cleft palate (*, vi), small 

outer ears (vii) and hypoplastic nasal passages (viii). (ix-x) E13.5 Wnt1-
Cre;Trp53LSL−25,26/+ embryos display persistent truncus arteriosus (PTA, ix, 100%, n=6) 

and ventricular septal defects (VSD, x, 100%, n=3).
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(C) Wnt1-Cre;Mdm2flox/flox embryos display an absence of frontonasal tissue (i, 100%, 

n=17), exencephaly (Ex, 47%, n=17), and persistent truncus arteriosus (PTA, ii, 100%, n=4).

(D) (i) Sox10-Cre;Trp53LSL−25,26,53,54/+ mice do not have discernable belly spots (100%, 

n=5). (ii) Sox10-Cre;Mdm2flox/+;Mdm4+/− mice display small white belly spots (arrow, 

67%, n=3).

(E) Sox10-Cre;Trp53LSL−25,26/+ embryos display short snouts (i, 100%, n=9), small outer 

ears (dotted outline, ii, 100%, n=9), cleft palate (*, iii, 100%, n=4) and normally septated 

heart outflow tracts (iv, 100%, n=3). (F) Sox10-Cre;Mdm2flox/flox embryos display a severe 

loss of frontonasal tissue (i-ii, 63%, n=8) and have normally septated heart outflow tracts 

(iii, 100%, n=5).

Ao: aorta. PA: pulmonary artery. Scale bar: 5mm (A,D), 2mm (Bi,ii,iv,v,vii), 1mm 

(Ci;Ei,ii;Fi,ii), 400µm (Biii,vi,viii,x;Cii;Eiii,iv;Fiii). Sectioning plane: coronal 

(Biii,vi,viii;Eiii), transverse (Bx;Cii;Eiv;Fiii). See also Figure S1, Figure S2, Table S1.

Bowen et al. Page 28

Dev Cell. Author manuscript; available in PMC 2020 July 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Activation of p53 in the facial ectoderm and telencephalon induces craniofacial defects
(A) P21 Foxg1-Cre;Trp53LSL−25,26,53,54/+ mice have slightly smaller eyes than controls 

(100%, n=5).

(B) Foxg1-Cre;Trp53LSL−25,26/+ embryos are viable at E18.5 (i) and display the following 

phenotypes at E9.5–18.5: small eyes (ii-v, 100%, n=15), retinal coloboma (arrow, ii-v, 93%, 

n=15), an absence of a lens (L, v, 100%, n=6), hypoplastic nasal passages (vi, 100%, n=6), a 

blocked nasal airway and nasopharynx (vii-viii, 100%, n=4), hypoplastic inner ears (dotted 

outline, ix, 100%, n=3), small otic vesicles (Ov, x, 100%, n=6), and small telencephalons 

(Te, xi-xii, 100%, n=6). NPh: nasopharynx, PS: palatal shelves, T: tongue.

(C) Foxg1-Cre;Mdm2flox/flox embryos have no eyes and lack the entire frontonasal region, 

including the nasal septum (NS), at E12.5–14.5 (i-iii, 100%, n=4), display exencephaly at 

E12.5–14.5 (Ex, ii, 25%, n=4), have no discernable otic vesicle (Ov) at E9.5 (iv, 100%, 

n=6), and have a telencephalon (Te) that is smaller than controls at E9.5 (*, iv, 100%, n=6) 

and largely absent at E10.5–12.5 (v-vi, 100%, n=4). T: tongue.

Scale bar: 5mm (A,Bi), 1mm (Bxi;Ci,ii,iv,v), 400µm (Biii-x,xii;Ciii,vi). Sectioning plane: 

coronal (Bv,vii,xii), transverse (Bvi,ix;Ciii,vi), sagittal (Bviii). See also Figure S1, Figure 

S2, Table S1.
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Figure 4. Activation of p53 in mesodermal populations triggers cardiovascular defects
(A) Mesp1-Cre;Trp53LSL−25,26/+ embryos are hypoplastic at E9.5 (i, 100%, n=7) and are 

severely hypoplastic with no heart beat (50%) or a weak heart beat (50%) at E10.5 (ii, n=8).

(B) Mef2c-Cre;Mdm2flox/flox embryos are viable at E9.5 (i, 100%, n=4) and are hypoplastic 

with no heart beat (25%) or a weak heart beat (75%) at E10.5 (ii, n=4).

(C) Mef2c-Cre;Trp53LSL−25,26/+ embryos are viable at E18.5 (i, 100%, n=7), have 

hypoplastic right ventricles (RV) at E11.5 (ii, 100%, n=8), and display persistent truncus 

arteriosus (PTA, iii-iv, 100%, n=3), ventricular septal defects (VSD, v, 100%, n=2) and 

hypoplastic right ventricles (RV, v, 100%, n=3) at E18.5. Ao: aorta, PA: pulmonary artery, 

DA: ductus arteriosus, LV: left ventricle.

(D) Tie2-Cre;Trp53LSL−25,26/+ embryos are viable at E9.5–12.5 (i-ii), are dead with 

extensive hemorrhages at E13.5 (iii, 100%, n=7), and have a hypoplastic heart at E12.5 (iv-v, 

100%, n=3). Note that the outflow tract has properly septated into the aorta (Ao) and 
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pulmonary artery (PA) but the interventricular septum (IVS) and endocardial cushion (EC) 

appear hypoplastic.

(E) Developmental defects that arise following different spatiotemporal patterns and degrees 

of p53 activation.

Scale bar: 1mm (A;B;Ci,iii;Di-iii), 400µm (Cii,iv,v;Div,v). Sectioning plane: transverse 

(Civ,v;Div,v). See also Figure S2, Table S1.
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Figure 5. Moderate p53 activation triggers apoptosis in certain cell populations and restrains 
proliferation in others
(A). RNA-seq experiment. n=5 embryos per genotype. FDR: false discovery rate, FC: fold 

change.

(B-D) Immunofluorescence staining for p53, BrdU and Cleaved Caspase 3 (CC3) on 

transverse sections of E9.5–10.5 embryos counterstained with DAPI (blue). Arrows indicate 

CC3-positive cells. Bar graphs represent mean ± SD. AHF: anterior heart field, RV: right 

ventricle. n=3–4 per genotype. *p<0.05. Scale bar: 100µm.

(E) Choice of cell fate following moderate p53 activation in different cell compartments.

See also Figure S3, Figure S4, Figure S5, Figure S6, Table S2, Table S3.
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Figure 6. Neuronal populations are particularly sensitive to p53 activation
(A) Left: Top 3 most significantly enriched Gene Ontology (GO) terms amongst the genes 

down-regulated in Trp5325,26/+ NCCs. Right: Heat map showing relative expression values 

for genes with GO classifications related to neuronal biology.

(B) (i-iii) NCC lineage tracing performed by Xgal staining of embryos carrying the 

R26LSL-LacZ reporter. In Wnt1-Cre;Trp53LSL−25,26/+;R26LSL-LacZ embryos, fewer Xgal-

positive cells contribute to the DRG at E10.5–12.5 (100%, n=6) and to the stomach and 

intestine at E12.5 (100%, n=4) than in controls. (iv) NCC lineage tracing performed by 

visualizing GFP fluorescence in embryos carrying the R26mTmG reporter. In Wnt1-
Cre;Trp53LSL−25,26/+;R26mTmG embryos, the contribution of GFP-positive cells to the PA 

and FNP is modestly decreased (100%, n=3).

(C) (i-ii) In Wnt1-Cre;Trp53LSL−25,26/+ embryos, whole mount neurofilament (NFM) 

staining is markedly decreased in the DRG at E10.5 (100%, n=4) and E11.5 (100%, n=3) but 
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is not dramatically affected in the ventral roots (VR), which are not derived from NCCs. (iii) 

In Wnt1-Cre;Trp53LSL−25,26/+ embryos, Alcian blue staining (cartilage) in the NCC-derived 

cranial regions (arrow) appears relatively normal (n=3).

(D) Immunohistochemical staining (brown) for p53 and CC3 on transverse sections from 

whole mount Xgal-stained (blue) embryos. In Wnt1-Cre;Trp53LSL−25,26/+;R26LSL-LacZ 

embryos, CC3-positive cells (arrows) are observed within the DRG but not the first PA. n=3.

(E) NCC lineage tracing performed by visualizing tdTomato (Tom) fluorescence in embryos 

carrying the R26LSL-tdTomato reporter. In Sox10-Cre;Trp53LSL−25,26/+;R26LSL-tdTomato 

embryos, the contribution of tdTomato-positive cells to the DRG is markedly decreased 

(100%, n=3).

(F) Flow cytometry-based quantification (mean±SD) of the percentage of tdTomato-positive 

cells in the head and trunk of Sox10-Cre;Trp53LSL−25,26/+;R26LSL-tdTomato embryos relative 

to Sox10-Cre;Trp53+/+;R26LSL-tdTomato littermate controls. n=3 per genotype. *p<0.05.

(G) Flow cytometry-based quantification (mean±SD) of the percentage of head or trunk 

tdTomato-positive cells that are AnnexinV-positive. n=3 per genotype. *p<0.05.

DRG: dorsal root ganglia. PA: pharyngeal arch. FNP: frontonasal prominence. Scale bar: 

1mm (Bi-iii;C;E), 400µm (Aiv). 100µm (D). See also Figure S1, Figure S6, Table S2, Table 

S3.
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Figure 7. Early-hSMCs are resistant to p53-driven apoptosis, are highly primed, and exhibit a 
dampening of the transcriptional response to p53 activation
(A) Outline of experiments.

(B) Flow cytometry-based quantification (mean±SD) of viable cells (AnnexinV- and 

propidium iodide (PI)-negative) in hNCCs and early-hSMCs treated with DMSO, Nutlin3a 

or Doxorubicin (Dox) for 16 hours. n=3 per treatment. *p<0.05.

(C) Change in mitochondrial potential (JC-1 fluorescence) over time in hNCCs and early-

hSMCs treated with DMSO, FCCP, or Bim and Bid peptides.

(D) Percent mitochondrial depolarization (mean±SD), calculated from the JC-1 kinetic 

traces as the area under the curve relative to DMSO (100%) and FCCP (0%). n=3.

(E) Heat map (upper) and histograms (lower) of all genes that were Nutlin3a-responsive in 

either hNCCs or early-hSMCs. The heatmaps and histograms depict the fold change (log2) 

when comparing Nutlin3a-treated samples (n=3) to DMSO-treated samples (n=3).
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(F) Counts per million (CPM) for p53 target genes encoding components of the extrinsic or 

intrinsic apoptotic pathways (mean±SD).

(G) Upper: representative immunoblot of lysates from hNCCs and early-hSMCs 8hrs after 

treatment with DMSO or Nutlin3a. Lower: quantification of p53 protein levels relative to 

GAPDH levels in 3 independent immunoblots (mean±SD). In each experiment, data were 

normalized such that the p53 levels in the Nutlin3a-treated hNCC sample was equal to 1. 

*p<0.05.

(H) Counts per million (CPM) for genes encoding p53 repressors and apoptosis inhibitors 

(mean±SD). *p<0.05.

(I) Model depicting similarities and differences between early-hSMCs and hNCCs.

See also Figure S7, Table S4, Table S5.
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