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There are many differences in cancer manifestation between men and women. New
understanding of the origin of these point to fundamental distinctions in the genetic code
and its demise. Tumour suppressor protein p53 is the chief operating officer of cancer
defence and critically acts to safeguard against sustained DNA damaged. P53 cannot
be ignored in cancer sex disparity. In this review we discuss the greater prevalence
and associated death rates for non-reproductive cancers in males. The major tumour
suppressor protein p53, encoded in the TP53 gene is our chosen context. It is fitting to
ask why somatic TP53 mutation incidence is estimated to be disproportionately higher
among males in the population for these types of cancers compared with females? We
scrutinised the literature for evidence of predisposing genetic and epigenetic alterations
that may explain this sex bias. Our second approach was to explore whether redox
activity, either externally imposed or inherent to males and females, may define distinct
risks that could contribute to the clear cancer sex disparities.

Keywords: p53, sex disparity, cancer, oxidative stress, SNPs, epigenetics, post translational modifications, non-
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INTRODUCTION

Higher cancer incidence and mortality in males than females point to sex differences in onset and
progression. This is evident among the most common non-reproductive cancers (Cook, 2013).
The principal orchestrator of cancer defence in the human body is the tumor suppressor p53,
encoded by the TP53 gene. In response to cellular stress, wild type (wt) p53 protein is amassed,
with consequent potentiation of its multiple remedial pathways. The cumulative effect is to protect
genomic integrity and prevent the conveyance of genetic damage into future generations of cells
(Figure 1, upper panel). The weakening or loss of proper wt p53 control is consequently a serious
cancer risk. Indeed, undermining p53 function has emerged as a near universal trait of cancers
(Levine, 2020).

In this review we discuss evidence that p53 dysfunction poses distinct risks between the sexes,
leading to disparity in cancer outcomes for males and females. We examine sex-specific p53 efficacy
and disruption. We explore whether females and males provide a different molecular context to
respond to stress conditions and insults. We examine inequities in p53 capacity and consider factors
that contribute. At this early stage in the understanding of cancer sex disparity, we point to areas
that beg to be researched to inform therapeutic advancement.
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ALTERED TP53 REGULATION AND ITS
CANCER RISKS FOR FEMALES AND
MALES

Evidence is emerging that certain sex disparities in cancer
correspond with different p53 functional capacities between
males and females (e.g., Freudenstein et al., 2020). This indicates
that p53 cannot perform its activities equivalently between the
sexes because of either inherent or externally imposed influences.
In a healthy response to cellular stress, p53 is stabilised to increase
its operative force to repair and clear up inflicted damage. As
a transcription factor, p53 engages specific DNA responsive
sequences in the regulatory regions of its target genes and drives
their expression (Fischer, 2017). Alternatively, it acts to suppress
other sets of genes through the p53-DREAM pathway, involving
its key transcriptional target Cyclin dependent Kinase Inhibitor
1A [also known as P21, encoded in CDKN1A (Engeland, 2018)].
The level of p53 accumulated and its precise protein folding all
critically influence its capacity to effectively activate its response
to cellular stresses. Impairment of p53 tumour suppression
function is universal in cancers. During cancer development,
p53 is either stripped of its power through DNA mutation,
as occurs in around 50% of human cancers; or by functional
disruption, as implicated in the remainder (Olivier et al., 2010;
Donehower et al., 2019). TP53 is outstanding as the most altered
gene in cancer and no other gene approaches its rate of mutation
(Soussi and Wiman, 2015).

In this section we introduce a spectrum of mechanisms
through which p53 activities are compromised, with associated
risks for cancer development in females and males (Figure 1,
middle panel). First, we introduce the importance of sex to
TP53 mutation. Second, we examine components of the inherent
genetic make-up of healthy individuals that confer distinct cancer
defence capabilities. Third, we overview weak or damaged links
across p53 pathways that dull stress-induced responses. We
identify these features across the genome. Attention is paid to
emerging evidence that genetic sex, as normally defined by the
sex chromosomes: male XY or female XX, is relevant to p53
functional engagement in cancer defence.

Disproportionate TP53 Mutation
Incidence Between the Sexes
Our recent work predicts an overall higher incidence of non-
reproductive cancers with TP53 mutation among males in the
United States (US) population, compared with females. This
statistical assessment was undertaken by drawing on population
and cancer databases. Specifically we combined comprehensive
quantification of cancer rates in the US population (Surveillance
and, Epidemiology and End Results, SEER data), with TP53
mutation rates in US cancers (as identified in The Cancer
Genome Atlas, TCGA data) (Haupt et al., 2019a). The reasons
for this disparity remain to be fully identified, but it is pertinent
to at least 12 major cancers. An important highlight from this
work is that analyses comparing equal numbers of cancers from
males and females may define cancer vulnerabilities, but they
miss the relative population risk. More explicitly, current cancer

data bases do not reflect representative population sampling.
Our analyses of TP53 mutation illustrate the illuminating power
of population studies for exposing the breadth of male/female
cancer disparities. Further valuable refinements of this approach
will include comprehensive comparisons of age groups and
population ethnicities.

Examining the impact of TP53 mutation on overall survival
across these 12 prominent non-reproductive cancers together,
indicates that TP53 mutation corresponds with poorer survival
(Haupt et al., 2019a). Importantly, we demonstrated that
among individual cancer sub-types this may vary, as we
recently reported for non-small cell lung cancer. Among lung
adenocarcinoma patients, mutant TP53 cancers correspond to
the poorest outcomes, while females with wt p53 have the best
overall survival. This is not the case in lung squamous cell
cancer however, where TP53 status overrides sex as a survival
discriminator. Unpredictably, the minor group with wt TP53 in
this subtype have better outcomes, predicting a peculiar etiolgy
(Freudenstein et al., 2020). These studies emphasise that the
impact of sex is not uniform across all cancer types.

What leads to the high incidence of TP53 alteration in males,
associated with sporadic cancers, is the central topic of the
following discussion. We now transition to explore factors that
can predispose to cancer, in advance of functional disruption
of p53 by mutation of its encoding gene, or through alternative
surrogate disruptions. We discuss the relevance of the sexes
to these topics.

SNPs in the p53 Pathway and Their
Impact on Cancer Sex Disparity
Altering p53 levels or structure jeopardises its associated
functions. P53 may be directly or indirectly disrupted. Single
Nucleotide Polymorphisms (SNPs) may impact the folding of
the translated protein product and also its post-translational
modifications (reviewed in Knappskog and Lonning, 2011). SNPs
in the p53 pathway affect its performance, in contrast with SNPs
in other prominent cancer genes that lack functional impact
(Zhao et al., 2018). Knowledge in this area is still growing, despite
enormous effort, as we review in the context of the sexes.

P53 SNPs as Cancer Risks in Males and Females
The most common and extensively studied p53 SNP dictates the
identity of amino acid 72. This SNP encodes a non-conserved
change of the wild-type amino acid variants Arginine (CGC)
and Proline (CCC) (Arg72Pro–dbSNP ID: rs1042522). These
alternative amino acids alter p53 structure, which impacts its
performance, with consequence for cancer defence. This SNP
resides in exon 4, in the region encoding the p53 proline-rich
domain that is fundamental for its regulation and function,
including apoptosis (Berger et al., 2005; reviewed by Basu and
Murphy, 2016). Evidence that this may not impact equally
between the sexes is emerging as we discuss.

P53 SNP72Arg is notorious for its robust apoptosis proficiency
(Dumont et al., 2003; Frank et al., 2011). SNP72Pro by contrast,
is more efficient at inducing growth arrest and senescence
(Bonafe et al., 2003, 2004; Pim and Banks, 2004; Azzam et al.,
2011; Frank et al., 2011). The consequence is that SNP72Pro
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FIGURE 1 | p53 tumour suppressor activities are not equally enforced between the sexes in non-reproductive cancers. P53 is termed the Guardian of the Genome
(Lane, 1992) because of its key role in cancer prevention (top panel). P53 function may be less robust when undermined through cell intrinsic events, with emerging
sex disparities (middle panel; “Altered TP53 Regulation and Its Cancer Risks for Females and Males” section). TP53 mutation is a particular risk for non-reproductive
cancers in males (blue tonings), with oxidative stress an imposed danger (bottom panel; “Cancer Sex Disparity Linked to Redox Activity Through p53” section).

is less capable of eliminating cells with DNA damage, which
translates to weaker tumour suppression capability. Coupled
with this is a slow self-renewal capacity of stem/progenitor
cells. The anathema is that despite associated cancer risk with
SNP72Pro, individuals that do not succumb to this have extended
longevity (Zhao et al., 2018). This is elegantly demonstrated by
the Hu lab in HUPKI mice (human p53 knock-in mice), where
mice with p53SNP72Pro developed shorter tumour-associated
lifespan, compared with those with SNP72Arg, despite similar
tumour incidence. In contrast, mice with p53SNP72Pro that

did not perish from cancer, had extended survival than their
SNP72Arg counterparts. A rational explanation of these findings
is that p53 function teeters on a single nucleotide, either executing
a robust apoptotic response to DNA damage, or conferring a
life-time delay in replicative exhaustion (Zhao et al., 2018 and
references within). Corresponding findings of longevity were
evident among certain European and Scandinavian ethnicities
(referring to people that are genetically alike through common
heritage; Smetannikova et al., 2004; van Heemst et al., 2005;
Bojesen and Nordestgaard, 2008). Adding the criteria of sex to
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the analyses, females from a German cohort have an exclusive
increase in longevity associated with SNP72Pro, while males
show no association (Gross et al., 2014).

The alternative outcomes of either poorer survival from cancer
or healthy extended survival are an unexpected combination that
has likely confounded study analyses. An additional source of
potential ambiguity is the tissue-specific impact of these SNPs
[Azzam et al. (2011) together with others discussed below].
This may be further compounded by distinct SNP prevalence in
different ethnicities (reviewed by Basu and Murphy, 2016). For
example, p53 SNP72Pro is more frequent in Chinese and African-
American patients than Caucasians (reviewed in Olivier et al.,
2010). Among Chinese patients with lower rectal cancer, p53
SNP72Pro associates with diminished p53 protein levels. In this
cohort, females experienced extended survival compared with
males (Zhang et al., 2019). Chinese Han males with this SNP had
increased propensity for Non-Hodgkin lymphomas than females
(Fan et al., 2014). In contrast, increased cancer risk associated
with this SNP in Chinese non-smoking females with small cell
lung adenocarcinoma (Ren et al., 2013). These studies highlight
the importance of defining genetic context in order to gain a
proper understanding of risks across cancer types and between
the sexes. These studies demonstrate the danger of drawing
simplistic conclusions regarding p53 and sex.

MDM2 SNPs in Female Cancer Predisposition
The major negative regulator of p53 is MDM2 (Mouse Double
Minute 2 homolog) (Haupt et al., 1997; Kubbutat et al., 1997).
In non-stressed cells, MDM2 acts as the major E3 ubiquitin
ligase of p53 to keep it restrained and stem its potency. In
response to stress, when tumour suppressive p53 activities are
rapidly needed, MDM2 constraints are relieved through post-
translational modifications. Accumulated p53 in turn feeds back
to increase MDM2 RNA levels, leading to quenching of the
unleashed response. Impotence in any step of this tight regulatory
cycle poses cancer risk (reviewed in Karni-Schmidt et al.,
2016), and sex disparity is emerging in functional competence
of this process.

Chronically elevated levels of MDM2 are oncogenic and
pose a threat to p53 anti-cancer function, with serious clinical
consequence (reviewed in Karni-Schmidt et al., 2016). Enhanced
MDM2 transcription and protein accumulation from MDM2
SNP309 (T309G, rs 2279744), is a tangible spontaneous cancer
risk due to its capacity to inhibit p53 accumulation in response
to stress (Bond et al., 2006). Earlier-age cancer onset (Bond
et al., 2006) is associated with this SNP in multiple cancers,
with outstanding female disadvantage for colorectal cancer, soft
tissue sarcomas, diffuse large B-cell lymphoma (Bond and Levine,
2007) and non-small cell lung cancer (Lind et al., 2006), linked to
estrogen signalling (reviewed in Barnoud et al., 2019).

The explanation for increased MDM2 levels is that SNP309
G/G, located in its P2-promoter in its first intron, enhances
binding affinity for transcriptional activator steroid receptor
transcription factor Sp1, compared to the wt T allele. This
chronologically elevates levels of MDM2 mRNA and protein,
which reduces p53 response (e.g., to drug-induced DNA damage
caused by etoposide) (Bond et al., 2004). Modelling the SNP309G

in mice corroborates its correlation with exacerbated tumor
burden [as comprehensively reviewed by the Murphy group
(Barnoud et al., 2019)]. In keeping with the p53 SNP72, tissue-
type dependency and ethnicities are likely to at least partially
explain inconsistencies in some study findings regarding the
impact of MDM2 SNP309G.

Drawing upon the example of non-small cell lung cancer
specifically, a comprehensive meta-analysis identified MDM2
SNP309G as a particular female survival risk, but not among all
ethnicities. No significant associated risk for this SNP was evident
in the Caucasian population, while in contrast, susceptibility was
measured in the Asian population and most outstandingly among
females (Luan et al., 2019). Consistently, MDM2 SNP309G is
linked to increased Chinese female lung adenocarcinoma risk
(Ren et al., 2013). Why the Asian population is particularly
susceptible requires further explanation (Hu Z. et al., 2007).
These findings await testing on additional populations, which
are yet to be adequately sampled, such as those of Africa. Lack
of inclusion of comprehensive information regarding patient
age, tumour stage, and smoking status, question whether this
SNP remains undervalued for its capacity as a biomarker
(Luan et al., 2019)?

An addendum to these studies is that in non-small cell lung
cancers in female patients from China (Beijing hospital), MDM2
protein levels were identified by immunohistochemistry to be
at higher levels both in the cytoplasm and nucleus, compared
with lower levels and nuclear location in the cancer adjacent
tissues. These measurements were mainly from adenocarcinoma
samples and were not apparent in males (Wang et al., 2018).
Together these findings expose that males and females are prone
to distinct types of risks for non-small cell lung cancer in a
cell-type dependent and ethnic-dependent manner, which in
turn argues for stratifying patients into sub-groups, with sex-
distinct considerations for treatment. In this instance Asian
females would be predicted to benefit particularly from MDM2
inhibitors, which are being actively developed for the clinic
(Konopleva et al., 2020).

Adding to this, a second P2-promoter SNP, MDM2 SNP285C,
lowers Sp1 binding and essentially counteracts the increased
affinity of SP1 for the MDM2 SNP309G, located 24 base pairs
downstream (as reported in female reproductive cancers). This
SNP also overlaps an estrogen-receptor binding site of the
MDM2 promoter and is functionally disruptive. This offers
explanation for its association with reduced incidence of a
number of female reproductive cancers (Knappskog et al.,
2012). It also suggests danger for unguided administration of
supplementary estrogen post-menopause [reviewed in Grochola
et al. (2010)]. Notably, the MDM2 SNP285C was not found
in the Chinese population, in contrast to other ethnicities.
This offers a plausible explanation for the selected impact
of MDM2 SNP309G in the Chinese population, in contrast
to the ambiguous findings in the Caucasian population
(Knappskog and Lonning, 2011). Of relevance, comparable to
the weakened p53 response associated with p53 SNP72Pro
(above), females with MDM2 SNP309G who do not succumb to
cancer, exclusively enjoy increased longevity. This is consistent
with higher MDM2 levels diminishing the potency of the
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p53 stress response yet extending the duration of stem
cell repopulation among survivors. This correspondence was
measured among female centenarians who were heterozygous
or homozygous for this allele, while males showed no
association (Gross et al., 2014). These findings are relevant
to sex disparity within individual populations but argue that
overall higher male cancer incidence must be associated
with other causes.

Epigenetic Dysregulation of TP53 and Its
Pathways Between the Sexes
Direct incapacitation of p53 is a clear risk for sustaining
genetic damage. In addition, sabotaging the cancer defence
barricades normally enlisted by p53 is a significant danger. In
this context, preventing the production of barrier components
is a peril. An example is interference with the production
of vital protein defence molecules, by halting transcription
of their DNA into RNA, which in turn curtails translation
into protein. Methylation of gene promoters is an enzymatic
modification that is installed post-replication and typically
modifies the cytosine in CpG dinucleotides and is associated
with histone acetylation (Ehrlich, 2009 and references within).
It is relevant to acknowledge that DNA methylation patterns
differ between healthy males and females [e.g., in skeletal muscle
(Davegardh et al., 2019)] suggesting that cancers develop onto
this dimorphic background. Methylation of gene promoters
silences the output of their encoded protein products. Therefore,
hypermethylation of gene promoters can pose an alternative
cancer risk to gene mutation. Specifically, hypermethylation of
the promoters of tumour suppressors may prime unregulated
proliferative growth.

Importantly, sex disparity has been linked to methylation
of genes encoding p53 pathway components. Gastric cancer
(stage II and III) illustrates the danger of elevated methylation
of genes in the p53 pathway. In a wt TP53 context, greater
male risk is linked to three genes in the p53 pathway
that are disrupted by methylation. Females on the other
hand have lower rates of methylation and have lower gastric
cancer risk. The genes in primary tumours with extremely
high levels of methylated promoters in these cancers are
PGP9.5, CCNA1, and NMDAR2B. These are proposed tumour
suppressor genes: with PGP9.5 able to bind and stabilise p53
by preventing its proteasomal degradation; and NMDAR2B
and CCNA1 acting to facilitate apoptosis (Waraya et al.,
2015). The therapeutic importance of these findings is that
epigenetic modifiers able to reduce methylation [e.g., 5-aza-2’-
deoxycytidine (5-aza-dC), a DNA methyltransferase 1 (DNMT1)
inhibitor]; in combination with sodium valproate or valproic
acid [a histone deacetylase inhibitor (Rocha et al., 2019)],
will have specific value, with greater relevant application in
these male gastric cancers, due to their higher methylation
incidence. Altered methylation (either 11 hyper-methylated
and seven hypomethylated) of ∼30% of genes (18/67) in the
p53 KEGG pathway were also found in colorectal cancer
(Molnar et al., 2018), which now begs for interrogation
of sex differences. These intriguing findings emphasise the

emerging role of epigenetic deregulation in cancer, which
demands further examination with respect to patient sex.
Unrecognised methylation phenomena are expected to confound
the interpretation of SNP studies in cancer.

Post-translational Modifications of p53
Dictate Its Fate
Cellular levels of p53 are dynamically regulated at the protein
level predominantly, through post translational modifications,
rather than by transcriptional control (Donehower et al., 2019).
As discussed above, MDM2 is the key E3 ligase governing
p53 protein levels. P53 basal levels are kept low under normal
conditions, but in response to stress, MDM2 releases p53 through
rapidly installed, finely choreographed responses. This aligns
with the importance of MDM2 levels, as relevant to its SNPs
as discussed above. Inherent in the activation of p53 is its
phosphorylation at Ser-15, Ser20, Thr18, and Ser-46. Important
upstream activators of p53 are ATM (encoded by Ataxia-
telangiectasia kinase gene), ATR and CHEK2 (checkpoint kinase
2). Through a phosphorylation cascade, these kinases regulate
p53 at its protein level. ATM activates CHEK2 which in turn
inhibits MDM2 with consequent relief of p53. CHEK2 also
phosphorylates p53 leading to upregulation of cell cycle inhibitor
p21. Glycosylation coordinates with phosphorylation in p53
regulation, and its role appears to be vital to cellular function,
well beyond a mere place-holder role (Hart et al., 2011). How sex
impacts these processes is relevant to cancer.

Kinase Modifications of p53 and the Sexes
Discriminating sex-disparity in post-translational p53
modifications relies on proper subject matching for robust
comparisons. This is challenging in humans, where potential
inequity may arise from inherent SNPs (e.g., as discussed
with p53 SNP72; or across its pathways). The value of inbred
animals becomes obvious in this light, as they offer a system
for evaluating effects of individual molecular alterations
between the sexes. However, they have emerged with their own
concerns. To illustrate, we discuss data from mouse models
in which sex disparity in p53 up-stream regulators ATM and
CHEK2 is observed (where we use the human HUGO terms
for convenience).

Early work from the Levine lab explored the impact of age
on p53 function in C57Black6, DBA2, and Balb/c mice and
identified that p53 accumulation and transcriptional activity in
response to stresses, notably γ-irradiation (IR) declines with age,
in a sex-dependent manner. Corresponding with age, there were
reductions in levels of the key molecular transponder ATM,
which links IR to p53 activation. ATM kinase phosphorylates
MDM2 at Ser-395 and p53 at Ser-15. Aging was correlated
with reduced responses to other carcinogenic stresses, albeit at
a later age than observed in response to IR. In a surprising
contrast to humans, males outlived females in this mouse model.
Consistently, p53 transcriptional activity declined more slowly
with age in males compared with females (Feng et al., 2007). This
important study uncovers a critical limitation of these commonly
used mice genotypes for pre-clinical modelling of human aging.
The relevance of other inbred mouse strains have indeed been
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questioned with the finding of remarkable dissimilarities in
longevity depending on the facility (reviewed in Austad and
Fischer, 2016).

This is similarly relevant to studies of mice engineered
to model a human truncation variant of CHEK2, which is
kinase deficient. Once again, females prove to be significantly
more tumour prone with reduced survival, compared with
males. Tumours arise predominantly in mesenchymal tissues,
the hematopoietic system and lung, with risk also in breast
epithelial tissues (Bahassi el et al., 2009). In this latter instance
however, germline CHEK2 mutations are a demonstrated risk
for human females for breast cancer, due to a suggested link
to estrogen. Lung tissue has compensatory mechanisms for
CHEK2 inactivity, indicating tissue specific risks that were
not evident in the mice (van Jaarsveld et al., 2020). These
studies expose the danger of overinterpreting animal models
in an attempt to understand the influence of sex on cancer
outcomes in humans.

Sex Differences in p53 Glycosylation
The addition of O-GlcNAc (O-linked N-Acetylglucosamine)
to p53 at Ser-149 has been linked to stabilising p53 (Yang
et al., 2006). X-linked O-GlcNAc Transferase (OGT), dynamically
modifies p53 introducing a glycosylation event that has been
linked to reduced proteasomal degradation of p53 (Yang et al.,
2006). This is particularly relevant as OGT is an X-linked gene.
There are two copies of OGT in females and only one in males.
Early in embryogenesis, from early trophoblast stage prior to
implantation, levels of OGT are higher in females, which appears
to endow them with greater resilience to prenatal hypothalamic
stress compared with males (Nugent et al., 2018).

At an important post-implantation stage, one of the two
female X chromosomes becomes silenced and remains so through
life. This X chromosome Inactivation (XCI) event occurs to
one of the female X chromosome pair randomly. This silencing
is executed by the lncRNA (long non-coding RNA) XIST (X-
inactive-specific transcript). While vital for initiation of XCI
(as discussed in greater detail below), maintenance of this
chromosome silencing appears to involve methylation (with
further discussion of these elements in the following sections).
This process is necessary for equating gene expression levels
of OGT, and most other X-linked genes between the sexes
(Barros de Andrade et al., 2019).

An intriguing clinical finding relates to the application
of chemotherapy 5-azacytidine and OGT levels exclusively in
females. Even though OGT undergoes XCI in females, in response
to treatment with this agent, its expression at least doubles
in female human fibroblasts, without impact in males. This
drug blocks DNA methylation, which likely then disrupts its
capacity to maintain methylation of the inactivated copy of OGT.
This provides a rational explanation for its particular response
elicitation in females (Olivier-Van Stichelen and Hanover, 2014).
Further exploration of the impact of cytidine-based drugs
between the sexes is warranted as differences are emerging in
their application in cancer (e.g., Di Florio et al., 2020). Tissue and
mutational context are relevant parameters to consider also in
this type of therapeutic approach (e.g., Luanpitpong et al., 2017).

Non-coding RNAs in the p53 Pathway
and Cancer Sex-Disparity
Considerations of non-coding RNA (ncRNA) in cancer sex
disparity and its links to the clinic are only recently emerging.
This is remarkable given the prevalence of >50,000 ncRNAs.
These are transcribed from the non-protein coding component
of the genome, which constitutes ∼98% of its entirety (Slack and
Chinnaiyan, 2019). The most studied ncRNAs are microRNAs
(miRNAs; ∼22 nucleotides; reviewed in Rupaimoole and Slack,
2017) and long non-coding RNAs (lnRNAs; >200 nucleotides),
which include the subclasses of pseudogenes and circular RNAs.
While miRNAs target RNA, lncRNA may functionally engage
DNA (e.g., XIST), miRNAs or proteins (reviewed in Slack and
Chinnaiyan, 2019). NcRNAs are underexplored in cancer sex
disparity but some vital links to p53 have emerged.

The lncRNA XIST—p53 Axis in Females
Deregulated ncRNAs are a tangible cancer risk for p53 itself and
also its negative regulators. With our colleagues we uncovered a
fundamental connection in females between lncRNA XIST and
p53. We discovered that p53 controls X chromosome silencing
by up-regulating XIST levels in mice (Delbridge et al., 2019).
This is a female-specific regulation. Loss of p53 reduces XIST
expression, which in turn derails the fundamental XCI event
and drives embryonic lethality in female mice. It is important to
reiterate that normal healthy females carry an XX chromosome
genotype but can only tolerate the full expression of a single X
chromosome. XCI halts the expression of ∼85% the X-encoded
genes on one of the two female X chromosomes (XX), which
limits gene expression to a level similar to that of XY males. The
set of X chromosome genes that are not silenced are referred to as
XCI escaper genes.

A very important set of studies from the Lee lab demonstrate
the danger of XIST depletion for female cancer. Unexpectedly,
mice with post-implantation XIST deletion are generally
remarkably tolerant of this genetic alteration. However, in two
instances XIST deletion is seen to provoke cancer. Firstly, XIST
deletion from hematopoietic progenitors results in aberrant
proliferative growth, consistent with myelodysplasia [now
recognised as cancer (Yildirim et al., 2013)]. Secondly, when XIST
is selectively deleted from the gut epithelium and carcinogenic
stimuli administered, cancer develops (Yang et al., 2020). Of note,
both these cellular contexts are highly proliferative, in keeping
with more rapid rates of cell division offering greater opportunity
for cancer related errors.

On another level, XIST is regulated by the vital X-linked
epigenetic modifier ATRX. ATRX binding to XIST is essential for
the recruitment of the polycomb repressive complex 2 (PRC2;
Sarma et al., 2014), which in turn contributes to early gene
repression events in XCI (Bousard et al., 2019). Such tumour
suppressive functions of ATRX are relevant to its mutation/loss
across many cancer types (Ren et al., 2020). What is of particular
relevance to cancer sex disparity, is our finding that ATRX is
among a set of X-linked genes connected to p53 functionally.
These genes are preferentially protected from mutant expression
in female cancer patients, but not male (Haupt et al., 2019a).
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X-Chromosome MicroRNAs and the p53 Pathway in
Cancer
MiRNAs repress post-transcriptional gene expression and/or
degrade messenger RNA in around 30–50% of all protein coding
genes across the genome (reviewed in Pinheiro et al., 2011). Each
miRNA may have tens to hundreds of predicted mRNA targets,
with an average of 90 potential targets. However, engagement
does not always result in repression of target gene expression (Liu
and Wang, 2019), emphasising the importance of validation for
defining function in a cancer and sex context-dependent manner.

MiRNA perturbation is a cancer risk, due to the breadth
of their involvement in fundamental cellular and biological
processes. Notably, the X chromosome is particularly enriched
with miRNAs directed to the “p53 signalling pathway” (Di Palo
et al., 2020). MiRNA alterations are widely evident in tumours
(Rupaimoole and Slack, 2017). Yet, only very few cancer-specific
miRNAs are identified as oppositely expressed between males
and females in TCGA (Yuan et al., 2016), with even fewer of
their mRNA targets unequivocally identified in cancer tissues
(e.g., Guo et al., 2017).

The X chromosome has the highest density of miRNAs in the
genome (Guo et al., 2009), comprising ∼10% of all miRNAs.
Of the 118 miRNAs detected, 62 have been experimentally
validated to date (Di Palo et al., 2020). By contrast, to the X
chromosome, the Y chromosome has only four putative miRNAs
identified, two are paired with X chromosome miRNAs (reviewed
in Di Palo et al., 2020).

Among 106 XCI escaper genes, 6 contain 12 miRNAs in
their chromosome loci (Matarrese et al., 2019), but female
expression from both chromosomes (or biallelic expression) of
these miRNA is largely speculative (reviewed in Care et al., 2018;
Pinheiro et al., 2011). Of particular interest to this review is the
X-linked miR-504 that targets TP53 3’-UTR. Over expression
of this miRNA is a cancer risk because it abrogates p53-
mediated tumour suppression (Hu et al., 2010). Evidence of
sex disparity in this miRNA begs to be tested. Surprisingly,
greater differences are identified in miRNAs from the non-
sex chromosomes (autosomes), than the sex chromosomes (the
autosomes), at least in healthy individuals (Cui et al., 2018), but
the relevance of this to cancer predisposition between the sexes
also awaits investigation.

One indirect link to p53 and sex disparity is evident in
colorectal cancer, through miR-34a whose levels correlate with
expression of circadian rhythm clock-gene, PERIOD2 (PER2)
mRNA (Hasakova et al., 2019). Males with high miR-34a
expression have extended survival, but only for early disease
stage lacking metastases or node involvement. Importantly,
this correlation is lost in males with more advanced disease
and does not exist at all in females. In females on the other
hand, extended progression-free survival for metastatic colorectal
cancer correlates with high levels of miR-192, miR-206, miR-
194, and miR-219, with apparent links to proper control of the
expression of circadian regulators: PERIOD, CLOCK, BMAL1,
and CRY. Comparatively, males with high expression levels of
these particular miRNAs have worse outcomes (Garufi et al.,
2016). These examples illustrate sex-specific prognostic potential,
and add an additional layer to sex-specific links evident through

Per2/PML/mutant TP53, identified in early mouse models of
cancer sex disparity (Gu et al., 2012; Haupt et al., 2013).

MiRNA mimics are in phase I clinical trials alone or
together with IR. Their capacity to potentiate immunotherapy
by depleting check point molecules, such as PDL1, to relieve T
cell exhaustion (Cortez et al., 2016) is underexplored, particularly
between male and female cancers. For example, it is rationale
to test for sex disparity in the influence of putative PDL1-
repressors encoded on the X chromosome: miR-513 (Dragomir
et al., 2018), miR-20a/b, miR-106a/b, and miR-424 (Care et al.,
2018). Similarly, opportunities to utilise lncRNAs as biomarkers,
vehicles for delivery of therapy and also as therapeutic targets
(reviewed in Slack and Chinnaiyan, 2019), in a p53-dependent, or
sex-specific manner in cancer remain to be extensively studied.

Numerous challenges are associated with determining the
role of ncRNAs in cancer sex disparity in general, and more
specifically as they relate to p53. Notably, age may influence
ncRNA sex disparity (Meder et al., 2014). Tissue, cell or even
organelle specificity may be crucial to proper evaluation of
miRNA impact between the sexes in cancer (Guo et al., 2017).
This is relevant to tumour suppressor or oncogenic function of
ncRNAs, where lncRNAs for example have context dependency
(Slack and Chinnaiyan, 2019), cautioning against generalisation
across cancer types and the sexes.

Human primary cells have good correlation between pre-
miRNA and mature miRNAs, rationalising the use of the former
as a proxy for the latter (de Rie et al., 2017). It is reasonable to
question whether this holds across cancer types and in a sex-
dependent manner, where expression is available in TCGA at the
level of pre-miRNAs, rather than mature miRNAs (Cui et al.,
2018). Currently only a few examples of individual miRNAs that
escape XCI are available, despite the production of a miRNA
atlas (de Rie et al., 2017). Exact identification of XCI escapers or
those with mosaic expression are predicted to be invaluable for
cancer sex disparity studies and therapy going forward (reviewed
in Care et al., 2018). Longitudinal studies are needed to correlate
ncRNA and target mRNA/protein/miRNA levels and these are
currently lacking. Further, only limited numbers of datasets exist
with normal samples and definitive sex identification [e.g., Gene
Expression Omnibus (GEO) database]. MiRNA expression in
TCGA tumour-adjacent tissues deviates from normal healthy
tissues, calling for caution against over interpretation (Cui et al.,
2018). Additional limitations of databases maybe that sex is not
assigned in samples (Pinheiro et al., 2011) and that male/female
sample numbers are imbalanced (Cui et al., 2018). Epigenetic
modifications of ncRNAs is newly recognised in cancer. These
are yet to be explored for scope as biomarkers and as therapeutic
targets (Esteller and Pandolfi, 2017; Chellini et al., 2020) relevant
to cancer sex disparity.

CANCER SEX DISPARITY LINKED TO
REDOX ACTIVITY THROUGH P53

The peculiar vulnerability of males to non-reproductive cancers
predicts fundamental inequities between the sexes and raises
questions regarding its basis. Firstly, whether males are more
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inherently exposed to damaging carcinogenic stimuli than
females; and secondly, whether males are less able to mount
remedial responses to both external and internal genomic damage
than females (a concept introduced in “Altered TP53 Regulation
and Its Cancer Risks for Females and Males” section)? These are
not mutually exclusive, and either or both of these options may
be influential as we discuss below. While lifestyle habits such
as smoking, alcohol consumption, and workplace risks (related
to carcinogen exposure) may traditionally have been higher in
men, there are additional inherent influences that appear to
disadvantage males (Oliva et al., 2020).

In the following sections we examine sex differences in redox
biology that pose greater risks for p53 disruption in males,
particularly the mutation of TP53. It is not our intention to
present a comprehensive review of redox biology in cancer (e.g.,
Wang et al., 2019) or its intricate links to p53 [as thoroughly done
by others, e.g., Liu et al. (2019)]; but rather to extract vignettes
pertinent to p53 and cancer-sex disparity. It is relevant to keep in
mind that sex hormones are at play, influencing the context into
which these oxidative stresses are acting, but it is also important
to note that hormone levels decrease with age. The impact of
sex hormones on cancer have been extensively reviewed for their
distinct effects on cancers in men and women (e.g., Clocchiatti
et al., 2016), so we have opted rather to mention them only
as specifically pertinent to our chosen focus on redox biology
engaging with p53.

Male cancers have greater overall DNA mutation, measured
as single nucleotide variants in a pan-cancer study examining
both coding and non-coding sequence, at least in non-sex
chromosomes (Li et al., 2020). An important parallel is that
cancers with TP53 mutations are also outstanding for their level
of chromosomal disruptions (Donehower et al., 2019). This raises
further questions concerning why males are at particular risk
from non-reproductive cancers: with TP53 mutation specifically
(Haupt et al., 2019a); and also with genome-wide DNA mutation
(Li et al., 2020). Presumably this cannot be a mere coincidence?
It is also worth noting the exceptional instance of kidney
cancer, where sex disparity frequently develops in the context
of elevated MDM2 levels, but rarely in the context of TP53
mutation. This argues that the disruption of the p53 pathway
is important in male sex-disparity for these non-reproductive
cancers but is also dictated by tissue type-specificity. The
example of kidney cancer prevents trivialisation of a correlation
between overall DNA mutation incidence and TP53 mutation
(Haupt et al., 2019a). Adding to this is the question of why
males accumulate DNA damage at earlier age than females
(Podolskiy et al., 2016)?

Sex Differences in the p53—ROS Axis
Healthy metabolically active human cells generate reactive
oxygen species (ROS), which are normally countered within
the same cell by neutralising antioxidant pathways. Reactive
Nitrogen species are also generated during cellular metabolism
(reviewed in Lefaki et al., 2017), however we will focus on
ROS particularly as more relevant detail is available on the
topic. Measuring resting metabolic energy rates between the
sexes has been clouded by whether they should be quantified

relative to whole body mass or only the lean component. The
lean component, rather than the fat, is argued to be most
relevant to routine energy consumption. As females have a
higher fat content than males [with healthy body fat estimates
of ∼20% for males and ∼30% for females (St-Onge, 2010)], this
confuses functional comparisons. When only lean body mass is
considered, the resting metabolic rate is lower in females than
males (Drolz et al., 2014).

ROS are generated by mitochondria. They originate from
mitochondrial oxidative phosphorylation during respiration
(Murphy, 2009). Oxidative stress results when ROS levels are
not adequately controlled (Lushchak, 2014). Excess ROS can
induce DNA damage and lipid peroxidation and in turn disease,
including cancer (reviewed in Eriksson et al., 2019). Relevant to
the management of ROS, estrogens up-regulate mitochondrial
antioxidants, allowing a balanced redox equilibrium that is
a female advantage (reviewed in Straface et al., 2017). This
predicts that females will have greater capacity to respond
to oxidative stress if ROS levels are perturbed from their
equilibrium state. Tighter regulation of redox balance in females
is predicted to extend their longevity (Austad and Fischer,
2016). This then provides context to the poor capacity of
males to manage oxidative stress under physiological conditions
(Kander et al., 2017), relevant to their greater inherent cancer
risk than females.

Wt p53 and mitochondria are fundamentally engaged in
energy production and stress response, as reviewed in depth
(Budanov, 2014; Eriksson et al., 2019). We will restrict our
discussion to facets relevant to cancer predisposition from the
perspective of sex differences. We will keep the concepts at
high level with selected specific examples of genes in context,
to exemplify linkage to sex. It is important to recognise that
TP53 mutation is likely to perturb these normally highly
regulated connections. Throughout these discussions, it is also
relevant to keep in mind that given the higher incidence of
TP53 mutations among males for non-reproductive cancers,
breakdown of these systems is expected to be more prevalent in
males than females.

P53 Links to ROS Generation and
Eradication
Wt p53 promotes mitochondrial biogenesis, through both
its transcription factor transactivation function and also its
exonuclease activity (references in Beyfuss and Hood, 2018).
Consistently, mitochondria are depleted in the absence of wt
p53 (Lebedeva et al., 2009). How mutant p53 impacts the
mitochondria is an important open question that is relevant to
cancer and sex disparity.

ROS are generated by mitochondria during their generation
of cellular energy as ATP (adenosine triphosphate), but also as
they mediate cell death pathways. Both these functions link to
p53. Normal wt p53 regulates respiration through transcriptional
transactivation of its targets, but also regulates metabolism
through its physical engagement and functional modulation
of mitochondrial components in situ (reviewed in Budanov,
2014; Liu et al., 2019; as we discuss in more detail in the next
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section in the context of its relevance to cancer sex-disparity).
Further, wt p53 suppresses the mutation of mitochondrial DNA
(Lebedeva et al., 2009). This occurs in these maternally inherited
organelles with their own DNA. This adds p53-dimension to the
concept that mitochondria are better adapted to female context
above male, due to their exclusively maternal origin (reviewed
in Beekman et al., 2014).

High ROS levels drive insults to induce cell death, involving
pro-oxidant induction, while its low levels are linked to resolving
modest stress insults consistent with an anti-oxidant function.
More specifically, acute, high levels of ROS induce oxidative
stress, able to trigger signalling pathways to precipitate cell death,
in response to infection for example (reviewed in Di Florio et al.,
2020). Similar response is triggered following genotoxic damage,
including radiation therapy and chemotherapy, where toxicity is
greater in females (Ozdemir et al., 2018).

P53 is tightly linked to redox responses (reviewed in Budanov,
2014; Eriksson et al., 2019). High levels of ROS promote p53
accumulation. Acute ROS signalling is integral to p53 activation
pathways that contribute to programmed cell death (apoptosis)
or ferroptosis (reviewed in Perillo et al., 2020). Sub-lethal
doses of ROS can prime wt p53 to activate repair pathways
that are implemented over a time of temporary cell cycle
arrest. Sustained ROS levels at sub-lethal doses however are a
risk for DNA mutation including TP53 mutation and in turn
cancer development (Figure 1, lower panel). Examples include
exposure to cigarette smoke, which is associated with damaging
inflammation to the airways (reviewed in Lefaki et al., 2017);
and unresolved infections. A relevant example is the higher male
than female infection incidence for Helicobacter pylori, which can
drive stomach cancer (de Martel et al., 2020). The influence of
p53 in immunity is an extensive topic (reviewed in Agupitan
et al., 2020) with evident sex-disparity [as we identified in non-
small cell lung cancers to be linked to TP53 status and sex
(Freudenstein et al., 2020)]. However, other than mentioning its
links to infection control through inflammation, we will consider
it beyond the scope of this review.

To summarise, this argues that the associated risk of ROS
generation from more metabolically active males, even when
resting (Drolz et al., 2014), together with enhanced exposure
from external sources [e.g., infections (reviewed in Lefaki et al.
(2017))], poses a greater risk for cellular redox imbalance
than in females. In turn this is more likely to deregulate p53
damage responses and drive male cancers. It is relevant to
add that p53 is capable of eliciting targets that activate pro-
oxidant activities, but also anti-oxidant functions (reviewed in
Budanov, 2014). This apparent ambiguity is becoming better
understood with increased understanding of redox biology. It is
now clear that oxidants are relevant to control cancer and anti-
oxidants are important to preventing uncontrollable oxidative
stress accumulation, but their ill-considered administration may
also benefit cancer cells. This is seen where antioxidants subdue
ROS generation and consequently p53 activation, leading to
lung cancer proliferation (Sayin et al., 2014). It is also relevant
to note that evidence supports the relevance of ROS levels to
chemotherapeutic efficiency with drugs such as cisplatin, where
resistance is linked to higher ROS levels pre-treatment (Zaidieh

et al., 2019). The impact of ROS begs to be explored in a sex-
specific context with TP53 mutation considerations.

P53 Links to Sex-Disparity of Cellular
Energy Production
A major source of cellular energy is glucose intake. Once in
circulation it is transported into cells where it is processed into a
functional resource. In normal, healthy cells glucose is processed
through the glycolysis pathway to its intermediate pyruvate.
It enters the mitochondria and is metabolised progressively
through the TCA cycle (Tricarboxylic Acid cycle) and along
the oxidative phosphorylation pathway; resulting in the efficient
generation of ∼32 ATPs (Melkonian and Schury, 2020).
Oxidative phosphorylation may leak ROS that risks health if
poorly managed (Nolfi-Donegan et al., 2020). This highlights the
relevance of the vital intracellular ROS detoxifier NADPH, which
is also produced across these pathways (Mele et al., 2018).

Key enzymes in the glucose metabolic pathways are linked to
wt p53 activity. Greater basal male energy demand is consistent
with potential for early failure in the maintenance of the
antioxidant systems, that then becomes a cancer risk. TP53
mutation is one direct way to derail the controlled production
of cellular energy.

Males are noted for higher levels of circulating glucose
(Keramida and Peters, 2017). They also have elevated levels
of the main glucose cellular transported GLUT1 (SLC2A1),
as measured in lung cancer (Tan et al., 2017), predicting
greater capacity for cellular uptake than in females. GLUT1
and its activity induced counterpart GLUT4 are subject to
wt p53 regulation (Schwartzenberg-Bar-Yoseph et al., 2004). If
p53 becomes mutated, GLUT1 cell surface levels are elevated
(Zhang et al., 2013), facilitating increased glucose intake, and
reinforcing a sinister feedback loop of mutant p53 stabilisation
(Rodriguez et al., 2012).

Additional enzymes regulating glycolysis are also subject to
p53 control (Liu et al., 2019). An example is p53-induced
glycolysis and apoptosis regulator (TIGAR, encoded in C12orf5),
that is transcriptionally regulated by wt p53. TIGAR loss increases
the ability of mutant Kras-driven mouse pancreatic cancer to
metastasise, particularly in the context of compromised p53
(Cheung et al., 2020). This is relevant to human pancreatic
adenocarcinoma, which is around 30% more common and
deadly in males (National Cancer Institute, 2020); associated
with more frequent TP53 mutation, than age-matched females
(Haupt et al., 2019a).

Another specific example encoded on the X chromosome is
Glucose-6-Phosphate Dehydrogenase (G6PD; Jiang et al., 2011)
that forms the rate-limiting branch point off the glycolytic
pathway onto the alternate pentose phosphate pathway. This
pathway is a source of detoxifying NADPH, plus macromolecular
building blocks. G6PD is physically inhibited by accumulated
wt p53, predicting ROS build-up with potential feed-back to
further activate p53 to promote eradication of a damaged cell.
Elevated G6PD enzyme activity occurs in esophageal cancer
(Wang et al., 2016), a disease with high TP53 mutation levels
(Haupt et al., 2019a), which is ∼4.5 times more frequent and
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deadly in males than in females (National Cancer Institute, 2020).
Inhibition of G6PD is a relevant approach to cancer regulation,
and a target of a resveratrol derivative (Mele et al., 2018).
Other genes with links to p53 in the oxidation phosphorylation
pathway [e.g., SCO2, Synthesis of cytochrome C oxidase 2;
GLS2, Glutaminase2 (Budanov, 2014)], will also be important to
examine for sex-disparity.

An relevant angle on this topic aligns with greater male
frequency of brain tumours called astrocytomas, a type of
glioma. We discuss this cancer here as it links metabolism,
the X-linked chromosome, and p53 in cancer sex disparity.
In this most common type of brain tumour in adults
and children, there is functional disruption of three genes
sequentially. First isocitrate dehydrogenase (IDH), a key enzyme
in the TCA cycle is mutated; followed by p53 loss; then
X-linked ATRX mutation (introduced earlier). The order of
mutational events is crucial to the development of this
disease. Mechanistically, IDH mutation causes production
of oncometabolite 2-hydroxyglutarate, which competitively
inhibits alpha ketoglutarate-dependent dioxygenases to interrupt
DNA and histone demethylation cellular activity. Consequent
hypermethylation is a risk for epigenetic deregulation of tumour
suppressors (Modrek et al., 2017) (relevant to earlier discussion).
These examples demonstrate tight links between p53 and
metabolism, with emerging relevance to cancer sex disparity.

P53 Promotes Antioxidants and ROS
Wt p53 contributes to the maintenance of cellular redox balance
through its transactivation of key antioxidant targets. Reducing
oxidative stress is a valuable tumour suppressive function of p53
and we will briefly mention some of its key targets. Examples of
enzyme targets of wt p53 that neutralise ROS include: superoxide
dismutase that catalyses superoxide ions to hydrogen peroxide,
and Glutathione peroxidase 1 (encoded by GPX1) and catalase,
which in turn breakdown hydrogen peroxide to water and oxygen
(reviewed in Cordani et al., 2020).

Only limited literature appears on the relevance of the sexes
to p53 and its impact on antioxidants. One study on rat cortex
however, measured higher GXP1 and glutathione reductase
levels in brains of older female rats, compared with their male
counterparts. Superoxide is also generally higher in the female
cortex. On the other hand, in this tissue, increased expression of
p53 and p21 is evidently greater in males than females (Tarry-
Adkins et al., 2006). Whether this is indicative of other tissues, or
ages and how it correlates with humans remains to be tested.

Acute stress, including ROS activation of wt p53 in a
seriously damaged cell, invokes powerful responses to ensure
its elimination. Apoptosis induction involves p53 transcriptional
activation of key targets, but also its translocation to the
mitochondria. P53 is able to directly activate BAX to induce
mitochondrial membrane disruption and its loss of membrane
potential and death (Chipuk et al., 2004). An intriguing link to
sex disparity is that BAX elimination from defined regions of
the mouse forebrain (e.g., preoptic area) neutralises differences in
neuron number that are attributed to greater apoptosis in females
(Jyotika et al., 2007). In future studies it will be invaluable to
test for sex disparity in the plethora of p53 targets that mediate

its apoptotic, ferroptotic, and senescent functions (reviewed in
Gnanapradeepan et al., 2018).

P53 and the Proteasome
Keeping cellular redox in balance is a vital function of the
proteasome. It acts by removing and degrading oxidised
and damaged proteins and peptides. As a logical corollary,
proteasomal inhibition results in increased ROS levels
(reviewed in Lefaki et al., 2017), which is a danger for cancer
development, but also holds scope for emerging cancer therapies
(Manasanch and Orlowski, 2017).

Extensive sexual dimorphism has emerged in proteasome
function in mice, with overall higher activity in female intestine,
spleen and kidney. Links to longevity are suggested, with
females potentially enduring less exposure to damaged cellular
peptides and proteins (Jenkins et al., 2020). The function of
the proteasome declines with age, although not uniformly,
across tissues or between the sexes (Jenkins et al., 2020), with
concomitant increase in ROS levels (reviewed in Lefaki et al.,
2017) posing increased cancer risk.

P53 and the proteasome engage at many levels. P53 is itself
subject to degradation through the proteasome. Entrance into
proteasomes is on a ubiquitin-passcode basis and this assignment
is normally strictly regulated by a hierarchy of ubiquitin ligase
enzymes. The major E3 ligase of p53 is MDM2, which functions
in the context of its partner MDM4 (reviewed in Haupt et al.,
2019b). Overexpression of these proteins is oncogenic and a risk
for cancer, as relevant to our earlier discussion of SNPs, and
MDM2 amplification and their examination in the context of sex
is warranted. A number of other E3 ligases in specific contexts are
also able to target p53, with potential cancer risk if overexpressed
(reviewed in Pant and Lozano, 2014). During infection by
Human Papilloma Virus (HPV), p53 is targeted to proteasomal
degradation through viral E6 protein and the host E6AP (E6-
Associated Protein) E3 ligase. It is worth noting that females
have greater overall viral resistance, but context is important
[particularly as relevant to HPV which is predominantly sexually
transmitted; reviewed in Bandilovska et al. (2019)].

At this point it is also pertinent to introduce the elegant
discovery from the Del Sal lab that mutant p53 activates
transcription of 37 proteasome genes in breast cancer lines.
Mutant p53 achieves this by engaging transcription factor NRF2,
that is a master regulator of cellular anti-oxidant responses,
although one that reduces with age [as reviewed in Lefaki et al.
(2017)]. This in turn is a danger for resisting remedial proteasome
inhibition. This new function is likely to have been selected
among p53 mutants to preserve cellular function in the context
of high levels of oxidised and damaged proteins and peptides. Of
note, wt p53 is not capable of interacting with NRF2 (Walerych
et al., 2016). An unexpected twist is that one of these mutant
p53-NRF2 targets is the proteasome subunit PSMD10, which
facilitates Mdm2-mediated degradation of wt p53 (Higashitsuji
et al., 2005). Whether it also facilitates mutant p53 degradation
is a pertinent question, as it would suggest the existence of
a regulatory loop. Another relevant activity of mutant p53 in
conjunction with NRF2 is the ability to upregulate antioxidant
thioredoxin. Notably this is a gene expressed at high basal levels
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(Lisek et al., 2018). It is also relevant to add at this point
that ROS in cancer cells is actively suppressed by a number of
other oncogenes (e.g., Myc, K-Ras, B-Raf) which increase NRF2
transcription, and in turn upregulate vital antioxidant pathways
(DeNicola et al., 2011).

In contrast however, mutant p53 is also identified to increase
ROS, in male-dominated oesophageal cancers and also lung
cells. This is driven through its NRF2-mediated inhibition of
SLC7A11 (glutamate/cystine antiporter system), which in turn
depletes glutathione. This has scope for therapy [as demonstrated
by our collaborators with us (Liu et al., 2017)] and given the
context, is predicted to have particular relevance to males.
This is compounded by mutant p53 and NRF2 suppression
of heme oxygenase I, a gene generally at low basal levels
(Lisek et al., 2018).

To understand this apparent dichotomy, it is important to
be aware that ROS has distinct impact depending on the stage
of cancer development. Cancer initiation is primed by chronic
exposure to modest ROS levels, whereas acute high levels have
greater chance of inducing cell death. At an advanced stage in
transformation however, ROS is necessary for promoting a highly
metastatic phenotype (Lisek et al., 2018 and references within).
This appears an oversimplified version of understanding even
so, as antioxidant treatment of cancers can in some instances
promote rather than inhibit.

The capacity of cells to manipulate ROS levels according to
their situation requires diversity in regulatory ability. Discovery
of both modes of control, although initially puzzling, is being
heavily studied [e.g., where antioxidants can increase metastasis
in melanomas; which is a disease predominate in males (Le Gal
et al., 2015)]. It is relevant to determine how these disparate
outcomes of mutant p53-NRF2 engagement reflect the cell type
and their sexes, in addition to cancer stage.

CONCLUSION

P53 is intimately linked with cancer sex-disparity. A critical role
of p53 activity, finely balancing cancer prevention and aging is
evident. Inherited polymorphisms in p53 pathways are noted for
their influence in select ethnic populations, with some evidence

of sex-disparities that lack a clear universal trend. These findings
predict that historically, advantage was gained from these SNPs
under particular conditions, causing their biased selection. It is
likely that in the future, the expanding banks of human DNA
sequence data will offer fresh insight into the relevance of these
polymorphisms to male and female survival. Greater female
longevity among individuals with weakened p53, who avoid
cancer death (“Altered TP53 Regulation and Its Cancer Risks for
Females and Males” section), remains to be interrogated with the
promise of therapeutic relevance.

Uncontrolled free radicals are a major DNA mutation risk,
with overall greater danger in males for many reasons. Among
these gene mutations, TP53 is outstanding in prevalence and a
disproportionate burden in males with non-reproductive cancer.
This is a danger not simply for the loss of wt p53 anti-cancer
defence capacity, but additionally for the acquisition of new
oncogenic capacities (“Cancer Sex Disparity Linked to Redox
Activity Through p53” section).

This review offers a very preliminary glance into the breadth
of factors that may influence p53 function in different ways in
males and females. These findings caution against attempting
to simplify understanding by looking only at single parameters
out of context. This is definitely a challenging approach to
understanding cancer, but at the dawn of sex and gender
medicine, it is extremely timely to raise the importance of these
considerations for cancer.

AUTHOR CONTRIBUTIONS

SH researched and wrote this review and drew the associated
figure. YH contributed to the writing and reviewing of the
manuscript. Both authors contributed to the article and approved
the submitted version.

FUNDING

The Haupt lab acknowledges funding from the following sources:
Sister Institution Network Fund (SINF): MD Anderson—Peter
Mac, and the Peter MacCallum Foundation.

REFERENCES
Agupitan, A. D., Neeson, P., Williams, S., Howitt, J., Haupt, S., and Haupt, Y.

(2020). P53: a guardian of immunity becomes its saboteur through mutation.
Int. J. Mol. Sci. 21:3452. doi: 10.3390/ijms21103452

Austad, S. N., and Fischer, K. E. (2016). Sex differences in lifespan. Cell Metab. 23,
1022–1033. doi: 10.1016/j.cmet.2016.05.019

Azzam, G. A., Frank, A. K., Hollstein, M., and Murphy, M. E. (2011). Tissue-
specific apoptotic effects of the p53 codon 72 polymorphism in a mouse model.
Cell Cycle 10, 1352–1355. doi: 10.4161/cc.10.9.15344

Bahassi el, M., Robbins, S. B., Yin, M., Boivin, G. P., Kuiper, R., van Steeg, H.,
et al. (2009). Mice with the CHEK2∗1100delC SNP are predisposed to cancer
with a strong gender bias. Proc. Natl. Acad. Sci. U.S.A. 106, 17111–17116.
doi: 10.1073/pnas.0909237106

Bandilovska, I., Keam, S. P., Gamell, C., Machicado, C., Haupt, S., and Haupt, Y.
(2019). E6AP goes viral: the role of E6AP in viral- and non-viral-related cancers.
Carcinogenesis 40, 707–714. doi: 10.1093/carcin/bgz072

Barnoud, T., Parris, J. L. D., and Murphy, M. E. (2019). Common genetic variants
in the TP53 pathway and their impact on cancer. J. Mol. Cell Biol. 11, 578–585.
doi: 10.1093/jmcb/mjz052

Barros de Andrade, E. S. L., Jonkers, I., Syx, L., Dunkel, I., Chaumeil, J., Picard,
C., et al. (2019). Kinetics of Xist-induced gene silencing can be predicted from
combinations of epigenetic and genomic features. Genome Res. 29, 1087–1099.
doi: 10.1101/gr.245027.118

Basu, S., and Murphy, M. E. (2016). Genetic modifiers of the p53 pathway. Cold
Spring Harb. Perspect. Med. 6:a026302. doi: 10.1101/cshperspect.a026302

Beekman, M., Dowling, D. K., and Aanen, D. K. (2014). The costs of being
male: are there sex-specific effects of uniparental mitochondrial inheritance?
Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130440. doi: 10.1098/rstb.2013.
0440

Berger, M., Stahl, N., Del Sal, G., and Haupt, Y. (2005). Mutations in proline
82 of p53 impair its activation by Pin1 and Chk2 in response to DNA
damage. Mol. Cell. Biol. 25, 5380–5388. doi: 10.1128/MCB.25.13.5380-5388.
2005

Frontiers in Genetics | www.frontiersin.org 11 February 2021 | Volume 12 | Article 632719

https://doi.org/10.3390/ijms21103452
https://doi.org/10.1016/j.cmet.2016.05.019
https://doi.org/10.4161/cc.10.9.15344
https://doi.org/10.1073/pnas.0909237106
https://doi.org/10.1093/carcin/bgz072
https://doi.org/10.1093/jmcb/mjz052
https://doi.org/10.1101/gr.245027.118
https://doi.org/10.1101/cshperspect.a026302
https://doi.org/10.1098/rstb.2013.0440
https://doi.org/10.1098/rstb.2013.0440
https://doi.org/10.1128/MCB.25.13.5380-5388.2005
https://doi.org/10.1128/MCB.25.13.5380-5388.2005
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-632719 February 10, 2021 Time: 18:44 # 12

Haupt and Haupt p53 and Cancer Sex Disparity

Beyfuss, K., and Hood, D. A. (2018). A systematic review of p53 regulation of
oxidative stress in skeletal muscle. Redox Rep. 23, 100–117. doi: 10.1080/
13510002.2017.1416773

Bojesen, S. E., and Nordestgaard, B. G. (2008). The common germline Arg72Pro
polymorphism of p53 and increased longevity in humans. Cell Cycle 7, 158–163.
doi: 10.4161/cc.7.2.5249

Bonafe, M., Ceccarelli, C., Farabegoli, F., Santini, D., Taffurelli, M., Barbi, C.,
et al. (2003). Retention of the p53 codon 72 arginine allele is associated with a
reduction of disease-free and overall survival in arginine/proline heterozygous
breast cancer patients. Clin. Cancer Res. 9, 4860–4864.

Bonafe, M., Salvioli, S., Barbi, C., Trapassi, C., Tocco, F., Storci, G., et al. (2004). The
different apoptotic potential of the p53 codon 72 alleles increases with age and
modulates in vivo ischaemia-induced cell death. Cell Death Differ. 11, 962–973.
doi: 10.1038/sj.cdd.4401415

Bond, G. L., and Levine, A. J. (2007). A single nucleotide polymorphism in the
p53 pathway interacts with gender, environmental stresses and tumor genetics
to influence cancer in humans. Oncogene 26, 1317–1323. doi: 10.1038/sj.onc.
1210199

Bond, G. L., Hirshfield, K. M., Kirchhoff, T., Alexe, G., Bond, E. E., Robins, H., et al.
(2006). MDM2 SNP309 accelerates tumor formation in a gender-specific and
hormone-dependent manner. Cancer Res. 66, 5104–5110. doi: 10.1158/0008-
5472.CAN-06-0180

Bond, G. L., Hu, W., Bond, E. E., Robins, H., Lutzker, S. G., Arva, N. C., et al.
(2004). A single nucleotide polymorphism in the MDM2 promoter attenuates
the p53 tumor suppressor pathway and accelerates tumor formation in humans.
Cell 119, 591–602. doi: 10.1016/j.cell.2004.11.022

Bousard, A., Raposo, A. C., Zylicz, J. J., Picard, C., Pires, V. B., Qi, Y., et al.
(2019). The role of Xist-mediated Polycomb recruitment in the initiation
of X-chromosome inactivation. EMBO Rep. 20:e48019. doi: 10.15252/embr.
201948019

Budanov, A. V. (2014). The role of tumor suppressor p53 in the antioxidant defense
and metabolism. Subcell Biochem. 85, 337–358. doi: 10.1007/978-94-017-9211-
0_18

Care, A., Bellenghi, M., Matarrese, P., Gabriele, L., Salvioli, S., and Malorni, W.
(2018). Sex disparity in cancer: roles of microRNAs and related functional
players. Cell Death Differ. 25, 477–485. doi: 10.1038/s41418-017-0051-x

Chellini, L., Frezza, V., and Paronetto, M. P. (2020). Dissecting the transcriptional
regulatory networks of promoter-associated noncoding RNAs in development
and cancer. J. Exp. Clin. Cancer Res. 39:51. doi: 10.1186/s13046-020-
01552-8

Cheung, E. C., DeNicola, G. M., Nixon, C., Blyth, K., Labuschagne, C. F., Tuveson,
D. A., et al. (2020). Dynamic ROS Control by TIGAR Regulates the Initiation
and Progression of Pancreatic Cancer. Cancer Cell 37, 168–182 e4. doi: 10.1016/
j.ccell.2019.12.012

Chipuk, J. E., Kuwana, T., Bouchier-Hayes, L., Droin, N. M., Newmeyer,
D. D., Schuler, M., et al. (2004). Direct activation of Bax by p53 mediates
mitochondrial membrane permeabilization and apoptosis. Science 303, 1010–
1014. doi: 10.1126/science.1092734

Clocchiatti, A., Cora, E., Zhang, Y., and Dotto, G. P. (2016). Sexual dimorphism in
cancer. Nat. Rev. Cancer 16, 330–339. doi: 10.1038/nrc.2016.30

Cook, M. B. (2013). Epidemiology: excess cancer in men-a call for an increased
research focus. Nat. Rev. Clin. Oncol. 10, 186–188. doi: 10.1038/nrclinonc.2013.
37

Cordani, M., Butera, G., Pacchiana, R., Masetto, F., Mullappilly, N., Riganti, C.,
et al. (2020). Mutant p53-associated molecular mechanisms of ROS regulation
in cancer cells. Biomolecules 10:361. doi: 10.3390/biom10030361

Cortez, M. A., Ivan, C., Valdecanas, D., Wang, X., Peltier, H. J., Ye, Y., et al.
(2016). PDL1 regulation by p53 via miR-34. J. Natl. Cancer Inst. 108:djv303.
doi: 10.1093/jnci/djv303

Cui, C., Yang, W., Shi, J., Zhou, Y., Yang, J., Cui, Q., et al. (2018). Identification and
analysis of human sex-biased microRNAs. Genomics Proteomics Bioinformatics
16, 200–211. doi: 10.1016/j.gpb.2018.03.004

Davegardh, C., Hall Wedin, E., Broholm, C., Henriksen, T. I., Pedersen, M.,
Pedersen, B. K., et al. (2019). Sex influences DNA methylation and gene
expression in human skeletal muscle myoblasts and myotubes. Stem Cell Res
Ther. 10, 26. doi: 10.1186/s13287-018-1118-4

de Martel, C., Georges, D., Bray, F., Ferlay, J., and Clifford, G. M. (2020). Global
burden of cancer attributable to infections in 2018: a worldwide incidence

analysis. Lancet Glob. Health 8, e180–e190. doi: 10.1016/S2214-109X(19)
30488-7

de Rie, D., Abugessaisa, I., Alam, T., Arner, E., Arner, P., Ashoor, H., et al. (2017).
An integrated expression atlas of miRNAs and their promoters in human and
mouse. Nat. Biotechnol. 35, 872–878. doi: 10.1038/nbt.3947

Delbridge, A. R. D., Kueh, A. J., Ke, F., Zamudio, N. M., El-Saafin, F., Jansz, N.,
et al. (2019). Loss of p53 causes stochastic aberrant X-chromosome inactivation
and female-specific neural tube defects. Cell Rep. 27, 442–454 e5. doi: 10.1016/
j.celrep.2019.03.048

DeNicola, G. M., Karreth, F. A., Humpton, T. J., Gopinathan, A., Wei, C.,
Frese, K., et al. (2011). Oncogene-induced Nrf2 transcription promotes
ROS detoxification and tumorigenesis. Nature 475, 106–109. doi: 10.1038/
nature10189

Di Florio, D. N., Sin, J., Coronado, M. J., Atwal, P. S., and Fairweather, D.
(2020). Sex differences in inflammation, redox biology, mitochondria and
autoimmunity. Redox Biol. 31:101482. doi: 10.1016/j.redox.2020.101482

Di Palo, A., Siniscalchi, C., Salerno, M., Russo, A., Gravholt, C. H., and Potenza, N.
(2020). What microRNAs could tell us about the human X chromosome. Cell.
Mol. Life Sci. 77, 4069–4080. doi: 10.1007/s00018-020-03526-7

Donehower, L. A., Soussi, T., Korkut, A., Liu, Y., Schultz, A., Cardenas, M., et al.
(2019). Integrated analysis of TP53 gene and pathway alterations in the cancer
genome atlas. Cell Rep. 28, 1370–1384e5. 1370-84 e5, doi: 10.1016/j.celrep.2019.
07.001

Dragomir, M., Chen, B., Fu, X., and Calin, G. A. (2018). Key questions about the
checkpoint blockade-are microRNAs an answer? Cancer Biol. Med. 15, 103–115.
doi: 10.20892/j.issn.2095-3941.2018.0006

Drolz, A., Wewalka, M., Horvatits, T., Fuhrmann, V., Schneeweiss, B., Trauner, M.,
et al. (2014). Gender-specific differences in energy metabolism during the initial
phase of critical illness. Eur. J. Clin. Nutr. 68, 707–711. doi: 10.1038/ejcn.2013.
287

Dumont, P., Leu, J. I., Della Pietra, A. C. III, George, D. L., and Murphy, M. (2003).
The codon 72 polymorphic variants of p53 have markedly different apoptotic
potential. Nat. Genet. 33, 357–365. doi: 10.1038/ng1093

Ehrlich, M. (2009). DNA hypomethylation in cancer cells. Epigenomics 1, 239–259.
doi: 10.2217/epi.09.33

Engeland, K. (2018). Cell cycle arrest through indirect transcriptional repression by
p53: i have a DREAM. Cell Death Differ. 25, 114–132. doi: 10.1038/cdd.2017.172

Eriksson, S. E., Ceder, S., Bykov, V. J. N., and Wiman, K. G. (2019). p53 as a hub in
cellular redox regulation and therapeutic target in cancer. J. Mol. Cell Biol. 11,
330–341. doi: 10.1093/jmcb/mjz005

Esteller, M., and Pandolfi, P. P. (2017). The epitranscriptome of noncoding RNAs
in cancer. Cancer Discov. 7, 359–368. doi: 10.1158/2159-8290.CD-16-1292

Fan, C., Wei, J., Yuan, C., Wang, X., Jiang, C., Zhou, C., et al. (2014). The
functional TP53 rs1042522 and MDM4 rs4245739 genetic variants contribute to
Non-Hodgkin lymphoma risk. PLoS One 9:e107047. doi: 10.1371/journal.pone.
0107047

Feng, Z., Hu, W., Teresky, A. K., Hernando, E., Cordon-Cardo, C., and Levine, A. J.
(2007). Declining p53 function in the aging process: a possible mechanism for
the increased tumor incidence in older populations. Proc. Natl. Acad. Sci. U.S.A.
104, 16633–16638. doi: 10.1073/pnas.0708043104

Fischer, M. (2017). Census and evaluation of p53 target genes. Oncogene 36,
3943–3956. doi: 10.1038/onc.2016.502

Frank, A. K., Leu, J. I., Zhou, Y., Devarajan, K., Nedelko, T., Klein-Szanto, A.,
et al. (2011). The codon 72 polymorphism of p53 regulates interaction with NF-
{kappa}B and transactivation of genes involved in immunity and inflammation.
Mol. Cell Biol. 31, 1201–1213. doi: 10.1128/MCB.01136-10

Freudenstein, D., Litchfield, C., Caramia, F., Wright, G., Solomon, B. J., Ball,
D., et al. (2020). TP53 Status, patient sex, and the immune response as
determinants of lung cancer patient survival. Cancers (Basel) 12:1535. doi:
10.3390/cancers12061535

Garufi, C., Giacomini, E., Torsello, A., Sperduti, I., Melucci, E., Mottolese, M.,
et al. (2016). Gender effects of single nucleotide polymorphisms and miRNAs
targeting clock-genes in metastatic colorectal cancer patients (mCRC). Sci. Rep.
6:34006. doi: 10.1038/srep34006

Gnanapradeepan, K., Basu, S., Barnoud, T., Budina-Kolomets, A., Kung, C. P., and
Murphy, M. E. (2018). The p53 tumor suppressor in the control of metabolism
and ferroptosis. Front. Endocrinol. (Lausanne). 9:124. doi: 10.3389/fendo.2018.
00124

Frontiers in Genetics | www.frontiersin.org 12 February 2021 | Volume 12 | Article 632719

https://doi.org/10.1080/13510002.2017.1416773
https://doi.org/10.1080/13510002.2017.1416773
https://doi.org/10.4161/cc.7.2.5249
https://doi.org/10.1038/sj.cdd.4401415
https://doi.org/10.1038/sj.onc.1210199
https://doi.org/10.1038/sj.onc.1210199
https://doi.org/10.1158/0008-5472.CAN-06-0180
https://doi.org/10.1158/0008-5472.CAN-06-0180
https://doi.org/10.1016/j.cell.2004.11.022
https://doi.org/10.15252/embr.201948019
https://doi.org/10.15252/embr.201948019
https://doi.org/10.1007/978-94-017-9211-0_18
https://doi.org/10.1007/978-94-017-9211-0_18
https://doi.org/10.1038/s41418-017-0051-x
https://doi.org/10.1186/s13046-020-01552-8
https://doi.org/10.1186/s13046-020-01552-8
https://doi.org/10.1016/j.ccell.2019.12.012
https://doi.org/10.1016/j.ccell.2019.12.012
https://doi.org/10.1126/science.1092734
https://doi.org/10.1038/nrc.2016.30
https://doi.org/10.1038/nrclinonc.2013.37
https://doi.org/10.1038/nrclinonc.2013.37
https://doi.org/10.3390/biom10030361
https://doi.org/10.1093/jnci/djv303
https://doi.org/10.1016/j.gpb.2018.03.004
https://doi.org/10.1186/s13287-018-1118-4
https://doi.org/10.1016/S2214-109X(19)30488-7
https://doi.org/10.1016/S2214-109X(19)30488-7
https://doi.org/10.1038/nbt.3947
https://doi.org/10.1016/j.celrep.2019.03.048
https://doi.org/10.1016/j.celrep.2019.03.048
https://doi.org/10.1038/nature10189
https://doi.org/10.1038/nature10189
https://doi.org/10.1016/j.redox.2020.101482
https://doi.org/10.1007/s00018-020-03526-7
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.1016/j.celrep.2019.07.001
https://doi.org/10.20892/j.issn.2095-3941.2018.0006
https://doi.org/10.1038/ejcn.2013.287
https://doi.org/10.1038/ejcn.2013.287
https://doi.org/10.1038/ng1093
https://doi.org/10.2217/epi.09.33
https://doi.org/10.1038/cdd.2017.172
https://doi.org/10.1093/jmcb/mjz005
https://doi.org/10.1158/2159-8290.CD-16-1292
https://doi.org/10.1371/journal.pone.0107047
https://doi.org/10.1371/journal.pone.0107047
https://doi.org/10.1073/pnas.0708043104
https://doi.org/10.1038/onc.2016.502
https://doi.org/10.1128/MCB.01136-10
https://doi.org/10.3390/cancers12061535
https://doi.org/10.3390/cancers12061535
https://doi.org/10.1038/srep34006
https://doi.org/10.3389/fendo.2018.00124
https://doi.org/10.3389/fendo.2018.00124
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-632719 February 10, 2021 Time: 18:44 # 13

Haupt and Haupt p53 and Cancer Sex Disparity

Grochola, L. F., Zeron-Medina, J., Meriaux, S., and Bond, G. L. (2010). Single-
nucleotide polymorphisms in the p53 signaling pathway. Cold Spring Harb.
Perspect. Biol. 2:a001032. doi: 10.1101/cshperspect.a001032

Gross, S., Immel, U. D., Klintschar, M., and Bartel, F. (2014). Germline genetics of
the p53 pathway affect longevity in a gender specific manner. Curr. Aging Sci. 7,
91–100. doi: 10.2174/1874609807666140321150751

Gu, X., Xing, L., Shi, G., Liu, Z., Wang, X., Qu, Z., et al. (2012). The circadian
mutation PER2(S662G) is linked to cell cycle progression and tumorigenesis.
Cell Death Differ. 19, 397–405. doi: 10.1038/cdd.2011.103

Guo, L., Zhang, Q., Ma, X., Wang, J., and Liang, T. (2017). miRNA and mRNA
expression analysis reveals potential sex-biased miRNA expression. Sci. Rep.
7:39812. doi: 10.1038/srep39812

Guo, X., Su, B., Zhou, Z., and Sha, J. (2009). Rapid evolution of mammalian
X-linked testis microRNAs. BMC Genomics 10:97. doi: 10.1186/1471-2164-10-
97

Hart, G. W., Slawson, C., Ramirez-Correa, G., and Lagerlof, O. (2011). Cross
talk between O-GlcNAcylation and phosphorylation: roles in signaling,
transcription, and chronic disease. Annu. Rev. Biochem. 80, 825–858. doi:
10.1146/annurev-biochem-060608-102511

Hasakova, K., Reis, R., Vician, M., Zeman, M., and Herichova, I. (2019). Expression
of miR-34a-5p is up-regulated in human colorectal cancer and correlates with
survival and clock gene PER2 expression. PLoS One 14:e0224396. doi: 10.1371/
journal.pone.0224396

Haupt, S., Caramia, F., Herschtal, A., Soussi, T., Lozano, G., Chen, H., et al. (2019a).
Identification of cancer sex-disparity in the functional integrity of p53 and its
X chromosome network. Nat. Commun. 10:5385. doi: 10.1038/s41467-019-
13266-3

Haupt, S., Mejia-Hernandez, J. O., Vijayakumaran, R., Keam, S. P., and Haupt, Y.
(2019b). The long and the short of it: the MDM4 tail so far. J. Mol. Cell Biol. 11,
231–244. doi: 10.1093/jmcb/mjz007

Haupt, S., Mitchell, C., Corneille, V., Shortt, J., Fox, S., Pandolfi, P. P., et al. (2013).
Loss of PML cooperates with mutant p53 to drive more aggressive cancers in a
gender-dependent manner. Cell Cycle 12, 1722–1731. doi: 10.4161/cc.24805

Haupt, Y., Maya, R., Kazaz, A., and Oren, M. (1997). Mdm2 promotes the rapid
degradation of p53. Nature 387, 296–299. doi: 10.1038/387296a0

Higashitsuji, H., Higashitsuji, H., Itoh, K., Sakurai, T., Nagao, T., Sumitomo, Y.,
et al. (2005). The oncoprotein gankyrin binds to MDM2/HDM2, enhancing
ubiquitylation and degradation of p53. Cancer Cell 8, 75–87. doi: 10.1016/j.
ccr.2005.06.006

Hu, W., Chan, C. S., Wu, R., Zhang, C., Sun, Y., Song, J. S., et al. (2010). Negative
regulation of tumor suppressor p53 by microRNA miR-504. Mol. Cell 38,
689–699. doi: 10.1016/j.molcel.2010.05.027

Hu, Z., Jin, G., Wang, L., Chen, F., Wang, X., and Shen, H. (2007). MDM2 promoter
polymorphism SNP309 contributes to tumor susceptibility: evidence from 21
case-control studies. Cancer Epidemiol. Biomarkers Prev. 16, 2717–2723. doi:
10.1158/1055-9965.EPI-07-0634

Jenkins, E. C., Shah, N., Gomez, M., Casalena, G., Zhao, D., Kenny, T. C.,
et al. (2020). Proteasome mapping reveals sexual dimorphism in tissue-specific
sensitivity to protein aggregations. EMBO Rep. 21:e48978. doi: 10.15252/embr.
201948978

Jiang, P., Du, W., Wang, X., Mancuso, A., Gao, X., Wu, M., et al. (2011).
p53 regulates biosynthesis through direct inactivation of glucose-6-phosphate
dehydrogenase. Nat. Cell Biol. 13, 310–316. doi: 10.1038/ncb2172

Jyotika, J., McCutcheon, J., Laroche, J., Blaustein, J. D., and Forger, N. G. (2007).
Deletion of the Bax gene disrupts sexual behavior and modestly impairs motor
function in mice. Dev. Neurobiol. 67, 1511–1519. doi: 10.1002/dneu.20525

Kander, M. C., Cui, Y., and Liu, Z. (2017). Gender difference in oxidative stress: a
new look at the mechanisms for cardiovascular diseases. J. Cell Mol. Med. 21,
1024–1032. doi: 10.1111/jcmm.13038

Karni-Schmidt, O., Lokshin, M., and Prives, C. (2016). The roles of MDM2 and
MDMX in cancer. Annu. Rev. Pathol. 11, 617–644. doi: 10.1146/annurev-
pathol-012414-040349

Keramida, G., and Peters, A. M. (2017). Fasting hepatic glucose uptake is higher in
men than women. Physiol. Rep. 5:e13174. doi: 10.14814/phy2.13174

Knappskog, S., and Lonning, P. E. (2011). Effects of the MDM2 promoter SNP285
and SNP309 on Sp1 transcription factor binding and cancer risk. Transcription
2, 207–210. doi: 10.4161/trns.2.5.16813

Knappskog, S., Trovik, J., Marcickiewicz, J., Tingulstad, S., Staff, A. C., MoMaTEC
study group, et al. (2012). SNP285C modulates oestrogen receptor/Sp1 binding
to the MDM2 promoter and reduces the risk of endometrial but not prostatic
cancer. Eur. J. Cancer 48, 1988–1996. doi: 10.1016/j.ejca.2011.10.024

Konopleva, M., Martinelli, G., Daver, N., Papayannidis, C., Wei, A., Higgins, B.,
et al. (2020). MDM2 inhibition: an important step forward in cancer therapy.
Leukemia 34, 2858–2874. doi: 10.1038/s41375-020-0949-z

Kubbutat, M. H., Jones, S. N., and Vousden, K. H. (1997). Regulation of p53
stability by Mdm2. Nature 387, 299–303. doi: 10.1038/387299a0

Lane, D. P. (1992). Cancer. p53, guardian of the genome. Nature 358, 15–16.
doi: 10.1038/358015a0

Le Gal, K., Ibrahim, M. X., Wiel, C., Sayin, V. I., Akula, M. K., Karlsson, C., et al.
(2015). Antioxidants can increase melanoma metastasis in mice. Sci. Transl.
Med. 7:308re8. doi: 10.1126/scitranslmed.aad3740

Lebedeva, M. A., Eaton, J. S., and Shadel, G. S. (2009). Loss of p53 causes
mitochondrial DNA depletion and altered mitochondrial reactive oxygen
species homeostasis. Biochim. Biophys. Acta 1787, 328–334. doi: 10.1016/j.
bbabio.2009.01.004

Lefaki, M., Papaevgeniou, N., and Chondrogianni, N. (2017). Redox regulation of
proteasome function. Redox Biol. 13, 452–458. doi: 10.1016/j.redox.2017.07.005

Levine, A. J. (2020). p53: 800 million years of evolution and 40 years of discovery.
Nat Rev Cancer. 20, 471–480. doi: 10.1038/s41568-020-0262-1

Li, C. H., Prokopec, S. D., Sun, R. X., Yousif, F., Schmitz, N., Subtypes, P. T.,
et al. (2020). Sex differences in oncogenic mutational processes. Nat. Commun.
11:4330. doi: 10.1038/s41467-020-17359-2

Lind, H., Zienolddiny, S., Ekstrom, P. O., Skaug, V., and Haugen, A. (2006).
Association of a functional polymorphism in the promoter of the MDM2 gene
with risk of nonsmall cell lung cancer. Int. J. Cancer 119, 718–721. doi: 10.1002/
ijc.21872

Lisek, K., Campaner, E., Ciani, Y., Walerych, D., and Del Sal, G. (2018). Mutant p53
tunes the NRF2-dependent antioxidant response to support survival of cancer
cells. Oncotarget 9, 20508–20523. doi: 10.18632/oncotarget.24974

Liu, D. S., Duong, C. P., Haupt, S., Montgomery, K. G., House, C. M., Azar,
W. J., et al. (2017). Inhibiting the system xC(-)/glutathione axis selectively
targets cancers with mutant-p53 accumulation. Nat. Commun. 8:14844. doi:
10.1038/ncomms14844

Liu, J., Zhang, C., Hu, W., and Feng, Z. (2019). Tumor suppressor p53 and
metabolism. J. Mol. Cell Biol. 11, 284–292. doi: 10.1093/jmcb/mjy070

Liu, W., and Wang, X. (2019). Prediction of functional microRNA targets by
integrative modeling of microRNA binding and target expression data. Genome
Biol. 20:18. doi: 10.1186/s13059-019-1629-z

Luan, L., Wang, H., Zhao, B., Wang, F., Shi, J., and Xu, X. (2019). Association of
MDM2 gene SNP 309 polymorphism and human non-small cell lung cancer
susceptibility: a meta-analysis. Pathol. Res. Pract. 215:152538. doi: 10.1016/j.
prp.2019.152538

Luanpitpong, S., Angsutararux, P., Samart, P., Chanthra, N., Chanvorachote, P.,
and Issaragrisil, S. (2017). Hyper-O-GlcNAcylation induces cisplatin resistance
via regulation of p53 and c-Myc in human lung carcinoma. Sci. Rep. 7:10607.
doi: 10.1038/s41598-017-10886-x

Lushchak, V. I. (2014). Free radicals, reactive oxygen species, oxidative stress and its
classification. Chem. Biol. Interact. 224, 164–175. doi: 10.1016/j.cbi.2014.10.016

Manasanch, E. E., and Orlowski, R. Z. (2017). Proteasome inhibitors in cancer
therapy. Nat. Rev. Clin. Oncol. 14, 417–433. doi: 10.1038/nrclinonc.2016.206

Matarrese, P., Tieri, P., Anticoli, S., Ascione, B., Conte, M., Franceschi, C.,
et al. (2019). X-chromosome-linked miR548am-5p is a key regulator of sex
disparity in the susceptibility to mitochondria-mediated apoptosis. Cell Death
Dis. 10:673. doi: 10.1038/s41419-019-1888-3

Meder, B., Backes, C., Haas, J., Leidinger, P., Stahler, C., Grossmann, T., et al.
(2014). Influence of the confounding factors age and sex on microRNA profiles
from peripheral blood. Clin. Chem. 60, 1200–1208. doi: 10.1373/clinchem.2014.
224238

Mele, L., Paino, F., Papaccio, F., Regad, T., Boocock, D., Stiuso, P., et al. (2018). A
new inhibitor of glucose-6-phosphate dehydrogenase blocks pentose phosphate
pathway and suppresses malignant proliferation and metastasis in vivo. Cell
Death Dis. 9:572. doi: 10.1038/s41419-018-0635-5

Melkonian, E. A., and Schury, M. P. (2020). Biochemistry, Anaerobic Glycolysis.
Treasure Island, FL: StatPearls.

Frontiers in Genetics | www.frontiersin.org 13 February 2021 | Volume 12 | Article 632719

https://doi.org/10.1101/cshperspect.a001032
https://doi.org/10.2174/1874609807666140321150751
https://doi.org/10.1038/cdd.2011.103
https://doi.org/10.1038/srep39812
https://doi.org/10.1186/1471-2164-10-97
https://doi.org/10.1186/1471-2164-10-97
https://doi.org/10.1146/annurev-biochem-060608-102511
https://doi.org/10.1146/annurev-biochem-060608-102511
https://doi.org/10.1371/journal.pone.0224396
https://doi.org/10.1371/journal.pone.0224396
https://doi.org/10.1038/s41467-019-13266-3
https://doi.org/10.1038/s41467-019-13266-3
https://doi.org/10.1093/jmcb/mjz007
https://doi.org/10.4161/cc.24805
https://doi.org/10.1038/387296a0
https://doi.org/10.1016/j.ccr.2005.06.006
https://doi.org/10.1016/j.ccr.2005.06.006
https://doi.org/10.1016/j.molcel.2010.05.027
https://doi.org/10.1158/1055-9965.EPI-07-0634
https://doi.org/10.1158/1055-9965.EPI-07-0634
https://doi.org/10.15252/embr.201948978
https://doi.org/10.15252/embr.201948978
https://doi.org/10.1038/ncb2172
https://doi.org/10.1002/dneu.20525
https://doi.org/10.1111/jcmm.13038
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.1146/annurev-pathol-012414-040349
https://doi.org/10.14814/phy2.13174
https://doi.org/10.4161/trns.2.5.16813
https://doi.org/10.1016/j.ejca.2011.10.024
https://doi.org/10.1038/s41375-020-0949-z
https://doi.org/10.1038/387299a0
https://doi.org/10.1038/358015a0
https://doi.org/10.1126/scitranslmed.aad3740
https://doi.org/10.1016/j.bbabio.2009.01.004
https://doi.org/10.1016/j.bbabio.2009.01.004
https://doi.org/10.1016/j.redox.2017.07.005
https://doi.org/10.1038/s41568-020-0262-1
https://doi.org/10.1038/s41467-020-17359-2
https://doi.org/10.1002/ijc.21872
https://doi.org/10.1002/ijc.21872
https://doi.org/10.18632/oncotarget.24974
https://doi.org/10.1038/ncomms14844
https://doi.org/10.1038/ncomms14844
https://doi.org/10.1093/jmcb/mjy070
https://doi.org/10.1186/s13059-019-1629-z
https://doi.org/10.1016/j.prp.2019.152538
https://doi.org/10.1016/j.prp.2019.152538
https://doi.org/10.1038/s41598-017-10886-x
https://doi.org/10.1016/j.cbi.2014.10.016
https://doi.org/10.1038/nrclinonc.2016.206
https://doi.org/10.1038/s41419-019-1888-3
https://doi.org/10.1373/clinchem.2014.224238
https://doi.org/10.1373/clinchem.2014.224238
https://doi.org/10.1038/s41419-018-0635-5
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-632719 February 10, 2021 Time: 18:44 # 14

Haupt and Haupt p53 and Cancer Sex Disparity

Modrek, A. S., Golub, D., Khan, T., Bready, D., Prado, J., Bowman, C., et al. (2017).
Low-grade astrocytoma mutations in IDH1, P53, and ATRX cooperate to block
differentiation of human neural stem cells via repression of SOX2. Cell Rep. 21,
1267–1280. doi: 10.1016/j.celrep.2017.10.009

Molnar, B., Galamb, O., Peterfia, B., Wichmann, B., Csabai, I., Bodor, A., et al.
(2018). Gene promoter and exon DNA methylation changes in colon cancer
development - mRNA expression and tumor mutation alterations. BMC Cancer
18:695. doi: 10.1186/s12885-018-4609-x

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species.
Biochem. J. 417, 1–13. doi: 10.1042/BJ20081386

National Cancer Institute (2020). SEER∗Explorer: An Interactive Website for
SEER Cancer Statistics [Internet]. Surveillance Research Program, National
Cancer Institute. Available online at: https://seer.cancer.gov/explorer/ (accessed
February 6, 2020).

Nolfi-Donegan, D., Braganza, A., and Shiva, S. (2020). Mitochondrial electron
transport chain: oxidative phosphorylation, oxidant production, and methods
of measurement. Redox Biol. 37:101674. doi: 10.1016/j.redox.2020.101674

Nugent, B. M., O’Donnell, C. M., Epperson, C. N., and Bale, T. L. (2018). Placental
H3K27me3 establishes female resilience to prenatal insults. Nat. Commun.
9:2555. doi: 10.1038/s41467-018-04992-1

Oliva, M., Munoz-Aguirre, M., Kim-Hellmuth, S., Wucher, V., Gewirtz, A. D. H.,
Cotter, D. J., et al. (2020). The impact of sex on gene expression across human
tissues. Science 369:eaba3066. doi: 10.1126/science.aba3066

Olivier, M., Hollstein, M., and Hainaut, P. (2010). TP53 mutations in human
cancers: origins, consequences, and clinical use. Cold Spring Harb. Perspect. Biol.
2:a001008. doi: 10.1101/cshperspect.a001008

Olivier-Van Stichelen, S., and Hanover, J. A. (2014). X-inactivation normalizes
O-GlcNAc transferase levels and generates an O-GlcNAc-depleted Barr body.
Front. Genet. 5:256. doi: 10.3389/fgene.2014.00256

Ozdemir, B. C., Csajka, C., Dotto, G. P., and Wagner, A. D. (2018). Sex differences
in efficacy and toxicity of systemic treatments: an undervalued issue in the Era
of precision oncology. J. Clin. Oncol. 36, 2680–2683. doi: 10.1200/JCO.2018.78.
3290

Pant, V., and Lozano, G. (2014). Limiting the power of p53 through the ubiquitin
proteasome pathway. Genes Dev. 28, 1739–1751. doi: 10.1101/gad.247452.
114

Perillo, B., Di Donato, M., Pezone, A., Di Zazzo, E., Giovannelli, P., Galasso, G.,
et al. (2020). ROS in cancer therapy: the bright side of the moon. Exp. Mol.
Med. 52, 192–203. doi: 10.1038/s12276-020-0384-2

Pim, D., and Banks, L. (2004). p53 polymorphic variants at codon 72 exert different
effects on cell cycle progression. Int. J. Cancer 108, 196–199. doi: 10.1002/ijc.
11548

Pinheiro, I., Dejager, L., and Libert, C. (2011). X-chromosome-located microRNAs
in immunity: might they explain male/female differences? The X chromosome-
genomic context may affect X-located miRNAs and downstream signaling,
thereby contributing to the enhanced immune response of females. Bioessays
33, 791–802. doi: 10.1002/bies.201100047

Podolskiy, D. I., Lobanov, A. V., Kryukov, G. V., and Gladyshev, V. N. (2016).
Analysis of cancer genomes reveals basic features of human aging and its role
in cancer development. Nat. Commun. 7:12157. doi: 10.1038/ncomms12157

Ren, W., Medeiros, N., Warneford-Thomson, R., Wulfridge, P., Yan, Q., Bian, J.,
et al. (2020). Disruption of ATRX-RNA interactions uncovers roles in ATRX
localization and PRC2 function. Nat. Commun. 11:2219. doi: 10.1038/s41467-
020-15902-9

Ren, Y. W., Yin, Z. H., Wan, Y., Guan, P., Wu, W., Li, X. L., et al. (2013).
P53 Arg72Pro and MDM2 SNP309 polymorphisms cooperate to increase lung
adenocarcinoma risk in Chinese female non-smokers: a case control study.
Asian Pac. J. Cancer Prev. 14, 5415–5420. doi: 10.7314/APJCP.2013.14.9.
5415

Rocha, M. A., Veronezi, G. M. B., Felisbino, M. B., Gatti, M. S. V.,
Tamashiro, W., and Mello, M. L. S. (2019). Sodium valproate and 5-aza-2’-
deoxycytidine differentially modulate DNA demethylation in G1 phase-arrested
and proliferative HeLa cells. Sci. Rep. 9:18236. doi: 10.1038/s41598-019-
54848-x

Rodriguez, O. C., Choudhury, S., Kolukula, V., Vietsch, E. E., Catania, J., Preet,
A., et al. (2012). Dietary downregulation of mutant p53 levels via glucose
restriction: mechanisms and implications for tumor therapy. Cell Cycle 11,
4436–4446. doi: 10.4161/cc.22778

Rupaimoole, R., and Slack, F. J. (2017). MicroRNA therapeutics: towards a new era
for the management of cancer and other diseases. Nat. Rev. Drug Discov. 16,
203–222. doi: 10.1038/nrd.2016.246

Sarma, K., Cifuentes-Rojas, C., Ergun, A., Del Rosario, A., Jeon, Y., White, F., et al.
(2014). ATRX directs binding of PRC2 to Xist RNA and Polycomb targets. Cell
159, 869–883. doi: 10.1016/j.cell.2014.10.019

Sayin, V. I., Ibrahim, M. X., Larsson, E., Nilsson, J. A., Lindahl, P., and Bergo, M. O.
(2014). Antioxidants accelerate lung cancer progression in mice. Sci. Transl.
Med. 6:221ra15. doi: 10.1126/scitranslmed.3007653

Schwartzenberg-Bar-Yoseph, F., Armoni, M., and Karnieli, E. (2004). The tumor
suppressor p53 down-regulates glucose transporters GLUT1 and GLUT4 gene
expression. Cancer Res. 64, 2627–2633. doi: 10.1158/0008-5472.CAN-03-0846

Slack, F. J., and Chinnaiyan, A. M. (2019). The role of non-coding RNAs in
oncology. Cell 179, 1033–1055. doi: 10.1016/j.cell.2019.10.017

Smetannikova, M. A., Beliavskaia, V. A., Smetannikova, N. A., Savkin, I. V.,
Denisova, D. V., Ustinov, S. N., et al. (2004). [Functional polymorphism of p53
and CCR5 genes in the long-lived of the Siberian region]. Vestn. Ross. Akad.
Med. Nauk 11, 25–28.

Soussi, T., and Wiman, K. G. (2015). TP53: an oncogene in disguise. Cell Death
Differ. 22, 1239–1249. doi: 10.1038/cdd.2015.53

St-Onge, M. P. (2010). Are normal-weight Americans over-fat? Obesity (Silver
Spring). 18, 2067–2068. doi: 10.1038/oby.2010.103

Straface, E., Malorni, W., and Pietraforte, D. (2017). Sex differences in redox
biology: a mandatory new point of view approaching human inflammatory
diseases. Antioxid. Redox Signal. 26, 44–45. doi: 10.1089/ars.2016.6931

Tan, Z., Yang, C., Zhang, X., Zheng, P., and Shen, W. (2017). Expression of glucose
transporter 1 and prognosis in non-small cell lung cancer: a pooled analysis of
1665 patients. Oncotarget 8, 60954–60961. doi: 10.18632/oncotarget.17604

Tarry-Adkins, J. L., Ozanne, S. E., Norden, A., Cherif, H., and Hales, C. N. (2006).
Lower antioxidant capacity and elevated p53 and p21 may be a link between
gender disparity in renal telomere shortening, albuminuria, and longevity. Am.
J. Physiol. Renal Physiol. 290, F509–F516. doi: 10.1152/ajprenal.00215.2005

van Heemst, D., Mooijaart, S. P., Beekman, M., Schreuder, J., de Craen, A. J.,
Brandt, B. W., et al. (2005). Long life study g. Variation in the human TP53
gene affects old age survival and cancer mortality. Exp. Gerontol. 40, 11–15.
doi: 10.1016/j.exger.2004.10.001

van Jaarsveld, M. T. M., Deng, D., Ordonez-Rueda, D., Paulsen, M., Wiemer,
E. A. C., and Zi, Z. (2020). Cell-type-specific role of CHK2 in mediating DNA
damage-induced G2 cell cycle arrest. Oncogenesis 9:35. doi: 10.1038/s41389-
020-0219-y

Walerych, D., Lisek, K., Sommaggio, R., Piazza, S., Ciani, Y., Dalla, E., et al.
(2016). Proteasome machinery is instrumental in a common gain-of-function
program of the p53 missense mutants in cancer. Nat. Cell Biol. 18, 897–909.
doi: 10.1038/ncb3380

Wang, B., Liu, X., Liu, H., Guo, J., Zhang, T., Zhou, N., et al. (2018). Differential
expressions of MDM2 and TAP73 in cancer and cancer-adjacent tissues in
patients with non-small-cell lung carcinoma. Pulmonology 24, 155–163. doi:
10.1016/j.rppnen.2017.08.008

Wang, K., Jiang, J., Lei, Y., Zhou, S., Wei, Y., and Huang, C. (2019). Targeting
metabolic-redox circuits for cancer therapy. Trends Biochem. Sci. 44, 401–414.
doi: 10.1016/j.tibs.2019.01.001

Wang, X., Liu, H., Zhang, X., Li, X., Gu, H., Zhang, H., et al. (2016).
G6PD downregulation triggered growth inhibition and induced apoptosis by
regulating STAT3 signaling pathway in esophageal squamous cell carcinoma.
Tumour Biol. 37, 781–789. doi: 10.1007/s13277-015-3861-9

Waraya, M., Yamashita, K., Ema, A., Katada, N., Kikuchi, S., and Watanabe, M.
(2015). Exclusive association of p53 mutation with super-high methylation
of tumor suppressor genes in the p53 Pathway in a unique gastric cancer
phenotype. PLoS One 10:e0139902. doi: 10.1371/journal.pone.0139902

Yang, L., Yildirim, E., Kirby, J. E., Press, W., and Lee, J. T. (2020). Widespread organ
tolerance to Xist loss and X reactivation except under chronic stress in the gut.
Proc. Natl. Acad. Sci. U.S.A. 117, 4262–4272. doi: 10.1073/pnas.1917203117

Yang, W. H., Kim, J. E., Nam, H. W., Ju, J. W., Kim, H. S., Kim, Y. S., et al. (2006).
Modification of p53 with O-linked N-acetylglucosamine regulates p53 activity
and stability. Nat. Cell Biol. 8, 1074–1083. doi: 10.1038/ncb1470

Yildirim, E., Kirby, J. E., Brown, D. E., Mercier, F. E., Sadreyev, R. I., Scadden, D. T.,
et al. (2013). Xist RNA is a potent suppressor of hematologic cancer in mice. Cell
152, 727–742. doi: 10.1016/j.cell.2013.01.034

Frontiers in Genetics | www.frontiersin.org 14 February 2021 | Volume 12 | Article 632719

https://doi.org/10.1016/j.celrep.2017.10.009
https://doi.org/10.1186/s12885-018-4609-x
https://doi.org/10.1042/BJ20081386
https://seer.cancer.gov/explorer/
https://doi.org/10.1016/j.redox.2020.101674
https://doi.org/10.1038/s41467-018-04992-1
https://doi.org/10.1126/science.aba3066
https://doi.org/10.1101/cshperspect.a001008
https://doi.org/10.3389/fgene.2014.00256
https://doi.org/10.1200/JCO.2018.78.3290
https://doi.org/10.1200/JCO.2018.78.3290
https://doi.org/10.1101/gad.247452.114
https://doi.org/10.1101/gad.247452.114
https://doi.org/10.1038/s12276-020-0384-2
https://doi.org/10.1002/ijc.11548
https://doi.org/10.1002/ijc.11548
https://doi.org/10.1002/bies.201100047
https://doi.org/10.1038/ncomms12157
https://doi.org/10.1038/s41467-020-15902-9
https://doi.org/10.1038/s41467-020-15902-9
https://doi.org/10.7314/APJCP.2013.14.9.5415
https://doi.org/10.7314/APJCP.2013.14.9.5415
https://doi.org/10.1038/s41598-019-54848-x
https://doi.org/10.1038/s41598-019-54848-x
https://doi.org/10.4161/cc.22778
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1016/j.cell.2014.10.019
https://doi.org/10.1126/scitranslmed.3007653
https://doi.org/10.1158/0008-5472.CAN-03-0846
https://doi.org/10.1016/j.cell.2019.10.017
https://doi.org/10.1038/cdd.2015.53
https://doi.org/10.1038/oby.2010.103
https://doi.org/10.1089/ars.2016.6931
https://doi.org/10.18632/oncotarget.17604
https://doi.org/10.1152/ajprenal.00215.2005
https://doi.org/10.1016/j.exger.2004.10.001
https://doi.org/10.1038/s41389-020-0219-y
https://doi.org/10.1038/s41389-020-0219-y
https://doi.org/10.1038/ncb3380
https://doi.org/10.1016/j.rppnen.2017.08.008
https://doi.org/10.1016/j.rppnen.2017.08.008
https://doi.org/10.1016/j.tibs.2019.01.001
https://doi.org/10.1007/s13277-015-3861-9
https://doi.org/10.1371/journal.pone.0139902
https://doi.org/10.1073/pnas.1917203117
https://doi.org/10.1038/ncb1470
https://doi.org/10.1016/j.cell.2013.01.034
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


fgene-12-632719 February 10, 2021 Time: 18:44 # 15

Haupt and Haupt p53 and Cancer Sex Disparity

Yuan, Y., Liu, L., Chen, H., Wang, Y., Xu, Y., Mao, H., et al. (2016).
Comprehensive characterization of molecular differences in cancer between
male and female patients. Cancer Cell 29, 711–722. doi: 10.1016/j.ccell.2016.
04.001

Zaidieh, T., Smith, J. R., Ball, K. E., and An, Q. (2019). ROS as a novel indicator
to predict anticancer drug efficacy. BMC Cancer 19:1224. doi: 10.1186/s12885-
019-6438-y

Zhang, C., Liu, J., Liang, Y., Wu, R., Zhao, Y., Hong, X., et al. (2013). Tumour-
associated mutant p53 drives the Warburg effect. Nat. Commun. 4:2935. doi:
10.1038/ncomms3935

Zhang, G., Xu, Q., Wang, Z., Sun, L., Lv, Z., Liu, J., et al. (2019). p53 protein
expression affected by TP53 polymorphism is associated with the biological
behavior and prognosis of low rectal cancer. Oncol. Lett. 18, 6807–6821. doi:
10.3892/ol.2019.10999

Zhao, Y., Wu, L., Yue, X., Zhang, C., Wang, J., Li, J., et al. (2018). A polymorphism
in the tumor suppressor p53 affects aging and longevity in mouse models. Elife
7:e34701. doi: 10.7554/eLife.34701

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Haupt and Haupt. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org 15 February 2021 | Volume 12 | Article 632719

https://doi.org/10.1016/j.ccell.2016.04.001
https://doi.org/10.1016/j.ccell.2016.04.001
https://doi.org/10.1186/s12885-019-6438-y
https://doi.org/10.1186/s12885-019-6438-y
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1038/ncomms3935
https://doi.org/10.3892/ol.2019.10999
https://doi.org/10.3892/ol.2019.10999
https://doi.org/10.7554/eLife.34701
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Cancer and Tumour Suppressor p53 Encounters at the Juncture of Sex Disparity
	Introduction
	Altered Tp53 Regulation and Its Cancer Risks for Females and Males
	Disproportionate TP53 Mutation Incidence Between the Sexes
	SNPs in the p53 Pathway and Their Impact on Cancer Sex Disparity
	P53 SNPs as Cancer Risks in Males and Females
	MDM2 SNPs in Female Cancer Predisposition

	Epigenetic Dysregulation of TP53 and Its Pathways Between the Sexes
	Post-translational Modifications of p53 Dictate Its Fate
	Kinase Modifications of p53 and the Sexes
	Sex Differences in p53 Glycosylation

	Non-coding RNAs in the p53 Pathway and Cancer Sex-Disparity
	The lncRNA XIST—p53 Axis in Females
	X-Chromosome MicroRNAs and the p53 Pathway in Cancer


	Cancer Sex Disparity Linked to Redox Activity Through P53
	Sex Differences in the p53—ROS Axis
	P53 Links to ROS Generation and Eradication
	P53 Links to Sex-Disparity of Cellular Energy Production
	P53 Promotes Antioxidants and ROS
	P53 and the Proteasome

	Conclusion
	Author Contributions
	Funding
	References


