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Abstract

The TP53 gene, first described in 1979, was identified as a tumor suppressor gene in 1989, when it became clear
that its product, the p53 nuclear phosphoprotein, was frequently inactivated in many different forms of cancers. Nick-
named “guardian of the genome”, TP53 occupies a central node in stress response networks. The p53 protein has a
key role as transcription factor in limiting oncogenesis through several growth suppressive functions, such as initiat-
ing apoptosis, senescence, or cell cycle arrest. The p53 protein is directly inactivated in about 50% of all tumors as a
result of somatic gene mutations or deletions, and over 80% of tumors demonstrate dysfunctional p53 signaling. Be-
yond the undeniable importance of p53 as a tumor suppressor, an increasing number of new functions for p53 have
been reported, including its ability to regulate energy metabolism, to control autophagy, and to participate in various
aspects of differentiation and development. Recently, studies on genetic variations in TP53 among different popula-
tions have led to the notion that the p53 protein might play an important role in regulating fertility. This review summa-
rizes current knowledge on the basic functions of different genes of the TP53 family and TP53 pathway with respect
to fertility. We also provide original analyses based on genomic and genotype databases, providing further insights

into the possible roles of the TP53 pathway in human reproduction.
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The TP53 Gene, its Products and Regulation

The transcription factor p53 is encoded by the Tumor
Protein p53 gene (7P53, OMIM 191170), which in humans
is located on the short arm of chromosome 17 (17p13.1).
TP53 is composed of 19,198 nucleotides, spanning 11
exons and encoding a 393 amino acid protein that functions
primarily as a transcription factor and is biologically active
as a homotetramer. The p53 protein has six major domains
and its expression is subject to multiple regulation, at trans-
criptional, post-transcriptional, translational and post-
translational levels (Hollstein and Hainaut, 2010). A fur-
ther level in complexity is generated by the expression of
p53 as up to 10 distinct isoforms produced by alternative
splicing, alternative promoter usage, and alternative trans-
lation initiation (Bourdon et al., 2005).
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The p53 protein functions as a multitarget transcrip-
tion factor. Upon cellular stress signals (including DNA
damage, oncogene activation, hypoxia, nutrient depriva-
tion, telomere erosion and ribosomal stress) p53 is acti-
vated through protein stabilization and post-translational
modifications, allowing full p53 transactivation potential
(Kruse and Gu, 2009). Induction of growth arrest or cell
death upon activation of p53 prevents the replication of
damaged DNA and the division of genetically altered cells,
therefore, playing an important role in maintaining the in-
tegrity of the genome (Lane, 1992). The importance of p53
as a tumor suppressor is illustrated by the observation that
many individuals affected by Li-Fraumeni syndrome (a
high penetrance hereditary cancer syndrome that predis-
poses to multiple early-onset cancers) are carriers of loss of
function germline mutations in 7P53 (Malkin et al., 1990).

The p53 protein interacts with a large number of part-
ner proteins, but special attention has been given to the
p53-Mdm2 interaction. Among other biochemical func-
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tions, the Mdm2 protein (encoded by MDM?2, the human
homolog of the Murine Double Minute 2 gene, OMIM
164785) operates as E3 ubiquitin ligase to induce p53 poly-
ubiquitination, mediating its nuclear export and targeting it
to the proteasome for degradation (Lain and Lane, 2003).
Interestingly, Mdm?2 forms a negative-feedback loop with
p53, as MDM? transcription is positively and directly regu-
lated by p53 (Michael and Oren, 2003). This auto-
regulatory loop maintains a delicate equilibrium in the pre-
cise regulation of protein levels and activities of both p53
and Mdm2. Like MDM?2, its structural homolog, MDM4
(OMIM 602704), can also bind directly to p53, inhibiting
its ability to function as a transcriptional activator, as well
as regulating its stability, most likely through interactions
with Mdm?2 (Toledo et al., 2006). However, unlike Mdm?2,
Mdm4 (also known as MdmX), is devoid of autonomous
E3 ligase activity. Another important regulator of p53 func-
tion is the Ubiquitin-Specific Protease 7, USP7 (OMIM
602519), which de-ubiquitylates p53 and protects it from
proteasome-mediated degradation (Shan et al., 2008). The
pivotal role of Mdm?2 and Mdm4 in the control of p53 func-
tion supports the notion that polymorphisms at these /oci
might be potential modifiers of p53 function (Atwal ef al.,
2009).

The TP53 Family

The TP53 family of genes includes 7P53 and two
structural and functional p53 homologs: 7P63 (OMIM
603273) and TP73 (OMIM 601990). These three members
share a very high homology in the DNA binding domain, as
well as in overall protein architecture, with p63 and p73 be-
ing more closely related to each other than to p53 (Belyi et
al.,2010). Although TP63 and TP73 have been discovered
well after p53, they seem to have appeared earlier than
TP53 during evolution. The current view is that the three
genes derive from a single ancestor which was most likely a
p63/p73-like gene (Nedelcu and Tan, 2007). The overall
protein architecture is highly conserved from Drosophila to
man, and consists of a central sequence specific DNA bind-
ing domain (DBD), an N-terminal transactivation domain
(TA) and a C-terminal oligomerization domain (OD). p63
and p73 contain a sterile a-motif (SAM) domain at their
C-terminus that plays a role in protein-protein interactions
and which has no structural equivalent in p53, and a tran-
scription inhibition domain (TID) that decreases their
transcriptional activity by enforcing a closed conformation
through interaction with the amino-terminal TA domain
(Straub et al., 2010). The competition for binding to DNA
through their structurally similar DBDs suggests that p53,
p63 or p73 may cooperate or compete for the regulation of
common transcriptional targets.

Given that the main forms of p63 and p73 are the
so-called delta-N isoforms lacking the main, N-terminal
TA domain, interferences between the three proteins can
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result in either synergistic effects or dominant-negative ef-
fects, in which p63 or p73 isoforms may down-regulate p53
(Levine et al., 2011). While p53 acts mainly in response to
different stresses, p63 is one of the major transcription fac-
tors required for the development of stratified epithelia,
making it essential for the limb and for the formation of a
functional skin (Gonfloni et al., 2009; Mills et al., 1999).
Accordingly, ANp63 isoforms play distinct roles in regulat-
ing epithelium-mesenchyme interactions through the regu-
lation of TGF, resulting in a more invasive phenotype in
the presence of ANp63y (Lindsay et al., 2011; Oh et al.,
2011). p73 is involved in the development of the immune
and central nervous system (Belyi ef al., 2010) and has im-
portant functions in the regulation of the spindle assembly
checkpoint (SAC) during meiosis and mitosis (Tomasini et
al.,2008), as it prevents aneuploidy through sensing the im-
proper attachment of sister chromatids to the mitotic or
meiotic spindle and delays anaphase until chromosomes
are correctly oriented for segregation (Gardner and Burke,
2000). Considering these observations, a functional diver-
gence among p53, p63 and p73 clearly emerges. While p53
behaves as a canonical tumor suppressor gene which is
mostly active after induction by various forms of stress,
both p63 and p73 play major roles in normal ectodermal
differentiation and neurogenesis and only a secondary one
in response to the types of stress that activate p53.

TP53 Regulates Reproduction Through LIF

The current knowledge on p53 regulation and func-
tions has been the subject of a detailed recent review (Vous-
den and Prives, 2009). However, most studies have
concentrated on p53 as a stress-induced tumor suppressor
gene, and little is known about its function in normal cellu-
lar processes. The p53 protein accomplishes its function by
transcriptionally regulating target genes. In 2002, several
genomic DNA sequences were detected where the p53 pro-
tein was most likely able to bind and activate transcription
(Hoh et al., 2002).

Among these, a potential candidate was the gene en-
coding the leukemia inhibitory factor (L/F, OMIM
159540), a secreted cytokine that is critical for blastocyst
implantation (Stewart et al., 1992). This gene contains a pu-
tative p53-binding consensus DNA sequence in intron 1,
which is conserved in both mouse and human gene se-
quences (Hu et al., 2007a). In fact, implantation cannot oc-
cur unless epithelial cells lining the uterus are exposed to
LIF (Stewart et al., 1992), most likely expressed at the on-
set of implantation, which occurs at day 4 of pregnancy in
mice (day 12 in humans). LIF null mice have a defect in
maternal reproduction caused by the complete lack of uter-
ine decidualization at the implantation stage, with conse-
quent failure of blastocyst implantation, which can be
rescued by LIF injection at the implantation stage (the 4th
day of pregnancy in mice) (Chen et al., 2000). Hu ef al.
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(2007b) demonstrated that p53 plays a significant role in
fertility, since p53-null female mice present reduced uter-
ine expression of LIF and, as expected, reduced maternal
reproduction due to impaired implantation functions. Ad-
ministering LIF to p53 deficient female mice at day 4 of
pregnancy significantly increased the pregnancy rate and
litter size with improved blastocyst implantation. These
findings demonstrate that inactivation of p53 decreases the
levels and function of uterine LIF, thus indicating a func-
tion for p53 in maternal reproduction through the regula-
tion of LIF.

In addition, estrogen is also involved in the regulation
of transient LIF expression at the implantation stage (Chen
et al., 2000), mediated through its nuclear receptor alpha
(ERa, encoded by ESRI, OMIM 133430). Feng et al.
(2011) demonstrated a significant increase in nuclear ERa
levels in endometrial glands at the implantation stage in
mice, and concluded that the increased expression of LIF at
this stage requires the activation of p53, increased estrogen
levels, and activated ERa.

Single Nucleotide Polymorphisms and Infertility

Considering the strict regulation of LIF by p53, it is
reasonable to expect that modulation of p53 function by
single nucleotide polymorphisms (SNPs) in 7P53 and
TP53-related genes may affect fertility. In humans there are
many naturally occurring SNPs in genes at critical nodes in
the TP53 pathway, including 7P53, MDM2, MDM4, and
USP7, all of which have known functional variants that can
modify the levels or activity of the p53 protein (Atwal et al.,
2009; Bond et al., 2004). One of the most commonly stud-
ied TP53 variants, the non-silent polymorphism Pro72Arg
(rs1042522; C/G), is associated with biochemical and func-
tional differences in protein functions, since the protein car-
rying the Pro72 allele is more efficient in initiating
senescence and cell cycle arrest, while the one with the
Arg72 allele is more active in inducing apoptosis and sup-
pressing cellular transformation (Dumont et al., 2003;
Thomas et al., 1999). The Pro72 isoform is also observed in
other primates, including the chimpanzee, while the Arg72
one is only present in humans, thus suggesting that the C
(Pro72) allele may correspond to the ancestral allele.

Compared with 7P53 Pro72, the Arg72 allele pres-
ents higher transcriptional activity toward a subset of p53
target genes, including L/F. The induction of LIF is over
2-fold higher in cells with the Arg72 allele than in cells with
the Pro72 allele (Kang et al., 2009), leading to decreased
implantation success. Kay et al. (2006) associated the
Pro72 allele with recurrent implantation failure and demon-
strated that the Pro72 allele is enriched in women with un-
explained infertility from an in vitro fertilization clinic,
compared with a fertile control population (Kang ef al.,
2009). In Brazil, Ribeiro Junior et al. (2009) associated the
Pro72 allele with intense pain in a cohort of endometriotic
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patients and Bianco et al. (2011) considered that the
Pro72Arg polymorphism was not a risk factor for infertility
or endometriosis in Brazilian infertile patients. Interest-
ingly, we found that both 7P53 Pro72Arg and MDM4
rs1563828 are associated with twinning in Candido Godoi
(Tagliani-Ribeiro et al., 2012), a small town in Brazil re-
markable for showing a high frequency of both dizygotic
and monozygotic twins (Tagliani-Ribeiro ef al., 2011).

An additional remarkable fact regarding Pro72Arg is
that the allele frequencies for this SNP vary widely across
human populations. For instance, Arg72 frequencies range
from ~20% in some Sub-Saharan populations to ~80% in
northern Europeans, while in Asians the values are interme-
diate (HapMap and Alfred database, respectively). These
distinct allele frequencies promote a level of differentiation
(Fst) of 19% between Caucasians and Yoruba from Nigeria
(Table S1). Recently, the complete nuclear genomes of two
extinct hominids belonging the genus Homo, Homo
neanderthalensis and Denisova specimen were published
(Green et al., 2010; Reich et al., 2010). Based on these
genomic data sets, compiled from UCSC Genome
Browser, only Pro72 is present in both archaic human se-
quences. Inference from this observation is that the C > G
mutation may have a relatively recent origin, i.e. the Arg72
variant may be Homo sapiens-specific. Additional studies
on archaic human species will be needed to confirm this hy-
pothesis.

The MDM?2 SNP309 (rs2279744; T/G) is another
commonly described variant that attenuates the 7P53 path-
way. It is a gain of function variant that increases the affin-
ity of a sequence in MDM? for the Sp1 transcription factor
leading to increased transcription of the Mdm?2 protein, and
consequent inhibition or attenuation of the TP53 path-
way-mediated tumor suppression functions (Bond et al.,
2004). Interestingly, SNP309 is located in a transcriptional
enhancer region of MDM? regulated by estrogen signaling
(Phelps et al., 2003). Because SNP309 increases the bind-
ing affinity for Spl, a co-activator of multiple hormone re-
ceptors, it could potentially affect the hormone-dependent
regulation of MDM?2 transcription and result in further ele-
vation of the Mdm?2 protein levels, as estrogen preferen-
tially stimulates transcription of the 309G allele (Hu et al.,
2007b). In addition to 7P53 Pro72 and MDM?2 309G, other
variants in TP53-related genes (MDM4, rs1563828: T/C;
USP7,1s1529916: T/C; and LIF, rs929271: G/T) have been
proposed as functional variants with a role in reproduction,
showing differential allele frequencies in young infertile
women submitted to in vitro fertilization when compared to
fertile women (Kang ef al., 2009).

From an evolutionary perspective, 7P53 Arg72 and
MDM? 309G seem to have been positively selected in Eu-
ropean and Asian populations, which can be interpreted as a
result of adaptive pressures during the dispersion of Homo
sapiens from Africa to other continents (Atwal et al., 2007,
Shi et al., 2009; Belyi et al., 2010). Several studies indicate
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that p53 has evolutionarily conserved functions other than
acting as a tumor suppressor, and the existence of p53-like
proteins in short-lived organisms that do not exhibit adult
cancer incidence, such as flies and worms, adds to the argu-
ment that tumor suppression was not the original function
for p53 and its pathway (Lu ef al., 2009). In addition, the
major impact of p53 in cancer prevention or longevity in
humans likely occurs in post-reproductive years, which
would exclude a major evolutionary role associated to these
functions. Like 7P53 and MDM?2, MDM4 and USP7 also
appear to have alleles or haplotypes that are under selection
pressure and show geographic variations in allele distribu-
tion (Atwal ef al., 2007; Shi et al., 2009). In a recent study,
Feng et al. (2007) reported that SNPs in the 7P63
(rs17506395; T/G) and TP73 (rs4648551 G/A and
1s6695978 G/A) genes are associated with infertility in
women, independently of age for 7P63 and specifically in
women aged over 35 years for 7P73. The authors proposed
that the possible mechanisms of infertility associated with
variations in 7P53 might be impaired implantation,
whereas variations in 7P63 and TP73 may affect the quality
of oocytes and induce chromosomal aneuploidy (Feng et
al., 2007).

Based on these findings, it is reasonable to assume
that alleles in genes of the 7P53 family and 7P53 pathway
with reproductive implications may have been important
targets for selection pressure during the human evolution-
ary history.

The TP53 Fertility Network

The p53 protein and its signal transduction pathway
are composed of a set of genes and their protein products
that are designed to respond to a wide variety of intrinsic
and extrinsic stress signals. Although the important interac-
tion between p53 and L/F is crucial for embryo implanta-
tion, current evidence suggests that not only L/F, but other
genes may be important in the reproductive stages of
decidualization and implantation. To further test this hy-
pothesis, we constructed a network with 18 7P53 related
genes involved in decidualization and implantation pro-
cesses, including LIF, MDM?2 and others (Figure 1). Genes
related to decidualization and implantation were compiled
from the Gene Ontology website database using the
AmiGO browser. Association among these genes was
tested using the STRING 9 software which tests available
known and predicted gene/protein interactions (Szklarczyk
etal.,2011). This “two-step” approach was chosen to mini-
mize the possibility of false associations during the
STRING analysis due to co-existence of words. Table S2
summarizes the 18 genes of this network, as well as their in-
terconnections and wide range of functions. It is important
to note that neither p63 nor p73 are on this list, since their
main reproduction-related functions refer to the control of
ovulation and female germ cell integrity in humans, and
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they apparently are not involved in decidualization or em-
bryo implantation stages.

This “TP53 Fertility Network™ illustrates the impor-
tance of multiple genes in these specific stages of human
fertility and opens a wide range of possibilities for genetic
variation studies in genes not yet being investigated with
regard to fertility. For example, /GFBP7 (insulin-like
growth factor binding protein 7) is predominantly expres-
sed in the vasculature of developing embryos and regulates
vascular endothelial growth factor-A-dependent neoangio-
genesis (Hooper et al., 2009). ESRI (estrogen receptor 1)
gene is critical for LIF expression (Feng et al., 2011) and
IL1B (interleukin 1, beta) is involved in a variety of cellular
activities that are essential for decidualization, including
cell proliferation, differentiation, and apoptosis (Ben-Sas-
son et al., 2009).

An additional analysis to verify if these 18 genes be-
long to a specific functional cluster was performed using
GeneDecks V3 software. Thirteen of them were function-
ally clustered as having an involvement in the reproductive
system (CYP27B1, ESRI, LIF, MEN1, PLA2G4A4, PLAU,
PPARD, PTGS2, SODI, SPPI1, TP53, UBE2A and VDR).
More specifically, seven genes (CALCA, ILIB, LIF,
PPARD, PTGS2, SOD1 and SPP1) were associated with
embryo implantation (p = 1x10™%) and seven (CYP27BI,
LIF, PLA2G4A, PPARD, PTGS2, SPPI and VDR) with
decidualization (p = 1x107°). It is noteworthy that some
genes are present in all functional clusters cited above (e.g.
PPARD:; peroxisome proliferator-activated receptor delta).
This analysis brought additional evidence of the role of
these genes in key stages of fertility.

Evolutionary Pattern of the TP53 Fertility
Network

In order to explore certain evolutionary aspects of the
network we expanded the analysis on its suitability as a
model using two different approaches and taking into con-
sideration inter- (vertebrate) and intra- (human) species
variations of the 18 genes that comprise the network.

The first approach was to assess the level of conserva-
tion of the genes included in the network along evolution-
ary lineages using comparative analysis between humans
and other 21 vertebrate species. Data were compiled in the
STRING 9.0 database whereas the level of identity of the
amino acid sequences between humans and the others spe-
cies was obtained using the LALIGN software. The 18
genes presented variable levels of amino acid sequence
conservation (Table S3). Protein preservation among the
species belonging to the primate order (human, chimpan-
zee, orangutan, and rhesus monkey) was on average 97%,
while among placental mammals (human, chimpanzee,
orangutan, and rhesus monkey, mouse, rat, guinea pig, rab-
bit, cow, cat, dog, horse, pig, and armadillo) it was 85%. In
contrast, the degree of protein identity decreased signifi-
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Figure 1 - Eighteen genes of the 7P53 Fertility Network. Image created by STRING Software 9.0 with high confidence score (0.7). Different types of
lines represent the kind of evidence for the association. AKAP5: A-Kinase anchor protein 5; CALCA: Calcitonin-related polypeptide alpha; CYP27B1:
Cytochrome P450; /GFBP?7: Insulin-like growth factor binding protein 7; /LB: Interleukin 1 Beta; ESRI: Estrogen Receptor alpha; LIF: Leukemia in-
hibitory factor; MDM?2; Mouse Double Minute 2 Homolog; MENI: Multiple Endocrine Neoplasia I; PLA2G4A: Phospholipase A2, group IVA; PLAU:
Plasminogen activator urokinase; PPARD: Peroxisome proliferator-activated receptor delta; PTGS2: Prostaglandin-endoperoxide synthase 2; SODI:
Superoxide Dismutase 1, SPP1: Secreted Phosphoprotin 1; 7P53: Tumor Protein pS3; UBE2A: Ubiquitin-Conjugating Enzyme E2A; VDR: Vitamin D re-

ceptor.

cantly (average of 41%) when the comparison involved
only humans and fish species. The results generated from
STRING 9.0 show that overall 90% of the network’s con-
nections (edges) were retrieved in primates, while for pla-
cental mammals the value was reduced to 80%. However,
when all vertebrates were considered, only 42% of the net-
work is recovered. These results suggest that some of the 18
network genes may have acquired novel functions in differ-
ent taxa, throughout vertebrate evolution, in addition to an-

cestral functions, a similar situation to that reported previ-
ously for the HOX family genes (Chen et al., 2010).

The second approach was to study variation within
the 18 genes between human populations. The data were
compiled from HapMap and ENSEMBL databases. Using
this strategy we identified 10,918 polymorphisms, only
1.4% of which being non-synonymous changes (Table S4).
Of these, 82 (e.g. Pro72Arg) are predicted to be deleterious
(Table S5). For most other potentially deleterious poly-
morphisms no striking difference was found in allele fre-
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quencies among continental populations. However, some
notable exceptions can be highlighted. Reminiscent of the
Pro72Arg polymorphism, the rs5241 SNP located in the
CALCA gene shows a frequency of 17% in Africans,
whereas it is absent in European-descendents. On the other
hand, for another SNP (rs2227564) located in the PLAU
gene, the rare allele is only present in Euro-Asian popula-
tions (23%-33%), whereas it is absent in Africans
(Table S1). Overall, these examples suggest that selection
pressure for specific alleles in defined populations has af-
fected only a small subset of the genes involved in the pro-
posed network.

Since reproduction is central to the evolutionary pro-
cess, in all vertebrates, as well as in other organisms, the ge-
nome is expected to be optimized for reproductive success.
However, even among vertebrates there is an immense di-
versity in how reproduction occurs, including care and rear-
ing of the offspring (de Magalhaes and Church, 2005;
Plunkett ez al., 2011). There are many reasons in the evolu-
tionary history of each species, including of our own and of
other phylogenetically close species, such as Neanderthal,
Denisova and chimpanzee that can explain shared and uni-
que reproductive traits. Our results show for instance, that
the human fertility network is not identical in all vertebrate
species investigated here. An additional complicating fac-
tor is that for humans reproductive strategies can have
changed drastically due to cultural practices, as well as in
response to environmental pressures (e.g. climate change).
Thus, it is expected that part of this diversity is the result of
variable selection pressures encountered by human popula-
tions as they progressively expanded over the world.

Finally, this analysis adds further support to the idea
that there is not a unique major effect gene involved in fer-
tility and that an approach based on a wider gene network
and taken under an evolutionary perspective may lead to
the delineation of a more comprehensive view of the impact
of p53 on the complex biology of fertility. Additional in-
vestigations at population level, as well as functional stud-
ies are needed to clarify the exact implications of the inter-
(vertebrate) and intra- (human) differences highlighted in
the present study.
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