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Tumor suppression is admittedly the most-
studied feature of p53. Nevertheless, numer-
ous studies have portrayed p53 as key 
regulator of several normal biological pro-
cesses, such as tissue homeostasis, develop-
ment, differentiation and fertility.1 A seminal 
work by Hu and colleagues revealed that p53 
regulates maternal reproduction through leu-
kemia inhibitory factor (LIF) induction in mice.2 
A recent report by Sohr and Engeland extends 
this observation and suggests a role for p53 in 
the blastocyst implantation process in humans 
as well.3 The authors show that CGB7, one of 
the genes encoding the ! subunit of human 
chorionic gonadotropin (hCG), is transcription-
ally induced by p53. hCG is a primate-specific 
hormone that is crucial for blastocyst implan-
tation and early propagation of pregnancy. 
Interestingly, the other hCG-!-encoding 
genes were not induced by p53, thus imply-
ing a specific regulation leading to different 
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functions of these closely related genes.
Several studies have connected the p53 

pathway to human reproduction at large. In 
regards to implantation, we know now that 
both the gene encoding LIF, which is an endo-
metrial cytokine (maternal source) important 
for blastocyst implantation,4 and CGB7, which 
is secreted by trophoblasts (blastocyst source), 
are regulated by p53.3 This implies that p53 has 
a major role in balancing hormone produc-
tion at the implantation site, and thus secures 
proper implantation (Fig. 1). Furthermore, 
in addition to p53, estrogen receptor (ER) 
also regulates LIF in the implantation stage.5 

Concordantly, we found that the promoter of 
the human CGB7 gene contains two putative 
ER responsive elements (-833/-811 bp and 
-525/-503 bp upstream of the transcription 
start site of CGB7 — NM_033142). Therefore, 
it is tempting to speculate that ER and p53 
cooperate in the regulation of blastocyst 

implantation through the induction of LIF and 
CGB7 (Fig. 1).

Although some p53 target genes are ini-
tially described in other biological processes, 
they might also be related to the transforma-
tion process. For example, LIF was reported 
to play a vital role in cancer, although its end-
point effect seems to be tumor-specific. For 
example, secretion of LIF seems to promote 
tumor growth,6 while, on the other hand, it 
is transcriptionally repressed in cancer-asso-
ciated stroma7 and might be located near a 
tumor suppressor locus in meningiomas.8 As 
p53 counteracts transformation, one might 
speculate that CGB7, being a genuine p53 
target, has antitumor activity as well. Hitherto, 
merely one study examined CGB7 in the con-
text of cancer. The mRNA expression of all 
CGB family members in invasive breast tumors 
samples were examined, and no significant 
change in CGB7 expression was found.9 Future 
research should be aimed at uncovering the 
full details of p53’s mode of action in the 
implantation process in both blastocyst and 
maternal tissue and perhaps tie CGB7 to the 
transformation process as well.
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Figure 1. p53 is a transcriptional regulator of implantation. The implantation of the blastocyst in 
the uterus is governed by the secretion of several hormones. Both LIF that is secreted from the 
endometrium and CGB7, which is secreted from the trophoblasts, are transcriptionally regulated 
by p53, perhaps in cooperation with ER. 
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Defining the functional role for single nucleo-
tide polymorphisms (SNPs) associated with 
cancer predisposition is an important step in 
translating genome-wide association studies 
in the development of surrogate biomarkers 
and targeted therapies.1 That the majority of 
risk-predicting SNPs are intergenic poses sig-
nificant challenges. SNPs in intergenic regions 
are thought to confer many of their effects by 
modulating gene expression. A classical expla-
nation for these effects is that high-risk and 
low-risk variants either mark changes in tran-
scription factor binding or chromatin architec-
ture elsewhere within the risk locus or actually 
form part of transcription factor binding sites. 
SNP-dependent changes in transcription fac-
tor occupancy may be critical for modulating 
the expression of genes located proximally, 
distally or perhaps even on other chromo-
somes.1,2 Loci of interest can be defined on this 
basis by chromatin immunoprecipitation and 
direct sequencing for histone marks character-
istic of regions of open/active chromatin and 
transcription factors, such as the androgen 
receptor in prostate cancer.3 An expression 
quantitative trait loci (eQTL) approach is being 
used by many groups to search for associa-
tions between risk loci and changes in gene 
expression. This approach looks for correla-
tions between the expression of genes and the 
SNP status at risk loci in regions of the genome. 
How best to define the size of these regions for 
the purposes of eQTL is open for discussion. 
This approach is exemplified by the correla-
tion between a SNP variant (rs10993994) in 
the MSMB promoter and the expression levels 
of MSMB and NCOA4 in histologically normal 
prostate tissues.4

Against this backdrop, the paper by Glinskii 
et al. is an interesting and ambitious study 
that investigates the possibility that gene 
expression in prostate cancer is regulated by 
non-coding RNAs arising from intergenic risk 

loci.5,6 The authors detect non-coding RNAs of 
100–300 nucleotides, termed “snpRNAs,” using 
a targeted RT-PCR screen. They report that 
the NLRP1-locus snpRNAs (rs2670660) regu-
late the expression of snpRNAs from the 8q24 
susceptibility locus in prostate cancer.6 Based 
on a meta-analysis of genome-wide chroma-
tin maps, they report a a chromatin signature 
consisting of a histone H3 mark (H3K27Me3), 
CBP/CREB and polymerase II associations at 
intergenic loci encoding snpRNAs. They pro-
pose that these loci are Polycomb-regulated 
enhancers, something which will require 
experimental validation. This is distinct from 
the classical active chromatin marks associ-
ated with enhancer functions for risk loci in 
other studies. They show that the expres-
sion of snpRNAs is upregulated in tumors 
vs. adjacent normal tissue, and that they can 
confer castrate-resistant phenotypes when 
expressed in prostate cancer cell lines.6 Finally, 
they suggest that some of these effects may 
be induced by changes in miRNA expression. 
In particular, their data suggest that NLRP1-
locus snpRNAs induce expression and activity 
of miR-205 in cell lines and can suppress the 
levels of prostate cancer suppressor PTEN.6

Among the recent studies exploring 
the functional effects of risk loci, this paper 
attempts a remarkable breadth of genetic 
connections in linking these loci to disease-
relevant cellular phenotypes. eQTL analysis 
classically links a risk locus to differential gene 
expression in histologically normal samples, 
although in the future, associations may be 
extended as chromosome conformation cap-
ture methods continue to develop.7 By con-
trast, the concept of snpRNAs proposed here 
creates the possibility of a complex cascade 
effect on large numbers of genes or net-
works, with a role for miRNAs as transducing 
intermediates.6 While attractive, it may prove 
hard to define causative associations with 

gene networks in clinical material, but this 
is one of the critical next steps. Significantly, 
the authors correlate the expression of these 
snpRNAs, not with primary disease diagnosis, 
but with the pathological grading of the can-
cer. In addition, they have yet to conclusively 
link snpRNAs tightly to the most statistically 
significant prostate cancer risk loci, such as 
gene-proximal rs109939948 on 10q11 or gene-
distal rs6983267 on 8q24.9 The case for these 
snpRNAs truly contributing to cancer predis-
position is, therefore, made less strongly than 
in some of the eQTL studies associating gene 
expression with variant status. Nonetheless, 
there is an intriguing suggestion that once 
prostate cancer is manifest, non-coding RNAs 
arising from risk loci may play a functional 
role in the development of castrate-resistant 
disease. This novel suggestion warrants fur-
ther study and, in addition, a more detailed 
examination of the contribution of snpRNAs 
to predisposition.
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p53 is known as a powerful growth and tumor 
suppressor, acting as a master regulator of the 
transcriptional response to agents that dam-
age DNA.1 It blocks cycling, giving the cell a 
window of opportunity to repair DNA, before 
guiding it to death by activation of pro-apop-
totic genes. A few years ago, Levine’s labora-
tory reported another, somewhat surprising 
role in mammals: promoting reproduction. 
The initial observation stemmed from genetic 
evidence that p53−/− mice have significantly 
reduced birth rates. The leukemia inhibitory 
factor (LIF), whose maternal endometrial 
expression is crucial for blastocyst implanta-
tion and embryo development, is activated by 
p53 through a bona fide p53RE element in the 
promoter. The decreased levels of LIF expres-
sion in the absence of p53 are responsible for 
the low efficiency of blastocyst adhesion due 
to lack of morphological modifications in the 
maternal endometrium: indeed, exogenous 
addition of LIF compensates for the defect.2 

Furthermore, the polymorphism at codon 72 
of p53 (Arg or Pro) and, in general, other SNPs 
present in several genes of the p53 pathway 
have a considerable influence on fertility rates: 
the R72-harboring p53, for example, is more 
proficient in activating LIF compared with the 
P72 counterpart, which is, indeed, associated 
with decreased fertility.3

Adhesion and invasion of the blastocyst is 
a complex set of events in which the embryo, 
not surprisingly, plays a critical role.4 Until now, 
it was unclear whether p53 was also involved 
in the preparation of the blastocyst for the 
“docking:” Sohr and Engeland now provide  
evidence that this is the case by showing that 
the CGB7 gene is targeted and activated by 
p53.5 CGB7 is one of the human chorionic 
gonadotropins, early signals provided by the 

blastocyst that support different phases of 
pregnancy, from implantation to placentation, 
including local immunological tolerance for 
the “allograft.”6 Therefore, these data indicate 
that pathways at both ends of the encounter 
are governed directly by p53.

There are several noteworthy implications 
of these results. First, the authors checked all 
hCGs, yet only CGB7 is under p53 control, a 
result with intriguing implications, because 
the proteins are evolutionarily and function-
ally almost identical. One difficulty in study-
ing this aspect is that hCGs appeared late 
in evolution in primates and are absent in 
rodents; therefore, mouse p53 models are 
probably unsuitable to sort this matter. 
Second, the p53 relatives p63 and p73 and, 
notably, their TA isoforms, are essential for 
the maturation of oocytes and for the quality 
controls of their genome integrity during the 
long fertile period.7 Activation of CGB expres-
sion is observed as early as the two-cells 
stage, which implies that p53 may become 
active shortly after fertilization. In general, the 
three family members appear to guide non-
overlapping aspects of offspring generation: 
this includes spermatogenesis. SPATA18, a 
gene expressed in spermatocytes, is activated 
by p53, with a compensatory role of p63 in 
case of loss of p53.8 One could reasonably ask 
whether the two relatives cooperate in the 
transcriptional set up on the blastocyst side. 
Third, it is known that p53 post-translational 
modifications (PTMs), best characterized in 
DNA-damaged cells, are necessary for p53 
transcriptional activity. Since this latter mode 
of p53 activation is presumably not opera-
tional during implantation, it remains to be 
seen whether, or which, PTMs are important 
for this process.

Finally, while LIF and CGB7 are certainly 
important, it seems very unlikely that they 
are the only targeted genes. Profiling analy-
sis identified “signatures” of implantation, and 
genetic and biochemical experiments point to 
additional genes.9 A quick survey of available, 
and most likely incomplete, lists suggests that 
p53 might regulate many of them: in fact,  
C/EBP!, PR, ER, SRC1, Snail/Zeb1 (Transcription 
Factors), BMP2, HGFL/Ron, Leptin (Soluble 
proteins), Basigin, Osteopontin, MMP-2 and 
CD44 (Adhesion molecules), to name just a 
few, are either accepted p53 targets in other 
cellular systems or genetically linked to p53 
activity. In summary, unravelling the complete 
program of gene activation by p53 in the 
uterus and blastocyst promises to lead to a far 
better understanding of fertility determinants 
in general and of blastocyst implantation in 
particular.
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would be safe? What are the minimal active 
doses that may extend life? Could rapamycin 
be given for life? Could it be given intermit-
tently (not every day) with intervals? Could 
it extend lifespan in inbred strains of mice to 
develop the most optimal schedules and drug 
combinations?

The paper by Anisimov et al. published in 
this issue of Cell Cycle presents a 2-y long study 
in normal inbred mice that received rapamycin 
intermittently (every other 2 weeks) starting 
from the age of 2 mo.7 Rapamycin increased 
lifespan and dramatically delayed spontane-
ous cancer. This is the first report on lifes-
pan extension by rapamycin in normal inbred 
mice characterized by a normal mean lifes-
pan (2  y). Use of inbred strains will allow the 
development of optimal doses and schedules 
of rapamycin as an anti-aging modality. The 
same authors recently reported that rapamy-
cin prolonged lifespan, and especially maxi-
mal lifespan, in cancer-prone mice.8 However, 
life extension in cancer-prone mice may be 
attributed to the effect of rapamycin on can-
cer prevention. Taken together with lifespan 
extension in heterogeneous1 and inbred7 
mice, data in cancer-prone mice8 suggest that 
rapamycin may delay cancer by slowing down 
aging as suggested, given that cancer is an 
age-dependent disease.3

The question remains whether rapamycin 
should be administrated only late in life rather 
than starting from a young age. Several lines 
of evidence suggest that anti-aging drugs 
could be harmful for young animals or at least 
would not provide additional benefits com-
pared with their administration at older age 

only.9,10 Finally, rapamycin could be combined 
with other potential anti-aging agents. One 
obvious candidate is metformin.11

Rapamycin was discovered in 1965 as a 
product of the bacterium Streptomyces hygro-
scopicus in a soil sample from Easter Island, 
an island also known as Rapa Nui, one of the 
most mysterious places on Earth. To explain 
the existence of the large stone statues, or 
moai, many theories have even suggested the 
intervention of extra terrestrials from alien 
planets. And now we have the discovery of 
rapamycin. Indeed, Easter Island continues to 
be one of the world’s greatest unexplained 
mysteries.
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A recent paper in Nature described that 
rapamycin fed late in life extended lifespan in 
heterogeneous mice.1 By now, this paper has 
been cited 311 times and for good reasons. 
Rapamycin (rapamune, sirolimus) is a clini-
cally approved drug, meaning that it is safe 
for human use. Even if used in high doses and 
chronically in combination with immunosup-
pressants in patients with poor health and 
who are prone to tumors and infections, even 
then, its side effects are modest, usually not 
requiring its discontinuation.2 Furthermore, 
after renal transplantation in these patients, 
rapamycin prevents cancer and cures pre-
existing tumors.3 In 2006, it was suggested 
that rapamycin can be used for slowing down 
organismal aging, extension of healthy lifes-
pan and prevention of age-related diseases, 
including cancer.4 This suggestion was based 
on the analyses of the role of TOR in cell 
senescence, longevity and diseases of aging.4 
Furthermore, the analysis of clinical data, side 
effects and accidental positive effects indi-
cated that rapamycin can be developed as 
an anti-aging modality with minimal, if any, 
side effects.5,6 During the past five years, most 
predictions have been fulfilled, including life 
extension in mice.6 The final prediction, the 
potential of rapamycin as an anti-aging drug, 
is awaiting its confirmation.

Prevention and treatment of age-related 
diseases by slowing down aging may become 
the biggest breakthrough in medicine since 
the discovery of antibiotics. The main con-
cern of gerontologists, albeit not physicians, is 
that rapamycin may exert undesirable effects 
precluding its use. What doses and schedules 
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The p53 tumor suppressor plays a pivotal role 
in myriad aspects of tumorigenesis and is 
frequently mutated in human cancers.1 A num-
ber of cellular stressors serve to activate p53, 
including DNA damage, hypoxia and onco-
gene activation. Following cellular stress, the 
p53 protein primarily functions as a sequence-
specific transcription factor to inhibit cell cycle 
progression and promote apoptotic cell death, 
thereby preventing tumor formation.2 The p53 
tetramer regulates target genes through its 
interaction with p53 response elements in 
DNA and has been shown to directly regulate 
over one hundred genes, the products of 
which mediate the cellular outcomes of p53 
activation.3 However, the mode by which p53 
selects target genes in response to different 
stimuli remains one of the foremost questions 
in the p53 field.

In the December 15th issue of Cell Cycle, 
Botcheva et al. present an elegant study 
detailing possible mechanisms for p53 tar-
get specificity.4 The authors utilized chromatin 
immunoprecipitation, followed by massively 
parallel sequencing (ChIP-Seq) in non-trans-
formed IMR90 fibroblasts, in which p53 was 
activated in response to 5-fluorouracil (5-FU). 
The authors then compared putative p53 
binding sites obtained through this approach 
to those identified in a study using HCT-116 
colon carcinoma cells treated with 5-FU.5 
Surprisingly, they found that p53 is recruited 
to genomic locations in non-transformed 
cells that are significantly different than those 
bound in tumorigenic cells. Further, a large 
percentage of putative p53 binding sites in 
the non-transformed IMR90 cells were located 
in close proximity (within 2 kb) to transcrip-
tional start sites. While this feature is common 
to most well-studied p53 response elements, 
prior genome-wide analyses of p53 binding 
in tumorigenic cells have not observed this 
pattern of binding.3,4 Notably, this differen-
tial binding pattern was not due to altered 

sequence specificity, as the authors were able 
to derive a near-canonical p53 motif from their 
ChIP-Seq results.

Interestingly, these putative p53 binding 
sites displayed a marked predilection for CpG 
islands. The authors then compared their puta-
tive p53 binding sites with a global DNA meth-
ylation map in IMR90 cells6 and found that 
their putative p53 binding sites correlated 
with hypomethylation. It remains to be seen, 
however, whether DNA hypomethylation is 
responsible for increased p53 recruitment or 
simply a consequence of the fact that p53 
tends to bind near transcriptional start sites, 
regions known to be enriched in CpG islands.7 
Of note, this may explain the differential p53 
binding pattern in normal vs. tumor-derived 
cells, as cancer cells are known to be globally 
hypomethylated,8 which might expose novel 
p53 binding sites.

The implications of p53 binding to regions 
enriched in CpG islands are quite fascinating. 
As Botcheva et al. point out, it is estimated that 
approximately 20% of predicted genomic p53 
binding sites contain a CpG (this agrees with 
remarkable precision to our analysis of 129 
validated p53 target genes reviewed by Riley 
et al., 19% of which contain at least one CpG).3 
While the authors clearly demonstrate an affin-
ity for hypomethylated regions, it is interest-
ing to speculate that perhaps certain p53 
response elements may contain methylated 
CpGs that can undergo spontaneous deamina-
tion during tumorigenesis to selectively lose 
p53 responsiveness.

While the findings presented by 
Botcheva et al. suggest that global p53 bind-
ing may be intrinsically different between 
normal and transformed cells, it must be 
noted that the studies compared were per-
formed using different techniques (ChIP-Seq 
vs. ChIP-PET). Further, these studies employed 
cells isolated from different tissues of origin. 
To address these discrepancies, the authors 

also compared their putative p53 binding 
sites from non-transformed IMR90 cells to 
those obtained from a ChIP-Seq performed 
on U2OS osteosarcoma cells.9 Even with this 
second analysis, the authors observed strik-
ing differences between non-transformed and 
tumor-derived cells, although here it must be 
noted that the U2OS cells were treated with a 
different stimulus to activate p53, which may 
significantly alter target specificity.

It will be extremely interesting for future 
studies to perform comparisons on a larger 
panel of normal and tumor-derived cells to 
expand upon these findings. Ideally, these 
cells will be derived from the same tissue, 
treated with the same agent(s) and followed 
by the same analysis method (preferably 
ChIP-Seq). While this is no small undertaking, 
the findings presented in this important study 
suggest that this type of thorough analysis 
will greatly contribute to our understand-
ing of the ever-complex p53 transcriptional 
network.
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