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Abstract 
Irreversible proliferation arrest (also called senescence) has emerged recently as a drug-
responsive program able to influence the outcome of cancer chemotherapy. Since the 
drug amounts required for induction of proliferation arrest are much lower than those 
necessitated for induction of cell death, forcing cancer cells to undergo senescence may 
represent a less aggressive approach to control tumor progression. However, to achieve a 
long-standing control of proliferation, the ability of cancer cells to escape senescence and 
become drug resistant must be inhibited. Therefore, a clear understanding of the 
mechanisms that govern drug-induced senescence is critical and can lead to discovery of 
novel approaches to suppress drug resistance. The present review discusses the relevance 
of senescence in response to chemotherapy and the onset of drug resistance development. 
Particular emphasis is directed toward the utilization of findings from the field of 
research on aging, than can be applied to induction of senescence in cancer cells and 
reversal of their drug resistance phenotype. Proof of principle of for this relationship is 
represented by the identification of inhibitors of aging associated proteases such as the 
proteasome and cathepsin L as novel and potent cancer drug resistance reversing agents. 
 
  
1. Introduction 
Chemotherapy has been used for many decades as a major cancer treatment modality. 
However, the lack of cytotoxic drug specificity and the consequent generation of toxic 
side effects when high doses are administered often limit the use of this treatment 
modality. Low drug doses are not very effective and their use generally results in patient 
relapse and development of drug resistance. A rational approach based on better 
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understanding of the molecular mechanisms of drug action should help determine 
whether low drug doses can be rendered effective with reduced chances of drug 
resistance development. Studies using cancer cells in culture have demonstrated that 
irreversible growth arrest (senescence) may be achieved by using relatively low drug 
concentrations as compared to those required for apoptotic cell death. A satisfying goal 
would be to keep the proliferative behavior of cancer cells in check with drug doses that 
are less toxic for the patient. However, the ability of tumor cells to escape such low level 
of toxic stress and become drug resistant must be also kept under control. Thus, strategies 
aiming to force cancer cells into senescence could prove to be very useful in cancer 
therapy particularly with regard to development of drug resistance. Prior understanding of 
the underlying mechanisms responsible for drug induction of cellular senescence is 
however needed to accomplish these goals. The present review summarizes current 
knowledge about cellular senescence and addresses the possibilities of using this cellular 
demise in suppression of cancer resistance to chemotherapy. 

 
 
2. Cellular senescence in normal and cancer cells 
Normal somatic cells have a limited life span and cannot proliferate indefinitely in 
culture [1]. After a certain number of doublings (also called the Hayflick limit), cells 
irreversibly stop proliferating through what is now recognized as replicative senescence.  
This suggested that there may be intrinsic mechanisms that count cell divisions, thus, the 
search for a putative “clock” was undertaken. About a decade ago, it was discovered that 
telomeres (the end of chromosomes) become shorter after each cell division and that this 
erosion could be perceived by the cell as a form of DNA damage that results in arrest of 
cell proliferation. The responsible enzyme, telomerase capable of preventing the loss of 
telomeres, was believed to be the key modulator of cellular senescence particularly that 
this enzyme was over-expressed in tumor cells (immortal) and not or at very low level in 
normal cells [2, 3]. However, there is now compelling evidence that cultured rodent cells 
do not use the shortening of telomeres to time their cessation of division after 10 to 15 
doublings [4], instead the progressive loss of proliferative capacity is thought to result 
from cumulative trauma imposed by tissue culture per se [5]. This reinforced the notion 
that stress generated by the environment causes cellular senescence in a manner that 
could be independent of telomerase and telomere shortening.  In fact, a number of studies 
have demonstrated that exogenous stresses such as UV and IR irradiation, H2O2, 
hypoxia, and various chemicals, induce a senescence phenotype that is mainly 
characterized by enhanced expression of the cell cycle inhibitors p16 ING, p21/WAF1, 
p27 KIP and disruption of lysosomal function through enhanced activity of the 
senescence associated beta galactosidase (SA-β-Gal). 

Contrary to somatic cells, most cancer cells have extended or infinite life span. 
Escape from senescence in the course of neoplastic transformation has been linked to 
inactivation of the tumor suppressor p53 and to constitutive activation of telomerase [6, 
7]. Although these cells are less sensitive to senescence induced by physiological 
conditions, they are subject to irreversible growth arrest when exposed to other stimuli 
such as radiation or chemotherapeutic agents, suggesting that they have retained key 
molecular elements that facilitate senescence in response to exogenous insults. Similar to 
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normal cells, exogenous stress-induced senescence in cancer cells is mostly telomerase-
independent.  
 
3. Mechanisms of drug-induced senescence 
Some early events that mediate chemotherapeutic agent-induction of proliferation arrests 
are now described but their precise contribution to cellular response and the level of 
stress required for their activation are either not yet defined or subject to controversy. The 
most described signaling pathway for drug induced proliferation arrest is initiated by 
DNA damage. Major cancer drugs such as topoisomerase inhibitors doxorubicin and 
etoposide, campthothecin, and alkylating agents cisplatin and BCNU have been reported 
to induce DNA damage and particularly DNA double-strand breaks (DSBs), considered 
as the most lethal DNA lesions [8,11]. Cell cycle arrest in response to DNA damage is 
mediated through checkpoints to allow repair before cell cycle progression is resumed, 
or, if the damage is too extensive, they trigger senescence or even apoptosis. ATM and 
ATR are members of the phosphatidylinositol 3-kinase-related kinases (PIKK) 
responsible for sensing DNA damage and propagating the signal through phosphorylation 
and activation of downstream intermediates including H2AX, NBS1 and BRCA1, which 
in turn lead to activation of the Chk1 and Chk2. The most fundamental event for drug-
induced G1-S checkpoint is the stabilization of p53, leading to enhanced transcription of 
p21/WAF1 and growth arrest. A number of conflicting findings rendered the mechanisms 
of DNA damage-induced cell cycle arrest more complicated than initially thought. For 
instance, activation of the tumor suppressor p53 have been found to be associated with 
but not required for drug-induced p21/WAF1 expression [12, 13] rendering less evident 
the role of p53 in drug-induced senescence. Also not clear is the relationship between 
DSB-mediated activation of H2AX and induction of cell cycle arrest. DSBs are believed 
to signal cancer cells to slow their proliferation and allow the DNA repair to take place 
[14-17] and hosphorylation of histone H2AX at serine 139 (γ-H2AX) has been shown to 
be a very sensitive and reliable marker for DSB formation [18,19]. However, the role of 
H2AX in mediating cell cycle arrest and its relationship to cell cycle inhibitors such as 
p21/WAF1 is somewhat confusing as illustrated by the following reports: 1) DSB 
formation requires DNA replication and active DNA polymerase delta [20, 21] while 
p21/WAF1 is known to prevent DNA replication by inhibiting PCNA which is a cofactor 
of this same DNA polymerase [22,23]. 2) p21/WAF1 has been shown to reduce DNA 
damage repair in vivo [24] and in vitro [25, 26] suggesting this cell cycle inhibitor may 
control activation of H2AX and not the contrary. 3) Ubiquitin-dependent down-
regulation of p21WAF1 triggered by UV radiation promotes activation of H2AX and 
DNA repair [27]. 4) RB, an upstream activator of p21/WAF1, prevents replication-
dependent DNA double strand breaks and activation of H2AX following genotoxic insult 
[28].  It is clear from these studies that further definition of the mechanism underlying 
drug-induced senescence and particularly the relationship between DSBs, p53 and 
p21/WAF1 will be critical to the investigation of their role in modulating drug sensitivity. 
 
4. Importance of senescence in cellular response to cancer drugs 
The ability of potential anti-cancer agents to inhibit cell proliferation in vitro has been 
always considered as a major criteria for their selection, however, the role of drug-
induced senescence in the outcome of cancer chemotherapy has been overlooked and 
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most of research interest in this field was directed towards understanding the role that 
apoptosis plays in cellular toxic response to these agents. A well-described signaling 
pathway initiated by activation of p53 leading to enhanced Fas expression and caspase 8 
activation was described as a mediator of cytotoxic drug action [29, 30]. Consequently, it 
was believed that inhibition of apoptosis (through p53 mutation, over-expression of bcl-2 
or caspase inhibition) should render cancer cells resistant to drugs. While these 
approaches reduced apoptotic cell death in the majority of cases, it did not ameliorate the 
overall cell survival and cellular ability to resume proliferation [31-33], raising questions 
about the role of apoptosis in cancer cell survival and chemotherapeutic outcome. In fact, 
numerous studies have shown that p53 mutation or over-expression either do not affect 
patient prognosis nor lead to better outcome after treatment [34, 35]. In addition, 
inhibition of apoptosis by targeting caspases [36] or over-expression of bcl-2 [32] did not 
protect cancer cells from the toxic effects of chemotherapeutic agents, instead, it switched 
apoptosis to senescence or other forms of cell death. Based on these findings, apoptosis 
seems to have only a limited role if any in the prediction of cancer sensitivity to therapy.  

Chemotherapeutic drugs generally induce both proliferation arrest and apoptosis 
[37-41], however, the stress levels required for each one of these toxic responses are very 
different. Irreversible growth arrest or senescence can be achieved by using relatively 
lower drug concentrations than those required for apoptosis [36, 42, 43]. This suggests 
that in order for cancer cells to escape drug toxicity and continue to proliferate, not only 
apoptosis, but also senescence must be inhibited. Another argument in favor of the key 
contribution of senescence in response to drugs is that many cancer cell lines with altered 
apoptotic pathway and reduced susceptibility to drug-induced cell death still can undergo 
proliferation arrest in response to these drugs [44-46]. Similar response can be found in 
cells that have intact apoptotic machinery when treated with drugs that do not induce 
apoptosis. In sum, despite their effect on apoptosis, virtually all cancer agents inhibit 
cellular proliferation. One can easily imagine that a major roadblock to cancer would be 
simply prevention of the unlimited proliferation that characterizes this disease. 
Compelling evidence has recently been obtained suggesting that senescence programs 
contribute to the outcome of cancer chemotherapy [47-49]. For instance, mice bearing 
tumors susceptible to drug-induced senescence had better prognosis following 
chemotherapy than those harboring tumors with senescence defects [47]. Induction of 
irreversible proliferation arrest and maintenance of cancer cells in this state with less 
toxic drug concentrations than those required for induction of apoptotic cell death appears 
to be an attractive concept. However, considering the heterogeneity of tumor cell 
populations, a possibility exists that proliferation arrest may not be irreversible for every 
cell and that those with senescence defects may escape drug control and resume 
proliferation.  Solutions to this problem will depend on our understanding of the 
mechanisms that govern resistance to drug-induced senescence which are up to date not 
well defined. 
 
5. Relevance of senescence in drug resistance 
Resistance to chemotherapy is a common problem encountered in cancer treatment. 
Whether it is intrinsic as for melanomas, lung and pancreatic cancers [50] or acquired as 
for leukemias, neuroblastomas, ovarian and breast carcinomas, this phenomenon seems to 
involve similar major mechanisms. The most described among them is the alteration in 
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drug efflux mediated by P-glycoprotein [51]. Other mechanisms such as drug inactivation 
and drug target over-expression have been also reported [52, 53]. More recently, it has 
been recognized that independent of these factors, the ability of cancer cell to undergo 
proliferation arrest or cell death could be a key factor in drug resistance [54-57]. For 
instance, cells with altered apoptotic pathway such as mutation of p53, absence of key 
caspases, or increased expression of the anti-apoptotic molecule bcl-2 [58, 59], displayed 
resistance to drug-induced cell death and were considered as drug resistant. However, 
since cell proliferation is also inhibited under apoptosis inducing drug concentrations 
[36], inhibiting apoptosis alone in these circumstances does not guarantee reactivation of 
proliferation. Drug resistant cells not only have to be alive, but able to proliferate. 
Inhibition of senescence is also required for the cell to resume proliferation. More 
importantly, if sub-apoptotic drug concentrations were used, inhibition of senescence 
alone would be sufficient for initiation of drug resistance development.  

Relevance of senescence versus apoptosis in the onset of drug resistance can be 
best appreciated by analyzing studies on generation of drug resistant cancer cells in vitro. 
This is routinely accomplished by cell exposure to stepwise increments in drug 
concentrations over a period of three to six months. Cells are first exposed to sub-
senescent drug concentrations and allowed to adapt to the ensuing stress level before 
increasing the drug amounts to senescent (sub-apoptotic) ones. Cells that escaped are 
usually about 2 to 10 times more resistant than their parental counterparts (resistance 
index 2 to 10). Further exposure to higher apoptotic drug concentrations and allowing 
cells to adapt to the corresponding stress level could result in a resistance index between 
10 to 100 or even more. By following this procedure, cancer cells can survive and 
proliferate in drug concentrations that normally induce senescence in parental cells or 
even in higher drug doses that induce apoptosis. The key requirement in this process is 
that cells must develop resistance to senescence first, then to apoptosis. It is very unlikely 
that incubation of drug sensitive cells in drug concentrations that induce apoptosis will 
directly result in development of drug resistance because virtually no cell survives drug 
action and if some did, they are unable to resume proliferation [36]. Considering the fact 
that in vivo, a resistance index between 1 and 10 represents by itself a significant 
roadblock to chemotherapy, resistance to apoptosis (index 10 to more than 100) would 
require that tolerable drug doses be exceeded in any attempt to overcome it. All these 
considerations point to the fact that the onset of drug resistance is likely to be associated 
with senescence and not apoptosis.  

 
 

6. Targeting DNA damage and cell cycle molecules to force cancer cells into 
senescence and reverse drug resistance 
Considering the lack of clear understanding of the molecular mechanism(s) underlying 
chemotherapeutic agents-induced senescence, it is no surprise that very little is currently 
known about the role of DNA damage sensors or cell cycle inhibitors in cancer drug 
resistance. Nevertheless, the assumption would be that when combined with 
chemotherapeutic agents, these inhibitors act by inducing additional cell cycle 
perturbations that collectively facilitate and keep senescence in check [60]. Members of 
the DNA damage sensors and effectors have been reported to be associated with cellular 
sensitivity to stress. Among those, ATM, a mutated gene in patients with ataxia-
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telangiectasia, which is a disorder characterized by chromosomal instability, 
hypersensitivity to γ-irradiation, predisposition to cancer, and premature senescence [61]. 
ATM serves a surveillance function that helps maintain genomic integrity by promoting 
cell cycle arrest and damage repair, possibly by recruiting repair proteins to the site of 
damage to prevent double-strand break repair from entering an error prone pathway [62]. 
Although the actual role of ATM in development of drug resistance has not been 
described, there have been reports that ataxia telangiectasia cells display defective G1/S 
and G2/M cell cycle checkpoints and hypersensitivity not only to γ-irradiation but also to 
anti-cancer drugs [63, 64]. A downstream signaling intermediate of ATM, Rad9 is 
believed to play an important role in promoting chemo resistance, radio resistance and 
control of cell cycle progression when DNA damage is incurred. However, the relevance 
of rad9 and related molecules in these processes was described mostly in 
Schizosaccharomyces pombe that served as a model to provided evidence for the 
requirement of this molecule for promoting resistance to radiation and hyroxiurea [65], 
and in saccharomyces servisiae where it induced resistance to selenite [66]. In 
mammalian cells, the role of Rad9 and related molecules in the development of drug 
resistance is not yet understood. A further downstream intermediate of this pathway, 
Chk1, has been shown to be associated with resistance to topoisomerase inhibitors among 
other drugs [67, 68]. Targeting the Chk1 pathway was proposed as having the potential of 
significantly improving the therapeutic potency of DNA damaging agents but this has not 
been proven yet. However, like many other DNA damage sensors and effectors, the 
degree of expression and/or activation of ATM, Rad9 or Chk molecules in drug resistant 
tumors and their targeting for drug resistance reversal has not been described. The 
evidence presented however makes these molecules compelling targets to facilitate drug 
induced cancer cell senescence and to prevent their ability to become resistant. 

With regard to tumor suppressors and cell cycle inhibitors, although these 
molecules are key mediators of cancer cell response to genotoxic damage, information on 
their role in determining treatment efficacy is far from being complete. The frequent 
occurrence of p53 mutations in human cancer has led to numerous investigations 
evaluating its role in drug resistance. Over-expression of wild type p53 has been reported 
to result in increased cell death by apoptosis and enhanced drug sensitivity [69, 70]. 
Another member of this family, p21/WAF1 appears to have unique properties since 
approaches leading to both its suppression or over-expression resulted in increased 
sensitivity of cancer cells to genotoxic stress. Expression of the corresponding gene is 
regulated by both p53-dependent [71] and independent [72] pathways however, its ability 
to enhance cellular response to drugs is generally independent of p53 status. For instance, 
ectopic expression of p21/WAF1 sensitized hepatoma cell line Hep 3B  (p53-null) to 
cisplatin [73]. Similarly p21/WAF1sensitized the human non-small-cell carcinoma 
H1299 (p53 null) and colon carcinoma DLD-1 (p53-mutant) cell lines, to all transretinoic 
acid [74]. In cells with functional p53, this cell cycle inhibitor also facilitated drug-
induced cell death [75]. In all instances, p21/WAF1 induction of drug sensitivity was 
found to be associated with apoptosis, a fact that is at odd with the implication of this 
molecule in forcing cancer cells to undergo senescence. Most recent studies indicate 
however that drug-induced expression of p21/WAF1 does not correlate with the 
induction of apoptosis [36, 76-78]. Taking into account the key role of this molecule in 
mediating of drug induced senescence, it is easy to imagine that diminished or total 
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suppression of p21/Waf1 expression will render cancer cells less susceptible to 
senescence and therefore resistant to drugs; however, a number of studies have 
demonstrated the contrary. When assayed in vitro, loss of this cell cycle inhibitor in 
human colon cancer cells results in a selective induction of apoptosis [79]. Loss of 
p21/waf1 also resulted in increased cell sensitivity to killing by ionizing radiation [80] 
and cisplatin [81], or growth factor withdrawal [78]. These findings are in support of the 
notion that p21/WAF1 inhibits formation of DNA double strand breaks, a lethal form of 
DNA damage [20-23]. Although approaches aiming to induce p21/WAF1 expression 
contribute to improved cellular drug response, reduction of its expression may not be an 
indicator of drug resistance. Nonetheless, the unique property that both activation and 
inhibition of p21WAF sensitize cancer cells to chemotherapy provides tremendous 
potential for exploitation of this molecule in cancer drug discovery. Given the intrinsic 
ability of cell cycle inhibitors to induce cellular senescence and apoptosis [82-85], the 
possibility exists that one or more of these actions may lead to circumvent drug 
resistance. Future investigations are needed to better exploit the opportunity of enhancing 
cancer cell response to chemotherapy through induction of cell cycle arrest and 
senescence.  
 
7. What can research on aging teach us about targeting senescence to reverse drug 
resistance in cancer? 
Progressive cellular damage over life span, generally the consequence of environmental 
insults such oxidation, radiation and chemicals, is believed to be the major cause of 
cellular senescence and aging of the organism. Although molecular mediators of aging 
are not fully identified, most of them share similarities with those implicated in cancer 
cell response to chemotherapeutic drugs, particularly the ones that play a role in DNA 
damage and cell cycle arrest. It is therefore conceivable that these two areas research 
should take advantage from each other’s progress. As mentioned above, understanding 
the mechanism(s) of senescence should uncover critical molecular targets to force drug 
resistant cells into proliferation arrest and reverse their resistance phenotype. Some 
information about this mechanism(s) may be acquired from mechanistic studies of drugs 
and irradiation induced DNA damage and cell cycle arrest. Additional information may 
be obtained from dissecting the field of aging and particularly some its hallmarks such as 
replicative senescence and the progressive cellular degeneration leading to accumulation 
of lipofucin material into senescent cells.  

Although telomerase and telomere shortening are considered to play a key role in 
replicative senescence and perhaps in aging of mammalian organisms other than rodents 
[86, 87], this pathway did not seem to be required in chemotherapy-induced cellular 
senescence, therefore, its role in drug resistance, if any, would be very limited. Early 
studies on the potential use of telomerase in cancer have proposed that this enzyme may 
serve as a marker for tumor cell killing in vitro [88] and a potential indicator in chemo-
sensitivity assays. In fact, some reports have established a correlation between telomerase 
activity and chemo-sensitivity in several human cancer lines [89-91] while others have 
found no association between drug-induced cell killing and inhibition of telomerase 
activity [92, 93]. A practical difficulty that may accompany the use of this approach in 
the clinic would be the need to wait for telomeres to shorten in order to observe any 
effect, a process that usually takes dozens of cell divisions.  
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Other aspects of senescence that are non-DNA damage related have been largely 
exploited in aging but surprisingly not or very little in cancer. The best example is 
impaired protein degradation and clearance of damaged (oxidized, cross linked) proteins 
in the aged cell [94-96] that generally results in accumulation of lipofuscin. In this 
process, the proteasome and lysosomes are thought to play major roles since impaired 
function of their respective protein degradation pathways are hallmarks of aging-
mediated cellular senescence. In most tissues of aged organisms and in most aging model 
systems including nematodes, fruit flies and cultured fibroblasts, overall proteolysis 
decline with age [97]. This is more evident for long-lived proteins some of which are 
known to be substrates for either proteasomal or lysosomal pathways of proteolysis.  
 
a) Proteasome 

Inhibition of the ubiquitin-proteasome pathway has been reported to facilitate 
drug resistance reversal in a variety of cancer cell lines [98-102]. PS-341 
(Pyrazylcarbonyl-Phe-Leu-Boronate, VelcadeTM), directed against the 26S proteasome 
activity [103] holds great promise since it has been shown to overcome classical drug 
resistance in pre-clinical and in early clinical studies [104-105]. This compound is 
believed to reverse drug resistance in multiple myelomas by inhibiting degradation of 
IκBα, an inhibitory protein constitutively bound to cytosolic NF-κB, thereby inhibiting 
its nuclear translocation, binding to DNA and expression of its target genes including 
cytokines implicated in cell survival [106]. Additional mechanisms to explain the effect 
of proteasome inhibition on drug resistance have been postulated as mediated by 
accumulation of p53, p21/WAF1 and induction of apoptosis [107, 108]. However, 
reintroduction of wild type p53 into p53-null PC3 prostate carcinoma cells did not 
increase their drug sensitivity. Likewise, comparison of parental and p21/WAF1-deficient 
cells demonstrated that p21/WAF1 was not required for proteasome inhibitor-induced 
cytotoxicity [107]. Additional mechanisms may mediate the action of proteasome 
inhibitors and since apoptosis appears to mediate their action, implication of apoptotic 
signaling elements in this process is very likely. Inhibition of the drug transporter P-
glycoprotein may mediate drug resistance reversal by proteasome inhibitors since it has 
been reported recently that enhanced ubiquitination of this molecule results in decrease of 
its function and that the proteasome inhibitor MG-132 induced accumulation of the 
ubiquitinated P-glycoprotein [109].  
 
b) Lysosomal cathepsins 

It is generally accepted that the activity of lysosomal proteases declines with age 
but the underlying mechanism as well as the consequences have not yet been delineated 
[97, 110]. Cathepsins are a family of lysosomal proteases of which at least 11 members 
have been already described [111, 112]. These enzymes cleave a plethora of protein 
substrates often with overlapping specificities leading to the notion that there may be 
redundancy in their function. However recent specific targeting in transgenic mice 
revealed that cathepsins have very distinctive roles in fulfilling specific cell biological 
functions [113]. For instance, gene knockout for cathepsin L, which is one of the most 
efficient lysosomal cysteine proteases, revealed that this enzyme could play key a role in 
cell survival [114, 115], spermatogenesis [116] and hair loss [117]. Of interest with 
regard to aging, is the report that the activity of cathepsin L decreased by 90% from 2 to 
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28 months in the neocortex, hypocampus, striatum and cerebellum of the rat [118]. Age 
related losses do not occur for all lysosomal hydrolases, the activity of cathepsin B for 
instance is reported to remain relatively constant in brain throughout life span of the rat 
except in the striatum, where it increases with old age [118]. Other indirect approaches 
used to determine the implication of lysosomal protease in aging are represented by the 
infusion of molecules that disrupt lysosomal function and inhibit cathepsin-mediated 
protein degradation such as the acidotropic agent chloroquine and the cysteine protease 
inhibitor leupeptin, into the lateral ventricles of young rats, caused the appearance of 
morphological features of old age in the brain [119, 120]. Infusion of ZPAD, an inhibitor 
of both cathepsin L and B, into cultured brain slices led to increased lysosomal number 
and the formation of meganeurites, both of which were reported to occur during brain 
aging [121]. This clearly demonstrates that disruption of lysosomal function could set in 
motion a greatly accelerated gerontological sequence. Therefore, it may be tempting to 
extrapolate these findings to cancer cells and ask the question whether targeting an aging 
related protease such as cathepsin L could facilitate chemotherapeutic agent-induced 
senescence or reverse cancer resistance to drugs.  

We have tested a series of cysteine protease inhibitors for their ability to affect 
doxorubicin toxicity in various drug resistant cancer cell lines (43). The compounds 
tested were Q-VD-OPH (a general cysteine protease inhibitor including caspases), 
cathepsin B inhibitor [L-3-trans-(Propylcarbamoyl)oxirane-2-carbonyl]-L-isoleucyl-L 
proline], cathepsin L inhibitor  [Z-Phe-Tyr(t-Bu)-diazomethylketone],  cathepsin K 
inhibitor  [1,3-Bis(N-CBZ-Leu-NH)-2-propanone1,3-Di(N-carbobenzoyloxy-L-
leucyl)amino acetone], and cathepsin S inhibitor [Z-Phe-Leu-COCHO • H2O ]. Among 
these molecules, only cathepsin L inhibitor and Q-VD-OPH (which also inhibits 
cathepsin L) reversed drug resistance to doxorubicin. The finding was validated in 
several doxorubicin resistant cell lines including human neuroblastoma, SKN-SH/R, 
murine neuroblastoma, Neuro 2A, leukemia, HL60/R, and osteosarcoma, OSA/R. Further 
investigation of the underlying mechanism indicated that the combination of cathepsin L 
inhibitor with very low doxorubicin concentrations (sub-senescent) resulted in induction 
of p21/WAF1 and induction of the senescence phenotype (cell flattening and increased of 
SA-β-gal activity) without induction of caspase-3 or apoptosis. Specific targeting of 
cathepsin L using siRNA to this enzyme completely blocked its expression and reversed 
resistance to doxorubicin through induction of p21/WAF1. These findings indicated that 
cathepsin L may have a survival function and that its specific targeting could force cancer 
cells into senescence and that alone may be sufficient for reversal of drug resistance 
without induction of apoptosis.  

Investigation of the mechanism by which cathepsin L inhibition facilitates 
doxorubicin-induced senescence led to the discovery that drug amount in the nucleus was 
significantly increased when this enzyme is inhibited.  Considering the fact that weakly 
basic drugs preferentially accumulate in acidic organelles such as lysosomes [122, 123] 
and in a manner that is greater in drug resistant cells than their sensitive counterparts 
[124, 125], it is suggested that lysosomal sequestration may be responsible, at least in 
part, for development of resistance to these drugs. In fact, we and others have shown that 
doxorubicin accumulates principally in the lysosomal compartment of drug resistance 
cells and only in the nucleus of their drug sensitive counterparts [43, 125]. Drug re-
localization from lysosomes to the nucleus initiated by cathepsin L inhibition may 
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represent a likely mechanism for its effect on drug sensitivity. In accordance with this, 
resistance to drugs that do not accumulate in lysosomes such as cisplatin was not reversed 
by this approach, however, since resistance to cisplatin often result in cross-resistance to 
doxorubicin, cathepsin L inhibition was able to reverse resistance to the later drug in 
cisplatin resistant cells. Forcing cancer cells to become senescent through targeting of 
proteases associated with aging such as the lysosomal enzyme cathepsin L has proved to 
be a logical approach for reversal of drug resistance. As compared to other drug 
resistance reversing agents, cyclosporin A and verapamil, both known to inhibit the drug 
transporter P-glycoprotein and, in a non-specific manner other ion transporters, specific 
inhibition of cathepsin L could prove to be more effective in vivo where the two other 
approaches have failed.  Numerous questions remain however to be answered particularly 
concerning the mechanism by which cathepsin L inhibition mediates drug translocation 
from lysosomes to the nucleus leading to cellular senescence.  There is also the 
possibility that non-lysosomal mechanisms could be implicated since we have found that 
p21/WAF1 can be a substrate for cathepsin L at least in vitro [43] and that the active 
form of this enzyme has been detected in the nucleus where it activates molecular 
signaling leading to cellular proliferation [126]. 

Proteasomal and cathepsin pathways are only examples among other stress 
response pathways that may play a role in both aging and cancer resistance. Signaling 
pathways associated with increased life span such as those mediated by sirt-1, daf or 
related genes, or premature aging mediated by wrn gene, may constitute potential areas of 
investigation on development of drug resistance in cancer. Further investigation of the 
relationship between elements of these pathways and drug response in cancer may shed 
light on novel mechanisms and lead to identification of alternative strategies to address 
both cancer and aging.  
  
8. Conclusion 
With respect to the recent findings that apoptosis may not be required for the onset of 
drug resistance in cancer, cellular senescence has emerged as an alternative target to 
overcome or even to prevent drug resistance from occurring. Alterations of senescence 
pathways without disruption of apoptosis may be sufficient to accomplish these goals and 
enhance chemotherapy efficacy. Research in the respective areas of drug resistance in 
cancer and increased life span should take advantage from each other’s progress since 
resistance to stress is their common driving force. The close relationship between these 
two areas of research is exemplified by the implication of protein degradation pathways 
in facilitating senescence and circumvention of cancer drug resistance. Proteasomal and 
cathepsin L inhibition are only some of the signaling pathways that are likely to mediate 
this process. Further research needs to be directed towards a deep and clear understanding 
of how chemotherapeutic agents induce cellular senescence, and identification of drug 
targets that could be used in combination with chemotherapeutic drugs to facilitate 
irreversible growth arrest. The ultimate goal is to reach satisfactory levels of drug 
effectiveness with less toxic effects. 

  
Acknowledgements: 
Work in the author’s laboratory is supported in part by the National Cancer Institute, the 
Illinois Department of Public Aid, the Anderson Foundation and the North Suburban 

 10



Medical Research Junior Board. The author also wishes to thank Dr. Bernard L. Mirkin 
for helpful discussions.  
 
 References 

 
[1] J.W. Shay, and W.E. Wright, Hayflick, his limit, and cellular ageing, Nat. Rev. 

Mol. Cell. Biol. 1 (2000) 72-76. 
[2] J.R. Smith, and O.M. Pereira-Smith, Replicative senescence: implications for in 

vivo aging and tumor suppression, Science 273 (1996) 63-67.  
[3] J.W. Shay, and I.B. Roninson, Hallmarks of senescence in carcinogenesis and 

cancer therapy, Oncogene 23 (2004) 2919-2933.  
[4] W.E. Wright, and J.W. Shay, Telomere dynamics in cancer progression and 

prevention: fundamental differences in human and mouse telomere biology, Nat. 
Med. 6 (2000) 849-851.  

[5] C.J. Sherr, and R.A. DePinho, Cellular senescence: mitotic clock or culture 
shock? Cell 102 (2000) 407-410.  

[6] E.L. Duncan, and R.R. Reddel, Genetic changes associated with immortalization. 
A review, Biochemistry (Mosc) 62 (1997) 1263-1274.  

[7] M.R. Stampfer, J. Garbe, T. Nijjar, D. Wigington, K. Swisshelm, and P. Yaswen, 
Loss of p53 function accelerates acquisition of telomerase activity in indefinite 
lifespan human mammary epithelial cell lines, Oncogene 22 (2003) 5238-5251.  

[8] W.E. Ross, and M.O. Bradley, DNA double-stranded breaks in mammalian cells 
after exposure to intercalating agents, Biochim Biophys Acta 654 (1981) 129-134. 

[9] D.H. Lau, A.D. Lewis, M.N. Ehsan, and B.I. Sikic, Multifactorial mechanisms 
associated with broad cross-resistance of ovarian carcinoma cells selected by 
cyanomorpholino doxorubicin, Cancer Res. 51 (1991) 5181-5187. 

[10] J.P. Banathand P.L. Olive, Expression of phosphorylated histone H2AX as a 
surrogate of cell killing by drugs that create DNA double-strand breaks, Cancer 
Res. 63 (2003) 4347-4350. 

[11] X. Huang, M. Okafuji, F. Traganos, E. Luther, E. Holden, and Z. Darzynkiewicz, 
Assessment of histone H2AX phosphorylation induced by DNA topoisomerase I 
and II inhibitors topotecan and mitoxantrone and by the DNA cross-linking agent 
cisplatin, Cytometry 58 (2004) 99-110. 

[12] B.D. Chang, Y. Xuan, E.V. Broude, H. Zhu, B. Schott, J. Fang, and I.B. 
Roninson, Role of p53 and p21waf1/cip1 in senescence-like terminal proliferation 
arrest induced in human tumor cells by chemotherapeutic drugs, Oncogene 18 
(1999) 4808-4818. 

[13] D. Lodygin, A. Menssen, and H. Hermeking, Induction of the Cdk inhibitor p21 
by LY83583 inhibits tumor cell proliferation in a p53-independent manner, J. 
Clin. Invest. 110(2002) 1717-1727,. 

[14] N.D. Lakin, and S.P. Jackson, Regulation of p53 in response to DNA damage. 
Oncogene, 18 (1999) 7644-7655. 

[15] K.K. Khanna, and S.P. Jackson, DNA double-strand breaks: signaling, repair and 
the cancer connection, Nat. Genet. 27 (2001) 247-254. 

[16] J. Rouse, and S.P. Jackson, Interfaces between the detection, signaling, and repair 
of DNA damage, Science 297 (2002) 547-551. 

 11



[17] K.W. Kohn, R.G. Shao, and Y. Pommier, How do drug-induced topoisomerase I-
DNA lesions signal to the molecular interaction network that regulates cell cycle 
checkpoints, DNA replication, and DNA repair? Cell Biochem. Biophys. 33 
(2000) 175-180. 

[18] A. Celeste, O. Fernandez-Capetillo, M.J. Kruhlak, D.R. Pilch, D.W. Staudt, A. 
Lee, R.F. Bonner, W.M. Bonner, and A. Nussenzweig, Histone H2AX 
phosphorylation is dispensable for the initial recognition of DNA breaks, Nat. 
Cell Biol. 5 (2003) 675-679. 

[19] E.P. Rogakou, D.R. Pilch, A.H. Orr, V.S. Ivanova, and W.M. Bonner, DNA 
double-stranded breaks induce histone H2AX phosphorylation on serine 139, J 
Biol. Chem. 273 (1998) 5858-5868. 

[20] A.M. Holmes, and J.E. Haber, Double-strand break repair in yeast requires both 
leading and lagging strand DNA polymerases, Cell 96 (1999) 415-424. 

[21] J.S. Liu, S.R. Kuo, T.A. Beerman, and T. Melendy, Induction of DNA damage 
responses by adozelesin is S phase-specific and dependent on active replication 
forks, Mol, Cancer Ther. 2 (2003) 41-47. 

[22] M.K. Shivji, S.J. Grey, U.P. Strausfeld, R.D. Wood, and J.J. Blow, Cip1 inhibits 
DNA replication but not PCNA-dependent nucleotide excision-repair, Curr. Biol. 
4 (1994) 1062-1068. 

[23] S. Waga, G.J. Hannon, D. Beach, and B. Stillman, The p21 inhibitor of cyclin-
dependent kinases controls DNA replication by interaction with PCNA, Nature 
369 (1994) 574-578. 

[24] M.P. Cooper, A.S Balajee, and V.A. Bohr, The C-terminal domain of p21 inhibits 
nucleotide excision repair In vitro and In vivo, Mol. Biol. Cell 10 (1999) 2119-
2129. 

[25] Z.Q. Pan, J.T. Reardon, L. Li, H. Flores-Rozas, R. Legerski, A. Sancar, and j. 
Hurwitz, Inhibition of nucleotide excision repair by the cyclin-dependent kinase 
inhibitor p21, J. Biol. Chem. 270 (1995) 22008-22016. 

[26] M.K. Shivji, E. Ferrari, K. Ball, U. Hubscher, and R.D. Wood, Resistance of 
human nucleotide excision repair synthesis in vitro to p21Cdn1, Oncogene 17 
(1998) 2827-2838. 

[27] M. Bendjennat, J. Boulaire, T. Jascur, H. Brickner, V. Barbier, A. Sarasin, A. 
Fotedar, and R. Fotedar, UV irradiation triggers ubiquitin-dependent degradation 
of p21(WAF1) to promote DNA repair, Cell 114 (2003) 599-610. 

[28] E.E. Bosco, C.N. Mayhew, R.F. Hennigan, J. Sage, T. Jacks, and E.S. Knudsen, 
RB signaling prevents replication-dependent DNA double-strand breaks 
following genotoxic insult, Nucleic Acids Res. 32 (2004) 25-34. 

[29] M. Muller, S. Wilder, D. Bannasch, D. Israeli, K. Lehlbach, M. Li-Weber, S.L. 
Friedman, P.R. Galle, W. Stremmel, M. Oren, and P.H. Krammer, p53 activates 
the CD95 (APO-1/Fas) gene in response to DNA damage by anticancer drugs, J. 
Exp. Med. 188 (1998) 2033-2045. 

[30] S. Fulda, C. Scaffidi, T. Pietsch, P.H. Krammer, M.E. Peter, and K.M. Debatin, 
Activation of the CD95 (APO-1/Fas) pathway in drug- and gamma-irradiation-
induced apoptosis of brain tumor cells, Cell Death Differ. 5 (1998) 884-893. 

[31] S. Luschen, S. Ussat, G. Scherer, D. Kabelitz, and S. Adam-Klages, Sensitization 
to death receptor cytotoxicity by inhibition of fas-associated death domain protein 

 12



(FADD)/caspase signaling. Requirement of cell cycle progression, J. Biol. Chem. 
275 (2000) 24670-24678. 

[32] E. Crescenzi, G. Palumbo, and H.J. Brady, Bcl-2 activates a programme of 
premature senescence in human carcinoma cells, Biochem. J. 375 (2003) 263-274. 

[33] V. Rincheval, F. Renaud, C. Lemaire, N. Godefroy, P. Trotot, V. Boulo, B. 
Mignotte, and J.L. Vayssiere, Bcl-2 can promote p53-dependent senescence 
versus apoptosis without affecting the G1/S transition, Biochem. Biophys. Res. 
Commun. 298 (2002) 282-288. 

[34] J.M. Brown, and B.G. Wouters, Apoptosis, p53, and tumor cell sensitivity to 
anticancer agents. Cancer Res. 59 (1999)1391-1399. 

[35] R. Wiggenraad, R. Tamminga, P. Blok, R. Rouse, and J. Hermans, The prognostic 
significance of p53 expression for survival and local control in rectal carcinoma 
treated with surgery and postoperative radiotherapy. Int. J. Radiat. Oncol. Biol. 
Phys. 41 (1998) 29-35. 

[36] A. Rebbaa, X. Zheng, P.M. Chou, and B.L. Mirkin, Caspase inhibition switches 
doxorubicin-induced apoptosis to senescence, Oncogene 22 (2003) 2805-2811. 

[37] R.H. te Poele, A.L. Okorokov, L. Jardine, J. Cummings, andS.P.  Joel, DNA 
damage is able to induce senescence in tumor cells in vitro and in vivo, Cancer 
Res. 62 (2002) 1876-1883. 

[38] R.M. Cattaneo-Pangrazzi, H. Schott, H. Wunderli-Allenspach, M. Derighetti, and 
R.A. Schwendener, Induction of cell cycle-dependent cytotoxicity and apoptosis 
by new heterodinucleoside phosphate dimers of 5-fluorodeoxyuridine in PC-3 
human prostate cancer cells, Biochem. Pharmacol. 60 (2000)1887-1896. 

[39] S.J. Robles, P.W. Buehler, A. Negrusz, and G.R. Adami, Permanent cell cycle 
arrest in asynchronously proliferating normal human fibroblasts treated with 
doxorubicin or etoposide but not camptothecin, Biochem. Pharmacol. 58 (1999) 
675-685. 

[40] D. Bellarosa, A. Ciucci, A. Bullo, F. Nardelli, S. Manzini, C.A. Maggi, and C. 
Goso, Apoptotic events in a human ovarian cancer cell line exposed to 
anthracyclines, J. Pharmacol. Exp. Ther. 296 (2001) 276-283. 

[41] P.A. Marks, V.M. Richon, R. Breslow, and R.A. Rifkind, Histone deacetylase 
inhibitors as new cancer drugs, Curr. Opin. Oncol. 13 (2001) 477-483. 

[42] B.D. Chang, M.E. Swift, M. Shen, J. Fang, E.V. Broude, and I.B. Roninson, 
Molecular determinants of terminal growth arrest induced in tumor cells by a 
chemotherapeutic agent, Proc. Natl. Acad. Sci. U S A. 99 (2002) 389-394. 

[43] X. Zheng, P.M. Chou, B.L. Mirkin, and A. Rebbaa, Senescence-initiated reversal 
of drug resistance: specific role of cathepsin L, Cancer Res. 64 (2004) 1773-1780. 

[44] B.Z. Carter, S.M. Kornblau, T. Tsao, R.Y. Wang, W.D. Schober, M. Milella, H.G. 
Sung, J.C. Reed, and M. Andreeff, Caspase-independent cell death in AML: 
caspase inhibition in vitro with pan-caspase inhibitors or in vivo by XIAP or 
Survivin does not affect cell survival or prognosis, Blood 102 (2003) 4179-4186. 

[45] J.P. Chow, W.Y. Siu, T.K. Fung, W.M. Chan, A. Lau, T. Arooz, C.P. Ng, K. 
Yamashita, and R.Y. Poon, DNA damage during the spindle-assembly checkpoint 
degrades CDC25A, inhibits cyclin-CDC2 complexes, and reverses cells to 
interphase, Mol. Biol. Cell. 14 (2003) 3989-4002. 

 13



[46] V. Kolenko, R.G. Uzzo, R. Bukowski, N.H. Bander, A.C. Novick, E.D. His, and 
J.H. Finke, Dead or dying: necrosis versus apoptosis in caspase-deficient human 
renal cell carcinoma, Cancer Res. 59 (1999) 2838-2842. 

[47] C.A. Schmitt, J.S. Fridman, M.Yang, S. Lee, E. Baranov, R.M. Hoffman, and 
S.W. Lowe, A senescence program controlled by p53 and p16INK4a contributes 
to the outcome of cancer therapy, Cell 109 (2002) 335-346. 

[48] S. Lee, and C.A. Schmitt, Chemotherapy response and resistance, Curr. Opin. 
Genet. Dev. 13 (2003) 90-96. 

[49] I.B. Roninson, Tumor senescence as a determinant of drug response in vivo, Drug 
Resist. Updat. 5 (2002) 204-208. 

[50] M.S. Soengas, and S.W. Lowe, Apoptosis and melanoma chemoresistance, 
Oncogene 22 (2003) 3138-3151. 

[51] M.M. Gottesman, T. Fojo, and S.E. Bates, Multidrug resistance in cancer: role of 
ATP-dependent transporters, Nat. Rev. Cancer 2 (2002) 48-58. 

[52] C.M. Galmarini, and F.C. Galmarini, Multidrug resistance in cancer therapy: role 
of the microenvironment Curr. Opin. Investig. Drugs 4 (2003) 1416-1421. 

[53] Y. Pommier, O. Sordet, S. Antony, R.L. Hayward, and K.W. Kohn, Apoptosis 
defects and chemotherapy resistance: molecular interaction maps and networks, 
Oncogene 23 (2004) 2934-2949. 

[54] R. Haq, and B. Zanke, Inhibition of apoptotic signaling pathways in cancer cells 
as a mechanism of chemotherapy resistance, Cancer Metastasis Rev. 17 (1998) 
233-239. 

55. C. Bartussek, U. Naumann, and M.  Weller, Accumulation of mutant p53(V143A) 
modulates the growth, clonogenicity, and radiochemosensitivity of malignant 
glioma cells independent of endogenous p53 status, Exp. Cell Res. 253 (1999) 
432-439. 

[56] S. Liu, W.R. Bishop, and M. Liu, Differential effects of cell cycle regulatory 
protein p21(WAF1/Cip1) on apoptosis and sensitivity to cancer chemotherapy, 
Drug Resist. Updat. 6 (2003) 183-195. 

[57] A. Rebbaa, P.M. Chou, and B.L. Mirkin, Factors secreted by human 
neuroblastoma mediated doxorubicin resistance by activating STAT3 and 
inhibiting apoptosis, Mol. Med. 7 (2001) 393-400. 

[58] E. Devarajan, A.A. Sahin, J.S. Chen, R.R. Krishnamurthy, N. Aggarwal, A.M. 
Brun, A. Sapino, F. Zhang, D. Sharma, X.H. Yang, A.D. Tora, and K. Mehta, 
Down-regulation of caspase 3 in breast cancer: a possible mechanism for 
chemoresistance, Oncogene 21(2002) 8843-8851. 

[59] J.C. Reed, Bcl-2 family proteins: regulators of apoptosis and chemoresistance in 
hematologic malignancies, Semin. Hematol. 34 (1997) 9-19. 

[60] B.B. Zhou, H.J. Anderson, and M. Roberge, Targeting DNA checkpoint kinases 
in cancer therapy, Cancer Biol. Ther. 2 (2003) S16-22. 

[61] K. Savitsky, A. Bar-Shira, S. Gilad, G. Rotman, Y. Ziv, L. Vanagaite, D.A. Tagle, 
S. Smith, T. Uziel, S. Sfez, and et al., A single ataxia telangiectasia gene with a 
product similar to PI-3 kinase, Science 268 (1995)1749-1753. 

[62] C. Morrison, E. Sonoda, N. Takao, A. Shinohara, K. Yamamoto, and S. Takeda, 
The controlling role of ATM in homologous recombinational repair of DNA 
damage, Embo J. 19 (2000) 463-471. 

 14



[63] S.J. Collis, M.J. Swartz, W.G. Nelson, and T.L. DeWeese, Enhanced radiation 
and chemotherapy-mediated cell killing of human cancer cells by small inhibitory 
RNA silencing of DNA repair factors, Cancer Res. 63 (2003) 1550-1554. 

[64] A. Fedier, M. Schlamminger, V.A. Schwarz, U. Haller, S.B. Howell, and D. Fink, 
Loss of atm sensitises p53-deficient cells to topoisomerase poisons and 
antimetabolites, Ann. Oncol. 14 (2003) 938-945. 

[65] H. Hang, S.J. Rauth, K.M. Hopkins, and H.B. Lieberman, Mutant alleles of 
Schizosaccharomyces pombe rad9(+) alter hydroxyurea resistance, 
radioresistance and checkpoint control, Nucleic Acids Res. 28 (2000) 4340-4349. 

[66] B. Pinson, I. Sagot, and B. Daignan-Fornier, Identification of genes affecting 
selenite toxicity and resistance in Saccharomyces cerevisiae, Mol. Microbiol. 36 
(2000) 679-687. 

[67] G. Hapke, M.B. Yin, and Y.M. Rustum, Targeting molecular signals in chk1 
pathways as a new approach for overcoming drug resistance, Cancer Metastasis 
Rev. 20 (2001) 109-115. 

[68] M.B. Yin, G. Hapke, J. Wu, R.G. Azrak, C. Frank, C. Wrzosek, and Y.M. 
Rustum, Chk1 signaling pathways that mediated G(2)M checkpoint in relation to 
the cellular resistance to the novel topoisomerase I poison BNP1350. Biochem 
Biophys Res Commun, 295(2002) 435-444,. 

[69] M.V. Blagosklonny, and W.S. El-Deiry, Acute overexpression of wt p53 
facilitates anticancer drug-induced death of cancer and normal cells, Int. J. Cancer 
75 (1998) 933-940. 

[70] J.L. Boulay, A.P. Perruchoud, J. Reuter, C. Bolliger, R. Herrmann, and C. 
Rochlitz, p21 gene expression as an indicator for the activity of adenovirus-p53 
gene therapy in non-small cell lung cancer patients, Cancer Gene Ther. 7 (2000) 
1215-1219. 

[71] W.S. el-Deiry, J.W. Harper, P.M. O'Connor, V.E. Velculescu, C.E. Canman, J. 
Jackman, J.A. Pietenpol, M. Burrell, D.E. Hill, Y. Wang, and et al. WAF1/CIP1 is 
induced in p53-mediated G1 arrest and apoptosis, Cancer Res. 54 (1994) 1169-
1174. 

[72] I.B. Roninson, Oncogenic functions of tumour suppressor p21(Waf1/Cip1/Sdi1): 
association with cell senescence and tumour-promoting activities of stromal 
fibroblasts, Cancer Lett. 179 (2002) 1-14. 

[73] L.F. Qin, and I.O. Ng, Exogenous expression of p21(WAF1/CIP1) exerts cell 
growth inhibition and enhances sensitivity to cisplatin in hepatoma cells, Cancer 
Lett. 172 (2001) 7-15. 

[74] F. Teraishi, Y. Kadowaki, Y. Tango, T. Kawashima, T. Umeoka, S. Kagawa, N. 
Tanaka, and T. Fujiwara, Ectopic p21sdi1 gene transfer induces retinoic acid 
receptor beta expression and sensitizes human cancer cells to retinoid treatment, 
Int. J. Cancer 103 (2003) 833-839. 

[75] S. De Schepper, H. Bruwiere, T. Verhulst, U. Steller, L. Andries, W. Wouters, M. 
Janicot, J. Arts, and J. Van Heusden, Inhibition of histone deacetylases by 
chlamydocin induces apoptosis and proteasome-mediated degradation of survivin, 
J. Pharmacol. Exp. Ther. 304 (2003) 881-888. 

 15



[76] D. Javelaud, and F. Besancon, Inactivation of p21WAF1 sensitizes cells to 
apoptosis via an increase of both p14ARF and p53 levels and an alteration of the 
Bax/Bcl-2 ratio, J. Biol. Chem. 277 (2002) 37949-37954. 

[77] Z. Han, W. Wei, S. Dunaway, J.W. Darnowski, P. Calabresi, J. Sedivy, E.A. 
Hendrickson, K.V. Balan, P. Pantazis, and J.H. Wyche, Role of p21 in apoptosis 
and senescence of human colon cancer cells treated with camptothecin, J. Biol. 
Chem. 277 (2002) 17154-17160. 

[78] L.A. Martinez, J. Yang, E.S. Vazquez, C. Rodriguez-Vargas Mdel, M. Olive, J.T. 
Hsieh, C.J. Logothetis, and N.M. Navone, p21 modulates threshold of apoptosis 
induced by DNA-damage and growth factor withdrawal in prostate cancer cells, 
Carcinogenesis 23 (2002) 1289-1296. 

[79] T. Waldman, C. Lengauer, K.W. Kinzler, and B. Vogelstein, Uncoupling of S 
phase and mitosis induced by anticancer agents in cells lacking p21, Nature 381 
(1996) 713-716. 

[80] B.G. Wouters, A.J. Giaccia, N.C. Denko, and J.M. Brown, Loss of p21Waf1/Cip1 
sensitizes tumors to radiation by an apoptosis-independent mechanism, Cancer 
Res. 57 (1997) 4703-4706. 

[81] H. Lincet, L. Poulain, J.S. Remy, E. Deslandes, F. Duigou, P. Gauduchon, and C. 
Staedel,The p21(cip1/waf1) cyclin-dependent kinase inhibitor enhances the 
cytotoxic effect of cisplatin in human ovarian carcinoma cells, Cancer Lett. 161 
(2000) 17-26. 

[82] J.P. Brown, W. Wei, and J.M. Sedivy, Bypass of senescence after disruption of 
p21CIP1/WAF1 gene in normal diploid human fibroblasts, Science 277 (1997) 
831-834. 

[83] L. Fang, M. Igarashi, J. Leung, M.M. Sugrue, S.W. Lee, and S.A. Aaronson, 
p21Waf1/Cip1/Sdi1 induces permanent growth arrest with markers of replicative 
senescence in human tumor cells lacking functional p53, Oncogene 18 (1999) 
2789-2797. 

[84] A.L. Gartel, and A.L. Tyner, The role of the cyclin-dependent kinase inhibitor 
p21 in apoptosis, Mol. Cancer Ther. 1 (2002) 639-649. 

[85] M.S. Colman, C.A. Afshari, and J.C. Barrett,  Regulation of p53 stability and 
activity in response to genotoxic stress, Mutat. Res. 462 (2000)179-188. 

[86] J.A. Metcalfe, J. Parkhill, L. Campbell, M. Stacey, P. Biggs, P.J. Byrd, and A.M. 
Taylor, Accelerated telomere shortening in ataxia telangiectasia, Nat. Genet. 13 
(1996) 350-353. 

[87] A. Ahmed, and T. Tollefsbol, Telomeres and telomerase: basic science 
implications for aging, J. Am. Geriatr. Soc. 49 (2001)1105-1109. 

[88] I. Faraoni, M. Turriziani, G. Masci, L. De Vecchis, J.W. Shay, E. Bonmassar, and 
G. Graziani, Decline in telomerase activity as a measure of tumor cell killing by 
antineoplastic agents in vitro, Clin. Cancer Res. 3 (1997) 579-585. 

[89] I. Faraoni, M. Turriziani, E. Bonmasssar, L. De Vecchis, and G. Graziani, 
Development of a novel in vitro chemosensitivity assay: telomerase as a possible 
marker of tumor cell survival, J. Chemother. 8 (1996) 394-398. 

[90] Y. Kiyozuka, D. Yamamoto, J. Yang, Y. Uemura, H. Senzaki, S. Adachi, and A. 
Tsubura, Correlation of chemosensitivity to anticancer drugs and telomere length, 

 16



telomerase activity and telomerase RNA expression in human ovarian cancer 
cells, Anticancer Res. 20 (2000) 203-212. 

[91] H. Mese, Y. Ueyama, A. Suzuki, S. Nakayama, A. Sasaki, H. Hamakawa, and T. 
Matsumura, Inhibition of telomerase activity as a measure of tumor cell killing by 
cisplatin in squamous cell carcinoma cell line, Chemotherapy 47 (2001) 136-142. 

[92] M. Akiyama, J. Horiguchi-Yamada, S. Saito, Y. Hoshi, O.Yamada, H. Mizoguchi, 
and H. Yamada, Cytostatic concentrations of anticancer agents do not affect 
telomerase activity of leukaemic cells in vitro, Eur. J. Cancer 35 (1999) 309-315. 

[93] T.R. Cressey, M.J. Tilby, and D.R. Newell, Decreased telomerase activity is not a 
reliable indicator of chemosensitivity in testicular cancer cell lines, Eur. J. Cancer. 
38 (2002) 586-593. 

[94] K. Merker, A. Stolzing, and T. Grune, Proteolysis, caloric restriction and aging, 
Mech. Ageing Dev. 122 (2001)595-615. 

[95] G. Lynch. and X. Bi, Lysosomes and brain aging in mammals, Neurochem. Res. 
28 (2003) 1725-1734. 

[96] P.A. Szweda, M. Camouse, K.C. Lundberg, T.D. Oberley, and L.I. Szweda, 
Aging, lipofuscin formation, and free radical-mediated inhibition of cellular 
proteolytic systems, Ageing Res. Rev. 2 (2003) 383-405. 

[97] A.M. Cuervo, and J.F. Dice, When lysosomes get old. Exp Gerontol, 35(2000) 
119-131. 

[98] Y. Ogiso, A. Tomida, S. Lei, S. Omura, and T. Tsuruo, Proteasome inhibition 
circumvents solid tumor resistance to topoisomerase II-directed drugs, Cancer 
Res. 60 (2000)2429-2434. 

[99] J.C. Cusack, R. Liu, M. Houston, K. Abendroth, P.J. Elliott, J. Adams, and A.S. 
Baldwin, Enhanced chemosensitivity to CPT-11 with proteasome inhibitor PS-
341: implications for systemic nuclear factor-kappaB inhibition, Cancer Res. 61 
(2001)3535-3540. 

[100] Q.Q. Li, L. Ding, and E. Reed, Proteasome inhibition suppresses cisplatin-
dependent ERCC-1 mRNA expression in human ovarian tumor cells, Res. 
Commun. Mol. Pathol. Pharmacol. 107 (2000) 387-396. 

[101] Q.Q. Li, M.K. Yunmbam, X. Zhong, J.J. Yu, E.G. Mimnaugh, L. Neckers, and E. 
Reed, Lactacystin enhances cisplatin sensitivity in resistant human ovarian cancer 
cell lines via inhibition of DNA repair and ERCC-1 expression, Cell Mol. Biol. 
(Noisy-le-grand) 47 (2001) OL61-72. 

[102] Y. Ogiso, A. Tomida, and T. Tsuruo, Nuclear localization of proteasomes 
participates in stress-inducible resistance of solid tumor cells to topoisomerase II-
directed drugs, Cancer Res. 62 (2002) 5008-5012. 

[103] P.N. Lara, A.M. Davies, P.C. Mack, M.M. Mortenson, R.J. Bold, P.H. 
Gumerlock, and D.R. Gandara, Proteasome inhibition with PS-341 (bortezomib) 
in lung cancer therapy, Semin. Oncol. 31 (2004) 40-46. 

[104] J. Adams, and M. Kauffman. Development of the proteasome inhibitor Velcade 
(Bortezomib), Cancer Invest. 22 (2004) 304-311. 

[105] P.G. Richardson, B. Barlogie, J. Berenson, S. Singhal, S. Jagannath, D. Irwin, 
S.V. Rajkumar, G. Srkalovic, M. Alsina, R. Alexanian, D. Siegel, R.Z. Orlowski, 
D. Kuter, S.A. Limentani, S. Lee, T. Hideshima, D.L. Esseltine, M. Kauffman, J. 

 17



Adams, D.P. Schenkein, and K.C. Anderson, A phase 2 study of bortezomib in 
relapsed, refractory myeloma, N. Engl. J. Med. 348 (2003) 2609-2617. 

[106] J.C. Cusack, Rationale for the treatment of solid tumors with the proteasome 
inhibitor bortezomib, Cancer Treat. Rev. 29 Suppl. 1(2003) 21-31. 

[107] W.G. An, S.G. Hwang, J.B. Trepel, and M.V. Blagosklonny, Protease inhibitor-
induced apoptosis: accumulation of wt p53, p21WAF1/CIP1, and induction of 
apoptosis are independent markers of proteasome inhibition, Leukemia 14 (2000) 
1276-1283. 

[108] R.J. Sheaff, J.D. Singer, J. Swanger, M. Smitherman, J.M. Roberts, and B.E. 
Clurman, Proteasomal turnover of p21Cip1 does not require p21Cip1 
ubiquitination, Mol. Cell. 5 (2000) 403-410. 

[109] Z. Zhang, J. Wu, W.N. Hait, and J.M. Yang, Regulation of the Stability of P-
glycoprotein by Ubiquitination, Mol. Pharmacol. (2004) In Press. 

[110] W.F. Ward, Protein degradation in the aging organism, Prog. Mol. Subcell. Biol. 
29 (2002) 35-42. 

[111] V. Turk, B. Turk, and D. Turk, Lysosomal cysteine proteases: facts and 
opportunities, Embo J. 20 (2001) 4629-4633. 

[112] B. Turk, D. Turk, and V. Turk, Lysosomal cysteine proteases: more than 
scavengers, Biochim. Biophys. Acta 1477 (2000) 98-111. 

[113] M.E. Guicciardi, H. Miyoshi, S.F. Bronk, and G.J. Gores, Cathepsin B knockout 
mice are resistant to tumor necrosis factor-alpha-mediated hepatocyte apoptosis 
and liver injury: implications for therapeutic applications, Am. J. Pathol. 159 
(2001) 2045-2054. 

[114] F. Benavides, M.F. Starost, M. Flores, I.B. Gimenez-Conti, J.L. Guenet, and C.J. 
Conti, Impaired hair follicle morphogenesis and cycling with abnormal epidermal 
differentiation in nackt mice, a cathepsin L-deficient mutation, Am. J. Pathol. 161 
(2002) 693-703. 

[115] C. Britto. and L. Murray, A cathepsin L protease essential for Caenorhabditis 
elegans embryogenesis is functionally conserved in parasitic nematodes, Mol. 
Biochem. Parasitol. 122 (2002) 21-33. 

[116] W.W. Wright, L. Smith, C. Kerr, and M. Charron, Mice that express 
enzymatically inactive cathepsin L exhibit abnormal spermatogenesis, Biol. 
Reprod. 68 (2003) 680-687. 

[117] W. Potts, J. Bowyer, H. Jones, D. Tucker, A.J. Freemont, A. Millest, C. Martin, 
Vernon, W., Neerunjun, D., Slynn, G., Harper, F., and Maciewicz, R. Cathepsin 
L-deficient mice exhibit abnormal skin and bone development and show increased 
resistance to osteoporosis following ovariectomy, Int. J. Exp. Pathol. 85 (2004) 
85-96. 

[118] H. Nakanishi, K. Tominaga, T. Amano, I. Hirotsu, T. Inoue, and K. Yamamoto, 
Age-related changes in activities and localizations of cathepsins D, E, B, and L in 
the rat brain tissues, Exp. Neurol. 126 (1994)119-128. 

[119] G.O. Ivy, F. Schottler, J. Wenzel, M. Baudry, and G. Lynch, Inhibitors of 
lysosomal enzymes: accumulation of lipofuscin-like dense bodies in the brain, 
Science 226 (1984) 985-987. 

[120] G.O. Ivy, S. Kanai, M. Ohta,G.  Smith, Y. Sato, M. Kobayashi, and K. Kitani, 
Lipofuscin-like substances accumulate rapidly in brain, retina and internal organs 

 18



 19

with cysteine protease inhibition, Adv. Exp. Med. Biol. 266 (1989) 31-45; 
discussion 45-37,. 

[121] E. Bednarski, C.E. Ribak, and G. Lynch, Suppression of cathepsins B and L 
causes a proliferation of lysosomes and the formation of meganeurites in 
hippocampus, J. Neurosci. 17 (1997) 4006-4021. 

[122] A.C. MacIntyre, and D.J. Cutler, The potential role of lysosomes in tissue 
distribution of weak bases, Biopharm. Drug. Dispos. 9 (1988) 513-526. 

[123] G. Noel, C. Peterson, A. Trouet, and P. Tulkens, Uptake and subcellular 
localization of daunorubicin and adriamycin in cultured fibroblasts, Eur. J. Cancer 
14 (1978) 363-368. 

[124] Y. Gong, M. Duvvuri, and J.P.  Krise, Separate roles for the Golgi apparatus and 
lysosomes in the sequestration of drugs in the multidrug-resistant human leukemic 
cell line HL-60, J. Biol. Chem. 278 (2003) 50234-50239. 

[125] S. J. Hurwitz, M. Terashima, N. Mizunuma, and C.A.  Slapak, Vesicular 
anthracycline accumulation in doxorubicin-selected U-937 cells: participation of 
lysosomes, Blood 89 (1997) 3745-3754. 

[126] B. Goulet, A. Baruch, N.S. Moon, M. Poirier, L.L. Sansregret, A. Erickson, M. 
Bogyo, and A. Nepveu, A cathepsin L isoform that is devoid of a signal peptide 
localizes to the nucleus in S phase and processes the CDP/Cux transcription 
factor, Mol. Cell 14 (2004) 207-219. 

 


	TARGETING SENESCENCE PATHWAYS TO REVERSE DRUG RESISTANCE IN CANCER
	Abdelhadi Rebbaa
	Abstract
	5. Relevance of senescence in drug resistance
	7. What can research on aging teach us about targeting senescence to reverse drug resistance in cancer?
	a) Proteasome
	b) Lysosomal cathepsins

	8. Conclusion

