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    The Drug-Induced Degradation of 
Oncoproteins: An Unexpected Achilles’ Heel of 
Cancer Cells? 
      Julien Ablain,     1–3      Rihab Nasr,     5      Ali Bazarbachi     6 ,     and Hugues de Thé     1–4                             

Many targeted therapies against cancer are aimed at inhibiting the enzymatic 
activity of kinases. Thus far, this approach has undoubtedly yielded significant 

clinical improvements, but has only rarely achieved cures. Other drugs, which selectively elicit 
proteasome-dependent degradation of oncoproteins, induce the loss of cancer cell self-renewal 
and promote cell differentiation and/or apoptosis. In acute promyelocytic leukemia, the coopera-
tive degradation of PML/RARA by arsenic and retinoic acid cures most patients. In this condition 
and others, drug-induced proteolysis of oncoproteins is feasible and underlies improved clinical 
outcome. Several transcription factors, nuclear receptors, or fusion proteins driving cancer growth 
could be candidates for proteolysis-based drug-discovery programs.

 Summary:  Some cancer therapies may degrade oncoproteins. Loss of the driver oncoprotein is as-
sociated with loss of cancer cell self-renewal. Leukemia- or sarcoma-associated fusion proteins 
are the best candidates for small-molecule screens aimed at initiating oncoprotein degradation.        
Cancer Discovery; 1(2); 117–27. ©2011 AACR. 

   InTroducTIon 
 The past 20 years have brought an unprecedented 

accumulation of knowledge about cancer cells. The study of 
genomics has yielded a wealth of data, the analysis of which 
is becoming its own area of study. Signaling cascades are 
well-delineated, and tremendous breakthroughs have been 
made in stem-cell biology, the relation of which with cancer 
development is a field of intense investigation. Yet, patients 
remind us that too little progress has been achieved in the 
clinical management of cancer, and therapy too often remains 
fundamentally similar to the treatments used decades ago 
(surgery, radiation therapy, and inhibition of DNA replication 
by chemotherapy). Even though some diseases have under-
gone a therapeutic revolution, such as pediatric leukemia and 
some lymphomas, the treatment of others has improved only 
slightly. For example, the stage-adjusted 5-year survival of 

patients with head and neck cancer has remained essentially 
unchanged for well over 30 years ( 1 ). Clearly, one of the most 
urgent challenges is to translate findings in basic biology into 
applicable strategies for patient care. 

 Different biochemical means have been used to tackle 
directly transforming cancer-specific targets, such as 
inhibition of function, disruption of protein–protein or 
ligand–receptor interactions, misrouting within the cell, and 
antibody-induced neutralization. Collectively, these “targeted 
therapies” have undoubtedly yielded some progress. But only 
rare examples of cures can be unambiguously attributed to 
these targeted therapies. Multiple combinations have been 
tested (including with classic inhibitors of DNA synthesis), 
often with some synergy, but long-term survival benefit re-
mains the exception rather than the rule. The most studied 
example of kinase inhibition in leukemia is  BCR / ABL  tar-
geting by imatinib in chronic myeloid leukemia, which has 
converted a uniformly rapidly fatal disease into a chronic 
condition. However, disease remission in patients requires 
continuous inhibition of kinase activity and, with time, drug 
resistance frequently occurs through  BCR / ABL  mutation or 
amplification ( 2 ,  3 ), even though recent studies have sug-
gested that a subset of patients on prolonged complete mo-
lecular remission may discontinue therapy without harm ( 4 ). 
Thus, solely inhibiting enzymatic activity does not seem suf-
ficient to eradicate the leukemia-propagating cells and there-
fore fails to cure most patients. 

 In contrast, recent findings on the basis for therapy response 
in acute promyelocytic leukemia (APL) have demonstrated 
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that full degradation of driving oncoprotein induces the loss 
of self-renewal and survival of the cancer-propagating cells, 
a feature associated with disease eradication. In this review, 
we discuss the importance of therapy-induced oncoprotein 
degradation. Indeed, although most current degradation-
inducing agents were found by chance rather than by design, 
screens could be easily implemented to identify novel ones, 
and this anticancer strategy could be more generally appli-
cable than previously anticipated.

The Issue of TargeT relevance
Many reasons may explain why most targeted therapies 

do not meet the high expectations they have raised. One is 
linked to the identification of relevant therapeutic targets. 
Genetic analysis of cancer cells has revealed a much greater 
level of gene alterations than suspected and the existence 
of multiple subclones within tumors (5), which harbor 
distinct adaptive potentials to therapies. It is thus likely 
that not all the different classes of events associated with 
cancer formation bear the same weight, with continuous 
proliferation and enhanced survival probably being the 
most important (6). In fact, as explicitly stated by the 
driver–passenger opposition, some alterations in cancer 
cells, even in growth control master genes, may occur by 
chance merely as the result of defects in DNA-repair path-
ways (5, 7). Then, the temporal sequence in which these 
events occur is likely to be important and may underlie a 
functional hierarchy in gene alterations, which was clearly 
established in the case of acute leukemia (8).

In line with the “oncogene addiction” model, we 
hypothesize that only the few initial transforming steps 
occur in a definite order and are absolutely and con-
tinuously needed for tumor maintenance. In contrast, 
subsequent hits would occur randomly and in a stochastic 
order, and would not be needed for the survival of cancer 
cells, even though they are necessary for progression to full 
malignancy by providing additional survival or proliferation 
advantages. Indeed, in the case of acute leukemias, the first 
hit is generally insufficient to complete the transformation 
process because preleukemic clones harboring the initial 
lesion have been detected in healthy individuals and may 
even persist after disease eradication (9, 10). Note that some 
of the progression events may be shared by very different 
leukemia subtypes, as demonstrated for Ras or P53 muta-
tions, Myc gain, or FLT3 activation (11, 12). To complicate 
the issue, the same signaling pathway may be an early driver 
in some conditions but a progression event in others. For 
example, P53 alterations may occur as the initial lesion in 
Li-Fraumeni syndrome–associated tumors, whereas they are 
associated with progression for multiple other cancers (13).

Thus far, the most popular approach to targeted therapy 
has been to look for small molecules that inhibit the function 
of more or less stringently cancer-associated enzymes. 
Conceivably, the relative ease and availability of screening pro-
cesses may have overshadowed analysis of the actual cancer 
relevance or specificity of these targets. For instance, histone 
deacetylase (HDAC) inhibitors were primarily developed to 
oppose transcriptional repression mediated by altered on-
cogenic transcription factors, which repress transcription 

through HDAC in many patients with acute myeloid leukemia. 
These have ultimately shown efficacy only in cutaneous T-cell 
lymphomas through poorly understood mechanisms (14). 
Similarly, targeting the activation of FLT3 kinase, a common 
progression event in many different subtypes of leukemia, 
failed to yield clinical benefit (15). We cannot rule out that 
therapeutic intervention on late secondary mutations may 
have some clinical efficacy, but this possibility remains to be 
demonstrated with in vivo survival as the endpoint.

IdenTIfyIng The relevanT TargeTs
How can this hierarchy of genetic lesions be approached 

in human tumors? Epidemiologic analyses, such as the link 
between estrogen exposure and breast cancer development 
(16) or the association of infections with lymphomas (17), can 
provide invaluable clues on the molecular pathways impli-
cated. Genetics remains a very powerful approach: recurrent 
translocations, sequential analysis of cancer predisposition 
syndromes or pre-neoplastic lesions, presence of recurrent 
mutations of genes all affecting the same pathway, and the 
existence of strictly mutually exclusive gene alterations can all 
bring important pieces of information about the pathways ini-
tiating tumorigenesis. These initial alterations are most likely 
to be the drivers. Very powerful genetic systems using RNA 
interference approaches have also identified previously unsus-
pected key pathways (18). However, another issue comes to 
light: what endpoint to consider? Proliferation and/or apopto-
sis are the most commonly used approaches to screen for genes 
or small molecules. Yet, many drugs that block proliferation 
or induce apoptosis of cancer cells are unable to eradicate the 
disease because they fail to kill cancer stem cells. The abil-
ity of clonogenic cells to self-renew (“stemness”) may actually 
be more important for tumor development and maintenance 
than short-term growth, and therefore may be a more relevant 
target, albeit technically considerably more challenging to ex-
plore. This is highlighted by the fact that several key pathways 
in cancer biology also control the fate of normal stem cells. 
Naturally, the ultimate pathway validations have to be done 
with survival in genetically modified mouse models and re-
sponse to therapy in patients as the endpoints.

PoTenTIal TargeTs
From these considerations, a clearer image of the best path-

ways or disease couples to tackle starts to emerge. Fusion 
proteins, commonly encountered in leukemias and sarcomas 
where they are often the only constant genetic alteration, rep-
resent the first class of targetable cancer-driving molecules. 
Considerable evidence exists that they constitute the initial 
event of transformation (19). The presence of any given trans-
location actually defines a sarcoma or leukemia subtype (20). 
The pathophysiologic importance of fusion proteins together 
with the ability to target their function or stability places them 
at the pinnacle of “druggable” targets. Indeed, in murine ma-
lignancy models driven by a fusion protein, genetic or phar-
macologic targeting of the leukemia-associated fusion protein 
is sufficient to induce rapid leukemia clearance, despite the 
requirement of cooperating events to yield full-blown disease 
(21, 22). Accordingly, among the most striking success stories 
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These modifications may be influenced by an amazing vari-
ety of external signals, including hormones, stress, or various 
chemicals, which may inhibit or activate degradation of di-
verse sets of proteins, opening up a new complexity in physi-
ologic or therapeutic biological regulations.

An example, highly relevant to the clinical situations de-
scribed below, is the fact that transcriptional activation is 
tightly coupled to proteolysis of transcription factors and co-
activators. Although modulation of transcriptional activity 
was considered to be the key factor underlying biological re-
sponse, some recent studies have suggested that degradation 
may also play an important role. Indeed, as elegantly reviewed 
by Muratani and Tansey (36), the molecular determinants 
of transcriptional activation and proteolysis are highly over-
lapping, if not identical: the more potent a transcriptional 
activator, the less stable the protein. Genetic and pharma-
cologic studies have outlined at least 2 separate degradation 
pathways as part of the transcriptional activation process: one 
occurring prior to DNA binding, the other on DNA (37, 38). 
This activation–degradation coupling holds true for ligand-
dependent transcriptional activation by nuclear receptors. 
Binding of the cognate hormone induces their rapid degrada-
tion by the proteasome, a process first uncovered for retinoic 
acid receptor α (RARA), which requires both DNA binding 
and intact transcription activating function 2 (AF2) function 
(39). In the case of estrogen receptor α (ERA), degradation 
appears to be required for transcriptional activation (38).

Finally, the links between proteolysis and cancer are un-
derlined by the fact that several oncoproteins belong to com-
plexes involved in proteolysis and exert their transforming 
activities through direct activation of tumor suppressor deg-
radation (40). Conversely, although proteolysis is similarly 
enforced and regulated in cancer cells, therapeutic degrada-
tion of specific oncoproteins is feasible and has been associ-
ated to dramatic clinical responses.

This novel concept is not limited to proteasome-mediated 
degradation of oncoproteins. Other pathways of protein 
clearance, including protease-mediated cleavage or autoph-
agy, may also operate to clear oncoproteins. For example, the 
Bcl-2 protein may be cleaved by caspases, transforming this 
oncoprotein into a death-promoting protein (41). Similarly, 
autophagy can modulate the abundance of a variety of pro-
teins in response to stress. Here we discuss the settings in 
which therapy-driven interference with oncoprotein stability 
has led to clinical benefit.

can TargeTed TheraPIes really  
Work In PaTIenTs?

Acute Promyelocytic Leukemia
APL is one of the best-understood malignancies and is a 

rare example in which oncogene-targeted therapy has led to 
definitive cures (23, 24, 42). APL is caused by the expression 
of PML/RARA, a protein resulting from the fusion of PML, a 
redox-sensing protein that organizes nuclear domains, with 
RARA (43–47). APL has drawn much attention because of its 
exquisite sensitivity to RA, which induces APL cell differenti-
ation in vivo or ex vivo. APL pathophysiology and the basis for 

of targeted therapy to date are diseases driven by fusion pro-
teins (23, 24). In contrast, fusion proteins reported among in-
numerable other lesions in solid tumors are more likely to be 
associated with cancer progression (25, 26).

Transcription factors, in particular nuclear hormone recep-
tors, constitute a second example of essential cancer-driving 
molecules. Although usually not amplified or mutated in 
tumors, transcription factors act as the final transcriptional 
effectors, integrating multiple signalling pathways, which 
are themselves targets of genetic abnormalities, particularly 
in breast and prostate cancers (16). Moreover, the levels of 
expression of the estrogen or androgen receptors are also 
tightly linked to therapy response (27–29; see below). The 
NF-κB pathway is similarly constitutively activated in many 
B-cell malignancies through multiple alterations of its regu-
latory molecules, rather than of the central effector (30).

A broader class of potential targets consists of key signal-
ing pathways controlling stemness, as exemplified by APC 
or Hedgehog, which are almost always activated early in the 
genesis of some common varieties of skin or colon cancers. 
However, the key function of these pathways in the homeo-
stasis of normal cells may ultimately impede identification 
of drugs with a high therapeutic index. Viral oncogenes rep-
resent a last class to consider. Among those are human T-cell 
lymphotropic virus, type I (HTLVI) Tax, hepatitis B virus 
(HBV) Hbx, and human papillomavirus (HPV) E6/7, which al-
most always play an initiating role in tumorigenesis and may 
also be required even at the latest stages of transformation. 
Clearly, these and similar viral proteins represent targets with 
high potential selectivity for transformed or infected cells.

ProTeolysIs Is hIghly druggable
A novel way to target key oncoproteins by inducing their 

proteasome-dependent degradation was discovered largely by 
chance when analyzing the basis for the exquisite sensitivity 
of APL to retinoic acid (RA) and arsenic trioxide (arsenic) 
(31; see below). In parallel, it was realized that selective in-
duction of protein catabolism may be more easily achievable 
than previously thought (32). Protein half-lives range from 
days to minutes and, importantly, for many proteins catabo-
lism can be modulated as part of adaptive or physiologic 
responses, as first shown for cell-cycle proteins. The rules that 
predict catabolism rates and the molecular machinery in-
volved have been largely identified (32). Globally, proteolysis 
is controlled by the ubiquitinylation machinery, which tags 
proteins for degradation and targets them to the ultimate ef-
fector, the proteasome complex (33). Changes in proteolysis 
rates can occur through changes in the abundance of the 
different proteins and/or composition of the complexes (34). 
In particular, the multiple E2 or E3 enzymes responsible for 
the conjugation of ubiquitin onto its targets undergo major 
transcriptional regulation during development or transfor-
mation. Some regulators, such as interferons, also appear to 
profoundly affect proteolysis through transcriptional control 
of several actors in the conjugation–degradation machinery 
(35). Multiple other regulatory pathways also control the 
binding of ubiquitin-conjugating enzymes onto their targets, 
notably by post-translational modification of the targets. 
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degradation, suggests that the latter—and not only interfer-
ence with transcriptional regulation — is an essential contribu-
tor to the response to therapy ( 31 ). Mechanistically, although 
the proteasome appears to play the major role, other pathways, 
including caspase cleavage and autophagy, also contribute to 
RA-induced PML/RARA degradation ( 39 ,  57 ,  58 ). Note that, 
in the case of RA, although transcriptional activation is tightly 
coupled to degradation, some cellular effects may reflect tran-
scriptional modulation, whereas others reflect ligand-induced 
receptor loss. The initial proposal that oncogene proteolysis 
could underlie drug efficacy was received with considerable 
skepticism ( 31 ,  56 ). Yet, recent genetic and pharmacologic 
studies have strongly suggested that therapy-induced loss of 
the PML/RARA driving oncogene explains disease clearance in 
mice ( 59 ) and cures in patients (refs. 24, 42, 55;  Fig. 1 ). Thus, 
APL probably represents the best-studied example to date in 
which leukemia eradication results from therapy-induced 
elimination of the key driver of oncogenesis ( 23 ).   

  Adult T-Cell Leukemia 
 Adult T-cell leukemia (ATL) is a rare complication of chronic 

infection by the oncogenic HTLVI ( 60 ). The viral regulatory pro-
tein Tax, which greatly enhances the viral long terminal repeat 

responsiveness to targeted therapies were recently reviewed 
elsewhere ( 23 ). Briefly, PML/RARA fusion has a dual action: 
to repress transcriptional activation by multiple nuclear re-
ceptors and to disrupt PML nuclear bodies. RARA-regulated 
transcription has been implicated in myeloid differentiation 
( 48 ), while PML bodies play an essential role in the control of 
apoptosis and stem cell self-renewal (refs. 45–47, 49;  Fig. 1 ). 

  The first mechanistic model of APL susceptibility to RA sug-
gested that it resulted from the transcriptional reactivation of 
silenced PML/RARA target genes ( 50 ). This model has been 
progressively questioned by several subsequent findings. In 
particular, arsenic treatment, which does not directly activate 
PML/RARA–dependent transcription and fails to induce sig-
nificant  ex vivo  differentiation, can cure up to 70% of patients 
when used as single agent ( 51–54 ). Similarly, although the 
RA–arsenic combination antagonizes differentiation ( 51 ), it is 
actually synergistic with regard to APL cell clearance, culminat-
ing in disease eradication in mice as well as in humans ( 21 ,  55 ). 
The only common property of the 2 agents is to induce PML/
RARA degradation, with RA targeting its RARA moiety while 
arsenic targets its PML domain (refs. 31, 56;  Figs. 2A and 2B ). 
The similarity of the clinical responses to RA and to arsenic in 
APL, together with their shared ability to initiate PML/RARA 
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develop typical ATL, demonstrating that Tax expression suffices 
to initiate the disease (ref. 61; Fig. 3A).

A specific drug combination, IFN-α and arsenic, has been 
shown to selectively induce apoptosis of HTLVI–infected 
cells (62). Critically, this was associated with rapid protea-
some-mediated Tax degradation upon exposure to the drug 
combination (63, 64). The causative role of Tax degradation 

basal activity, is also a powerful transactivator of many cellular 
genes, including IL2 and IL2-R, creating a potent autocrine loop 
that induces proliferation of infected T cells. Considerable con-
troversies have arisen regarding the contribution of Tax to the 
initiation and maintenance of transformation in ATL, because 
Tax expression is usually no longer detectable in full-blown 
leukemia. However, transgenic mice expressing Tax in T cells  
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 Importantly, in the cutaneous form of the disease, clini-
cal trials have provided evidence that this drug combination 
can induce remissions, several of which are long-lasting ( 66 ). 
Moreover, when used as consolidation therapy after chemo-
therapy, the IFN-α/arsenic combination has allowed very 
long-lasting remissions of the aggressive leukemic form of 
the disease (O. Hermine, unpublished observations), suggest-
ing that it can efficiently target the self-renewal capacity of 
the remaining ATL cells in this clinically stringent condi-
tion. Although the biochemical mechanisms underlying Tax-
specific degradation in this setting remain to be elucidated, 
the human and murine data provide a striking illustration of 
the clinical potency of therapy-induced oncogene clearance.  

  Breast Cancer 
 It is commonly stated that transcription factors are not 

readily druggable. Yet, the oldest example of targeted therapy, 

is strongly suggested by the recent report that this combi-
nation can cure murine ATL derived from Tax-transgenic 
mice ( 65 ). Because the action of the IFN-α/arsenic com-
bination is very specific to both HTLVI–infected human 
cells and Tax-driven murine leukemia, it is most likely that 
therapy-induced loss of the driving oncogene underlies re-
sponsiveness to therapy ( Fig. 3B ). Unexpectedly, although 
this drug combination elicits apoptosis in cell lines,  in vivo  
leukemia continued to expand for several weeks before sud-
denly disappearing. Transplantation studies have demon-
strated that even a very brief treatment, which does not 
impair  in vivo  tumor growth or proliferation, abrogates the 
capacity of leukemia to engraft in secondary hosts, pro-
vided that the proteasome is functioning (ref. 65;  Fig. 3C ). 
This puzzling observation suggests that Tax loss abrogates 
“stemness,” but not the short-term proliferation of leuke-
mia cells ( Fig. 3D ). 

 figure 3.     Role of Tax proteolysis in ATL. A, study models of ATL. Tax-transgenic cells or Tax-stable expression after viral transduction 
recapitulates the phenotype of ATL due to HTLVI infection. B, mechanism of action of the IFN-α/arsenic combination. This combination blocks 
proliferation and elicits cell-cycle arrest and apoptosis of ATL cells through the proteasome-dependent degradation of Tax oncoprotein. C, 
therapeutic efficacy of the IFN-α/arsenic combination in a preclinical model of ATL. IFN-α/arsenic treatment in primary Tax-transgenic mice does 
not affect tumor growth but induces delayed apoptosis and partially impairs the proliferation of leukemia cells transplanted in untreated secondary 
recipients, while it completely abolishes their ability to grow in recipients of tertiary transplants. D, proposed model of the effect of IFN-α/arsenic. 
Through Tax degradation, the combination inhibits the Tax-dependent sustained self-renewal capacity of ATL cells, but does not affect Tax-
independent proliferation of leukemia cells. LIC, leukemia-initiating cell.    
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contribution of transcriptional repression and ERA clearance 
in the biological response of breast cancer cells to tamoxifen 
(Fig. 4B). Importantly, catabolism abrogates all functions of 
ERA, including kinase activation. In that respect, a potent, 
clinically prescribed anti-estrogen (fulvestrant) is primarily 
acting through ERA degradation prior to DNA binding (28). 
Moreover, very high doses of estrogens, which not only activate 
transcription but also elicit ERA degradation (70), paradoxi-
cally result in breast cancer regression with a higher efficacy 
(but also higher toxicity) than tamoxifen (71). Collectively, 
these observations raise the possibility that ERA degrada-
tion may actually play a key role in the response to fulvestran, 
tamoxifen, and even estrogens, with the potential to open fresh 
perspectives for drug discovery or new combinations.

fuTure TargeTs?
The real successes of targeted therapy were obtained in 

cancers with fusion proteins (RA and arsenic with PML/
RARA, imatinib with BCR/ABL), presumably because these 
diseases are essentially monogenic. Fusion genes associ-
ated with leukemia or sarcoma development almost always 
display gains of function. Cancer cells are addicted to the 

tamoxifen, targets a transcription factor, estrogen receptor α 
(ERA), which plays a pivotal role in the survival and prolif-
eration of breast cancer cells. Many breast cancers are driven 
at least in part by ERA activation through a variety of mo-
lecular mechanisms [including local hormone production, 
coactivator amplification, and receptor phosphorylation 
(16)]. Elegant models have demonstrated that tamoxifen an-
tagonizes transcriptional activation by the ligand-activated 
AF2 domain, but allows (and may actually foster) transcrip-
tional activation by the kinase-regulated AF1 domain (67). 
Importantly, tumor growth and survival are AF2-dependent, 
while many functions of normal cells are AF1-dependent 
(Fig. 4A). Hence, the selective downregulation of genes re-
quired for tumor propagation, but not of genes involved in 
normal cellular homeostasis, results in a high therapeutic in-
dex. Note that although most studies have focused on the es-
sential role of ERA in transcriptional activation, there is also 
evidence for an alternative or complementary role of ERA 
in promoting estrogen-regulated kinase activation (68) that 
may also participate in the transformation process.

Recent studies have demonstrated that the primary metabo-
lite of tamoxifen, endoxifen, is a very potent inducer of ERA 
degradation (69). This finding raises the issue of the respective 
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the receptor (76). Accordingly, specific PPARG agonists have 
been shown to induce growth arrest in thyroid carcinomas 
expressing PAX8/PPARG (77), pleading for the investigation 
of the in vivo relevance of these findings. Similarly, rare fu-
sions involving the PML gene were identified in B-cell acute 
lymphoblastic leukemia (78). Given the ability of arsenic to 
degrade PML or PML-containing proteins (79–81), it is most 
likely that arsenic could be of therapeutic benefit in these 
very rare cases.

The importance of nuclear receptors in transforma-
tion (16, 50) and the magnitude of knowledge gained on 
ligand-dependent changes in protein conformation, interac-
tions with other proteins, and degradation (82), makes them 
prime candidates for medicinal chemistry approaches aimed 
at uncoupling transcriptional regulation from degradation 
(28, 83). In this respect, genetic studies have demonstrated 
that RARA transcriptional activation and receptor catabo-
lism could be uncoupled, for example, through a hormone-
responsive phosphorylation site that regulates degradation 
(59). Conversely, RARA stabilization can be induced by a nat-
ural product without major changes in basal transcriptional 
regulation (84). The existence of at least two distinct prote-
olysis pathways (one requiring DNA binding, the other not) 
portends the possibility of synergistic interactions between 

activity (or activities) of the fusion protein, but usually not 
to either of the unfused constitutive moieties, which may 
even sometimes be dispensable for normal cells. Therefore, 
agents that control the degradation of one or the other of 
the two moieties of a transforming fusion protein should 
exert a very specific effect on cancer cells. Moreover, agents 
targeting each moiety for proteolysis should be synergistic 
and are not expected to display cross-resistance. This sce-
nario is perfectly exemplified by the combination of arsenic 
and RA in PML/RARA–driven APL, which elicits the clear-
ance of the malignant clone with little or no toxicity in nor-
mal cells (21, 23, 24, 55, 72). Other diseases driven by fusion 
oncogenes might be highly susceptible to therapies aimed 
at degrading the fusion protein. For example, in BCR/ABL–
driven leukemia, the effect of the kinase inhibitor imatinib 
may be enhanced by the concomitant induction of the fu-
sion protein degradation following arsenic treatment, via a 
recently discovered mechanism (73, 74).

Other fusion oncoproteins could be the targets of agents 
that induce their degradation, including existing drugs. For 
example, some thyroid cancers are associated with a PAX8/
PPARG fusion gene, which represses PPARG- and possibly 
PAX8-regulated transcription (75). Binding of PPARG by its 
agonists not only activates transcription, but also degrades 
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agents that activate either pathway, a hypothesis that could 
be easily tested in pre-clinical models. It is thus conceivable 
that new ligands that selectively trigger nuclear receptor deg-
radation may be discovered, with foreseeable uses in APL and 
in breast or prostate cancers.

CONCLUSIONS
Recent progress in cancer biology has suggested that can-

cers would soon be treated “à la carte.” We do not wish to 
claim that drug-induced proteolysis may be a panacea ap-
plicable to all types of cancers. Yet, pharmacologic manipula-
tion of the steady-state level of several oncoproteins is clearly 
feasible. In cases in which these oncoproteins were the driv-
ers, pharmacologic manipulation has already been associated 
with dramatic improvements in clinical outcome. A primary 
function of oncoproteins is to convey immortality or “stem-
ness.” Thus, if a given target is key to stemness, its loss should 
be accompanied by loss of cancer cell self-renewal, a feature 
that is often associated with definitive cures (refs. 22, 59, 65; 
Fig. 5). Therefore, full degradation of oncoproteins (notably 
fusion proteins), when pharmacologically achievable, should 
be associated with a favorable long-term outcome, at least 
in the leukemia field where most of the seminal observa-
tions were achieved. Because protein degradation screens can 
be implemented using in cellulo imaging, drug discovery pro-
grams based on this concept should be relatively easy to do.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
We warmly thank all members of the laboratory for discus-

sions and advice, and J.C. Gluckman, G. Ghysdael, F. Sigaux, C. 
Dargemont, B. Asselain, and M. Espié for suggestions and/or critical 
reading of the manuscript.

Grant Support
Work in the laboratory is supported by INSERM, CNRS, 

Université Paris Diderot, Ligue Nationale contre le Cancer, Institut 
Universitaire de France, Association pour la Recherche contre le 
Cancer, EPITRON [an integrated project funded by the European 
union under the 6th framework program (LSHC-CT-2005-518417)], 
Institut National du Cancer, and Canceropole.

Received April 14, 2011; revised May 13, 2011; accepted May 24, 
2011; published OnlineFirst June 29, 2011.

REfERENCES
 1. Carvalho AL, Nishimoto IN, Califano JA, Kowalski LP. Trends in 

incidence and prognosis for head and neck cancer in the United 
States: a site-specific analysis of the SEER database. Int J Cancer 
2005;114:806–16.

 2. Michor F, Hughes TP, Iwasa Y, Branford S, Shah NP, Sawyers CL, 
et al. Dynamics of chronic myeloid leukaemia. Nature 2005;435: 
1267–70.

 3. Shah NP, Nicoll JM, Nagar B, Gorre ME, Paquette RL, Kuriyan J, et 
al. Multiple BCR-ABL kinase domain mutations confer polyclonal 
resistance to the tyrosine kinase inhibitor imatinib (STI571) in 
chronic phase and blast crisis chronic myeloid leukemia. Cancer Cell 
2002;2:117–25.

 4. Mahon FX, Rea D, Guilhot J, Guilhot F, Huguet F, Nicolini F, et al. 
Discontinuation of imatinib in patients with chronic myeloid leu-
kaemia who have maintained complete molecular remission for at 
least 2 years: the prospective, multicentre Stop Imatinib (STIM) trial. 
Lancet Oncol 2010;11:1029–35.

 5. Anderson K, Lutz C, van Delft FW, Bateman CM, Guo Y, Colman 
SM, et al. Genetic variegation of clonal architecture and propagating 
cells in leukaemia. Nature 2010;469:356–61.

 6. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. 
Cell 2011;144:646–74.

 7. Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C, Bignell 
G, et al. Patterns of somatic mutation in human cancer genomes. 
Nature 2007;446:153–8.

 8. Hong D, Gupta R, Ancliff P, Atzberger A, Brown J, Soneji S, et al. 
Initiating and cancer-propagating cells in TEL-AML1–associated 
childhood leukemia. Science 2008;319:336–9.

 9. Miyamoto T, Nagafuji K, Akashi K, Harada M, Kyo T, Akashi T, et al. 
Persistence of multipotent progenitors expressing AML1/ETO tran-
scripts in long-term remission patients with t(8;21) acute myelog-
enous leukemia. Blood 1996;87:4789–96.

 10. Basecke J, Cepek L, Mannhalter C, Krauter J, Hildenhagen S, 
Brittinger G, et al. Transcription of AML1/ETO in bone marrow 
and cord blood of individuals without acute myelogenous leukemia. 
Blood 2002;100:2267–8.

 11. Zenz T, Eichhorst B, Busch R, Denzel T, Habe S, Winkler D, et al. 
TP53 mutation and survival in chronic lymphocytic leukemia. J Clin 
Oncol 2010;28:4473–9.

 12. Shih LY, Huang CF, Wang PN, Wu JH, Lin TL, Dunn P, et al. 
Acquisition of FLT3 or N-ras mutations is frequently associated with 
progression of myelodysplastic syndrome to acute myeloid leukemia. 
Leukemia 2004;18:466–75.

 13. Zhao Z, Zuber J, Diaz-Flores E, Lintault L, Kogan SC, Shannon K, 
et al. p53 loss promotes acute myeloid leukemia by enabling aberrant 
self-renewal. Genes Dev 2010;24:1389–402.

 14. Bots M, Johnstone RW. Rational combinations using HDAC inhibi-
tors. Clin Cancer Res 2009;15:3970–7.

 15. Kindler T, Lipka DB, Fischer T. FLT3 as a therapeutic target in AML: 
still challenging after all these years. Blood 2010;116:5089–102.

 16. Shao W, Brown M. Advances in estrogen receptor biology: prospects 
for improvements in targeted breast cancer therapy. Breast Cancer 
Res 2004;6:39–52.

 17. Marcucci F, Mele A. Hepatitis viruses and non-Hodgkin lymphoma: 
epidemiology, mechanisms of tumorigenesis, and therapeutic oppor-
tunities. Blood 2010;117:1792–8.

 18. Epping MT, Wang L, Plumb JA, Lieb M, Gronemeyer H, Brown R, 
et al. A functional genetic screen identifies retinoic acid signaling as 
a target of histone deacetylase inhibitors. Proc Natl Acad Sci U S A 
2007;104:17777–82.

 19. Ford AM, Ridge SA, Cabrera ME, Mahmoud H, Steel CM, Chan LC, 
et al. In utero rearrangements in the trithorax-related oncogene in 
infant leukaemias. Nature 1993;363:358–60.

 20. Look AT. Oncogenic transcription factors in the human acute leuke-
mias. Science 1997;278:1059–64.

 21. Lallemand-Breitenbach V, Guillemin M-C, Janin A, Daniel M-T, 
Degos L, Kogan SC, et al. Retinoic acid and arsenic synergize to 
eradicate leukemic cells in a mouse model of acute promyelocytic 
leukemia. J Exp Med 1999;189:1043–52.

 22. Zuber J, McJunkin K, Fellmann C, Dow LE, Taylor MJ, Hannon 
GJ, et al. Toolkit for evaluating genes required for proliferation 
and survival using tetracycline-regulated RNAi. Nat Biotechnol 
2011;29:79–83.

 23. de Thé H, Chen Z. Acute promyelocytic leukaemia: novel insights 
into the mechanisms of cure. Nat Rev Cancer 2010;10:775–83.

 24. Wang ZY, Chen Z. Acute promyelocytic leukemia: from highly fatal 
to highly curable. Blood 2008;111:2505–15.

 25. Maher CA, Kumar-Sinha C, Cao X, Kalyana-Sundaram S, Han B, 
Jing X, et al. Transcriptome sequencing to detect gene fusions in 
cancer. Nature 2009;458:97–101.

Research. 
on January 21, 2017. © 2011 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

http://cancerdiscovery.aacrjournals.org/


126 | CANCER DISCOVERY JULY 2011  www.aacrjournals.org

SECTIONREVIEW Ablain et al.

 49. Ito K, Bernardi R, Morotti A, Matsuoka S, Saglio G, Ikeda Y, 
et al. PML targeting eradicates quiescent leukaemia-initiating cells. 
Nature 2008;453:1072–8.

 50. Melnick A, Licht JD. Deconstructing a disease: RARalpha, its fusion 
partners, and their roles in the pathogenesis of acute promyelocytic 
leukemia. Blood 1999;93:3167–215.

 51. Shao W, Fanelli M, Ferrara FF, Riccioni R, Rosenauer A, Davison K, 
et al. Arsenic trioxide as an inducer of apoptosis and loss of PML/
RARalpha protein in acute promyelocytic leukemia cells. J Natl 
Cancer Inst 1998;90:124–33.

 52. Mathews V, George B, Chendamarai E, Lakshmi KM, Desire S, 
Balasubramanian P, et al. Single-agent arsenic trioxide in the treat-
ment of newly diagnosed acute promyelocytic leukemia: long-term 
follow-up data. J Clin Oncol 2010;28:3866–71.

 53. Chen G-Q, Zhu J, X-G, Shi J-H, Ni H-J, Zhong G-Y, Si et al. In vitro 
studies on cellular and molecular mechanisms of arsenic trioxide 
(As2O3) in the treatment of acute promyelocytic leukemia. As2O3 
induces NB4 cell apoptosis with downregulation of Bcl-2 expres-
sion and modulation of PML-RAR alpha/PML proteins. Blood 
1996;88:1052–61.

 54. Chen GQ, Shi XG, Tang W, Xiong SM, Zhu J, Cai X, et al. Use of 
arsenic trioxide (As2O3) in the treatment of acute promyelocytic 
leukemia (APL): I. As2O3 exerts dose-dependent dual effects on APL 
cells. Blood 1997;89:3345–53.

 55. Hu J, Liu YF, Wu CF, Xu F, Shen ZX, Zhu YM, et al. Long-term 
efficacy and safety of all-trans retinoic acid/arsenic trioxide-based 
therapy in newly diagnosed acute promyelocytic leukemia. Proc Natl 
Acad Sci U S A 2009;106:3342–7.

 56. Zhu J, Lallemand-Breitenbach V, de Thé H. Pathways of retinoic acid- 
or arsenic trioxide-induced PML/RARalpha catabolism, role of onco-
gene degradation in disease remission. Oncogene 2001;20:7257–65.

 57. Nervi C, Ferrara FF, Fanelli M, Rippo MR, Tomassini B, Ferrucci 
PF, et al. Caspases mediate retinoic acid-induced degradation of the 
acute promyelocytic leukemia PML/RARalpha fusion protein. Blood 
1998;92:2244–51.

 58. Isakson P, Bjoras M, Boe SO, Simonsen A. Autophagy contributes to 
therapy-induced degradation of the PML/RARA oncoprotein. Blood 
2010;116:2324–31.

 59. Nasr R, Guillemin MC, Ferhi O, Soilihi H, Peres L, Berthier C, et al. 
Eradication of acute promyelocytic leukemia-initiating cells through 
PML-RARA degradation. Nat Med 2008;14:1333–42.

 60. Matsuoka M, Jeang KT. Human T-cell leukaemia virus type 1 
(HTLV-1) infectivity and cellular transformation. Nat Rev Cancer 
2007;7:270–80.

 61. Hasegawa H, Sawa H, Lewis MJ, Orba Y, Sheehy N, Yamamoto Y, 
et al. Thymus-derived leukemia-lymphoma in mice transgenic 
for the Tax gene of human T-lymphotropic virus type I. Nat Med 
2006;12:466–72.

 62. Bazarbachi A, El-Sabban ME, Nasr R, Quignon F, Awaraji C, 
Kersual J, et al. Arsenic trioxide and interferon-alpha synergize to 
induce cell cycle arrest and apoptosis in HTLV-I transformed cells. 
Blood 1999;93:278–83.

 63. El-Sabban ME, Nasr R, Dbaibo G, Hermine O, Abboushi N, Quignon 
F, et al. Arsenic-interferon-alpha-triggered apoptosis in HTLV-I 
transformed cells is associated with tax down-regulation and reversal 
of NF-kappaB activation. Blood 2000;96:2849–55.

 64. Nasr R, Rosenwald A, El-Sabban ME, Arnulf B, Zalloua P, Lepelletier 
Y, et al. Arsenic/interferon specifically reverses two distinct gene 
networks critical for the survival of HTLV-I infected leukemic cells. 
Blood 2003;101:4576–82.

 65. El Hajj H, El-Sabban M, Hasegawa H, Zaatari G, Ablain J, Saab ST, 
et al. Therapy-induced selective loss of leukemia-initiating activity in 
murine adult T cell leukemia. J Exp Med 2010;207:2785–92.

 66. Kchour G, Tarhini M, Kooshyar MM, El Hajj H, Wattel E, Mahmoudi 
M, et al. Phase 2 study of the efficacy and safety of the combina-
tion of arsenic trioxide, interferon alpha, and zidovudine in newly 
diagnosed chronic adult T-cell leukemia/lymphoma (ATL). Blood 
2009;113:6528–32.

 26. Stephens PJ, McBride DJ, Lin ML, Varela I, Pleasance ED, Simpson 
JT, et al. Complex landscapes of somatic rearrangement in human 
breast cancer genomes. Nature 2009;462:1005–10.

 27. Craft N, Shostak Y, Carey M, Sawyers CL. A mechanism for hor-
mone-independent prostate cancer through modulation of andro-
gen receptor signaling by the HER-2/neu tyrosine kinase. Nat Med 
1999;5:280–5.

 28. Dowsett M, Nicholson RI, Pietras RJ. Biological characteristics of 
the pure antiestrogen fulvestrant: overcoming endocrine resistance. 
Breast Cancer Res Treat 2005;93 Suppl 1:S11-8.

 29. Tran C, Ouk S, Clegg NJ, Chen Y, Watson PA, Arora V, et al. 
Development of a second-generation antiandrogen for treatment of 
advanced prostate cancer. Science 2009;324:787–90.

 30. Staudt LM. Oncogenic activation of NF-kappaB. Cold Spring Harb 
Perspect Biol 2010;2:a000109.

 31. Quignon F, Chen Z, de Thé H. Retinoic acid and arsenic: towards 
oncogene targeted treatments of acute promyelocytic leukaemia. 
Biochim Biophys Acta 1997;1333:M53–M61.

 32. Varshavsky A. Regulated protein degradation. Trends Biochem Sci 
2005;30:283–6.

 33. Goldberg AL. Functions of the proteasome: from protein degrada-
tion and immune surveillance to cancer therapy. Biochem Soc Trans 
2007;35:12–7.

 34. Lee BH, Lee MJ, Park S, Oh DC, Elsasser S, Chen PC, et al. 
Enhancement of proteasome activity by a small-molecule inhibitor 
of USP14. Nature 2010;467:179–84.

 35. Seifert U, Bialy LP, Ebstein F, Bech-Otschir D, Voigt A, Schroter 
F, et al. Immunoproteasomes preserve protein homeostasis upon 
interferon-induced oxidative stress. Cell 2010;142:613–24.

 36. Muratani M, Tansey WP. How the ubiquitin-proteasome system con-
trols transcription. Nat Rev Mol Cell Biol 2003;4:192–201.

 37. Muratani M, Kung C, Shokat KM, Tansey WP. The F box pro-
tein Dsg1/Mdm30 is a transcriptional coactivator that stimulates 
Gal4 turnover and cotranscriptional mRNA processing. Cell 2005; 
120:887–99.

 38. Reid G, Hubner MR, Metivier R, Brand H, Denger S, Manu D, et al. 
Cyclic, proteasome-mediated turnover of unliganded and liganded 
ERalpha on responsive promoters is an integral feature of estrogen 
signaling. Mol Cell 2003;11:695–707.

 39. Zhu J, Gianni M, Kopf E, Honore N, Chelbi-Alix M, Koken M, et al. 
Retinoic acid induces proteasome-dependent degradation of retinoic 
acid receptor alpha (RAR alpha) and oncogenic RAR alpha fusion 
proteins. Proc Natl Acad Sci U S A 1999;96:14807–12.

 40. Welcker M, Clurman BE. FBW7 ubiquitin ligase: a tumour suppres-
sor at the crossroads of cell division, growth and differentiation. Nat 
Rev Cancer 2008;8:83–93.

 41. Cheng EH-Y, Kirsch DG, Clem RJ, Ravi R, Kastan MB, Bedi A, et al. 
Conversion of Bcl-2 to a Bax-like death effector by caspases. Science 
1997;278:1966–8.

 42. Tallman MS, Altman JK. How I treat acute promyelocytic leukemia. 
Blood 2009;114:5126–35.

 43. Jeanne M, Lallemand-Breitenbach V, Ferhi O, Koken M, Le Bras M, 
Duffort S, et al. PML/RARA oxidation and arsenic binding initiate 
the antileukemia response of As2O3. Cancer Cell 2010;18:88–98.

 44. de Thé H, Lavau C, Marchio A, Chomienne C, Degos L, Dejean A. 
The PML-RAR alpha fusion mRNA generated by the t(15;17) trans-
location in acute promyelocytic leukemia encodes a functionally al-
tered RAR. Cell 1991;66:675–84.

 45. Lallemand-Breitenbach V, de Thé H. PML nuclear bodies. Cold 
Spring Harb Perspect Biol 2010;2:a000661.

 46. Bernardi R, Pandolfi PP. Structure, dynamics and functions of 
promyelocytic leukaemia nuclear bodies. Nat Rev Mol Cell Biol 
2007;8:1006–16.

 47. Salomoni P, Pandolfi PP. The role of PML in tumor suppression. Cell 
2002;108:165–70.

 48. Kastner P, Lawrence HJ, Waltzinger C, Ghyselinck NB, Chambon P, 
Chan S. Positive and negative regulation of granulopoiesis by endog-
enous RARalpha. Blood 2001;97:1314–20.

Research. 
on January 21, 2017. © 2011 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

http://cancerdiscovery.aacrjournals.org/


JULY 2011 CANCER DISCOVERY | 127

Cancer Therapy Through Oncogene Proteolysis? REVIEW

 67. Cheskis BJ, Greger JG, Nagpal S, Freedman LP. Signaling by estro-
gens. J Cell Physiol 2007;213:610–7.

 68. Levin ER. Minireview: extranuclear steroid receptors: roles in modu-
lation of cell functions. Mol Endocrinol 2010;25:377–84.

 69. Wu X, Hawse JR, Subramaniam M, Goetz MP, Ingle JN, Spelsberg 
TC. The tamoxifen metabolite, endoxifen, is a potent antiestrogen 
that targets estrogen receptor alpha for degradation in breast cancer 
cells. Cancer Res 2009;69:1722–7.

 70. Nawaz Z, Lonard DM, Dennis AP, Smith CL, O’Malley BW. 
Proteasome-dependent degradation of the human estrogen receptor. 
Proc Natl Acad Sci U S A 1999;96:1858–62.

 71. Ingle JN, Ahmann DL, Green SJ, Edmonson JH, Bisel HF, Kvols LK, 
et al. Randomized clinical trial of diethylstilbestrol versus tamoxifen 
in postmenopausal women with advanced breast cancer. N Engl J 
Med 1981;304:16–21.

 72. Shen ZX, Shi ZZ, Fang J, Gu BW, Li JM, Zhu YM, et al. All-trans 
retinoic acid/As2O3 combination yields a high quality remission and 
survival in newly diagnosed acute promyelocytic leukemia. Proc Natl 
Acad Sci U S A 2004;101:5328–35.

 73. Yin T, Wu YL, Sun HP, Sun GL, Du YZ, Wang KK, et al. Combined 
effects of As4S4 and imatinib on chronic myeloid leukemia cells and 
BCR-ABL oncoprotein. Blood 2004;104:4219–25.

 74. Mao JH, Sun XY, Liu JX, Zhang QY, Liu P, Huang QH, et al. As4S4 
targets RING-type E3 ligase c-CBL to induce degradation of BCR-
ABL in chronic myelogenous leukemia. Proc Natl Acad Sci U S A 
2010;107:21683–8.

 75. Kroll TG, Sarraf P, Pecciarini L, Chen CJ, Mueller E, Spiegelman BM, 
et al. PAX8-PPARgamma1 fusion oncogene in human thyroid carci-
noma [corrected]. Science 2000;289:1357–60.

 76. Hauser S, Adelmant G, Sarraf P, Wright HM, Mueller E, Spiegelman 
BM. Degradation of the peroxisome proliferator-activated recep-
tor gamma is linked to ligand-dependent activation. J Biol Chem 
2000;275:18527–33.

 77. Copland JA, Marlow LA, Kurakata S, Fujiwara K, Wong AK, 
Kreinest PA, et al. Novel high-affinity PPARgamma agonist alone 
and in combination with paclitaxel inhibits human anaplastic 
thyroid carcinoma tumor growth via p21WAF1/CIP1. Oncogene 
2006;25:2304–17.

 78. Kurahashi S, Hayakawa F, Miyata Y, Yasuda T, Minami Y, Tsuzuki S, 
et al. PAX5-PML acts as a dual dominant-negative form of both PAX5 
and PML. Oncogene 2011;30:1822–30.

 79. Lallemand-Breitenbach V, Jeanne M, Benhenda S, Nasr R, Lei M, 
Peres L, et al. Arsenic degrades PML or PML-RARalpha through a 
SUMO-triggered RNF4/ubiquitin-mediated pathway. Nat Cell Biol 
2008;10:547–55.

 80. Lallemand-Breitenbach V, Zhu J, Puvion F, Koken M, Honore N, 
Doubeikovsky A, et al. Role of promyelocytic leukemia (PML) sumo-
lation in nuclear body formation, 11S proteasome recruitment, and 
As(2)O(3)-induced PML or PML/retinoic acid receptor alpha degra-
dation. J Exp Med 2001;193:1361–72.

 81. Zhu J, Koken MHM, Quignon F, Chelbi-Alix MK, Degos L, Wang ZY, 
et al. Arsenic-induced PML targeting onto nuclear bodies: implica-
tions for the treatment of acute promyelocytic leukemia. Proc Natl 
Acad Sci U S A 1997;94:3978–83.

 82. Bour G, Lalevee S, Rochette-Egly C. Protein kinases and the protea-
some join in the combinatorial control of transcription by nuclear 
retinoic acid receptors. Trends Cell Biol 2007;17:302–9.

 83. Kocanova S, Mazaheri M, Caze-Subra S, Bystricky K. Ligands specify 
estrogen receptor alpha nuclear localization and degradation. BMC 
Cell Biol 2010;11:98.

 84. Gu ZM, Wu YL, Zhou MY, Liu CX, Xu HZ, Yan H, et al. Pharicin B 
stabilizes retinoic acid receptor-{alpha} and presents synergistic dif-
ferentiation induction with ATRA in myeloid leukemic cells. Blood 
2010;116:5289–97.

Research. 
on January 21, 2017. © 2011 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

http://cancerdiscovery.aacrjournals.org/


2011;1:117-127. Cancer Discovery 
  
Julien Ablain, Rihab Nasr, Ali Bazarbachi, et al. 
  
Achilles' Heel of Cancer Cells?
The Drug-Induced Degradation of Oncoproteins: An Unexpected

  
Updated version

  
 http://cancerdiscovery.aacrjournals.org/content/1/2/117

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cancerdiscovery.aacrjournals.org/content/1/2/117.full.html#ref-list-1

This article cites 84 articles, 41 of which you can access for free at:

  
Citing articles

  
 /content/1/2/117.full.html#related-urls

This article has been cited by 10 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgat

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department

  
Permissions

  
.permissions@aacr.org

To request permission to re-use all or part of this article, contact the AACR Publications Department at

Research. 
on January 21, 2017. © 2011 American Association for Cancercancerdiscovery.aacrjournals.org Downloaded from 

http://cancerdiscovery.aacrjournals.org/content/1/2/117
http://cancerdiscovery.aacrjournals.org/content/1/2/117.full.html#ref-list-1
http://cancerdiscovery.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://cancerdiscovery.aacrjournals.org/

