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Abstract
Innate or acquired resistance to cancer therapeutics remains an important area of biomedical
investigation that has clear ramifications for improving cancer specific death rates. Importantly,
clues to key resistance mechanisms may lie in the well-orchestrated and highly conserved cellular
and systemic responses to injury and stress. Many anti-neoplastic therapies typically rely on DNA
damage, which engages potent DNA damage response signaling pathways that culminate in
apoptosis or growth arrest at checkpoints to allow for damage repair. However, an alternative
cellular response, senescence, can also be initiated when challenged with these internal/external
pressures and in ideal situations acts as a self-protecting mechanism. Senescence-induction
therapies are an attractive concept in that they represent a normal, highly conserved and
commonly-invoked tumor-suppressing response to overwhelming genotoxic stress or oncogene
activation. Yet, such approaches should ensure that senescence by-pass or senescence re-
emergence does not occur, as emergent cells appear to have highly drug resistant phenotypes.
Further, cell non-autonomous senescence responses may contribute to therapy-resistance in certain
circumstances. Here we provide an overview of mechanisms by which cellular senescence
plausibly contributes to therapy resistance and concepts by which senescence responses can be
influenced to improve cancer treatment outcomes.

Keywords
DNA damage response; oncogene induced senescence; microenvironment

1. Introduction
Cancer is one of the most prevalent diseases diagnosed in developed countries and one of
the leading causes of mortality in the United States. According to the National Cancer
Institute approximately 1.6 million people were diagnosed with some form of cancer in 2010
and 570,000 lives were lost to neoplastic diseases (Howlader, 2011). Historically cancer was
treated via surgical removal with some of the earliest indications of surgical intervention
dating back to ancient Egypt with depictions of breast cancer surgeries (Mansfield, 1976).
While surgical removal or radiotherapy of a solid tumor can be effective in treating localized
primary disease, it has limited effectiveness in situations where tumor cells have spread
outside of their tissue of origin.
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The post-world war one era saw the dawning of systematic, scientifically-based approaches
for treating cancer patients. Experiments by Goodman and Gilman using nitrogen mustard
for non-Hodgkin’s lymphoma are representative of these early efforts that met with success.
The evolution of systemic therapeutics and the science underlying their applications has
resulted in complete cures for a subset of advanced tumor types and improved survival for
most others. However, the ability of tumor cells to acquire resistance to cytotoxic and
cytostatic agents can drastically reduce the efficacy of current interventions. It is interesting
to note that the advent of chemotherapy was paralleled by the recognition of acquired
therapy resistance (Chabner and Roberts, 2005). For patients with metastatic disease, drug
resistance contributes to the majority of treatment failures (Longley and Johnston, 2005;
Mahon et al., 2011). Despite initial responses, many tumors will relapse and progress
regardless of repeated exposures to anti-neoplastic therapeutics. This naturally begs the
question as to why? In this review we discuss the role of cellular senescence as a
contributing factor in therapy resistance. We provide an overview of cellular damage
responses to cancer treatments with a focus on signaling pathways leading to senescence, a
state generally associated with tumor suppression. We describe evidence supporting contrary
roles whereby senescence can enhance responses or promote resistance to cancer-directed
therapeutics, and discuss opportunities to exploit senescence in the context of clinical care.

2. Chemotherapeutics, Cellular Damage and Damage Responses
Pharmacological agents designed to induce tumor cell death and/or suppress growth fall into
several classes based on mechanism of action. Whereas recent advances in anti-cancer
therapeutics have focused on developing inhibitors that exploit specific oncogenic mutations
that hyper-activate growth regulatory pathways, the most widely used agents are poorly
selective for neoplastic cells and rely on marginal differences between benign cells and
tumor cells that involve proliferation rates, DNA replication, genome instability, redox
states, angiogenesis, and other features to provide a favorable therapeutic index. For
instance, alkylating agents can cause DNA interstrand cross-links, which lead to DNA
double strand breaks and cellular arrest (Knox et al., 1988). Topoisomerase inhibitors work
by stabilizing DNA which prevents proper cellular replication and in turn initiates a damage
response (Pommier, 1993). In addition to the stabilization of DNA, some topoisomerase
inhibitors also induce interstrand cross-linking and free radical production (Minotti et al.,
2004). Platinum-based drugs form adducts with DNA and to some extent double strand
breaks (Graham et al., 2004), while the glycopeptide antibiotic bleomycin induces direct
double strand breaks (Povirk et al., 1989). Spindle poisons bind to β-tubulin stabilizing
microtubules and depending on the class they either block or promote depolymerization of
microtubules leading to cellular growth arrest and apoptosis (Kennedy et al., 2004). While
the mode of action may vary among therapies, most have substantial effects on benign cells,
and their incorporation into treatment regimens are based on schedules that minimizing
collateral damage to the patient while maximizing the impact upon the cancer.

There are numerous hypothesized and proven mechanisms that contribute to therapy
resistance that span cellular, tumor, and host dynamics. These include principles of cancer
stem cells, enrichment and selection for natively resistance cells, induction of efflux pumps
and alterations in the tumor microenvironment. Importantly, clues to key resistance
mechanisms may lie in the well-orchestrated and highly conserved cellular and systemic
responses to injury and stress. Many anti-neoplastic therapies typically rely on DNA
damage, which engages potent DNA damage response (DDR) signaling pathways that
culminate in apoptosis or growth arrest at checkpoints to allow for damage repair. However,
given the nature of treatment regimens, doses high enough to kill rapidly dividing cells but
low enough to minimize the damage to normal tissues and organs, may not achieve complete
tumor ablation. It is the DDR which is activated following treatment in cells failing to
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succumb to apoptosis which can induce a terminal growth arrest state termed cellular
senescence. Once senesced, these cells may have an intrinsic resistance to future treatment
attempts, but also, by definition, they are no longer proliferating.

3. The DNA Damage Response
The DNA Damage Response (DDR) is a complex developmentally conserved process which
is initiated following injury to the integrity of DNA. This response is set in motion to protect
cells from irreversible damage following exposure to exogenous/endogenous genotoxins,
and to eliminate those cells with damage too extreme to repair fully. There are several
factors that can induce the damage response ranging from UV exposure to commonly used
cancer treatments such as γ-radiation and chemotherapeutics (reviewed by (Jackson and
Bartek, 2009)). Common environmental exposures and cellular metabolism routinely result
in DNA damage that results in 1 million individual lesions per cell per day (Lodish, 2004).
Thus, repair processes are in constant activity and the rate of damage approximates the rate
of repair. Following exposure to DNA damaging agents, the rate of damage far exceeds the
capacity of the repair process to efficiently reinstate a functional DNA structure, resulting in
permanent growth arrest or the execution of cell death programs. The initiation of the DDR
is mediated by sensor proteins (Zhou and Elledge, 2000), such as the Mre11-Rad50-Nbs1
(MRN) mediator complex (Lee and Paull, 2005; Paull and Lee, 2005). These proteins
identify the sites of damage and target them for either repair or elimination (FIGURE 1).

The second phase of the DDR is the signaling cascade that results after damage is identified.
Key signaling components in mammalian cells are the protein kinases ATR and ATM,
which are recruited in response to single and double strand breaks, respectively (Durocher
and Jackson, 2001). For the purpose of this review we will provide a simplified overview on
the DDR to double strand breaks with respect to their role in the response to
chemotherapeutics (for a comprehensive review see (Ciccia and Elledge, 2010)). Upon
recruitment to the site of DNA damage, ATM autophosphorylates at multiple sites resulting
in its activation (Kozlov et al., 2006). The activation of ATM has several effects, one of
which leads to the phosphorylation of serine 139 on H2AX, which plays a role in the
accumulation of MDC1 at the site of damage (Ciccia and Elledge, 2010; Harper and
Elledge, 2007). This in turn promotes the retention of several checkpoint proteins such as
p53BP1, BRCA1 and NBS1 at the break site providing a matrix for enhancing the DDR and
promoting damage repair (Huen and Chen, 2008; Mailand et al., 2007; Stucki and Jackson,
2006).

Concurrent with the DDR enhancement, ATM activation leads to an activation of CHK2
through direct phosphorylation which results in homodimerization at the FHA domains (Ahn
et al., 2004). The newly activated CHK2 and previously active ATM directly regulate the
downstream target p53 by blocking its ubiquitination by MDM2, leading to p53 stabilization
and accumulation (Ahn et al., 2004). This stabilization/accumulation can have several
results depending on the desired fate of the cell. The first of which, if feasible is that it can
lead to the activation of the repair mechanisms which if achieved can allow the cell to attain
normal functions (Ciccia and Elledge, 2010; Riley et al., 2008). However, if the cell is
beyond repair, other avenues following p53 activation such as the upregulation of
proapoptotic proteins or the activation of p21 which then interferes with cyclin-dependent
kinase activity resulting in permanent cell cycle arrest and a state of senescence, will be
engaged (Gewirtz et al., 2008; Riley et al., 2008). Interestingly, in the absence of DNA
damage several of these pathways can be initiated to promote senescence, a process referred
to as a pseudo-DDR (Pospelova et al., 2009). As discussed below, cellular senescence is
increasingly recognized as an important component of tumor suppressing mechanisms that
also may influence responses and outcomes to cancer therapeutics.
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4. Cellular Senescence: Mechanisms and Outcomes
The word senescence is derived from the Latin word senex, meaning old age or advanced in
age. In addition to describing an organismal state that is associated with advanced
chronological age, the term senescence has also been applied to a phenotype observed in
individual cells, also associated with chronological age—often measured by numbers of cell
divisions. Cellular senescence is also influenced by other factors that modify DNA and the
functions of other organelles to phenocopy the growth-arrested phenotype that accompanies
replicative exhaustion. The concept of cellular senescence was first introduced by Hayflick
and Moorehead (1961) who reported that normal human diploid cells had a limited capacity
for proliferation—usually approximately 50 cell divisions in vitro, at which time cells lose
the ability to further divide. These senescent cells are morphologically distinct from normal
cells; they tend to be enlarged, flattened and display increased cytoplasmic granularity. In
addition to the visible physical changes there is an increased activity of senescence
associated β-galactosidase present within the cells (Collado and Serrano, 2010). These
senescent cells remain viable, metabolically active and are distinguishably different from a
quiescent cell which is in a temporary state of growth arrest (Shelton et al., 1999).

There are several different mechanisms capable of inducing cellular senescence. The earliest
described initiator was replicative exhaustion (Hayflick and Moorhead, 1961). The concept
of replicative exhaustion describes the general rule that cells have a finite number of cellular
divisions. This limited proliferative capacity contributes not only to the aging process but
the ability of tissues to maintain proper function. The mechanism behind replicative
exhaustion involves the progressive erosion of the telomeres after many replication cycles
along with or without elevated expression of cyclin dependent kinase inhibitors (Choudhury
et al., 2007). As a direct result of telomere erosion cells elicit a response similar to the DDR
which activates the signaling cascade driving the cell to a permanently growth arrested
senescent state (Collado et al., 2007). This signaling cascade includes the activation of ATM
and ATR kinases which leads to the phosphorylation of histone H2AX (d'Adda di Fagagna
et al., 2003). There is also an activation of Chk1 and Chk2, modifications of p53, induction
of p21 and p16 and the consequential arrest of cell cycle progression (d'Adda di Fagagna et
al., 2003; Gewirtz et al., 2008).

The consequence of excessive oxidative stress exposure upon a cell appears to elicit a
similar response to that was observed with replicative exhaustion (Chen et al., 2007). Early
studies showed that it was critical to maintain the cellular redox balance and to detoxify
reactive oxygen species (ROS) in order to prevent a senescent phenotype (Ho et al., 2000).
This was followed by the finding that glutathione-dependent redox homeostasis plays a role
in maintaining telomere function and integrity (Kurz et al., 2004). Later, chronic exposure to
low doses of H2O2 was found to lead to an accumulation of DNA damage and a decreased
capacity for DNA repair resulting in telomere shortening and induction of the senescence
process (Duan et al., 2005). The mechanisms mediating the response to oxidative stress were
investigated further and it was found that ATM signaling plays a central role in the induction
of senescence (Zhan et al., 2010).

Another critical role of cellular senescence is its action as a tumor suppressor mechanism,
which is often termed oncogene induced senescence (OIS). In response to the activation of
an oncogene or a loss of a tumor suppressor activity, the senescence signaling cascade is
initiated to protect the integrity of the cell and restrain neoplastic growth (Campisi, 2001).
Early cell based assays found that enhanced expression of the oncogene RAS resulted in
stable cellular arrest and that this state was achieved via accumulation of p53 and p16
(Serrano et al., 1997). This was confirmed in lymphocytes when the induction of RAS
invoked a cellular senescence response through the RB pathway (Braig et al., 2005).
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Upregulated expression or activating mutations of BRAF in melanocytes also results in a
shift to a senescence phenotype (Michaloglou et al., 2005). This appears to be mediated by
an activation of p16, a known cyclin dependent kinase inhibitor (Gewirtz et al., 2008;
Michaloglou et al., 2005). However, BRAF mutations can also result in senescence
independent of p16 or p53 status when C-MYC expression is suppressed (Zhuang et al.,
2008). The ATM pathway has also been implicated in initiating a senescence response
following perturbation of the oncogenes mos, cdc6 and Cyclin E (Bartkova et al., 2006).
Additionally, in certain situations overexpression of oncogenes can lead to hyper
proliferation and as a result, activation of the cellular senescence response (Di Micco et al.,
2006). Furthermore, inactivation of tumor suppressors, such as PTEN and NF1 appear to
also initiate a senescence response (Chen et al., 2005; Courtois-Cox et al., 2006). One
mechanism for the PTEN induced senescence may be through a codependent relationship
with p53; upon loss of PTEN there is an activation of p19ARF which induces p53 function
and activation of p21 (Chen et al., 2005). Moreover, recent evidence has suggested that this
transition to a senescent state may be in part mediated through autophagic responses to acute
oncogenic stress (Young et al., 2009).

While there are many different oncogenes that can induce senescence, most appear to utilize
a similar signaling cascade via activation of ATM/p53/RB pathway (reviewed in (Caino et
al., 2009; Courtois-Cox et al., 2008)). This cascade is hypothesized to have evolved as a
protective mechanism to inhibit oncogenesis by arresting premalignant lesions or blocking
mutagenic processes. This ‘fail-safe’ mechanism is of particular importance in long-lived
organisms that harbor renewable tissues requiring multiple rounds of cell division and
resultant errors that accompany DNA replication.

Though many premalignant cells are halted from further progression by the engagement of
senescence, the frequency of overtly malignant tumors indicates that many cells either do
not have fully active senescence programs or develop bypass mechanisms to regain
proliferation capabilities. With all cancer therapeutics, the primary intent is to either remove
the malignancy, promote an apoptotic response, or permanently arrest the continued growth
and spread of cancerous cells. While tumor cells do not have the same replicative limits as
normal tissues, many still retain the capacity to senesce, particularly following exposure to
DNA damaging agents. In solid tumors the damage response tends to mimic the previously
described senescence responses. In brief, following exposure to cytotoxic agents some cells
will undergo an apoptotic response while others may not receive enough damage to initiate
this pathway. The damage received is handled in a similar manner as reactions to critical
shortened telomeres (Chang et al., 1999; Suzuki and Boothman, 2008) even in the absence
of telomere shortening (Elmore et al., 2002). In cell-based assays, the treatment with cytoxic
chemotherapy agents/ionizing radiation promotes senescence through the functions of p21
and p53 (Chang et al., 2002; Mirzayans et al., 2005). In glioblastoma cells the radiation-
induced senescence response appears to also rely signaling through p53 (Quick and Gewirtz,
2006). Additionally, even treatments such as microtubule poisons, which do not directly
target DNA, have been shown to induce the senescence phenotype (Gewirtz et al., 2008).
This is thought to be through the generation of ROS which can cause genotoxic damage
(Gewirtz et al., 2008).

A DDR culminating in senescence has clearly been observed in many different cancer types
in-vitro and evidence suggests that this response is relevant in-vivo as well. In fact, one of
the earliest reports of treatment induced senescence in patients came from a neoadjuvant
chemotherapy study in breast carcinoma in which approximately 42% of resected tumors
stained positive for senescence markers (te Poele et al., 2002). This has since been verified
in evaluations of lung cancer patients receiving neoadjuvant therapy (Roberson et al., 2005);
in a study of non-small cell lung cancer, patients were randomized to either a neoadjuvant

Gordon and Nelson Page 5

Drug Resist Updat. Author manuscript; available in PMC 2013 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



chemotherapy regimen or no treatment prior to surgery. Patients receiving the chemotherapy
had a marked increase in the expression of senescence markers suggesting chemotherapy
can indeed induce cellular arrest via this mechanism. Additionally, evaluations of prostate
tumors before and after chemotherapy treatment with mitoxantrone, revealed an increase in
senescent markers such as p16 and p21 (Coppe et al., 2008). In a recent study, patients with
malignant pleural mesothelioma treated with neoadjuvant therapy were evaluated for
evidence of tumor cell senescence (Sidi et al., 2011). Patients whose tumors showed
evidence of senescence, measured by elevated p21 and PAI-1, appeared to have little
response to treatment. This observation appears consistent with previous cell based
experiments using malignant pleural mesothelioma that found that chemotherapy resistance
is p21 dependent (Lazzarini et al., 2008). In the subset of patients that did not exhibit a
change in senescence markers, a substantially higher apoptosis rate was observed in
response to therapy. Furthermore, Sidi et al also had access to survival and progression data
from which they concluded that an induction of tumor cell senescence following
neoadjuvant therapy was associated with a poor clinical outcome. This latter study suggests
that chemotherapy resistance may be in part explained by this intrinsic tumor response
involving senescence.

Cellular senescence can be induced through a multitude of internal/external pressures and in
ideal situations acts as a self-protecting mechanism. However, if senescence is bypassed,
cells can become immortalized and potentially undergo a malignant transformation (Wright
et al., 1989). Senescence bypass appears to be a relatively infrequent process (Elmore et al.,
2005) but could have serious implications in regards to the health of an organism. Early
studies looked at the role of p21 and found that following inactivation, cells were able to
bypass senescence after being challenged with DNA damage (Brown et al., 1997). Cell
based experiments found that after knockout of one copy of RB, cells experienced a loss of
heterozygosity and were eventually able to bypass senescence. Additionally, it was
identified that alterations in both p21 and p53 promote the bypass of senescence (Wei et al.,
2003). This was confirmed in a set of experiments which initially showed that the loss of the
tumor suppressor PTEN induced senescence. However, if p53 was inactivated as well,
senescence was bypassed and lethal prostate cancer developed in mice (Chen et al., 2005).
The p53 pathway was further implicated when Elmore et al. (2005) found that following
treatment with chemotherapy and radiation, a senescence-resistant breast cancer clone
emerged. In these cells, levels of cdc-2 were elevated, levels of MDR1 were undetectable,
and p53 remained intact. This suggested that senescence resistance may be mediated through
the ability to block the down-regulation of cdc-2. There is also evidence that mutations in
RAS family members, leading to their altered expression, can aid in the evasion of p53-
mediated senescence signaling cascades (Sarkisian et al., 2007). In melanocytes a bypass of
senescence can be reached through the loss of p16 expression, which is a result of genomic
deletions in the CDKN2A locus (Chin et al., 1997). Further studies of senescence in
melanocytes and melanoma found that the common BRAF valine-to-glutamic acid mutation
is involved melanoma development, and along with p53 disruption, may encourage
tumorgenesis (Yu et al., 2009). In addition, a BRAF mutant mouse was generated which can
both develop melanoma and undergo senescence even without the loss of p16 expression
(Dhomen et al., 2009). These studies suggest that BRAF mutations may play an alternate
mechanism contributing to the evasion of senescence.

There have been numerous reports across several cancer types that senescence is associated
with poor a therapeutic index to cancer therapeutics. When tumors are driven away from the
desired response of cellular death to an unresponsive state, the ability to target the
differential characteristics of the tumor is lost. This is further complicated by the fact that
senescent cells still appear to be metabolically active retaining the potential to secrete
paracrine acting factors (Kahlem et al., 2004). Furthermore, reports of arrested tumor cells
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regaining their capacity to proliferate (Beausejour et al., 2003; Dirac and Bernards, 2003)
suggest that chemotherapy resistance may in part be driven by the ability of subsets of tumor
cells to emerge from a senescence state. This concept and how it contributes to
chemotherapy resistance is discussed more fully below.

5. The Pro: Promoting Tumor Senescence to Overcome Drug Resistance
It is important to recognize that divergent views exist regarding the dynamics of senescence
in the clinical setting, and the ramifications of senescence as a desirable or adverse
contributor to therapeutic responses. There have been an increasing number of reports
indicating that initiating a senescence program in solid tumors could be a potential
therapeutic treatment to overcome drug resistance. This is based on the idea that tumor cells
remain prone to senescence and that they are readily induced into this phenotype following
treatment with chemotherapeutics and ionizing radiation (Roninson, 2003; Shay and
Roninson, 2004). One of the seminal papers suggesting the potential of senescence based
treatments proposed two therapeutic strategies (Roninson, 2003). The first approach
involves targeting and interfering with the activity of CDK inhibitors, key mediators of the
senescence phenotype. With the evidence that the CDK inhibitor, p21 may have an adverse
role in cancer progression and associate with relapse (Fizazi et al., 2002; Lacombe et al.,
2001), targeting its activity while administering traditional treatments may improve patient
outcomes.

The second strategy involves the development of chemical agents that induce senescence
independent of p21or p21-inducible genes. Given that the reasoning for this approach is to
induce senescence without the associated systemic side-effects of genotoxic drugs,
theoretically a senescence inducer could be used in conjunction with standard cytotoxic
therapeutics (Roberson et al., 2005; te Poele et al., 2002). Subsequent reports have suggested
that p53 activation/stabilization could be used as a potential mechanism to push tumors into
a senescent state (Brown et al., 2009; Kortlever et al., 2006). In cell based assays the
artificial activation of p53 triggered tumor-specific apoptosis and senescence (Ventura et al.,
2007). These and other results have led to the development of drugs which attempt to restore
p53 activity (Efeyan et al., 2007; Kumamoto et al., 2008). Another potential avenue for
treatment involves targeting cell cycle machinery (Nardella et al., 2011). The aim of these
therapeutics would be to stabilize the CDK inhibitor p27 (Lin et al., 2010) or to directly
target CDK2 itself and induce senescence (Senderowicz, 2003a, b). Targeting oncogenes
directly as a senescence therapy has also been pursued as an option and such inhibitors are
already in clinical testing. For example Quarfloxin, an inhibitor of c-MYC, has been tested
in a phase II trial (NCT00780663) (Gomez-Curet et al., 2006; Huang et al., 2006; Wang et
al., 2007). Additionally, temporary and selective inactivation of tumor suppressor PTEN has
been proposed as a way to induce hyper-activation of cellular processes resulting in
senescence (Alimonti et al., 2010). In this context, a recent study found that distinct
programs regulated by p53 promoted acute DNA damage responses separately from tumor
suppressor functions, suggesting that selective management of p53 inhibition could mitigate
oncogenic roles while preserving signaling aspects that would enhance treatment responses
(Brady et al., 2011).

Importantly, senescence-induction therapy hinges on the principle that senescent cells are
not detrimental, or do not accumulate overtime but are eventually cleared by the host’s
immune system or other mechanisms. Additionally, this idea is firmly centered on the
concept that senescence is an irreversible process. While shifting damaged or diseased cells
into a senescent state may ultimately prove to be a protective mechanism, at this point in
time the evidence is not entirely clear whether this would be clinically useful. In addition if
cells are truly capable of emerging from senescence post therapy and regaining their
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capacity to proliferate then this therapeutic course may be detrimental to an individual’s
long term survivability.

6. The Con: Senescence and the Tumor Microenvironment Promote
Resistance

The importance of the microenvironment and its role in therapy response is increasingly
recognized. A patient treated with cytotoxic agents receives systemic damage impacting
normal constituents of tissue and organ systems as well as the neoplastic cells. The resulting
damage may elicit a response from the tumor microenvironment (TME) which potentially
can have a dramatic impact upon treatment efficacy. Several studies have documented that
the DDR induces a remarkable spectrum of secreted growth factors, proteases, and
cytokines, many of which have known roles in promoting detrimental tumor cell phenotypes
(Bavik et al., 2006; Krtolica et al., 2001; Rodier et al., 2009). Collectively, this attribute of
senescent cells involving secreted factors has been termed a Senescence Associated
Secretory Phenotype (SASP) (Freund et al., 2011), Senescence-Messaging Secretome
(SMS) (Kuilman and Peeper, 2009), or DNA Damage associated Secretory Program
(DDSP). Comprehensive studies of transcriptional responses to genotoxic stress induced by
cancer therapeutics have identified a spectrum of highly-induced secreted proteins
originating in the tumor microenvironment that comprise several hundred factors (Bavik et
al., 2006; Coppe et al., 2008; Kuilman et al., 2008). The composition of the DDSP is
complex, may vary by tissue and cell type, and includes pro-inflammatory proteins such as
IL6 and IL8, a number of matrix metalloproteinases, pro-neurogenic factors, pro-angiogenic
factors and epithelial mitogens including EGFR agonists such as amphiregulin and
epiregulin (FIGURE 2). This response likely evolved to signal tissue damage and invoke
repair mechanisms, but in the context of a malignancy where tumor cells are poised to take
advantage of such microenvironment signals, the cumulative effects may have adverse
consequences. For example, the SASP and DDSP have been shown to promote the
proliferation of premalignant and malignant epithelium (Krtolica et al., 2001), enhance
invasion, and induce an epithelial to mesenchymal transition in carcinoma cells (Coppe et
al., 2008), a phenotype shown to be resistant to chemotherapy and radiation (McConkey et
al., 2009).

Interactions with components of the microenvironment can clearly impact tumor cell
responses to chemotherapy. In a recent study evaluating estrogen receptor-negative breast
cancer, tumors enriched with populations of reactive stroma were more resistant to a
chemotherapy cocktail of 5-flourouracil, epirubicin and cyclophosphamide (Farmer et al.,
2009). This finding supports the influence of crosstalk between stomal cells and tumor cells
which can enhance resistance to cytotoxic drugs. A striking example of this effect involves
the recovery of imatinib sensitivity of xenografted leukemia cells following their removal
from a pro-resistant microenvironment (Williams et al., 2007). Using a mammary chimera
model Nguyen et al. (2011) were able to support the hypothesis that ionizing radiation acts
upon the microenvironment and in turn promotes breast cancer growth.

Of importance, it appears that not all microenvironments exhibit the same degree or
diversity of damage responses to genotoxic stress, and thus may afford differential resistance
microenvironments to tumor cells. A recent study using a transplantable lymphoma system
found that after systemic treatment with doxorubicin, lymphoma cells were able to survive
and proliferate in the thymus, but not other organs such as lymph nodes. Tumor cell
resistance was shown to be due to the treatment-induced production of paracrine-acting
factors, IL6 and Timp1, from the thymic endothelium, which were not induced in cell types
comprising other organs. Suppression of these pro-survival factors resulted in enhanced
tumor cell killing (Gilbert and Hemann, 2010). Secreted cytokines emanating from the
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microenvironment in the bone marrow may also contribute to chemotherapy resistance as
well, but the full extent of this mechanism still remains unclear (Chantrain et al., 2008).

An interesting set of experiments tested the effects of tumor microenvironments exposed to
ionizing radiation on the progression of carcinomas (Barcellos-Hoff et al., 2005; Nguyen et
al., 2011). Initially host animals were either left untreated or were irradiated prior to
implantation with p53 mutant mammary epithelial cells. Cells implanted in the mammary fat
pads of irradiated host had a significantly higher tumor formation rate and the resulting
tumors were both larger and histologically distinct compared with unirradiated controls. The
investigators concluded that the differential growth responses resulted from an altered,
damaged, stromal microenvironment. Comparable findings were observed in a similar set of
experiments in which immortal myogenic cells were implanted into both irradiated and
untreated muscle (Morgan et al., 2002). Whether these damaged microenvironments would
also promote therapy resistance has not been tested.

The regimens currently used to apply anti-cancer therapeutics represent an ideal scenario for
microenvironment damage responses---resulting in senescence---to promote resistance.
Most chemotherapeutics are administered in cycles, scheduled to allow normal host cells
and tissues to recover and avoid irreversible damage and host lethality. Similarly,
radiotherapy is usually given in fractions spread over days to weeks. Induction of a damage
response by the initial cycle would then expose the tumor cells surviving the first treatments
to high local concentrations of pro-survival factors that fortify the remaining tumor cells
against subsequent cycles of treatment. The logical therapeutic opportunity is to either
inhibit individual components of the SASP or DDSP, or target master regulators of the
response that transduce the DDR signal to promote the production of these effector proteins.
To date, several key regulators have been identified and include NFkB (Chien et al., 2011;
Janssens and Tschopp, 2006), p53 (Marion et al., 2009), IL-1alpha (Orjalo et al., 2009), and
p38MAPK (Freund et al., 2011). In support of this concept, a recent study found that
inhibiting NFkB signaling suppressed the senescence-associated secretory phenotype and
enhanced tumor responses to chemotherapy in a mouse model of lymphoma (Chien et al.,
2011).

7. Therapy Resistance and Breaking Senescence
While senescence is generally considered an irreversible state of cellular arrest, the potential
dangers of an emergent phenotype should be considered. If cells in the arrested state are not
cleared via processes such as phagocytosis they remain in the organism harboring the
potential to recapture the proliferative state, often with damaged genomes. There have been
reports both supporting immune mediated attrition (Xue et al., 2007) and the continued
accretion of senescent cells in vivo (Dimri et al., 1995). These varied findings suggest that
the evidence supporting the clearance/accumulation of senescent cells still remains
inconclusive. However, it is important to keep in mind that an accumulation of arrested cells
could provide a potential repository for future carcinogenesis if the concept of emergence
from senescence is accurate.

Several of the earliest studies evaluating the emergent phenotype focused the transcriptional
activities of two major tumor suppressors, p53 and RB1. While it was known that the
expression of both genes was critical for establishing the senescent state their roles involving
the maintenance of senescence was not fully understood. However, when the suppression of
p53 expression in senescent fibroblast was found to lead to rapid re-entry into cellular
proliferation and loss of expression of senescent associated genes, the picture became clearer
(Dirac and Bernards, 2003). These findings suggested that senescence in these cells was
reversible and that both initiation and maintenance of this arrest was p53-dependent.
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Furthermore, other investigators found that acute loss of RB1 in senescent cells promoted a
reversal of the senescent phenotype (Sage et al., 2003). Additional findings suggest that it
may be a combination of these tumor suppressors’ activities that maintain senescence. This
mechanism was highlighted by a report suggesting that the RB regulator p16 may be
involved as well, given that only in the absence of p16 expression was senescence arrest
reversed via inactivation of p53 (Beausejour et al., 2003).

More recently it was found that lung cancer cells can escape senescence through the up
regulation of Cdc2/Cdk1 (Roberson et al., 2005). While it appears that this is a rare
population of cells, the fact that this occurs suggests that alternate senescence escape
mechanisms exist and need to be addressed. Further evaluation of the escape response
through the elevation of Cdc2/Cdk1 revealed that the downstream effector of this paradigm
may be survivin (Wang et al., 2011). Of interest, survivin expression improved cell
resistance to paclitaxel, therefore not only promoting senescence escape but post-escape
drug resistance as well. This appears to be consistent with the findings by Puig et al. (Puig et
al., 2008) demonstrating that DNA damaging agents can induce a senescent phenotype. The
investigators then showed that a subset of cells were able to escape senescence and that
those escaping cells were more resistant to chemotherapeutics than the parental cells.
Further support for this idea was reported by Chao et al. (Chao et al., 2011) when they found
that resistance to the microtubule-stabilizing agent Discodermolide in a subset of lung
carcinoma cells was linked to the emergence from senescence and possibly mediated by
alterations in the expression of 4E-BP1. The different escape routes observed might suggest
that each cell population invokes unique mechanisms that allow for breaking senescence.
Furthermore, these variable mechanisms may also be present among different cancer types
and in turn partly explain treatment failures observed in the clinical setting.

8. Conclusions and Future Directions
Innate or acquired resistance to cancer therapeutics remains an important area of biomedical
investigation that has clear ramifications for improving cancer specific death rates. In this
context, manipulating cellular senescence may improve therapy responses via several
mechanisms. The promotion of ‘intrinsic’ tumor cell senescence is an attractive concept in
that it represents a normal, highly conserved and commonly-invoked tumor-suppressing
response to overwhelming genotoxic stress or oncogene activation. This powerful program
is often subverted in tumor cells, providing a strong rationale for re-engaging this key tumor
suppressing response. Activating a senescence program within tumor cells could represent a
means to arrest tumor growth through pathways that are not cross-reactive with other cancer
therapeutics. However, such an approach should ensure that senescence by-pass does not
occur, as emergent cells appear to have highly drug resistant phenotypes. Selectively
inhibiting the senescence-associated secretory phenotype in benign cells comprising the
tumor microenvironment may also serve to enhance the therapeutic index of currently
deployed genotoxic therapies by eliminating pro-survival pro-resistance signals and
enhancing the vulnerabilities of tumor cells through extrinsic mechanisms.
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Figure 1. DNA Damage Response (DDR) Pathway
Following exposure to DNA damaging agents, the DDR signaling cascade is activated by
sensor proteins such as MRN. Once damage is identified, ATM/ATR are recruited to the site
of damage and undergo autophosphorylation resulting in activation. This subsequently
results in the activation of H2AX by phosphorylation, triggering the accumulation of MDC1
to the site of damage. MDC1 accumulation promotes the recruitment of checkpoint proteins
and the enhancement of the DDR. Concurrent with the DDR enhancement, ATM activates
CHK2 which results in both the stabilization and accumulation of p53. Depending on the
extent of damage several avenues can be followed including cell-cycle-recovery, apoptosis
or the initiation of senescence.
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**A star indicates proposed targets to pro-senescence therapies
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Figure 2. Microenvironment Derived DNA Damage Secretory Program
Damaging agents impact normal constituents of tissue and organ systems as well as the
neoplastic cells. The resulting damage suppresses tumor cell proliferation and induces cell
death, but may also elicit a response from the tumor microenvironment which potentially
can have a dramatic impact upon treatment efficacy. This damage response comprises
several hundred proteins termed the DNA Damage Secretory Program (DDSP) that can
promote the proliferation of premalignant and malignant epithelium, enhance invasion,
promote angiogenesis and inflammation, and induce an epithelial to mesenchymal transition
(EMT) in carcinoma cell. Individually and collectively these events have the potential to
influence therapy resistance.
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