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Triple negative breast cancer (TNBC) 
is a heterogeneous disease that 

includes Basal-like and Claudin-low 
tumors. The Claudin-low tumors are 
enriched for features associated with 
epithelial-to-mesenchymal transition 
(EMT) and possibly for tumor initiating 
cells. Primary TNBCs respond relatively 
well to conventional chemotherapy; 
however, metastatic disease is virtually 
incurable. Thus, there is a great inter-
est in identifying specific therapeutic 
targets for TNBC. The tumor suppres-
sor RB1 is frequently lost in Basal-like 
breast cancer. To test for a causative role 
of RB1 gene loss in BC and for its effect 
on specific subtypes, we deleted mouse 
Rb in mammary stem/bipotent progeni-
tor cells. This led to diverse mammary 
tumors including TNBC, with a subset 
of the latter containing p53 mutations 
and exhibiting features of Basal-like BC 
or EMT. Combined mutation of Rb and 
p53 in mammary stem/bipotent progeni-
tors induced EMT type tumors. Here, we 
review our findings and those of others, 
which connect Rb and p53 to EMT in 
TNBC. Furthermore, we discuss how by 
understanding this circuit and its vulner-
abilities, we may identify novel therapy 
for TNBC.

Triple Negative Breast Cancer 
(TNBC)

Breast cancer (BC) is a heterogeneous dis-
ease that can be classified by immunohis-
tochemistry (IHC) into Estrogen Receptor 
alpha (ERα)-positive, HER2/ERBB2/
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NEU-positive and Triple Negative (TN) 
tumors, the latter of which do not express 
hormone receptors or HER2.1-7 TNBC 
affects 15–30% of patients. By IHC it can 
be further divided into Basal-like breast 
cancer and non-basal tumors, some of 
which exhibit features of EMT.8 Basal-like 
BCs express the basal cytokeratins (CK) 
CK5/6, CK14, CK17, and/or epidermal 
growth factor receptor (EGFR), whereas 
non-basal TNBCs do not express these 
markers (reviewed in ref. 8–10).

Transcriptional profiling identified five 
BC subtypes that overlap but are not nec-
essarily identical to the IHC-based clas-
sification. This includes ERα+ luminal A 
and luminal B, HER2+, Basal-like and 
Claudin-low BC.7,9,11-16 The latter exhibits 
low expression of epithelial junction pro-
teins such as Claudin 3, 4 and 7, as well as 
low levels of E-Cadherin and high levels 
of EMT markers, including Zeb1, Twist 
and Snail. Basal-like tumors and cell lines 
(referred to as Basal-A) express low levels 
of the tumor suppressor pRb and high 
levels of the tumor suppressor p53, indica-
tive of stabilizing mutations.17,18 The status 
of RB1 in Claudin-low BC and cell lines 
(Basal-B) is yet to be established.

Breast tumors that form in Brca1 car-
riers constitute a third group of TNBC, 
which, like basal-like BC express high 
level of basal-cytokeratins and EGFR and 
display high incidence of p53 mutation. 
Brca1 tumors, however, do not typically 
show loss of pRb.8 Thus, inactivation of 
BRCA1 or RB1 may divide TNBC into 
two major non-overlapping subclasses, 
both with p53 mutations. Notably, pRb 
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as Basal-like/Basal-A, whereas other 
(BT549, MDA-MB436) as mesenchy-
mal/Claudin-low/Basal-B.16,18 Low RB1 
gene expression and loss of heterozygos-
ity (LOH) at the RB1 locus were subse-
quently identified in a high percentage of 
luminal-B (61.5%) and Basal-like (72%) 
subtypes.49,50 LOH does not always cor-
relate with loss of immuno-reactivity. 
The basis for this is not known, and 
direct sequencing of RB1 in these tumors 
is needed to clarify the issue. In a more 
recent study, loss of pRb protein expres-
sion coupled with high expression of p53, 
indicative of a stabilized mutant form, 
were demonstrated in most basal-like 
TNBCs.17 RB1 LOH, with or without loss 
of protein expression, was typically asso-
ciated with increased p16ink4a expression. 
This CDK4/6 inhibitor is a direct tran-
scriptional target of pRb-E2F, which sup-
presses its expression by inducing histone 
H3K27-methylation and thereby recruit-
ment of BMI1 repression complexes to the 
p16ink4a promoter.51 Thus, p16ink4a expres-
sion serves as a surrogate for pRb loss in 
TNBC. Furthermore, in pre-neoplastic 
lesions (DCIS), high p16ink4a expression 
combined with high Ki67 index is a pre-
dictor for tumor progression.49 In contrast 
to basal-like BC, less is known about the 
status of RB1 (protein, mRNA, mutation 
and LOH) in Claudin-low BC. This gap 
is likely to be filled soon.

Interestingly, a recent survey of RB1 
status in metastatic breast cancer revealed 
two cases with duplication of the entire 
gene.52 This may be related to a phenomena 
observed in colorectal carcinoma where 
high expression of pRb was shown, para-
doxically, to protect from E2F-induced 
apoptosis.53,54 In line with this, expression 
of constitutively active phospho-mutant 
Rb transgenes in mouse mammary epi-
thelium induces adenocarcinoma.55 Thus, 
like overexpression and loss-of-function 
mutations in its major target, E2F1, both 
activation and inactivation of pRb can be 
oncogenic in the mammary gland. These 
observations serve as a cautionary note to 
chronic activation of the pRb pathway as 
part of preventive regimens.

pRb controls cell proliferation, sur-
vival and differentiation by functioning 
primarily as a transcriptional co-repres-
sor.56,57 It binds transcription factors such 

as Snail1/2(Slug), Zeb1/2, Twist1/2 and 
Ladybird homeobox 1 (LBX1).32,36-38 
Activation of the EMT program enables 
transformed epithelial cells to invade 
locally, to disseminate via blood or lym-
phatic vessels and to establish microme-
tastasis.34,35 Thus, EMT may account for 
major steps in the metastatic cascade, with 
the exception of growth at the secondary 
site.

Although most BCs do not appear mes-
enchymal, some not only express EMT 
inducers but also depend on their expres-
sion for continuous growth. For example, 
MMTV-neu mammary tumor cells, which 
are not mesenchymal, express Twist, and 
knockdown of this transcription factor 
causes cell senescence.39,40 Expression of 
EMT-inducers in these tumors may prime 
them for EMT in response to stromal or 
other, yet to be defined, signals at tumor 
margins. Such tumors may not undergo 
full EMT but rather a limited conversion 
that allows for detachment of cells from 
the tumor mass, increasing their motility 
and invasion. Interestingly, in pancreatic 
cancer, metastatic initiating cells (MICs) 
represent a subset of TICs.41 Thus, the 
relationship between EMT, TICs and 
MICs in BC needs to be further explored.

In 2008, Mani et al. showed that 
breast TICs exhibit spindle morphology 
and express EMT markers when cultured 
in vitro.36 Moreover, expression of EMT 
inducers increased the breast TIC fraction 
in a heterogeneous tumor cell popula-
tion, rendering them highly tumorigenic 
and resistant to conventional chemother-
apy.32,36 Indeed, following therapy, resid-
ual BC cells display mesenchymal and 
TIC features.33 An EMT signature has 
recently been generated; when compared 
to BC subtypes, the signature most closely 
resembled Claudin-low BC.37 Thus, 
Claudin-low breast tumors highly express 
genes associated with the breast cancer 
tumorigenicity and EMT signatures.

RB1 Status in Breast Cancer

Early studies revealed gene rearrangement 
at the RB1 locus in ~10% of primary 
breast carcinomas of undefined subtypes, 
and in ~20–25% of TNBC-derived cell 
lines.18,42-48 Some RB1-deficient BC lines 
(e.g., MDA-MB468) were classified 

and BRCA1 interact with each other,19 
and this interaction has been recently 
confirmed in a non-biased genome-wide 
mammalian protein-protein interaction 
analysis.20 BRCA1-induced growth arrest 
is pRb-dependent.21 It is therefore possible 
that these tumor suppressors act on a com-
mon genetic pathway linking genomic 
stability with cell cycle progression; inacti-
vation of either gene may suffice to disrupt 
this checkpoint and induce tumorigenic-
ity. Although Brca1 is not mutated in 
sporadic Basal-like BC, the gene is often 
downregulated due to LOH or promoter 
methylation, or the protein is inactivated 
by post-translation modifications.8,9,22 
Thus, in carriers of germ-line mutations, 
Brca1 is completely inactivated and this 
may be sufficient to drive cancer indepen-
dent of RB1, whereas in sporadic Basal-
like BC, both RB1 and Brca1 may be 
partially inactivated, each contributing to 
the high proliferation rate of these tumors. 
However, the frequency in which RB1 and 
BRCA1 are co-inactivated, albeit partially, 
in basal-like BC is yet to be determined.

The CSC-EMT-Claudin-low Link

Many cancers are organized in a hierarchy 
whereby relatively rare Tumor Initiating 
Cells (TICs; also referred to as Cancer 
Stem Cells, CSC) can initiate and main-
tain primary tumor growth. These cells, 
like normal stem cells, can self-renew and 
differentiate to generate cells that have lost 
their tumorigenic potential.23-29 A breast 
cancer tumorigenicity signature based on 
differential gene expression in TIC versus 
non-TIC fractions has been developed.30-32 
Claudin-low BCs exhibit high similarity 
to the TIC signature—whereas Basal-like, 
ERα+  and HER2+ tumors share only mar-
ginal overlap.12,31,33

EMT is an embryonic program by 
which epithelial cells lose cell-cell con-
tact and polarity.32,34,35 EMT also involves 
cytoskeletal changes that increase motil-
ity and invasiveness. During EMT, mes-
enchymal proteins such as N-Cadherin, 
Vimentin, Fibronectin as well as matrix 
degrading enzymes are induced. In con-
trast, epithelial junction proteins like 
E-Cadherin, and Claudins 3, 4 and 7 are 
suppressed. EMT is induced by TGFβ 
as well as by transcription factors such 
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not p53, induces mammary tumors.65-67 In 
contrast, mammary placodes from Rb-/- 
embryos develop normally when trans-
planted into recipient mammary glands 
and do not form tumors (see below).68 
Thus, the long-term consequences of Rb 
inactivation alone on mammary epithelial 
transformation and breast cancer subtype 
were until recently unknown.

suppressor.61,62 Accordingly, pRb and 
p53 are commonly inactivated together 
in cancer, and some DNA tumor viruses 
express oncoproteins, such as SV40 large 
T antigen (Tag), which sequester Rb (and 
its relatives p107 and p130) together with 
p53.63,64 Mammary gland-specific trans-
genic expression of Tag, or a truncated 
form, T

121
, which binds pRb family but 

as members of the E2F protein family and 
recruits chromatin-modifying enzymes 
like HDAC1 to silence gene expression 
(Fig. 1). Many E2F responsive promot-
ers regulate genes required for escape 
from senescence, for DNA replication and 
for controlling cell death pathways.58-60 
Apoptosis downstream of pRb loss is 
typically mediated by the p53 tumor 

Figure 1. the rB1-p53-eMt connection. (A) in normal cells, prb interacts with e2F to inhibit pro-apoptotic and pro-autophagy genes such as PUMA 
and BNiP3, respectively, as well as cell cycle progression and senescence genes such as cycline and MCM7. prb also stimulates AP-2 to induce BCl-2 
and e-Cadherin expression thereby maintaining survival and epithelial identity. in response to genotoxic stress p53 may inhibit cell proliferation by 
inducing p21Cip1, thereby allowing DNA repair to occur, or if DNA damage is unrepairable, it may induce cell death by activating apoptotic genes such 
as Bax. p53 also inhibits the CsC gene CD44, and forms a ternary complex with MDM2 and sLUG to induce sLUG degradation via the proteosome. 
eMt-epithelial-to-mesenchymal transition; P-phosphate group; ub, ubiquitin. (B) in luminal tumors like Her2+ BC, various signals such as NFκB activa-
tion stimulate eMt-inducing transcription factors like tWist that bypass senescence by suppressing p16ink4a and p21Cip1 (thereby inhibiting prb and by-
passing p53) and cooperate with oncogenes such as rAs to induce features of eMt. (C) in some tNBCs, rB1 and p53 are inactivated. rB1 loss bypasses 
oncogene induced senescence and promotes deregulated cell proliferation. in addition, loss of prb may alter cell fate by abrogating e-Cadherin 
expression. Dominant-negative p53 induces CD44, stabilizes sLUG and blocks p63, the latter in collaboration with activated rAs and sMAD2. thus, the 
combined loss of prb and p53 bypasses senescence, increases cell proliferation and, in certain contexts, induces eMt.
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in a non-functional ternary complex with 
activated SMAD2.86 This compromises the 
function of p63, which normally inhibits 
EMT, migration and invasion by promot-
ing epithelial identify and cell prolifera-
tion.87 Mutation of p53 may induce EMT 
and metastasis by several other mecha-
nisms. First, wt-p53 forms a ternary com-
plex with MDM2 and SLUG to promote 
degradation of this EMT-inducer,88 while 
p53 mutation enhances SLUG expres-
sion by opposing its degradation. Second, 
wt p53 directly represses hyaluronic acid 
receptor (CD44) gene expression, whereas 
mutant p53 overrides this effect.89 Third, 
dominant-negative (dn) p53 enhances α5/
β1-integrin and EGFR recycling, thereby 
promoting motility and invasion.90

As noted, loss of Rb and p53 mutation 
bypass oncogene-induced senescence.58,91 
Overexpression of TWIST proteins in BC 
was shown to rescue RAS-induced cellu-
lar senescence by suppressing the p21Cip1 
and p16ink4a promoters. Inhibition of these 
CDK inhibitors counteracts p53 and inac-
tivates pRb, respectively.39,40,92,93 Thus, 
in tumors with wt pRb and p53, expres-
sion of EMT-inducers bypass/shut down 
these tumor suppressors, thereby evading 
oncogene-induced senescence (Fig. 1B). 
In TNBC, RB1 and p53 loss/mutation 
allow cells to escape from senescence and 
undergo EMT through multiple mecha-
nisms depicted in Figure 1C.

Interestingly, in a model of small cell 
lung cancer based on combined mutations 
in Rb and p53, the bulk of tumor is neu-
roendocrine, but a transition to mesen-
chymal type occurs in a subset of tumor 
cells in response to Ras activation.94 The 
mesenchymal cells promote metastasis 
of the neuroendocrine cells, highlighting 
the dynamic interactions within differ-
ent tumor clones and the indirect effect 
(in this case) of the mesenchymal compo-
nent on cancer spread. Furthermore, these 
results suggest that additional oncogenic 
events (e.g., RAS activation) are required 
to promote EMT in Rb/p53-deficient 
cells.

Stem/Bipotent Cell-Specific  
Effect of Rb Loss

Mammary tumors developed in multipa-
rous but not nulliparous MMTV-Cre:Rbf/f 

escape and cell proliferation.58 In addition, 
apoptosis induced in differentiating cells 
lacking Rb is often, though not always, 
p53 dependent.61,62,72,74

RB1 and p53 may interact at additional 
levels. Loss of Rb has recently been shown 
to induce a catastrophic collapse of the 
mitochondrial network, increased autoph-
agy flux and reduced ATP level during cel-
lular differentiation; autophagy inhibitors 
and hypoxia could rescue this defect.75-77 
The effect of hypoxia was glycolysis- and 
HIF1α-dependent, suggesting that dif-
ferentiating Rb-deficient cells survive due 
to a shift in ATP production from oxida-
tive phosphorylation to glycolysis.75 Given 
that p53 regulates both autophagy and 
glycolysis,78,79 mutation in p53 may allow 
differentiating Rb deficient cells to sur-
vive by opposing apoptotic or autophagic 
cell death as well as by inducing a meta-
bolic shift toward glycolysis (Warburg 
effect). In this regards, it is interesting 
that TNBC and in particularly Claudin-
low tumors are more hypoxic and glyco-
lytic than other BC subtypes.7,80,81 Thus, 
mutations in Rb and p53 may cooperate 
to promote cell survival and proliferation 
under oncogenic stress or hypoxic condi-
tions. The following section summarizes 
evidence that mutation of both genes may 
also cooperate in the induction of EMT.

The Rb-p53-EMT Connection

Although much attention has been given 
to the role of pRb as a transcriptional co-
repressor when bound to E2F-DP, pRb 
can act as a transcriptional activator when 
bound to other transcription factors.56,72 
Importantly, pRb binds the AP-2 tran-
scription factor and thereby induces tran-
scription of Bcl-2 and E-Cadherin.82,83 
Depletion of RB in MCF7 breast tumor 
cells, which express wild-type (wt) RB1 
and p53 genes, was subsequently shown 
to induce EMT by reducing E-Cadherin 
expression, as well as by inducing Slug and 
Zeb-1 expression.84 Thus, Rb keeps the 
EMT program in check at multiple levels.

p53 is often mutated in human cancer 
leading to aggressive tumors with poor 
prognosis.85 This is at least in part because 
mutant p53 can bind and sequester its rela-
tive p63. In cancer cells expressing onco-
genic RAS and TGFβ, dn-p53 traps p63 

Consequences of Rb Deletion  
in the Mammary Gland

To test for a causative role of RB1 loss 
in BC and ultimately to develop new 
therapies for TNBC, we used a floxed 
Rb mutant allele (Rbf),69 to delete Rb in 
mouse mammary epithelium. Deletion 
of Rb via two different MMTV-Cre lines 
induced focal acinar hyperplasia with 
squamous metaplasia.70 These lesions pro-
gressed into histologically diverse mam-
mary tumors. RNA microarray analysis 
revealed that the Rb-/- tumors clustered 
with mouse models of luminal-B or basal-
like BC. The basal-like Rb-/- tumors 
resembled Tag or DMBA-induced tumors 
and exhibited proliferation and EMT 
markers. Additional Rb-/- tumors exhib-
ited spindle-shape morphology and fea-
tures of EMT. The EMT and Tag-like, 
but not the DMBA or luminal-B-like 
tumors, expressed dominant negative (dn) 
mutant forms of the tumor suppressor 
p53, as revealed by IHC and verified by 
sequencing. To test for consequences of 
combined Rb and p53 deletion, we gen-
erated MMTV-Cre:Rbf/f:p53f/f double 
mutant mice. These mice succumbed 
to lymphoma at a young age. Therefore, 
we transplanted Rb/p53-deficient mam-
mary epithelium from mutant mice into 
the mammary fat pads of recipient mice. 
This resulted in the development of EMT 
tumors that were histologically indistin-
guishable from EMT tumors in MMTV-
Cre:Rbf/f mice with p53 mutations.70 
Together, these results demonstrate a 
causal role for Rb in breast cancer and 
show that cooperating oncogenic events, 
such as p53 mutation, dictate tumor sub-
type after Rb loss.

The Rb-p53 Circuit

The importance of combined RB1 and p53 
inactivation for neoplastic transformation 
was first revealed by the fact that several 
DNA tumor viruses express oncoproteins 
to target both proteins. Indeed, combined 
mutation of these tumor suppressors accel-
erate cancer formation, and increase (and 
alter) the spectrum of tumors found in 
individual knockout mice.70-72 The best 
defined mechanism by which RB1 and 
p53 cooperate is at the level of senescence 
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inhibited, for example, by drugs that can 
mimic pRb function.

To understand how to mimic pRb 
function, it would be important to inves-
tigate how reintroduction of Rb blocks 
tumorigenicity of Rb-deficient tumors. 
It may simply suppress cell proliferation, 
but it may also induce cell senescence, cell 
death (in certain contexts), differentia-
tion, mesenchymal-to-epithelial conver-
sion or altered cell metabolism. Indeed, 
Rb-transduced Rb/p53 EMT tumor cells 
appear flattened and larger than control 
cells. In addition, Rb/p53 EMT tumor 
cells quickly acidify the medium, sug-
gesting they secret lactic acid, the main 
byproduct of glycolysis. We therefore 
expect Rb-deficient EMT tumors to be 
inherently hypoxic and glycolytic, as is the 
case for TNBC.17,80,81 Whether Rb/p53 
tumors are hypoxic and glycolytic in vivo, 
and whether this is due to Rb loss is yet 
to be determined. Elucidating the basis for 
addiction to Rb loss may help guide thera-
peutic interventions to inhibit growth of 
Rb/p53 mutant TNBC.

Targeting the Rb-p53-EMT Circuit 
in TNBC

RB1 status dictates tumor response to ther-
apy.113 Thus, Rb-deficient tumor cells are 
more sensitive than isogenic Rb-proficient 
cells to chemotherapy but more resistant to 
hormonal-therapy. Currently, no specific 
therapy for Basal-like or Claudin-low BC 
is available and these patients are treated 
with combinations of cytotoxic drugs such 
as Docetaxel-Carboplatin,114 Idarubicin-
Prednimustine115 and Cyclophosphamide-
Methotrexate-fluorouracil 5FU (CMF).116 
Clearly, Basal-like and Claudin-low 
tumors are distinct subtypes and should 
be treated with specific regimens. Indeed, 
whereas Basal-like tumors are responsive to 
conventional chemotherapy, Claudin-low 
tumors are relatively resistant.9,12,117,118 We 
envision that future treatment of TNBC 
will first require sub-classification into 
Basal-like, Claudin-low and other TNBC 
subtypes (e.g., metaplastic), followed by 
IHC analysis to assess pRb loss, and high 
p16ink4a and p53 expression (dn-mutation). 
Depending on results from these tests, 
specific therapy could be provided. The 

observed following Rb/p53 deletion with 
our MMTV-Cre line.

As noted, embryonic Rb-/- mammary 
epithelial cells (placodes) do not develop 
mammary tumors following transplanta-
tion into recipient mammary glands.68 
Potentially, in contrast to acute inactiva-
tion of Rb in MMTV-Cre:Rbf/f mice, 
chronic inactivation as in transplantation 
experiments of Rb-/- embryonic placodes 
may activate compensatory genes like 
p107.91 Inactivation of Rb in all epithe-
lial cells such as in Rb-/- placodes may 
also deprive potential tumor cells from 
an epithelial-derived Rb+/+ niche. Indeed, 
analysis of Rb-/-:Rb+/+ chimeric mice has 
demonstrated that Rb-/- mutant cells can 
survive and efficiently contribute to most 
adult tissues in the presence of wild-type 
cells.99,100 Finally, MMTV-Cre:Rbf/f mice 
developed tumors only following preg-
nancy. While female mice transplanted 
with Rb-/- placodes were taken through 
pregnancy, the transplanted cells are not 
connected to the nipple and may therefore 
undergo aberrant lactation and involu-
tion that sensitize Rb-/- epithelial cells to 
apoptosis.

Addiction to Rb Loss

Tumor cells are often addicted to the 
oncogenic events that induced their trans-
formation.101,102 In the best studied system, 
Tet-MYC, it was shown that addiction to 
this oncogene is tissue/tumor-dependent 
and associated with escape from senes-
cence, apoptosis, failure in ribosome bio-
genesis and protein synthesis103-106 or with 
glutamine starvation.107,108 We and others 
showed that overexpression of wild-type 
pRb delays proliferation of certain cells 
with low level of cyclin-dependent kinase 
activity, whereas other cells are refractory 
to re-expression of wild-type pRb, but 
sensitive to constitutively active, phospho-
mutant pRb.55,109-112 Transduction of Rb/
p53 tumor cells from our conditional Rb 
BC model with a retrovirus expressing 
wild-type pRb resulted in strong suppres-
sion of growth in vitro and tumor forma-
tion in vivo.70 These tumors are therefore 
“addicted” to continual loss of pRb, indi-
cating that despite their aggressive prop-
erties their tumorigenic phenotype can be 

mice.70 In contrast, mammary tumors 
were not formed in multiparous WAP-
Cre:Rbf/f or WAP-Cre:Rbf/f:p107-/- mice 
even after a 2-year follow-up.70 WAP-
Cre targets alveolar stem cells/pro-
genitors during pregnancy.95,96 Indeed, 
WAP-Cre:ROSA26GFP Cre-reporter mice 
exhibit GFP expression primarily in 
CD24+ luminal progenitors and to a much 
lesser extent in CD24+:CD49fhi mam-
mary stem/bi-potent cells.95 Consistent 
with this, we found that in multiparous 
WAP-Cre:Rbf/f mice the Rbf allele was 
deleted in luminal progenitors but not in 
myoepithelial progenitors or stem/bipo-
tent cells.70 In contrast, the Rbf allele was 
deleted in all three fractions from mul-
tiparous MMTV-Cre:Rbf/f mice, most 
efficiently in the stem/bipotent compart-
ment. Thus, the effect of Rb inactivation is 
critically dependent on the cell within the 
mammary stem cell hierarchy in which it 
is deleted. RbΔf alveolar progenitors may be 
refractory to Rb loss, or conversely, readily 
die upon differentiation in the absence of 
Rb. Analysis of double mutants with com-
bined deletion of Rb and p53 via WAP-cre, 
currently underway, may resolve this issue.

The unique sensitivity of specific mam-
mary cell types to RB1 gene loss has also 
been documented in a recent report from 
the Nikitin group.97 In their study, Rb 
was deleted using a new MMTV-Cre line, 
which did not induce tumor formation 
in nulliparous females. It would be inter-
esting to test the effect of pregnancy on 
tumorigenicity in these mice, and whether 
this MMTV-Cre line targets mammary 
stem/bi-potent progenitors or only lumi-
nal progenitors as WAP-Cre. Rb deletion 
via the Nikitin’s MMTV-Cre line did 
accelerate tumorigenicity and altered the 
type of tumors that developed in combi-
nation with p53 deletion. Importantly, Rb 
loss in this model substituted for recur-
rent amplification on chromosome 9A1, 
which includes the anti-apoptotic genes 
cIAP1 and cIAP2, and the pro-survival 
factor Yap1,98 suggesting that deregula-
tion of these genes may be a prerequisite 
for tumor formation in cooperation with 
p53 mutation, hence potential therapeu-
tic targets. The Rb/p53 double mutant 
tumors were heterogeneous and included 
but were not exclusively EMT subtype as 



©2011 Landes Bioscience.
Do not distribute.

6 Cell Cycle volume 10 issue 10

7. Perou CM. Molecular stratification of triple-negative 
breast cancers. Oncologist 2010; 15:39-48.

8. Carey L, Winer E, Viale G, Cameron D, Gianni L. 
Triple-negative breast cancer: disease entity or title of 
convenience? Nat Rev Clin Oncol 2010; 7:683-92.

9. Reis-Filho JS, Tutt AN. Triple negative tumours: a 
critical review. Histopathology 2008; 52:108-18.

10. Rakha EA, Elsheikh SE, Aleskandarany MA, 
Habashi HO, Green AR, Powe DG, et al. Triple-
negative breast cancer: distinguishing between basal 
and nonbasal subtypes. Clin Cancer Res 2009; 
15:2302-10.

11. Herschkowitz JI, Simin K, Weigman VJ, Mikaelian I, 
Usary J, Hu Z, et al. Identification of conserved gene 
expression features between murine mammary car-
cinoma models and human breast tumors. Genome 
Biol 2007; 8:76.

12. Hennessy BT, Gonzalez-Angulo AM, Stemke-Hale 
K, Gilcrease MZ, Krishnamurthy S, Lee JS, et al. 
Characterization of a naturally occurring breast 
cancer subset enriched in epithelial-to-mesenchymal 
transition and stem cell characteristics. Cancer Res 
2009; 69:4116-24.

13. Fulford LG, Easton DF, Reis-Filho JS, Sofronis A, 
Gillett CE, Lakhani SR, et al. Specific morphological 
features predictive for the basal phenotype in grade 3 
invasive ductal carcinoma of breast. Histopathology 
2006; 49:22-34.

14. Yehiely F, Moyano JV, Evans JR, Nielsen TO, Cryns 
VL. Deconstructing the molecular portrait of basal-
like breast cancer. Trends Mol Med 2006; 12:537-44.

15. Sarrio D, Rodriguez-Pinilla SM, Hardisson D, 
Cano A, Moreno-Bueno G, Palacios J. Epithelial-
mesenchymal transition in breast cancer relates to the 
basal-like phenotype. Cancer Res 2008; 68:989-97.

16. Prat A, Parker JS, Karginova O, Fan C, Livasy C, 
Herschkowitz JI, et al. Phenotypic and molecular 
characterization of the claudin-low intrinsic subtype 
of breast cancer. Breast Cancer Res 2010; 12:68.

17. Subhawong AP, Subhawong T, Nassar H, Kouprina 
N, Begum S, Vang R, et al. Most basal-like breast 
carcinomas demonstrate the same Rb-/p16+ immuno-
phenotype as the HPV-related poorly differentiated 
squamous cell carcinomas which they resemble mor-
phologically. Am J Surg Pathol 2009; 33:163-75.

18. Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, 
Fevr T, et al. A collection of breast cancer cell lines 
for the study of functionally distinct cancer subtypes. 
Cancer Cell 2006; 10:515-27.

19. Yarden RI, Brody LC. BRCA1 interacts with compo-
nents of the histone deacetylase complex. Proc Natl 
Acad Sci USA 1999; 96:4983-8.

20. Ravasi T, Suzuki H, Cannistraci CV, Katayama S, 
Bajic VB, Tan K, et al. An atlas of combinatorial 
transcriptional regulation in mouse and man. Cell 
2010; 140:744-52.

21. Aprelikova ON, Fang BS, Meissner EG, Cotter S, 
Campbell M, Kuthiala A, et al. BRCA1-associated 
growth arrest is RB-dependent. Proc Natl Acad Sci 
USA 1999; 96:11866-71.

22. Rosen EM, Fan S, Pestell RG, Goldberg ID. BRCA1 
gene in breast cancer. J Cell Physiol 2003; 196:19-41.

23. Dick JE. Breast cancer stem cells revealed. Proc Natl 
Acad Sci USA 2003; 100:3547-9.

24. Zhou BB, Zhang H, Damelin M, Geles KG, Grindley 
JC, Dirks PB. Tumour-initiating cells: challenges and 
opportunities for anticancer drug discovery. Nat Rev 
Drug Discov 2009; 8:806-23.

25. Rosen JM, Jordan CT. The increasing complex-
ity of the cancer stem cell paradigm. Science 2009; 
324:1670-3.

26. Bonnet D, Dick JE. Human acute myeloid leukemia 
is organized as a hierarchy that originates from a 
primitive hematopoietic cell. Nat Med 1997; 3:730-7.

27. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang 
T, Caceres-Cortes J, et al. A cell initiating human 
acute myeloid leukaemia after transplantation into 
SCID mice. Nature 1994; 367:645-8.

through functional screens using lenti-
shRNA124 and transposon-based mutagen-
esis.125 For example, a recent RNAi screen 
for genes that can transform Tag immor-
talized human mammary epithelial cells 
identified PTPN12 tyrosine phosphatase 
as a tumor suppressor of TNBC.126

Targeting EMT inducers. Given the 
connection between EMT and TICs, 
inhibition of EMT inducers may target 
the TIC fraction. As noted, knockdown of 
Twist genes in several mesenchymal and 
non-mesenchymal tumor types induced 
cellular senescence,40 suggesting that tar-
geting this signaling network may be a 
promising approach.

Targeting hypoxia and glycolysis. 
Finally, while hypoxia and glycolysis con-
fer metastatic advantage and protection 
from chemotherapy, they also represent 
vulnerabilities to drugs that inhibit these 
processes or their consequences such as 
Unfolded Protein Response (UPR) and 
Autophagy. Given the effect of Rb loss on 
these processes,127 Claudin-low and Basal-
like BC may be particularly sensitive to 
such inhibitors.

Additional therapeutic strategies 
including drugs currently evaluated for 
the treatment of TNBC such as PARP and 
EGFR inhibitors should also be explored. 
Combination therapy toward the above 
targets will increase specificity, lessen 
side effects and reduce the likelihood that 
resistant variants could emerge, thereby 
preventing relapse.

References
1. Perou CM, Sorlie T, Eisen MB, van de Rijn M, 

Jeffrey SS, Rees CA, et al. Molecular portraits of 
human breast tumours. Nature 2000; 406:747-52.

2. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler 
S, Johnsen H, et al. Gene expression patterns of 
breast carcinomas distinguish tumor subclasses with 
clinical implications. Proc Natl Acad Sci USA 2001; 
98:10869-74.

3. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom 
T, Leary RJ, et al. The genomic landscapes of 
human breast and colorectal cancers. Science 2007; 
318:1108-13.

4. Chan TA, Glockner S, Yi JM, Chen W, Van Neste 
L, Cope L, et al. Convergence of mutation and epi-
genetic alterations identifies common genes in cancer 
that predict for poor prognosis. PLoS Med 2008; 
5:114.

5. Schneider BP, Winer EP, Foulkes WD, Garber J, 
Perou CM, Richardson A, et al. Triple-negative breast 
cancer: risk factors to potential targets. Clin Cancer 
Res 2008; 14:8010-8.

6. Fan C, Oh DS, Wessels L, Weigelt B, Nuyten DS, 
Nobel AB, et al. Concordance among gene-expres-
sion-based predictors for breast cancer. N Engl J Med 
2006; 355:560-9.

following are experimental avenues to be 
explored in search for such therapies.

Targeting p53. TNBC (basal-like and 
Claudin-low) with dn point mutations in 
p53 may be highly sensitive to drugs such 
as PRIMA-1 (p53 reactivation and induc-
tion of massive apoptosis), which refold 
and restore tumor suppressor function 
to many dn-p53 mutant proteins. The 
PRIMA-1 analogs, APR-246, is currently 
assessed in clinical trials.119-121

Targeting Rb-deficiency. As the Rb 
pathway is not druggable; i.e., restora-
tion of RB1 function following mutation 
or deletion is not feasible, an alternative 
approach is to mimic its function as dis-
cussed in the previous section, or, con-
versely, to specifically kill Rb-deficient 
tumor cells. For example, the E2F1 pro-
moter is deregulated in RB1 deficient 
tumor cells and this may offer a therapeu-
tic window to kill cancer but not normal 
cells.122 Indeed, Rb-deficient cells express 
high levels of pro-apoptotic factors and are 
prone to apoptosis;60 therapeutic induction 
of E2F1, other pro-apoptotic factors or 
treatment with inducers of apoptosis may 
tilt the balance in favor of apoptotic cell 
death.60,123 Alternatively, CDK inhibitors 
may be used to suppress cell cycle progres-
sion in the absence of pRb through activa-
tion of p107, p130 and other targets.113

Chemotherapy. The RB1-signature in 
BC includes proliferation-associated genes 
that are targets of conventional chemo-
therapy such as TOP2A (doxorubicin, eto-
poside), thymidylate synthetase (5-FU), 
ribonucleotide reductase M2 (hydroxy-
urea) and CDK1 (flavopiridol, stauro-
sporine). This may explain the increased 
sensitivity of RB-deficient cells to chemo-
therapy.113 Drugs that target Claudin-low 
BC may be different than those that tar-
get Basal-like BC; small-molecule drug 
screens may identify such subtype-specific 
cytotoxic drugs.

Targeting cooperating oncogenic and 
metastatic networks. BC cells typically 
contain over a dozen independent muta-
tions that cooperate to induce transforma-
tion. Identification of oncogenic networks 
that cooperate with mutations in Rb and 
p53 would offer new therapeutic tar-
gets. Such cooperating mutations can be 
identified by genomic and transcriptome 
sequencing, copy number analysis or 



©2011 Landes Bioscience.
Do not distribute.

www.landesbioscience.com Cell Cycle 7

66. Maroulakou IG, Anver M, Garrett L, Green JE. 
Prostate and mammary adenocarcinoma in trans-
genic mice carrying a rat C3(1) simian virus 40 large 
tumor antigen fusion gene. Proc Natl Acad Sci USA 
1994; 91:11236-40.

67. Simin K, Wu H, Lu L, Pinkel D, Albertson D, 
Cardiff RD, et al. pRb inactivation in mammary cells 
reveals common mechanisms for tumor initiation and 
progression in divergent epithelia. PLoS Biol 2004; 
2:22.

68. Robinson GW, Wagner KU, Hennighausen L. 
Functional mammary gland development and onco-
gene-induced tumor formation are not affected by the 
absence of the retinoblastoma gene. Oncogene 2001; 
20:7115-9.

69. Vooijs M, te Riele H, van der Valk M, Berns A. 
Tumor formation in mice with somatic inactivation 
of the retinoblastoma gene in interphotoreceptor 
retinol binding protein-expressing cells. Oncogene 
2002; 21:4635-45.

70. Jiang Z, Deng T, Jones R, Li H, Herschkowitz JI, 
Liu JC, et al. Rb deletion in mouse mammary pro-
genitors induces luminal-B or basal-like/EMT tumor 
subtypes depending on p53 status. J Clin Invest 2010; 
120:3296-309.

71. Williams BO, Remington L, Albert DM, Mukai 
S, Bronson RT, Jacks T. Cooperative tumorigenic 
effects of germline mutations in Rb and p53. Nat 
Genet 1994; 7:480-4.

72. Calo E, Quintero-Estades JA, Danielian PS, Nedelcu 
S, Berman SD, Lees JA. Rb regulates fate choice 
and lineage commitment in vivo. Nature 2010; 
466:1110-4.

73. Morgenbesser SD, Williams BO, Jacks T, DePinho 
RA. p53-dependent apoptosis produced by 
Rb-deficiency in the developing mouse lens. Nature 
1994; 371:72-4.

74. Polager S, Ginsberg D. p53 and E2f: partners in life 
and death. Nat Rev Cancer 2009; 9:738-48.

75. Ciavarra G, Zacksenhaus E. Rescue of myogenic 
defects in Rb-deficient cells by inhibition of auto-
phagy or by hypoxia-induced glycolytic shift. J Cell 
Biol 2010; 191:291-301.

76. Ciavarra G, Zacksenhaus E. Direct and indirect 
effects of the pRb tumor suppressor on autophagy 
Autophagy 2011; In press.

77. Ciavarra G, Ho A, Cobrinik D, Zacksenhaus E. 
Critical role of the Rb family in myoblast survival and 
fusion. Plos One 2011; 6:17682.

78. Maiuri MC, Galluzzi L, Morselli E, Kepp O, Malik 
SA, Kroemer G. Autophagy regulation by p53. Curr 
Opin Cell Biol 2010; 22:181-5.

79. Vousden KH, Ryan KM. p53 and metabolism. Nat 
Rev Cancer 2009; 9:691-700.

80. Tan EY, Yan M, Campo L, Han C, Takano E, Turley 
H, et al. The key hypoxia regulated gene CAIX is 
upregulated in basal-like breast tumours and is asso-
ciated with resistance to chemotherapy. Br J Cancer 
2009; 100:405-11.

81. Pinheiro C, Albergaria A, Paredes J, Sousa B, 
Dufloth R, Vieira D, et al. Monocarboxylate trans-
porter 1 is upregulated in basal-like breast carcinoma. 
Histopathology 2010; 56:860-7.

82. Batsche E, Muchardt C, Behrens J, Hurst HC, 
Cremisi C. RB and c-Myc activate expression of the 
E-cadherin gene in epithelial cells through interac-
tion with transcription factor AP-2. Mol Cell Biol 
1998; 18:3647-58.

83. Decary S, Decesse JT, Ogryzko V, Reed JC, 
Naguibneva I, Harel-Bellan A, et al. The retinoblas-
toma protein binds the promoter of the survival gene 
bcl-2 and regulates its transcription in epithelial cells 
through transcription factor AP-2. Mol Cell Biol 
2002; 22:7877-88.

47. Wang NP, To H, Lee WH, Lee EY. Tumor suppressor 
activity of RB and p53 genes in human breast carci-
noma cells. Oncogene 1993; 8:279-88.

48. Trudel M, Mulligan L, Cavenee W, Margolese R, 
Cote J, Gariepy G. Retinoblastoma and p53 gene 
product expression in breast carcinoma: immuno-
histochemical analysis and clinicopathologic correla-
tion. Hum Pathol 1992; 23:1388-94.

49. Gauthier ML, Berman HK, Miller C, Kozakeiwicz 
K, Chew K, Moore D, et al. Abrogated response to 
cellular stress identifies DCIS associated with sub-
sequent tumor events and defines basal-like breast 
tumors. Cancer Cell 2007; 12:479-91.

50. Herschkowitz JI, He X, Fan C, Perou CM. The func-
tional loss of the retinoblastoma tumour suppressor 
is a common event in basal-like and luminal B breast 
carcinomas. Breast Cancer Res 2008; 10:75.

51. Kotake Y, Cao R, Viatour P, Sage J, Zhang Y, Xiong 
Y. pRB family proteins are required for H3K27 
trimethylation and Polycomb repression complexes 
binding to and silencing p16INK4alpha tumor suppres-
sor gene. Genes Dev 2007; 21:49-54.

52. Berge EO, Knappskog S, Lillehaug JR, Lonning PE. 
Alterations of the retinoblastoma gene in metastatic 
breast cancer. Clin Exp Metastasis 2011.

53. Yamamoto H, Soh JW, Monden T, Klein MG, 
Zhang LM, Shirin H, et al. Paradoxical increase in 
retinoblastoma protein in colorectal carcinomas may 
protect cells from apoptosis. Clin Cancer Res 1999; 
5:1805-15.

54. Bernards R. Cancer: Entangled pathways. Nature 
2008; 455:479-80.

55. Jiang Z, Zacksenhaus E. Activation of retinoblastoma 
protein in mammary gland leads to ductal growth 
suppression, precocious differentiation and adenocar-
cinoma. J Cell Biol 2002; 156:185-98.

56. Burkhart D, Sage J. Cellular mechanisms of tumor 
suppression by the retinoblastoma gene. Nature 
Review: Cancer 2008; 8:1-12.

57. Bremner R, Zacksenhaus E. Cyclins, Cdks, E2f, 
Skp2 and More at the First International RB Tumor 
Suppressor Meeting. Cancer Res 2010.

58. Chicas A, Wang X, Zhang C, McCurrach M, Zhao 
Z, Mert O, et al. Dissecting the unique role of 
the retinoblastoma tumor suppressor during cellular 
senescence. Cancer Cell 2010; 17:376-87.

59. Hershko T, Ginsberg D. Upregulation of Bcl-2 
homology 3 (BH3)-only proteins by E2F1 mediates 
apoptosis. J Biol Chem 2004; 279:8627-34.

60. Nahle Z, Polakoff J, Davuluri RV, McCurrach ME, 
Jacobson MD, Narita M, et al. Direct coupling of the 
cell cycle and cell death machinery by E2F. Nat Cell 
Biol 2002; 4:859-64.

61. Macleod KF, Hu Y, Jacks T. Loss of Rb activates both 
p53-dependent and independent cell death pathways 
in the developing mouse nervous system. EMBO J 
1996; 15:6178-88.

62. Jiang Z, Liang P, Leng R, Guo Z, Liu Y, Liu X, et 
al. E2F1 and p53 are dispensable whereas p21Waf1/Cip1 
cooperates with Rb to restrict endoreduplication and 
apoptosis during skeletal myogenesis. Developmental 
Biology 2000; 227:28-41.

63. Whyte P, Buchkovich KJ, Horowitz JM, Friend 
SH, Raybuck M, Weinberg RA, et al. Association 
between an oncogene and an anti-oncogene: the 
adenovirus E1A proteins bind to the retinoblastoma 
gene product. Nature 1988; 334:124-9.

64. Ewen ME, Ludlow JW, Marsilio E, DeCaprio JA, 
Millikan RC, Cheng SH, et al. An N-terminal 
transformation-governing sequence of SV40 large T 
antigen contributes to the binding of both p110Rb and 
a second cellular protein, p120. Cell 1989; 58:257-67.

65. Husler MR, Kotopoulis KA, Sundberg JP, Tennent 
BJ, Kunig SV, Knowles BB. Lactation-induced WAP-
SV40 Tag transgene expression in C57BL/6J mice 
leads to mammary carcinoma. Transgenic Res 1998; 
7:253-63.

28. Krivtsov AV, Twomey D, Feng Z, Stubbs MC, Wang 
Y, Faber J, et al. Transformation from committed 
progenitor to leukaemia stem cell initiated by MLL-
AF9. Nature 2006; 442:818-22.

29. Al-Hajj M, Wicha MS, Benito-Hernandez A, 
Morrison SJ, Clarke MF. Prospective identification 
of tumorigenic breast cancer cells. Proc Natl Acad Sci 
USA 2003; 100:3983-8.

30. Liu R, Wang X, Chen GY, Dalerba P, Gurney A, 
Hoey T, et al. The prognostic role of a gene signature 
from tumorigenic breast-cancer cells. N Engl J Med 
2007; 356:217-26.

31. Shipitsin M, Campbell LL, Argani P, Weremowicz S, 
Bloushtain-Qimron N, Yao J, et al. Molecular defini-
tion of breast tumor heterogeneity. Cancer Cell 2007; 
11:259-73.

32. Creighton CJ, Chang JC, Rosen JM. Epithelial-
mesenchymal transition (EMT) in tumor-initiating 
cells and its clinical implications in breast cancer. J 
Mammary Gland Biol Neoplasia 2010; 15:253-60.

33. Creighton CJ, Li X, Landis M, Dixon JM, Neumeister 
VM, Sjolund A, et al. Residual breast cancers after 
conventional therapy display mesenchymal as well as 
tumor-initiating features. Proc Natl Acad Sci USA 
2009; 106:13820-5.

34. Kalluri R, Weinberg RA. The basics of epithe-
lial-mesenchymal transition. J Clin Invest 2009; 
119:1420-8.

35. Polyak K, Weinberg RA. Transitions between epithe-
lial and mesenchymal states: acquisition of malignant 
and stem cell traits. Nat Rev Cancer 2009; 9:265-73.

36. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, 
Zhou AY, et al. The epithelial-mesenchymal transi-
tion generates cells with properties of stem cells. Cell 
2008; 133:704-15.

37. Taube JH, Herschkowitz JI, Komurov K, Zhou AY, 
Gupta S, Yang J, et al. Core epithelial-to-mesenchy-
mal transition interactome gene-expression signature 
is associated with claudin-low and metaplastic breast 
cancer subtypes. Proc Natl Acad Sci USA 2010; 
107:15449-54.

38. Yu M, Smolen GA, Zhang J, Wittner B, Schott 
BJ, Brachtel E, et al. A developmentally regulated 
inducer of EMT, LBX1, contributes to breast cancer 
progression. Genes Dev 2009; 23:1737-42.

39. Yang J, Mani SA, Donaher JL, Ramaswamy S, 
Itzykson RA, Come C, et al. Twist, a master regula-
tor of morphogenesis, plays an essential role in tumor 
metastasis. Cell 2004; 117:927-39.

40. Ansieau S, Bastid J, Doreau A, Morel AP, Bouchet 
BP, Thomas C, et al. Induction of EMT by twist 
proteins as a collateral effect of tumor-promoting 
inactivation of premature senescence. Cancer Cell 
2008; 14:79-89.

41. Hermann PC, Huber SL, Herrler T, Aicher A, 
Ellwart JW, Guba M, et al. Distinct populations of 
cancer stem cells determine tumor growth and meta-
static activity in human pancreatic cancer. Cell Stem 
Cell 2007; 1:313-23.

42. Lee EY, To H, Shew JY, Bookstein R, Scully P, Lee 
WH. Inactivation of the retinoblastoma susceptibil-
ity gene in human breast cancers. Science 1988; 
241:218-21.

43. T’Ang A, Varley JM, Chakraborty S, Murphree AL, 
Fung YK. Structural rearrangement of the retinoblas-
toma gene in human breast carcinoma. Science 1988; 
242:263-6.

44. Bookstein R, Lee EY, Peccei A, Lee WH. Human 
retinoblastoma gene: long-range mapping and analy-
sis of its deletion in a breast cancer cell line. Mol Cell 
Biol 1989; 9:1628-34.

45. Varley JM, Brammar WJ, Walker RA. Oncogene 
organisation and expression: prediction in breast 
cancer. Horm Res 1989; 32:250-3.

46. Varley JM, Armour J, Swallow JE, Jeffreys AJ, 
Ponder BA, T’Ang A, et al. The retinoblastoma gene 
is frequently altered leading to loss of expression in 
primary breast tumours. Oncogene 1989; 4:725-9.



©2011 Landes Bioscience.
Do not distribute.

8 Cell Cycle volume 10 issue 10

115. Barnadas A, Mendiola C, Casado A, Villar A, Jimeno 
J, Clerigue M, et al. Combination of oral idarubicin 
and prednimustine in advanced breast cancer: a phase 
II study. Eur J Cancer 1997; 33:312-5.

116. Tan DS, Marchio C, Jones RL, Savage K, Smith 
IE, Dowsett M, et al. Triple negative breast cancer: 
molecular profiling and prognostic impact in adju-
vant anthracycline-treated patients. Breast Cancer 
Res Treat 2008; 111:27-44.

117. Gluz O, Liedtke C, Gottschalk N, Pusztai L, Nitz 
U, Harbeck N. Triple-negative breast cancer—cur-
rent status and future directions. Ann Oncol 2009; 
20:1913-27.

118. Bosch A, Eroles P, Zaragoza R, Vina JR, Lluch A. 
Triple-negative breast cancer: molecular features, 
pathogenesis, treatment and current lines of research. 
Cancer Treat Rev 2010; 36:206-15.

119. Bykov VJ, Issaeva N, Shilov A, Hultcrantz M, 
Pugacheva E, Chumakov P, et al. Restoration of 
the tumor suppressor function to mutant p53 by a 
low-molecular-weight compound. Nat Med 2002; 
8:282-8.

120. Lambert JM, Gorzov P, Veprintsev DB, Soderqvist 
M, Segerback D, Bergman J, et al. PRIMA-1 reac-
tivates mutant p53 by covalent binding to the core 
domain. Cancer Cell 2009; 15:376-88.

121. Wiman KG. Pharmacological reactivation of mutant 
p53: from protein structure to the cancer patient. 
Oncogene 2010; 29:4245-52.

122. Parr MJ, Manome Y, Tanaka T, Wen P, Kufe DW, 
Kaelin WG Jr, et al. Tumor-selective transgene 
expression in vivo mediated by an E2F-responsive 
adenoviral vector. Nat Med 1997; 3:1145-9.

123. Kaelin WG Jr. E2F1 as a target: promoter-driven 
suicide and small molecule modulators. Cancer Biol 
Ther 2003; 2:48-54.

124. Moffat J, Grueneberg DA, Yang X, Kim SY, Kloepfer 
AM, Hinkle G, et al. A lentiviral RNAi library for 
human and mouse genes applied to an arrayed viral 
high-content screen. Cell 2006; 124:1283-98.

125. Dupuy AJ, Rogers LM, Kim J, Nannapaneni K, 
Starr TK, Liu P, et al. A modified sleeping beauty 
transposon system that can be used to model a wide 
variety of human cancers in mice. Cancer Res 2009; 
69:8150-6.

126. Sun T, Aceto N, Meerbrey KL, Kessler JD, Zhou 
C, Migliaccio I, et al. Activation of Multiple Proto-
oncogenic Tyrosine Kinases in Breast Cancer via Loss 
of the PTPN12 Phosphatase. Cell 2011; 144:703-18.

127. Ciavarra G, Zacksenhaus E. Multiple pathways coun-
teract cell death induced by RB1 loss: Implications 
for cancer. Cell Cycle 2011; In press.

100. Williams BO, Schmitt EM, Remington L, Bronson 
RT, Albert DM, Weinberg RA, et al. Extensive con-
tribution of Rb-deficient cells to adult chimeric mice 
with limited histopathological consequences. EMBO 
J 1994; 13:4251-9.

101. Weinstein IB, Joe A. Oncogene addiction. Cancer 
Res 2008; 68:3077-80.

102. Luo J, Solimini NL, Elledge SJ. Principles of cancer 
therapy: oncogene and non-oncogene addiction. Cell 
2009; 136:823-37.

103. Wu CH, van Riggelen J, Yetil A, Fan AC, Bachireddy 
P, Felsher DW. Cellular senescence is an important 
mechanism of tumor regression upon c-Myc inactiva-
tion. Proc Natl Acad Sci USA 2007; 104:13028-33.

104. Giuriato S, Ryeom S, Fan AC, Bachireddy P, Lynch 
RC, Rioth MJ, et al. Sustained regression of tumors 
upon MYC inactivation requires p53 or thrombos-
pondin-1 to reverse the angiogenic switch. Proc Natl 
Acad Sci USA 2006; 103:16266-71.

105. van Riggelen J, Muller J, Otto T, Beuger V, Yetil A, 
Choi PS, et al. The interaction between Myc and 
Miz1 is required to antagonize TGFbeta-dependent 
autocrine signaling during lymphoma formation and 
maintenance. Genes Dev 2010; 24:1281-94.

106. van Riggelen J, Yetil A, Felsher DW. MYC as a regu-
lator of ribosome biogenesis and protein synthesis. 
Nat Rev Cancer 2010; 10:301-9.

107. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, 
Zhang XY, Pfeiffer HK, et al. Myc regulates a tran-
scriptional program that stimulates mitochondrial 
glutaminolysis and leads to glutamine addiction. Proc 
Natl Acad Sci USA 2008; 105:18782-7.

108. Wise DR, Thompson CB. Glutamine addiction: a 
new therapeutic target in cancer. Trends Biochem Sci 
2010; 35:427-33.

109. Chang MW, Barr E, Seltzer J, Jiang YQ, Nabel GJ, 
Nabel EG, et al. Cytostatic gene therapy for vascular 
proliferative disorders with a constitutively active 
form of the retinoblastoma gene product. Science 
1995; 267:518-22.

110. Zhu L, Van den Heuvel S, Helin K, Fattaey A, Ewen 
M, Livingston D, et al. Inhibition of cell prolifera-
tion by p107, a relative of the retinoblastoma protein. 
Genes Dev 1993; 7:1111-25.

111. Muncaster MM, Cohen BL, Phillips RA, Gallie BL. 
Failure of RB1 to reverse the malignant phenotype of 
human tumor cell lines. Cancer Res 1992; 52:654-61.

112. Chew YP, Ellis M, Wilkie S, Mittnacht S. pRB phos-
phorylation mutants reveal role of pRB in regulating 
S phase completion by a mechanism independent of 
E2F. Oncogene 1998; 17:2177-86.

113. Knudsen ES, Wang JY. Targeting the RB-pathway in 
cancer therapy. Clin Cancer Res 2010; 16:1094-9.

114. Chang HR, Glaspy J, Allison MA, Kass FC, Elashoff 
R, Chung DU, et al. Differential response of triple-
negative breast cancer to a docetaxel and carboplatin-
based neoadjuvant treatment. Cancer 116:4227-37.

84. Arima Y, Inoue Y, Shibata T, Hayashi H, Nagano O, 
Saya H, et al. Rb depletion results in deregulation 
of E-cadherin and induction of cellular phenotypic 
changes that are characteristic of the epithelial-to-mes-
enchymal transition. Cancer Res 2008; 68:5104-12.

85. Oren M, Rotter V. Mutant p53 gain-of-function in 
cancer. Cold Spring Harb Perspect Biol 2010; 2:1107.

86. Adorno M, Cordenonsi M, Montagner M, Dupont 
S, Wong C, Hann B, et al. A Mutant-p53/Smad 
complex opposes p63 to empower TGFbeta-induced 
metastasis. Cell 2009; 137:87-98.

87. Senoo M, Pinto F, Crum CP, McKeon F. p63 Is 
essential for the proliferative potential of stem cells in 
stratified epithelia. Cell 2007; 129:523-36.

88. Wang SP, Wang WL, Chang YL, Wu CT, Chao YC, 
Kao SH, et al. p53 controls cancer cell invasion by 
inducing the MDM2-mediated degradation of Slug. 
Nat Cell Biol 2009; 11:694-704.

89. Godar S, Ince TA, Bell GW, Feldser D, Donaher 
JL, Bergh J, et al. Growth-inhibitory and tumor-
suppressive functions of p53 depend on its repression 
of CD44 expression. Cell 2008; 134:62-73.

90. Muller PA, Caswell PT, Doyle B, Iwanicki MP, Tan 
EH, Karim S, et al. Mutant p53 drives invasion by 
promoting integrin recycling. Cell 2009; 139:1327-41.

91. Sage J, Miller AL, Perez-Mancera PA, Wysocki JM, 
Jacks T. Acute mutation of retinoblastoma gene func-
tion is sufficient for cell cycle re-entry. Nature 2003; 
424:223-8.

92. Yang J, Mani SA, Weinberg RA. Exploring a new 
twist on tumor metastasis. Cancer Res 2006; 
66:4549-52.

93. Weinberg RA. Twisted epithelial-mesenchymal 
transition blocks senescence. Nat Cell Biol 2008; 
10:1021-3.

94. Calbo J, van Montfort E, Proost N, van Drunen E, 
Beverloo HB, Meuwissen R, et al. A functional role 
for tumor cell heterogeneity in a mouse model of 
small cell lung cancer. Cancer Cell 2011; 19:244-56.

95. Wagner KU, Boulanger CA, Henry MD, Sgagias 
M, Hennighausen L, Smith GH. An adjunct mam-
mary epithelial cell population in parous females: 
its role in functional adaptation and tissue renewal. 
Development 2002; 129:1377-86.

96. Boulanger CA, Wagner KU, Smith GH. Parity-
induced mouse mammary epithelial cells are plu-
ripotent, self-renewing and sensitive to TGFbeta1 
expression. Oncogene 2005; 24:552-60.

97. Cheng L, Zhou Z, Flesken-Nikitin A, Toshkov IA, 
Wang W, Camps J, et al. Rb inactivation acceler-
ates neoplastic growth and substitutes for recurrent 
amplification of cIAP1, cIAP2 and Yap1 in sporadic 
mammary carcinoma associated with p53 deficiency. 
Oncogene 2010; 29:5700-11.

98. Levy D, Reuven N, Shaul Y. A regulatory circuit 
controlling Itch-mediated p73 degradation by Runx. 
J Biol Chem 2008; 283:27462-8.

99. Maandag EC, van der Valk M, Vlaar M, Feltkamp 
C, O’Brien J, van Roon M, et al. Developmental 
rescue of an embryonic-lethal mutation in the reti-
noblastoma gene in chimeric mice. EMBO J 1994; 
13:4260-8.


