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Breast cancer comprises a heterogeneous set of diseases distinguishable from one another by pathologic presentation and
molecular signatures. However, each breast cancer subtype is also
heterogeneous. Some of the heterogeneity may be attributable to
genetic instability, but recent data emphasize that developmental
plasticity may also contribute. The p53 tumor suppressor could
constitute a nodal control point underlying both sources of
heterogeneity because it is frequently inactivated during malignant progression and has recently been shown to function as
a potent barrier preventing fully differentiated cells from reverting to pluripotent stem cells after expression of appropriate
oncogenes. Using archival microarray datasets, we tested the
hypothesis that a p53 mutation could allow cells within a tumor
to acquire a stem cell-like state by looking for coordinate
expression of stem cell identity genes. We show that breast and
lung cancers with p53 mutations do exhibit stem cell-like transcriptional patterns. Such tumors were also depleted for differentiation genes regulated by the polycomb repressor complex 2.
These data are consistent with a model in which loss of p53
function enables acquisition of stem cell properties, which are
positively selected during tumor progression.

C

arcinomas evolve through a multistep process in which the
tumor cells that ultimately arise exhibit aberrant gene expression programs elicited by genetic and epigenetic alterations
within the epithelial compartment and by the aberrant stroma
constituting the cancer microenvironment (1). The classic view of
tumor progression is that genetic lesions introduced in differentiated or progenitor cells cause tumors, permit acquisition of
additional traits advantageous for survival, and lead to phenotypic
heterogeneity (2). However, another possibility is that tumor
progression may be fueled by cells within the tumor that possess
the stem cell characteristics of self-renewal and multilineage
differentiation potential, with the latter contributing the cellular
heterogeneity emblematic of most cancers (3). Whether these socalled “cancer stem cells” arise by mutations within normal stem
cells, progenitors, differentiated cells, or aberrant cells of the
tumor mass remains to be resolved (4).
Recent studies show that fully differentiated cells can “dedifferentiate” into stem-like cells. The groundbreaking work of
Takahashi and Yamanaka established that introducing just four
transcription factors—Myc, Klf4, Oct4, and Sox2—into differentiated mouse ﬁbroblasts induced the formation of pluripotent
stem cells (iPSCs) capable of developing into all three germ layers
(5). However, the efﬁciency of the process was very low (6), and
the constellation of genes that engender reprogramming is ﬂexible (7). Recently, several groups reported that the reprogramming factors can activate the tumor-suppressive p53 pathway to
induce cell cycle arrest, apoptosis, or senescence to drastically
compromise the efﬁciency of iPSC formation (8–10). Conversely,
eliminating p53 function by mutation, or reducing its activation by
expressing a mutant form of one of its negative regulators, dramatically increased reprogramming efﬁciency (9–13). Impressively, in the absence of functional p53, only two reprogramming
genes, Oct4 and Sox2, were required to generate bona ﬁde iPSCs
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(9). Because p53 mutations often arise late in tumor progression
when numerous cancerous cells with multiple genetic and epigenetic changes are present, it is conceivable that some cancer
cells might contain the aberrant gene expression programs required for induced reprogramming. In this scenario, tumorigenesis, which involves accumulation of genetic and epigenetic
alterations, would create a permissive environment for reprogramming to generate stem-like cells in the context of p53 mutation or functional compromise. This could in turn fuel further
tumor progression and cellular heterogeneity.
If p53 inactivation does permit the emergence of tumor cells
resembling stem cells, then some p53 mutant tumors should have
transcriptional programs that create stem cell signatures (proﬁles). We tested this hypothesis by determining whether there is
a correlation between sequence-veriﬁed p53 mutations in breast
and lung cancers and stem-cell gene signatures. We found impressive correlations between the p53 mutation, or other perturbations that functionally compromise p53, and stem cell-like
expression patterns in archival microarray datasets from two independent breast cancer studies and in the one lung cancer
dataset analyzed. We describe heterogeneity among the breast
cancer subtypes, with high representation of a stem cell-like expression pattern in triple-negative and Her2 tumors, but also
within some tumors assigned to the luminal and normal-like
subtypes. These data suggest a role for p53 in preventing the
emergence of cancerous stem-like cells during tumor progression.
Results
p53 Mutation Status Associates with Stem-Like Characteristics in
Breast and Lung Cancers. We determined whether p53 mutant

tumors exhibit stem-like transcriptional patterns using a bioinformatic strategy that compares gene expression proﬁles from
tumor samples to gene lists (signatures) representing deﬁned biological states, such as embryonic stem cells (ESCs) (14–16). We
ranked all of the genes from each tumor proﬁle by their expression
level relative to the dataset mean. The rank ordering of genes from
a deﬁned signature was then compared with simulations using
randomized signatures. Coordinated up- or down-regulation of
a signature results in a positive or negative bias in the rank ordering. We considered tumor cell and stem cell signatures correlated with a P value <0.01 to be signiﬁcant. To represent both
the strength and the direction of the associations found by this
method, we provide an “association score,” deﬁned as −log10
(P value) multiplied by the direction of association. Thus, profound signature up-regulation in a tumor produces a high (large
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compromised by a variety of mechanisms. Because some tumors
with wild-type p53 exhibited high association scores for the ESC
signature, we investigated the possibility that those tumors harbor
alternative p53 inhibitory mechanisms. Most tumors with wild p53
sequence, but designated as p53 nonfunctional using the Miller
et al. 32-gene classiﬁer (18), were correlated with high scores for
the ESC signature (Fig. 1A). We also investigated expression
levels of several well-known upstream regulators of p53 and uncovered their associations with stem cell-like pattern (Fig. S2).
For example, we found that 37% (7/19) of the highest WIP1expressing p53 wild-type tumors had high scores for the ESC
signature (corresponds to P < 0.01), whereas only 11% (20/174)
of the low WIP1 tumors with wild-type p53 had high scores. WIP1
is known to negatively regulate p53 and to be ampliﬁed in about
16% of breast cancers (21). We also observed that some breast
tumors with very low ARF levels had high scores for the ESC
signature. As ARF inhibits MDM2, low ARF levels would increase
MDM2 activity and consequently decrease p53 activity. On the
other hand, although both p53 negative regulators MDM2 and
MDM4 have been reported to be overexpressed in some human
tumors, we did not observe this in the breast cancers analyzed
here. This is likely due to insufﬁcient sensitivity of the MDM2 and
MDM4 probes used for the microarrays as their signals were very
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positive) score, whereas profound down-regulation gives low
(large negative) scores. As a primary indicator for a stem-like
phenotype, we used a previously described list of 380 genes signifying embryonic stem cell identity (ESC signature) (14, 15, 17).
We excluded proliferation-associated and cell cycle-associated
genes from the ESC signature (14, 15) because proliferation is
a well-established characteristic common to ESCs and cells with
p53 inactivation.
We ﬁrst analyzed the Miller et al. dataset comprising 251
breast cancers that had been sequenced to identify cases harboring p53 mutations (18). Higher-grade breast cancers frequently exhibited high association scores for the ESC signature
(Fig. 1A), as previously reported (14). Our analysis showed that
the majority of these had p53 mutations. However, we also found
high scores for the ESC signature in tumors of lower grade, and
the majority of them also had p53 mutations (Fig. 1A). A statistical analysis of these data showed that high scores for the ESC
signature correlated most highly with the tumor’s p53 mutational
status (P ≤ 1.0E-5). We determined that the association between
p53 mutations and an ESC-like transcriptional pattern was reproducible by using two additional independent datasets from
cohorts of breast cancers and lung cancers with p53 gene sequence information. The Langerød et al. dataset of 80 breast
cancers (19) also showed a striking correlation between the p53
mutation and high scores for the ESC signature across all grades
(Fig. 1B, P ≤ 1.0E-5). The Tomida et al. (20) dataset of 117 lung
cancers showed a weaker, but still signiﬁcant, association between scores for the ESC signature and the p53 mutant tumors
across all tumor stages (Fig. 1C, P ≤ 1.0E-5). These ﬁndings did
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Fig. 1. Association scores for the ESC signature in p53-sequenced cancers. (A) Analysis of 251 breast cancers from the Miller et al. dataset (18). Color saturation reﬂects both strength and direction of association (Materials and Methods); red indicates that genes in the signature are coordinately up-regulated in
the sample and blue indicates down-regulation. Grade, p53 mutation status, and predicted p53 inactivation status are indicated. In addition, overall association (Right) was assessed using representative proﬁles generated by averaging the gene expression levels among p53 wild-type and p53 mutant tumors,
respectively. Numerical values in A represent actual association scores deﬁned as −log10(P value) × direction of association (Materials and Methods). (B)
Association scores for the ESC signature in a second independent breast cancer dataset from Langerød et al. (19). (C) Association scores in the lung adenocarcinoma dataset from Tomida et al. (20), including information for p53 mutation status and tumor stage.
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Additional Measures Supporting Relevance Between the p53
Mutation and Tumor Stemness. We used additional metrics to de-

termine the robustness of the correlation between p53 functionality and the stem cell-like state. First, we used a gene list
comprising 602 genes frequently expressed in differentiated cells
and targeted for epigenetic silencing by the polycomb repressive
complex 2 in stem cells (PRC2 signature) (22). Second, we used
a gene list derived from a recent report documenting p53-binding
targets on chromatin in mouse ESC cultures (p53ESC signature)
(23). Finally, as iPSCs are derived from the introduction of
oncogenes into normal cells, we inferred that iPSCs may represent a closer analog of tumor development. We therefore derived
a list of consensus iPSC identity genes (iPSC signature) from
a broad analysis of published iPSC microarray proﬁles for analysis
in human tumor samples (Tables S1 and S2). When we compared
the content of these signatures, the p53ESC signature showed a
striking overlap with genes comprising the PRC2 signature (P <
1.0E-300; Fig. S3A). This overlap fraction was enriched in genes
annotated for development and differentiation that may have

functional implications (see Discussion). The overlap between
ESC and iPSC signatures was also highly signiﬁcant, sharing 94
genes of 318 and 340 genes, respectively (P < 1.0E-300; Fig. S3B).
The intersection of these two signatures was enriched for genes
involved in development, in genome-related activities such as
DNA replication and recombination, and in epigenetic, chromatin, and gene regulation.
Fig. 2 A–C shows association scores for each signature among
three datasets for breast and lung cancers. The iPSC signature
showed signiﬁcant positive association with p53 mutation status
(P ≤ 1.0E-5). As expected, the PRC2 signature was depleted in
tumors with nonfunctional p53 that exhibited high scores for ESC/
iPSC signatures. Consistent with the role of PRC2 in repressing
differentiation genes, scores for the PRC2 signature were higher
(i.e., PRC2 was not active, and differentiation genes were
expressed) in tumors with apparently functional p53 and bearing
low scores for ESC/iPSC signatures. In aggregate, these data
support the correlation between loss of the p53 function and
a stem cell-like state in these tumors. Note that scores for the
p53ESC signature were high in p53 wild-type, non-stem cell-like
tumors, but were depleted in p53 mutant cancers. Together with
the signiﬁcant overlap between p53ESC and PRC2 signatures, this
observation suggests that p53 antagonizes the genesis of a stem
cell-like state.
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Fig. 2. Additional metrics for the stem-like state correlate with p53 status. Association scores are shown for ESC, iPSC, PRC2, and p53ESC signatures in the
(A) Miller et al. (18), (B) Langerød et al. (19), and (C) Tomida et al. datasets (20). Overall associations were determined as in Fig. 1.
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low. In aggregate, these data are consistent with the proposal that
multiple p53 inhibitory mechanisms may create a permissive environment for the genesis of tumor cells with stem cell-like transcriptional proﬁles.

p53 Mutation, Stemness, and Tumor Subtypes. Because p53 mutation is commonly observed in certain aggressive, poorly differentiated breast cancer subtypes, we determined whether the stem
cell-like state was more prevalent in, or restricted to, such tumors.
The Miller et al. and Langerød et al. datasets contain annotations
of the “intrinsic subtypes” for each breast tumor (24) and so enabled us to investigate association scores for signatures in these
classes. Fig. 3 A and B showed that the aggressive Her2 (P ≤ 1.0E5) and the basal-like (P ≤ 1.0E-5) subtypes were strongly associated with p53 functional status as well as with stem cell-like patterns, indicated by high scores for ESC/iPSC signatures and low
scores for the PRC2 signature. We extended the analysis to the
“11 histological special subtypes” of breast cancers using the
Weigelt et al. dataset (25). Here, we observed the stem cell-like
phenotype among the metaplastic and medullary tumor subtypes
(Fig. 3C). Although p53 status is not available for this dataset, we
note that medullary breast cancers, which are poorly differentiated and aggressive if left untreated, are known to harbor frequent p53 mutations (26). Metaplastic breast cancer, which is
characterized by the coexistence of carcinoma with nonepithelial
cellular elements suggestive of defects in differentiation commitment, also frequently contains mutant p53 (27). We also investigated claudin-low breast cancer, which is deﬁned by low
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A poorly differentiated phenotype is a well-known hallmark of
some of the most aggressive and deadly cancers and has been
suggested to result from the presence of stem-like cancer cells
(14). However, mechanisms inﬂuencing the emergence of the
stem-like state remain ill-deﬁned. We and others recently described a p53-dependent phenomenon opposing the induction of
iPSCs from differentiated cells (9–13). The striking parallels between the enhanced iPSC formation in the absence of p53, the
inherent plasticity and tumorigenicity of stem cells, and the high
incidence of p53 mutation in malignant cancers all raise the interesting hypothesis that compromised p53 function permits induction of phenotypic plasticity and reprogramming of tumor cells
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Fig. 3. Association scores for ESC, iPSC, PRC2, and p53ESC signatures in breast cancer subtypes. (A) Breast cancers were ordered according to the “intrinsic
subtypes” from the Miller et al. dataset (18) and (B) the Langerød et al. dataset (19). (C) Association scores in the “11 special subtypes” of breast cancers from
the Weigelt et al. dataset (25). IDC with osteo, invasive ductal carcinoma with osteoclastic giant cells; ILC, invasive lobular carcinoma. Overall associations were
assessed using representative proﬁles generated by averaging the gene expression levels among tumors of each cancer subtype.
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and reduced proliferative potential under oncogenic stress are
likely important mechanisms by which p53 activity inhibits the
emergence of stem-like clones in cancer as in iPSCs. Recently,
Hanna et al. have demonstrated that p53 inhibition enhances
iPSC generation probabilistically through cell cycle acceleration
(11). However, they also noted that p53 inactivation yielded
higher efﬁciency than expected from proliferation effects alone,
and they could not rule out cell cycle independent contributions.
Because p53 has many potential transcriptional target genes
outside the canonical cell cycle and cell death machineries such as
signal transduction, metabolic, and developmental pathways (35),
it is reasonable that p53 could exert additional inﬂuences upon
cellular reprogramming. A contemporaneous study focusing on
expression data from bladder cancers, and certain hematological
malignancies attributed ESC signature enrichments to a MYCregulated gene network linked with proliferation (34). In our
study, we purposely reduced the proliferative gene effects upon
the transcriptional proﬁles by the exclusion of genes directly involved in cell proliferation from the ESC and iPSC signatures
and still observed strong association with p53 mutation status.
Further, the residual overlap of 355 MYC-network genes with our
signatures was small (22/318 for ESC signature and 8/340 for
iPSC signature), and the effect of those genes on association
scores was negligible (Fig. S5). Thus, although activation of MYCnetwork targets may contribute to ES-like proliferative programs
in some tumors, it is unlikely to form the basis of the correlations
found in the current study. We also found that the p53ESC signature included many PRC2 targets and was depleted in p53 mutated tumors. These observations support the notion of contributions beyond the canonical proliferation effects from p53 loss in
stem cell generation in vivo.
In vivo- and in vitro-speciﬁc combinations of oncogenic lesions
are likely required to potentiate reprogramming in the absence
of p53, although these could be different depending on the cell
type within which they arise and the microenvironmental landscape in which they reside. Given that tumor progression often
entails drastic cellular perturbation including mutations, genomic
ampliﬁcations/deletions, and epigenetic modiﬁcations, it is possible that tumors would achieve one or more of these combinations as well as p53 mutation during their evolution. Some tumors
would maintain a well-differentiated phenotype even after p53
mutation due to insufﬁcient events and/or time to convert cells
into a stem-like state. At this stage, we still do not have a model
to explain all cases with a stem-like phenotype. This is due in part
to our lack of knowledge concerning the constellation of potential reprogramming factors and the combinations of genetic and
epigenetic alterations that could permit cells of various differentiation states to be reprogrammed in vivo.
p53 has already been ascribed diverse key functions in tumor
suppression, including control of the cell cycle, cellular senescence, apoptosis, and genomic stability (36). Our analysis suggests that a detailed understanding of its role in suppressing the
stem cell state could yield yet another unique tumor suppressor function.
Materials and Methods

Fig. 4. Model of parallel, p53-regulated, cellular de-differentiation processes in vitro and in vivo. The oncogenic lesions initiating and promoting
tumorigenesis, like those inducing pluripotency in vitro, generally activate
the tumor-suppressive p53 pathway. Consequently, inactivating p53 should
permit survival and division under adverse conditions and time for the accumulation of an undeﬁned number of epigenetic modiﬁcations to engender reprogramming. This model is similar to one proposed in response to
reports that p53 inactivation impacts the efﬁciency of induced pluripotency
in vitro (9–13, 29). The present work provides evidence that a parallel role
exists during tumorigenesis in vivo.

Mizuno et al.

ESC, iPSC, PRC2, and p53ESC Signatures. The list for consensus ESC identity
genes was retrieved from the Assou et al. meta-analysis on the human ESC
transcriptome (17), and the top 380 genes were used to compose the ESC
signature as described in previous studies (14, 15). The iPSC signature was
created using an approach similar to that of Assou et al. (17). First, we
conducted a meta-analysis on publicly available iPSC proﬁles from 13 studies
comprising 42 comparisons of iPSCs and their parental cells of various cellular origins (Table S1). To reduce detection of false hits from noise in the
low signal range, signals below 20 were set to 20 for all probes in all
datasets. Genes showing twofold up-regulation in iPSCs compared with their
parental cells were selected from each dataset. We then derived a consensus
iPSC signature consisting of 383 genes present in at least 36 comparisons
(Table S2) to give a signature similar in size to the ESC signature. According

PNAS Early Edition | 5 of 6

SYSTEMS BIOLOGY

in the course of tumorigenesis (29, 30). The results presented here
identify a clear association between p53 functional inactivation
and the presence of ESC- and iPSC-like transcriptional patterns in
breast tumors. This hypothesis is further supported by the repressed PRC2 signature in p53 mutated tumors, indicative of
inhibited differentiation (22). The positive association between
p53 mutations and stem cell-like patterns of transcription was also
found in lung cancers. Consistent with these striking correlations,
causal effects of p53 inactivation on tumor subtypes have been
proposed from experimental data (31). Mouse models lacking
Trp53 in the context of a Brca1 deletion, preferably develop highgrade, estrogen receptor (ER)-negative, basal-like tumors (32).
Plastic or multipotent ER-negative tumors with mixed expression
of luminal and basal markers have been also reported in Trp53
haploinsufﬁcient mice (33). This is not to suggest that stem-like
tumors are exact matches for embryonic stem cells. Indeed, as
previously shown for signatures composed of their target genes
(14, 34), our analyses did not reveal strong correlations between
the expression levels of known self-renewal and iPSC factors
(OCT4, SOX2, NANOG) and the stem-like state or p53 status in
most tumors. Rather, the stem-like phenotype elicited under p53
inactivation may reﬂect activation of speciﬁc subsignatures within
the ESC transcriptional programs, activation of ES-related programs present in less well-characterized tissue-speciﬁc stem cells,
or corruption of normal stem cell programs to meet tumorigenic
requirements. The concept illustrated in Fig. 4 could explain why
p53 mutations, occurring randomly during tumorigenesis, are
found in stem-like cancers. Because p53 mutation or functional
inactivation may occur late during breast cancer progression, we
infer that in tumors presenting a stem-like transcriptional proﬁle
such cells have a competitive advantage over non–stem-likecounterparts.
The mechanisms by which p53 loss could enhance stem cell
formation remain to be delineated. Cell cycle checkpoint control

to the annotation in the DAVID database (37), we have ﬁltered out genes
with “cell proliferation” or “cell cycle” annotation from ESC and iPSC signatures, yielding 318 and 340 genes, respectively. PRC2 target genes in human ESC (PRC2 signature) identiﬁed by ChIP-chip (chromatin-immunoprecipatation or ChIP) experiment were obtained from the Lee et al. study (22).
Similarly, p53 target genes in mouse ESC cultures (p53ESC signature) were
retrieved from a recent study (23) and converted into human gene IDs using
the human-mouse orthologue index from the Biomart (http://www.biomart.
org). A χ2 test was used to examine the signiﬁcance of overlap between
signatures. The DAVID database (http://david.abcc.ncifcrf.gov/) was used for
functional analysis on the overlap of signatures.
Gene Set Enrichment Analysis. Cancer datasets (18–20, 25) were downloaded
from the Gene Expression Omnibus, Stanford Microarray Database, and
ArrayExpress. For the Langerød et al. (19), Tomida et al. (20), and Weigelt
et al. (31) datasets, we rebuilt matrices from the raw data by calculating the
signal ratio of two channels (Cy5 and Cy3) followed by quantile normalization. Each dataset was mean-centered across samples in log scale, and gene
expression was represented relative to the mean. For each sample, all genes
were ranked according to their relative expression, and the rank ordering of
genes from various signatures was investigated using gene set enrichment
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