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Abstract
The p53 family consists of three transcription factors, p53, p63 and p73 that share domain architecture
and sequence identity. The mTOR (mammalian target of rapamycin) kinase responds to growth
factors and nutrient levels to regulate cellular growth and autophagy. Whereas p53 acts both upstream
and downstream of mTOR, gene signature-based analyses have revealed that p73 is inhibited by
mTOR activity. p53 can both activate and repress autophagy levels depending on cellular context.
While less is known about p73, recent studies have shown that it induces cellular autophagy and
multiple autophagy-associated genes downstream of mTOR. Chromatin immunoprecipitation
analyses demonstrate that endogenous p73 binds the regulatory regions of genes such as ATG5,
ATG7 and UVRAG. How p73 regulates the expression levels of these genes in response to different
cellular stresses remains unknown. Because p53 family members play key roles in tumor suppression,
development, aging and neurodegeneration, the context and manner by which these transcription
factors regulate autophagy may have implications for a wide range of human diseases.
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Recent discoveries linking p53 to core metabolic pathways, and to processes such as autophagy,
mark a shift in our understanding of p53 as a tumor suppressor. Mammalian cells also contain
two homologs of p53, called p63 and p73, that likely coordinate with p53 during select cellular
responses to environmental and developmental cues.1 All three p53 family members are subject
to a variety of posttranslations modifications and can exist as multiple protein isoforms, so
there is the potential for substantial complexity in the p53 family transcriptional response.1–
3 Indeed, each family member can regulate thousands of target genes.4–6

We hypothesized that the gene signature of a transcription factor could be viewed as a reflection
of pathways that are upstream of the transcription factor.7 Genome-wide technologies were
used to identify a p73 gene signature. This signature was compared to pathway-associated gene
signatures in the Broad Institute Connectivity Map.7,8 Using this approach, mTOR was
identified and validated as a negative regulator of p73.7 The identification of pathways
upstream of p73 is of particular relevance because, unlike p53, p73 is not mutated in human
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tumors.9 Thus, mTOR inhibition might engage p73 and hence a p53-like cell death response
in tumors that lack functional p53.

Further analysis of subcomponents of the p73 gene signature reveal autophagy-associated
genes that are regulated by mTOR in a p73-dependent manner.7 In addition, a reported link
between p73 and autophagy was confirmed, and a transactivation-competent isoform of p73
was identified as a positive regulator of autophagy.7,10 These recently published data suggest
that there are both similarities and differences between p53 and p73 in relation to mTOR. While
our data showed that mTOR negatively regulates p73, it has now been shown in multiple
contexts that mTOR is a positive regulator of p53.11,12 Consistent with these observations, we
observed a simultaneous increase in p73 and decrease in p53 and p63 protein levels in primary
human mammary epithelial cells treated with rapamycin.7 Of note, at least in some basal cell
types, p63 is expressed as an isoform that can inhibit p73.1,13 Thus, a coordinate upregulation
of p73 and downregulation of p63 may be needed to fully activate p73 in response to metabolic
stress.

How then do p53 family members engage metabolic stress responses such as autophagy? p53
itself plays opposing roles.11,14 Cytoplasmic p53 inhibits autophagy in multiple cell types and
organisms,11 whereas nuclear p53 activates autophagy by upregulating genes such as DRAM.
14 The cytoplasmic function of p53 represents a basal activity, whereas the nuclear function
of p53 seems to require activating signals such as genotoxic stress.11,14 In addition, p53 can
act upstream of mTOR, inhibiting mTOR by activating AMPK,15,16 and this may alter cellular
autophagy levels as well.

Similar to p53, transactivation-competent p73 isoforms can activate autophagy, presumably
through nuclear activity.10 However, the upstream signals that regulate p73 to do so, and the
target genes that mediate autophagy downstream of p73 have been largely unknown. Unlike
p53, p73’s ability to induce autophagy is DRAM-independent.10 In addition, it is not known
whether p73 can translocate to the cytoplasm to regulate autophagy as p53 does.

To explore the nuclear function of p73 further, we identified p73-regulated genes in a
rhabdomyosarcoma cell line. Chromatin immunoprecipitation experiments demonstrated that
p73 bound to genomic sites near many genes associated with autophagy or with lysosomal
function (Fig. 1A). Both of the p73 isoforms expressed in the cell line used bound to sites near
autophagy-associated genes such as ATG5 and ATG7, and in some cases the binding level was
enhanced after treatment with rapamycin (Fig. 1B and data not shown). Thus, p73 regulates a
network of genes, and the cumulative effect of this network may be to enhance and/or fine-
tune the autophagic response.

These data suggest a role for p73 that is similar to that of nuclear p53, to activate target genes
that regulate autophagy. However, the role of p73 may not be entirely straightforward. In the
case of at least one autophagy-associated gene (UVRAG), microarray analysis revealed that
p73 knockdown increased UVRAG expression levels (Fig. 1C). In addition, chromatin
immunoprecipitation showed that p73 bound to a region upstream of the UVRAG
transcriptional start site that contains a p53 family response element (Fig. 1D). p73 may directly
suppress UVRAG expression, perhaps through recruitment of transcriptional repressors such
as histone deacetylases. In this case, p73 would be expected in inhibit autophagosome
nucleation and maturation.17,18 Our recent studies have revealed an entire network of
autophagy-associated genes that are regulated by p73, and the multiple mechanisms by which
this pattern of genes may alter the autophagic process remains unknown.

Our observations that mTOR negatively regulates p73, and that p73 regulates many genes
associated with autophagy, suggest both similarities and differences in the ways that p53 family
members respond to metabolic stress and regulate autophagy. The role autophagy plays in the
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different in vivo functions of the p53 family remains to be determined. p53 is one of the most
frequently mutated genes in human cancer. The roles of p63 and p73 in tumor suppression have
long been controversial, although a recent isoform-specific p73 mouse model suggests that p73
is indeed a bona fide tumor suppressor.19 In addition, p63 and p73 play critical roles during
development.1 For example, p63 plays an essential role in the development of the epidermis
and mammary gland.20 Loss of p73 leads to hippocampal dysgenesis, gastrointestinal erosion,
hemorrhage, and an increased propensity for neurodegenerative disease in mice.21,22

Furthermore, all three p53 family members are associated with aging or aging-related
pathology.22–24 In fact, the effect of the p53 orthologue CEP-1 on the life span of C. elegans
is mediated by autophagy.25 Thus, the discovery that p53 family members regulate autophagy
may have implications for a wide range of human diseases.
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Figure 1.
Analysis of autophagy-associated, p73-regulated genes. (A) Chromatin immunoprecipitation
analysis was performed in Rh30 cells, and p73 binding was detected within 10 kb of the
indicated autophagy-associated and lysosome-associated genes. (B) Chromatin
immunoprecipitation coupled with real-time PCR was used to measure p73 binding at a
negative control region, or at sites within 10 kb of the ATG5 and ATG7 genes, using antibodies
specific for either the α or β isoform of p73. Cells were pre-treated with vehicle or 40 nM
rapamycin in serum-free medium for 24 h before formaldehyde cross-linking and isolation of
protein-DNA complexes. (C) Microarray analysis of duplicate samples was used to assess
UVRAG RNA levels in Rh30 cells treated with vehicle or 40 nM rapamycin for 24 h and/or
lentivirus expressing p73 RNAi. (D) Location of a p73-bound p53 response element in relation
to the UVRAG transcriptional start site.
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