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The p53 pathway is perturbed in the majority of human cancers. Although this most fre-
quently occurs through the direct mutation or deletion of p53 itself, there are a number of
other alterations that can attenuate the pathway and contribute to tumorigenesis. For
example, amplification of important negative regulators, MDM2 and MDM4, occurs in
a number of cancers. In this work, we will review both the normal regulation of the p53
pathway and the different mechanisms of pathway inhibition in cancer, discuss these alter-
ations in the context of the global genomic analyses that have been conducted across tumor
types, and highlight the translational implications for cancer diagnosis and treatment.

I
nactivation of the p53 pathway is a defining
feature of human cancers, with nearly all can-

cers evolving a way to circumvent this essen-

tial tumor-suppressive mechanism. Although
a large number of human cancers directly inac-

tivate p53 throughmutations or deletions of the

TP53 ( p53) locus (Hainaut and Pfeifer 2016),
there are a vast number of other molecular

alterations that can functionally serve to atten-

uate the pathway. Through studies using mouse
models, it has become clear that even small

changes that perturb p53 levels or activity can

have profound implications for tumor develop-
ment (Eischen and Lozano 2014). A thorough

understanding of the mechanisms of p53-path-

way regulation and the biological outcomes
downstream from p53 activation combined

with the recent cancer genomic studies is need-

ed to appreciate how extensively this pathway is
perturbed in human cancers. Additionally, this

knowledge has and continues to provide novel

opportunities to develop therapeutic strategies
to overcome the inactivation of p53 in both pre-

vention and treatment of human malignancies.

As an extensive discussion of the p53 path-
way and the downstream cellular consequences

is provided in other articles within this collec-

tion, only a brief recap is required to provide the
contextual framework for the discussions that

follow (Fig. 1). p53 is widely acknowledged as

the guardian of the genome (Lane 1992).
In normal, unstressed cells, p53 levels and tran-

scriptional activity are kept in check by impor-

tant negative regulators. In response to a variety
of cellular stresses, including DNA damage, on-

cogene activation, and oxidative stress, post-

translational mechanisms stabilize and activate
p53. As a transcription factor, p53 can then bind

specific promoters and regulate the expression

of genes that drive cell-cycle arrest, apoptosis,
senescence, and several other cellular functions

discussed in this collection. Ultimately, these
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activities preserve the fidelity and integrity of

the cell, and are important tumor-suppressive

mechanisms.

ALTERATIONS IN DIRECT p53 REGULATORS

MDM2

One effectivemechanism to attenuate p53 activ-
ity is through overexpression of important neg-

ative regulators. The most prominent and well

studied of these negative regulators is MDM2.
Mdm2 was first identified from the murine tu-

morigenic cell line 3T3-DM. This cell line shows

an amplified genomic region in the formof dou-
ble minute chromosomes, and Mdm2 (murine

double minute 2) was found to be the trans-

forming gene contained within this amplicon
(Cahilly-Snyder et al. 1987; Fakharzadeh et

al. 1991). Mechanistically, MDM2 contributes

to cellular transformation through interaction

with p53 and inhibition of its transcriptional

activity (Momand et al. 1992; Oliner et al.
1993; Wu et al. 1993; Zauberman et al. 1993).

Further studies showed that MDM2 is an E3

ubiquitin ligase that directly ubiquitinates and
targets the p53 protein for proteosomal degra-

dation (Haupt et al. 1997; Honda et al. 1997;

Kubbutat et al. 1997).
The essential role of Mdm2 as a negative

regulatorof p53was highlighted inmousemod-

els.Mdm2-null mice are early embryonic lethal,
losing viability preimplantation (Jones et al.

1995; Montes de Oca Luna et al. 1995; Cha-

vez-Reyes et al. 2003). High levels of apoptosis,
as measured by TUNEL staining in blastocysts,

indicate that loss of Mdm2 drives inappropriate

p53 activation and subsequent cell death. Im-
portantly, theMdm2-null embryonic lethality is

rescued by the concomitant deletion of p53,

TP53
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Figure 1. The p53 pathway. Diagrammatic representation of effectors (positive and negative) of the p53 pathway
discussed in this review.
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demonstrating that the cell death phenotype is a

result of deregulated p53 activity. This relation-
ship has also been investigated in adult tissues

of the mouse. Tissue-specific loss of Mdm2 in

the smooth muscle and epithelial cells of the
gastrointestinal system (Boesten et al. 2006; Va-

lentin-Vega et al. 2009), cardiomyocytes (Grier

et al. 2006), neuronal progenitor cells (Francoz
et al. 2006; Xiong et al. 2006), or hepatocytes

(Kodama et al. 2011) all lead to p53-dependent

cell death. Two different models have been used
to evaluate the effect of unrestricted p53 acti-

vity (via Mdm2 loss) throughout the adult

mouse, both demonstrating p53-dependent
apoptosis and tissue atrophy in classically ra-

diosensitive tissues (spleen, bone marrow, and

intestine), as well as generally radioinsensitive
tissues (kidney, liver, heart, retina, and hippo-

campus) (Ringshausen et al. 2006; Zhang et al.

2014). Further,Mdm2 hypomorphicmice show
p53-dependent pathologies (Mendrysa et al.

2003). Combined, these data clearly establish

MDM2 as an essential negative regulator of
the p53 pathway in multiple tissues in vivo.

Physiologically, the p53 pathway is impor-

tant in response to stress and one of the primary
mechanisms of p53 stabilization is through dis-

sociation from MDM2. Specifically, the DNA

damage-dependent phosphorylation of p53
and MDM2 inhibits the interaction between

these two proteins allowing for p53-dependent

activation of downstream transcriptional tar-
gets (Canman et al. 1998; Khosravi et al. 1999;

Chehab et al. 2000; Hay and Meek 2000). Fur-

ther, an important safety mechanism built into
the system prevents the negative consequences

of prolonged p53 activation. In addition to the

genes that drive cell-cycle arrest and apoptosis,
p53 also transcriptionally activates the expres-

sion of MDM2 by binding two p53-response

elements within the P2 promoter, subsequently
ensuring its own degradation (Barak et al. 1993;

Juven et al. 1993; Wu et al. 1993; Wu and Levine

1997). Amouse model with mutations that pre-
vent p53 binding and transactivation of the

Mdm2 promoter is viable under normal physi-

ological conditions (Pant et al. 2013). However,
mice show enhanced radiosensitivity, and die in

response to sublethal doses of radiation caused

by hematopoietic failure as a result of prolonged

p53 activity in the bone marrow. Combined, all
of the above-described genetic experiments

have established MDM2 as an essential negative

regulator of p53 during development, normal
tissue homeostasis, and DNA damage response.

Mouse models have also been generated to

evaluate the physiological and pathological con-
sequences of Mdm2 overexpression. A trans-

genic mouse model was established, in which

two- to fourfold increased levels ofMdm2 were
expressed under the control of the endogenous

Mdm2 promoter (Jones et al. 1998). Transgene

expression is sufficient to drive tumorigenesis in
mice, with half of animals hemizygous for the

transgene developing tumors by 84weeks of age.

Similar to p53þ/2 or p532/2, Mdm2Tg mice
primarily develop lymphomas and sarcomas. It

is, however, interesting to note that there is a

marked increase in the number of sarcomas
formed in Mdm2Tgp532/2 mice compared

with p532/2, suggesting that there may be

p53-independent roles for Mdm2 in promoting
transformation.Mdm2Tgmice have not yet been

characterized on a p53þ/2 background to eval-

uate the impact of theMdm2Tgon loss of hetero-
zygosity (LOH) of the p53 locus or to further

interrogate potential p53-independent mecha-

nisms contributing to tumorigenesis.
Given the above studies, it is therefore not

surprising that one common mechanism by

which human cancers abrogate p53 is through
overexpression of MDM2. Soon after the iden-

tification of MDM2, it was appreciated that a

large proportion of human sarcomas amplify
the MDM2 locus (Oliner et al. 1992). In recent

years, large-scale cancer genome profiling has

provided a catalog of all of the somatic alter-
ations that occur across a large number and

broad range of cancer types, and the cBioPortal

for Cancer Genomics (www.cbioportal.org) is a
valuable tool for visualizing and analyzing these

cancer genomics data sets (Cerami et al. 2012;

Gao et al. 2013). Combined, these studies have
highlighted the high levels of MDM2 amplifi-

cation in sarcomas and revealed several other

tumor types that show frequent amplification of
theMDM2 locus (Fig. 2A). Specifically,MDM2

is most frequently amplified in sarcomas
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Figure 2.MDM2 alterations in cancer. Analyses of genomic data of tumors with p53mutation or deletion and
high levels ofMDM2 from data sets accessed and prepared using the cBioPortal for Cancer Genetics (www.cbio
portal.org) (Cerami et al. 2012; Gao et al. 2013). (A) Frequency of MDM2 copy number alterations and
mutations across tumor types. Data sets derived from cell lines or xenografts, as well as studies without copy
number data, were excluded. (Legend continues on following page.)
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(27.1%) (Barretina et al. 2010), glioblastoma

(13.2% and 8.9%, in two different data sets)
(Cancer Genome Atlas Network 2008; Bren-

nan et al. 2013), bladder urothelial carcinoma

(8.7%) (Cancer Genome Atlas Network 2014a),
and lung adenocarcinoma (7.8%) (Cancer Ge-

nome Atlas Network 2014b). Importantly,

MDM2 amplification tends to be mutually ex-
clusivewith p53mutations, suggesting that both

serve the same purpose to attenuate the p53

pathway. Specifically, the data available through
the cBioPortal reveal a statistically significant

mutually exclusive relationship between genetic

alterations in p53 and MDM2 in the data sets
mentioned above. Examples from sarcomas,

glioblastomas, and lung adenocarcinomas are

presented in Figure 2B. In addition, high levels
of MDM2 can be achieved through transcrip-

tional and posttranslational mechanisms. More

recent genomic studies, specifically those being
conducted through The Cancer Genome Atlas

(TCGA), have incorporated expression studies,

including RNA-sequencing and reverse phase
protein arrays (RPPAs), which give amore com-

prehensive analysis of gene and protein expres-

sion levels in cancers. For example, adding ex-
pression data both increases the number of

tumors with alterations in these two p53-path-

way components in lung adenocarcinoma (52%
vs. 59%) and improves the statistical signifi-

cance of the mutually exclusive relationship be-

tween p53 and MDM2 lesions ( p ¼ 0.042 vs.
0.005) in these cancers (Fig. 2C) (Cancer Ge-

nome Atlas Network 2014b). Further dissection

of the mechanisms that drive increased levels of
MDM2 independent of gene amplification will

also be important for realizing the full impact of

MDM2 in tumorigenesis.
Single-nucleotide polymorphisms (SNPs)

in theMDM2 promoter also contribute to can-

cer risk (Bond et al. 2005). A high-frequency

SNP has been identified within the second

and p53-activated P2 promoter of MDM2 at
position 309. This T toGpolymorphism is pres-

ent in the population in the heterozygous (TG)

state at a frequency of 40% and in the homozy-
gous (GG) state at 14% (Bond et al. 2004). The

G allele creates a preferential binding site for the

SP1 transcription factor and subsequently re-
sults in increased levels of MDM2 (Bond et al.

2004; Knappskog and Lonning 2011). Genome-

wide association studies identified significant
associations between the G allele and increased

tumor risk (Bond and Levine 2007; Grochola

et al. 2010). To directly test this association,
mouse models with homozygous SNP309 T

and G alleles were developed (Post et al. 2010).

When crossed to a genetic model of cancer,
Mdm2SNP309G/G mice show reduced survival

and an increased number with multiple tumors

when compared with the Mdm2SNP309T/T ani-
mals. This SNP and potentially other germline

variants, both alone and in combination, are

likely to play a role in attenuating the p53 path-
way in cancers.

MDM4

MDM4 is a closely related protein to MDM2
and is also an important in vivo regulator of the

p53 pathway. MDM4 (originally and often re-

ferred to as MDMX) was identified in a screen
for p53 interacting proteins (Shvarts et al.

1996). Unlike MDM2, however, MDM4 does

not have an enzymatically active RING domain
and is unable to directly target p53 for ubiqui-

tination. It can, however, bind to and inhibit

the activity of the p53 transactivation domain
(Shvarts et al. 1997). Genetically engineered

mouse models have served to establish the es-

sential role for Mdm4 in regulating p53 during
development, as Mdm4-null mice also show

Figure 2. (Continued) (B) Detailed analyses of MDM2 amplification and p53 mutation of the three tumors
(sarcoma, glioblastoma, and lung adenocarcinoma) with high levels ofMDM2 amplification in A. Statistically
significant mutually exclusive relationships between p53 and MDM2 alterations are observed in all three of
these data sets. (C) Combined analysis of MDM2 amplification and RNA and protein expression data with
p53 mutation in lung adenocarcinoma. CNA, Copy number alterations; RPPA, reverse phase protein array.
�p , 0.05, ��p , 0.01, ���p , 0.001. Data were accessed on July 16, 2015.

Attenuating the p53 Pathway in Human Cancers

Cite this article as Cold Spring Harb Perspect Med 2015;6:a026211 5

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


p53-dependent embryonic lethality (Parant

et al. 2001). There is additional evidence to
suggest that MDM4 can interact with and en-

hance the E3 ligase activity of MDM2. MDM4

interacts with MDM2 through its RING do-
main (Sharp et al. 1999; Tanimura et al.

1999), and indeed, mice with deletion of or a

point mutation in the RING domain of Mdm4
are also embryonic lethal because of increased

p53 activity, suggesting that this domain and its

interaction with Mdm2 are essential for neg-
atively regulating p53 activity during embryon-

ic development (Huang et al. 2011; Pant et al.

2011).
Similar to MDM2, the pathological conse-

quences of MDM4 overexpression were mod-

eled using transgenic mice. Although epitope-
tagged Mdm4 did not promote tumorigenesis

in vivo (De Clercq et al. 2010), two independent

untagged transgenic lines develop spontaneous
tumors, with sarcomas being the most frequent

(Xiong et al. 2010). Elevated expression of

MDM4 is also seen in a number of cancers.
Using the cBioPortal (Cerami et al. 2012; Gao

et al. 2013) to evaluate MDM4 status across

available data sets (Fig. 3A) reveals the highest
levels ofMDM4 amplification in invasive breast

carcinoma (14.2%, TCGA provisional), liver

hepatocellular carcinoma (12.4%, TCGA provi-
sional), glioblastoma (9.6%) (Brennan et al.

2013), and lung adenocarcinoma (8.3%) (Can-

cer Genome Atlas Network 2014b). Addition-
ally, MDM4 amplifications occur in 65% of

retinoblastomas (Laurie et al. 2006). Although

MDM4 amplification or mRNA overexpression
are seen in 12% of skin cutaneous melanomas

from TCGA profiling (provisional), a recent

study has found elevated protein expression of
MDM4 in ≏65% of stage II–V melanomas

(Gembarska et al. 2012). These results suggest

that, although current genomic studies are very
informative, they likely underestimate the frac-

tion of tumors that have deregulated MDM4

protein expression.
Similar to the results obtained from the

comparison of p53 and MDM2 lesions in can-

cers, p53 and MDM4 alterations show signifi-
cant evidence of mutual exclusivity in invasive

breast carcinoma (TCGAprovisional), and clear

trends in lung adenocarcinoma (Cancer Ge-

nome Atlas Network 2014b) and glioblastoma
(Fig. 3B) (Brennan et al. 2013). Not all tumor

types, however, show strong evidence of mutual

exclusivity. In the hepatocellular carcinoma data
set (TCGA provisional), approximately one-

third of the tumors with MDM4 amplification

also have deletions or mutations in p53. These
findings suggest that MDM4 may have p53-in-

dependent functions that also contribute to tu-

morigenesis, or that these tumors may retain a
wild-type p53 allele and the combination of p53

heterozygosity and amplified MDM4 further

dampens the p53 pathway (Eischen and Lozano
2014). Again, the data are further enrichedwhen

RNA and protein expression are also consid-

ered. The relationship between the status of
p53, MDM2, and MDM4 in lung adenocarci-

noma (Cancer Genome Atlas Network 2014b)

is shown in Figure 3C, with strong mutual ex-
clusivity being shown among all genes. Com-

bined, these data show that overexpression of

MDM4 is another mechanism through which
tumors can inactivate the p53 pathway.

Other E3 Ubiquitin Ligases

Although mouse models have provided defini-

tive in vivo evidence that MDM2 and MDM4
are essential negative regulators of p53, a num-

ber of other E3 ubiquitin ligases have been iden-

tified to regulate p53 in vitro. Several reviews
have been written describing these other regu-

lators (Jain and Barton 2010; Lee and Gu

2010; Hock and Vousden 2014; Pant and Lo-
zano 2014). As small changes to levels or activ-

ity of p53 impact tumor suppression in mice,

increased expression of these enzymes has
the potential to attenuate p53 and contribute

to tumorigenesis. Herein, we will focus on the

tumor-specific up-regulation of three of the
more prominent E3 enzymes: PIRH2, COP1,

and TRIM24.

Before discussion of each of these regulators
individually, however, there are a few salient

points relevant to all of them. First, it is impor-

tant to consider that these enzymes likely all
have tissue, stimulus, and context-specific activ-

ities. Although p53 is the dominant substrate of

A.R. Wasylishen and G. Lozano
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Figure 3. MDM4 alterations in cancer. Analyses of genomic data of tumors with high levels ofMDM4 and p53
mutation or deletion from data sets accessed and prepared using the cBioPortal for Cancer Genetics (www.cbio
portal.org) (Cerami et al. 2012; Gao et al. 2013). (A) Frequency ofMDM4 copy number alterations and muta-
tions across tumor types. (Legend continues on following page.)

Cite this article as Cold Spring Harb Perspect Med 2015;6:a026211 7

Attenuating the p53 Pathway in Human Cancers

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


MDM2, the other E3 enzymes are all known to

have multiple substrates, including some onco-
genes. Copy number alterations or mutations,

therefore, are likely to be influenced by a balance

of the effects on all substrates in a given cellu-
lar context. Second, although knockout mouse

models have not provided convincing evidence

of p53 regulation during development (Hakem
et al. 2011; Migliorini et al. 2011; Jiang et al.

2015), studies have shown strong evidence of

regulation in vitro. The in vivo models to date
have modeled loss of these enzymes, not over-

expression, which would be expected to better

mimic the pathological state for a negative reg-
ulator of p53 during tumorigenesis. Thus, as

even partial inhibition of p53 can impact tu-

morigenesis, it is therefore important to consid-
er the potential impact of the overexpression of

these enzymes.

PIRH2 (official gene name, RCHY1) was
first identified as a p53-activated target gene

and was subsequently shown to interact with

and target p53 for degradation (Leng et al.
2003). PIRH2 amplifications are seen in some

tumors, albeit less frequently than MDM2 or

MDM4. Specifically, the most frequent lesions
occur in metastatic prostate adenocarcinoma

(amplified in 4.9% of cases) (Grasso et al.

2012), lung squamous cell carcinoma (3.4%,
TCGA provisional), and ovarian serous cysta-

denocarcinoma (2.6%, TCGA provisional).

COP1 (official gene name, RFWD2) is an-
other p53-induced E3 ubiquitin ligase. The

association between COP1 and p53 was first

identified from affinity purification of ectopic
COP1 from cell lysates followed by mass spec-

trometry analysis to identify interacting pro-

teins (Dornan et al. 2004). This interaction
was confirmed on endogenous proteins, and

COP1 was shown to increase p53 protein turn-

over and target it for ubiquitin-dependent pro-

teosomal degradation (Dornan et al. 2004).
Interestingly, the pattern of COP1 copy number

alterations and mutations in the cBioPortal re-

sembles those of MDM2 and MDM4, with
frequent amplification in a number of cancers:

liver hepatocellular carcinoma (13%, TCGA

provisional), breast-invasive carcinoma (10.8%,
TCGA provisional), bladder urothelial carcino-

ma (10.2%) (Cancer Genome Atlas Network

2014a), and lung adenocarcinoma (7.8%)
(Cancer Genome Atlas Network 2014b). In all

four of these data sets, there is also a subset of

COP1-amplified tumors that retains wild-type
p53: 60% of the liver hepatocellular carcinomas,

73% of the breast-invasive carcinomas, 27% of

the bladder urothelial carcinomas, and 61% of
the lung adenocarcinomas.

TRIM24 is a p53-interacting protein identi-

fied through the affinity purification of a TAP-
tagged p53, from mouse embryonic stem cells

(Allton et al. 2009). TRIM24 also promotes the

ubiquitination and protein turnoverof p53. The
most frequent amplifications of TRIM24 are

seen in ovarian serous cystadenocarcinoma

(9.6%, TCGA provisional), which is a tumor
type inwhichp53mutationsareafrequent lesion

(87% of cases in this data set), and skin cutane-

ous melanoma (5.4%, TCGA provisional) in
which 87% of these cases have wild-type p53.

While considering any one of these other E3

ligases alone does not necessarily show a pro-
nounced influence on human cancers, when the

combined amplification from all three are eval-

uated together the impact is much stronger
(Fig. 4A). Frequent amplifications are observed

in ovarian serous adenocarcinoma (16.7%,

TCGA provisional), liver hepatocellular carci-
noma (13.5%, TCGA provisional), breast-inva-

sive carcinoma (13.5%, TCGA provisional),

Figure 3. (Continued) Data sets derived from cells lines or xenografts, as well as studies without copy number
data, were excluded. (B)Detailed analyses ofMDM4 amplification and p53mutation of the three tumors (breast,
glioblastoma, and lung adenocarcinoma) with high levels of MDM4 in A. MDM4 and p53 alterations show
statistically significant mutual exclusivity in breast cancer, and a noted trend in glioblastoma and lung adeno-
carcinoma. (C) Combined analysis of MDM2 and MDM4 amplification and overexpression data with p53
mutation status. CNA, Copy number alteration; RPPA, reverse phase protein array. �p , 0.05, ��p , 0.01.
Data were accessed on July 16, 2015.
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A
Cross-cancer alteration summary for PIRH2, COP1, and TRIM24
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Figure 4. PIRH2, COP1, and TRIM24 alterations in cancer. Analyses of genomic data of tumors with high levels
of p53 inhibitors COP1, PIRH2, and TIRM24 from data sets accessed and prepared using the cBioPortal for
Cancer Genetics (www.cbioportal.org) (Cerami et al. 2012; Gao et al. 2013). (A) Frequency of COP1, PIRH2,
and TRIM24 alterations across tumor types. (B) Detailed analyses of amplification data for five p53 inhibitors
(MDM2,MDM4, COP1, PIRH2, and TRIM24) in tumors with high levels of amplification in A (breast-invasive
carcinoma, glioblastoma, ovarian, melanoma, and lung adenocarcinoma). For B, because of the relatively low
frequency of alterations in each regulator, only tumors with alterations were included. CNA, Copy number
alteration; RPPA, reverse phase protein array. Data were accessed on July 16, 2015.
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bladder urothelial carcinoma (11%) (Cancer

Genome Atlas Network 2014a), and lung ade-
nocarcinoma (10.9%) (Cancer Genome Atlas

Network 2014b). It is also interesting to con-

sider amplifications of these E3 enzymes in
addition to MDM2 and MDM4. Although the

frequencies of any of the individual lesions is

quite low, making the statistical analyses largely
underpowered, a clear trend is present when you

compare all five of these negative regulators

across several data sets, with tumors frequently
amplifying only one (Fig. 4B). The one noted

exception to this is the large proportion of tu-

mors that amplify bothMDM4 andCOP1; how-
ever, these two genes are both located on the

long arm of chromosome 1, making them likely

candidates for coamplification. Taken together,
these data suggest that the up-regulation of p53-

negative regulators is a common mechanism

through which cancers may inactivate the p53
pathway.

REGULATORS OF MDM2

Given the profound impact of MDM2 regula-

tion on p53, another mechanism to inhibit this
tumor suppressor pathway is through alter-

ations of regulators of MDM2.

ARF

Upstream of MDM2, ARF is part of an impor-
tant regulatory mechanism that allows for p53

activation in response to deregulated expression

or activation of potent oncogenes (Fig. 1). Spe-
cifically, ARF is activated downstream from on-

cogenes, such as MYC and RAS (Palmero et al.

1998; Zindy et al. 1998), and binds and seques-
ters MDM2, thereby stabilizing p53 (Zhang

et al. 1998; Honda and Yasuda 1999; Tao and

Levine 1999; Weber et al. 1999; Llanos et al.
2001). As a result, tumors with amplified MYC

frequently evolve mechanisms to inactive the

p53 pathway and evade the downstream induc-
tion of apoptosis. Experimentally, mice ex-

pressing the Em-Myc transgene develop B-cell

lymphomas at a much shorter latency when
combined with either Arf or p53 loss (Eischen

et al. 1999). This study highlights the strong

cooperation between Myc overexpression and

Arf loss in lymphomagenesis. Consistent with
being a positive regulator of p53, Arf-null mice

develop spontaneous tumors early in life (Ka-

mijo et al. 1997). ARF is expressed from an al-
ternate reading frame from the CDKN2A locus,

which also codes for another important tumor

suppressor protein, p16. The CDKN2A locus
is mutated or deleted in a large proportion of

human cancers. Specifically, frequent alter-

ations are seen inmalignant nerve sheath tumors
(73.3%) (Lee et al. 2014), glioblastoma (60.0%

and 46.2%) (Cancer Genome Atlas Network

2008; Brennan et al. 2013), head and neck squa-
mous cell carcinoma (48.4%, TCGA in revi-

sion), and several others. Deletions ofCDKN2A

and, therefore, ARFmay dampen the p53 path-
way by releasing MDM2 and allowing it to in-

hibit p53.

HAUSP

HAUSP (official gene name, USP7) is a ubiqui-
tin-specific protease, or deubiquinating enzyme

(DUB), that is able to remove ubiquitin from

target proteins and prevent their degradation.
MDM2 is one of the physiological targets of

HAUSP, resulting in MDM2 stabilization and

negative regulation of the p53 pathway (Cum-
mins et al. 2004; Li et al. 2004). TheHausp-null

mouse is embryonic lethal and shows evidence

of p53 activation, but is only partially rescued
by loss of p53 (Kon et al. 2010). Given that

HAUSP stabilizes MDM2, HAUSP levels are

expected to be up-regulated in cancers. Data
available through the cBioPortal show amplifi-

cations in bladder urothelial carcinoma (6.2%)

(Iyer et al. 2013) and invasive breast cancers
(4.7%, TCGA provisional). Interestingly, in

the data set of invasive breast cancers, RNA ex-

pression levels of HAUSP are elevated in an ad-
ditional 18% of cases, suggesting that the pri-

mary mode of deregulation of HAUSP is not

through gene amplifications in these tumors.
There are trends toward mutual exclusivity in

genomic alterations (copy number and muta-

tion) between both HAUSP and p53 and
HAUSP and MDM2 in invasive breast cancer

(TCGA provisional, data not shown). These as-
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sociations are difficult to make in bladder uro-

thelial carcinoma because of the relatively small
proportion of tumors with alterations.

WIP1

WIP1 (official gene name, PPM1D) is a protein

phosphatase that plays important roles in regu-

lating the p53 pathway. Like many of the factors
already discussed, WIP1 is a transcriptional tar-

get of p53, and is also part of an important

feedback mechanism (Fiscella et al. 1997).
As discussed previously, MDM2 is phosphory-

lated in response to DNA damage, and dissoci-

ates from p53.WIP1 dephosphorylates MDM2,
restores the interaction between MDM2 and

p53, and thereby prevents the deleterious effects

of prolonged p53-pathway activation (Fiscella
et al. 1997; Lu et al. 2007). Pancreatic neuroen-

docrine tumors (PanNETs) generally do not

have mutations in p53, but show frequent am-
plifications of MDM2 (22%), MDM4 (45%),

and WIP1 (51%) (Hu et al. 2010; Jiao et al.

2011). WIP1 amplifications are also evident in
invasive breast carcinoma (9.3%) (Cancer Ge-

nome Atlas Network 2012b) and liver hepato-

cellular carcinoma (6.2%, TCGA provisional).
Interestingly, WIP1 amplification in invasive

breast cancer shows a significant ( p ¼ 0.002)

mutual exclusivity with p53 mutations (Cancer
Genome Atlas Network 2012b). Insufficient

numbers of tumors or tumors with alterations

makes this analysis challenging in other tumor
types.

NONENDOGENOUS MECHANISMS
OF p53-PATHWAY INACTIVATION:
VIRAL ONCOGENES

p53 was originally identified through its associ-
ation with a polypeptide, the large T antigen,

produced by a small DNA virus, Simian virus

40 (SV40) (Lane and Crawford 1979; Linzer
and Levine 1979). Subsequently, a number of

human tumor viruses were shown to express

proteins that bind and inhibit the p53 pathway.
Probably, the most prominent example is the

high-risk subtypes of human papilloma virus

(HPV), specifically HPV16 and 18. More than

90% of cervical cancers are positive for HPV
(Walboomers et al. 1999). Mechanistically, two

viral proteins, E6 and E7, are essential for the

transforming capabilities of the virus as they
bind to and inhibit important tumor suppres-

sor proteins in the cell. Specifically, the viral

E6 protein complexes with E6AP (E6-associat-
ed protein or UBE3A) within the host cell

and subsequently binds p53 and targets it for

ubiquitination and proteosomal degradation
(Scheffner et al. 1990; Werness et al. 1990; Hui-

bregtse et al. 1991). AsHPV infection is involved

in the etiology of the vast majority of cervical
cancers, and leads to the expression of a viral

oncoprotein that can attenuate the p53 pathway,

the majority of cervical cancers have wild-type
p53 (Crook et al. 1992). In the infrequent HPV-

negative cases, however, p53 mutations are ob-

served, suggesting that loss of the p53 pathway is
an essential and characterizing feature of these

cancers (Crook et al. 1992). Understanding the

molecular basis of cervical cancer has led to the
development of a vaccine against the high-risk

types of HPV for the prevention of malignancy

(Cutts et al. 2007; Anderson 2012). Although
the global impact of HPV vaccines remains to

be determined, they represent an important ad-

vance in the area of cancer prevention.
Other oncogenic DNA viruses, including

Epstein–Barr virus (EBV), and Kaposi’s sar-

coma–associated herpesvirus (KHSV), also ex-
press viral oncoproteins that similarly promote

the inhibition of p53 (Collot-Teixeira et al.

2004; Sato and Tsurumi 2013). EBV has been
associated with Burkitt’s lymphoma, naso-

pharyngeal cancers, Hodgkin’s lymphoma and

T-cell lymphomas, and KHSV with Karposi’s
sarcomas, which are commonly diagnosed in

AIDS patients. To the best of our knowledge, a

comprehensive evaluation of p53 mutation sta-
tus in cancers positive for EBV and/or KHSV

has not yet been completed, although studies in

a small number of samples have suggested that
the majority of tumors (with the exception of

Burkitt’s lymphomas) do retain wild-type p53

(Farrell et al. 1991; Effert et al. 1992; Lo et al.
1992; Edwards and Raab-Traub 1994; Nador

et al. 1996; Katano et al. 2001; Petre et al. 2007).
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TUMOR SPECIFICITY IN p53-PATHWAY
INACTIVATION

Tumors with Significant p53-Pathway
Inactivation

Anumberof interesting trends emergewhen the
scope of p53 alterations across different cancer

types is considered. There are some tumors

that inactivate the pathway, almost exclusively,

through direct deletion or mutation of the p53
locus (Fig. 5A). For example, this is a character-

istic lesion in ovarian serous cystadenocarcino-

mas (95%) (Cancer Genome Atlas Network
2011), small-cell lung cancer (90%) (Peifer

et al. 2012; Rudin et al. 2012), esophageal squa-

mous cell carcinoma (84%) (Song et al. 2014),
and lung squamous cell carcinoma (79%,TCGA

provisional). Alternatively, other tumor types

Liposarcomas

(Ware et al. 2014)

Glioblastoma,

(TCGA, Cancer Genome Atlas

Network 2008)

Lung adenocarcinoma,

(TCGA, Cancer Genome

Atlas Network 2014b)

Lung squamous cell carcinoma,

(TCGA provisional)

Ovarian serous cystadenocarcinoma,

(TCGA, Cancer Genome

Atlas Network 2011)

BA

p53
Multiple

p53
MDM2/MDM4
Multiple

MDM2

p53
MDM2/MDM4
Multiple

p53
MDM2/MDM4

p53

MDM2/MDM4

Multiple

C

D

p53

Prostate adenocarcinoma,

(Broad/Cornell,

Barbieri et al. 2012)

Prostate adenocarcinoma, metastatic

(Michigan,

Grasso et al. 2012)

Figure 5. Summary of p53-pathway alterations in cancer. Pie charts summarizing the alteration spectrums in
p53-pathway components seen across different cancer types. For simplicity, only p53, MDM2, and MDM4 are
included in this representation. Blue, p53 mutation/deletion; red, Mdm2/Mdm4 amplification; black, alter-
ations in more than one of p53, MDM2, and MDM4; gray, tumors with no alterations in these components of
the p53 pathway. (A) Tumors with frequent alterations in p53. (B) Tumor with frequent alterations in a p53
regulator. (C) Tumors with alterations in multiple pathway components, as well as a subset with no evidence of
pathway attenuation. (D) Comparison of prostate cancer data sets taken from primary and metastatic tumors,
suggesting that p53-pathway attenuation occurs late in the pathogenesis of this cancer. Data were accessed on
July 16, 2015.
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are characterized by other p53-pathway lesions

(Fig. 5B). Liposarcomas have near complete
penetrance of MDM2 amplification (Ware

et al. 2014), and MDM4 overexpression is ob-

served in the majority of melanomas and reti-
noblastomas (Laurie et al. 2006; Gembarska

et al. 2012). A third group of cancers show alter-

ations in multiple known components of the
p53 pathway (Fig. 5C, limited to p53, MDM2,

and MDM4). For example, lung adenocarcino-

mas show pathway inactivation in greater than
65% of cases, with only approximately two-

thirds being a direct mutation at the p53 locus

(Cancer Genome Atlas Network 2014b). These
observations may hold some valuable insights

into the molecular mechanisms contributing

to tumorigenesis in these cancers. For example,
evidence from both in vitro and in vivo studies

has shown the missense mutations in p53 both

eliminate the normal functions of the pro-
tein, but also have additional gain-of-function

(GOF) properties that contribute to tumorigen-

esis (Lang et al. 2004; Olive et al. 2004; Oren and
Rotter 2010; Shetzer et al. 2016). In tumors that

showhighproportions ofmissensemutations in

p53, this GOF might be an important contrib-
uting factor in tumor development. Similarly,

MDM2 has also been shown to have p53-inde-

pendent roles, which may be important in the
development of the tumors that are character-

ized by MDM2 amplification (Ganguli and

Wasylyk 2003; Bouska and Eischen 2009). Final-
ly, some tumors, such as glioblastomas or lung

adenocarcinomas (Fig. 5C), inactivate known

components of the p53 pathway ≏50% of the
time, suggesting that unknown factors that im-

pinge on p53 activity might be responsible for

tumordevelopment in the othercases.Genome-
wide analyses to look formutual exclusivitywith

other genes are worthwhile, and might identify

novel regulators of the p53 pathway.

Tumors with Little Evidence of p53-Pathway
Inactivation

Despite the large number of p53-pathway alter-

ations that occur across different cancer types,
the genomic analyses available in the cBioPortal

suggest that there are a number of tumor types

that have only infrequent alterations in the

pathway. A number of hypotheses arise from
this observation and will be discussed.

Insufficient Data on Known Pathway
Components

To date, large-scale global cancer genome proj-

ects, such as the TCGA and International Can-

cer GenomeConsortium (ICGC) have provided
a wealth of knowledge about the recurrent so-

matic lesions and copy number aberrations

found across a large number and wide variety
of human cancer types. These studies have since

expanded to includemRNAand protein expres-

sion, and more recently epigenetic profiling.
As these data sets continue to expand and in-

clude expression and epigenetic data, the pro-

portion of tumors with alterations in known
pathway components will likely increase. For

example, melanoma protein analysis has re-

vealed MDM4 overexpression in 65% of cases
(Gembarska et al. 2012).

Timing in Tumorigenesis and Progression

The frequency of alterations in a given gene may

be used to provide suggestive evidence as to

which lesions are important for the initiation
of those tumors, and which may be associated

with progression. This idea that a specific order

of genetic lesions underlies tumor development
has been well established for colorectal cancer,

in which mutations in the tumor suppressor

APC occur early and transform the normal ep-
ithelia to adenomas, and subsequent mutations

inKRAS followed by p53 result in progression to

adenocarcinoma (Fearon and Vogelstein 1990).
Indeed, in one study, 72% of colorectal cancers

show mutations in APC, and 42% and 52%

have mutations in KRAS and p53, respectively
(Cancer Genome Atlas Network 2012a). It is

interesting to consider the data available in the

cBioPortal for prostate cancer in this context.
Specifically, the different data sets clearly reflect

the understanding that p53 lesions occur late in

the pathogenesis and progression of prostate
cancers. The majority of these data sets are

from primary tumors isolated from patients,
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and these show infrequent lesions in the p53

pathway (Fig. 5D) (Taylor et al. 2010; Barbieri
et al. 2012; Baca et al. 2013). One data set, on the

other hand, profiled metastatic and high-grade

localized tumors and found a much higher fre-
quency of p53-pathway alterations, including

mutations or deletions in p53 in 52% of cases

(Fig. 5D) (Grasso et al. 2012). There is addi-
tional evidence to suggest that p53 mutations

arise late in the pathogenesis of thyroid tumors,

occurring more frequently in poorly differenti-
ated and anaplastic tumors (Shahedian et al.

2001;Malaguarnera et al. 2007). These examples

clearly illustrate the value of comparing the ge-
nomic landscape of early primary lesions to that

of late-stage and metastatic tumors to better

understand the events that are essential for ini-
tiation and those that contribute to tumor pro-

gression.

Unknown Regulators of the p53 Pathway

Despite being one of the most extensively stud-
ied proteins and pathways in human cancer, the

possibility remains that there are important dis-

ease-relevant mechanisms of p53-pathway reg-
ulation to be uncovered (indicated by “?” in Fig.

1). TCGA analyses from the cBioPortal show

little evidence of p53-pathway inactivation in
clear cell and papillary renal cell carcinoma

(RCC). Interestingly, in one study, four cell lines

derived from RCCs with wild-type p53 were
unable to transactivate p53 downstream target

genes (Gurova et al. 2004). This was shown to be

independent of MDM2, MDM4, and ARF, and
could only be overcome by superphysiological

expression of p53 from a lentivirus. Further, cell

hybrids with these RCC lines resulted in dom-
inant pathway inhibition when fused to cells

with a functional p53 response. Additionalwork

suggested that activation of the NF-kB pathway
was responsible for the attenuated p53 response

(Gurova et al. 2005). It should also be noted

that, like the other tumor types discussed pre-
viously, there is also evidence to suggest that p53

mutations can also occur late in the pathogen-

esis of RCCs (Zigeuner et al. 2004; Noon et al.
2010). Nonetheless, this example highlights the

notion that there may be novel, tumor-specific

mechanisms of p53-pathway inactivation still to

be identified.
Further, in addition to the potential to un-

cover novel regulators of the p53 pathway, there

is still a lot to be understood about many of the
currently known regulators. With the exception

ofMDM2 andMDM4, which have clear roles in

regulating p53 during development and have
pathological consequences when overexpressed,

we do not yet have a full appreciation for the

physiological roles of many of the other identi-
fied regulators, including the three E3 ubiquitin

ligases we have discussed in detail. Specifically, a

better understanding of the in vivo cellular con-
texts inwhich these proteins regulate p53 will be

valuable.

TRANSLATING THIS KNOWLEDGE:
IMPLICATIONS OF THERAPY

The understanding of both p53 function and

regulation has not only brought an expanded
appreciation of the breadth of pathway inacti-

vation across human cancers, but it has also

provided opportunities for therapeutic inter-
vention.

MDM2:p53 Inhibitors

In tumors withwild-type p53, inwhich pathway
inactivation occurs through the overexpression

of important negative regulators, the inhibition

of the p53:inhibitor interaction serves as a
promising therapeutic approach to restore the

tumor-suppressive activity of the pathway. This

strategy is the most advanced for inhibitors of
the p53:MDM2 interaction. The Nutlin class of

small molecules was identified as potent inhib-

itors of this interaction by competitively bind-
ing the p53-interaction domain of MDM2.

Treatment of cells expressing wild-type p53

with Nutlin results in the induction of down-
stream p53 target genes, such as p21, and a sub-

sequent reduction in cell viability (Vassilev et al.

2004). Importantly, oral administration of Nut-
lin also slows xenograft tumor growth in vivo

(Vassilev et al. 2004). The success of the preclin-

ical studies of Nutlin has led to the development
of related compoundswithmore favorable phar-

macological properties, which have been evalu-
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ated in early clinical trials for both hematologi-

cal malignancies and solid tumors. Nutlins,
both alone and in combination with either cy-

totoxic chemotherapy or other targeted agents,

show promise for the treatment of cancers with
wild-type p53 (Vassilev et al. 2004; Li and Loza-

no 2013). Nutlins, however, represent only one

of several approaches that have been developed
to inhibit the MDM2:p53 interaction. For ex-

ample, the small molecule RITA binds to the

amino terminus of p53, and prevents associa-
tionwithMDM2 (Issaeva et al. 2004).We direct

readers to several reviews that have been written

on this subject (Vassilev 2007; Shangary and
Wang 2009; Li and Lozano 2013) and to articles

in this collection (Cheok and Lane 2016; Wang

et al. 2016). Although elevated levels of MDM2
in the context of wild-type p53 are largely used

to predict therapeutic benefit of these inhibi-

tors, WIP1 and HAUSP-overexpressing tumors
and those with deletions of ARF may also be

sensitive to p53:MDM2 inhibition.

Other Pathway Inhibitors

Wehave described a numberof other interactors

and regulators of p53 that could also be ex-

ploited for the treatment of cancers. Specifi-
cally, MDM4 shows the strongest levels of am-

plification and overexpression in cancers. The

development and advancement of specific
p53:MDM4 inhibitors have clinical potential,

with a number of small molecules already iden-

tified (Reed et al. 2010; Wang et al. 2011; Li and
Lozano 2013). As our understanding and ap-

preciation for the biological contexts in which

other p53 regulators act, it is likely that inhibi-
tors of these interactions will be developed.

SUMMARY AND FUTURE PERSPECTIVES

Inactivation of the p53 pathway plays a prom-

inent role across numerous malignancies. Al-

though mutations and deletions in the p53 lo-
cus are most common, a number of other

important mechanisms attenuate this pathway.

MDM2 and MDM4 amplification show clear
mutual exclusivity with p53-mutation status in

several tumor types. Additionally, a number of

other direct p53-negative regulators have been

identified invitro; however, the pathological sig-
nificance of overexpression of these genes, for

example, through transgenic mouse models,

has not yet been evaluated.
Interestingly, some tumors rarely alter

known components of the p53 pathway, sug-

gesting that our understanding of the pathway
remains incomplete and additional regulatory

mechanisms are still to be uncovered. The ex-

isting genomic data could provide an opportu-
nity to identify genes with mutually exclusive

alterations with p53 as potential candidate reg-

ulators.
In summary, the current understanding of

both the normal regulation of the pathway and

subsequent mechanisms of pathway deregula-
tion has important implications for human

cancers. The development of p53:MDM2 inhib-

itors is a strong example of how understanding
fundamental biological mechanisms can lead

to novel therapeutic approaches. Additionally,

HPV infection and the subsequent inhibition
of p53 by the viral E6 oncoprotein are essential

to the etiology of the majority of cervical can-

cers, and this knowledge has led to the devel-
opment of vaccines to prevent these cancers.

Combined, understanding the p53 pathway as

a whole has had and will continue to have tre-
mendous significance to the prevention, diag-

nosis, and treatment of human cancers.
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