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Cellular senescence, a permanent state of cell cycle arrest, is
believed to have originally evolved to limit the proliferation of
old or damaged cells. However, it has been recently shown
that cellular senescence is a physiological and pathological
program contributing to embryogenesis, immune response,
and wound repair, as well as aging and age-related diseases.
Unlike replicative senescence associated with telomere
attrition, premature senescence rapidly occurs in response to
various intrinsic and extrinsic insults. Thus, cellular senescence
has also been considered suppressive mechanism of tumo-
rigenesis. Current studies have revealed that therapy-induced
senescence (TIS), a type of senescence caused by traditional
cancer therapy, could play a critical role in cancer treatment.
In this review, we outline the key features and the molecular
pathways of cellular senescence. Better understanding of
cellular senescence will provide insights into the development
of powerful strategies to control cellular senescence for
therapeutic benefit. Lastly, we discuss existing strategies for the
induction of cancer cell senescence to improve efficacy of
anticancer therapy. [BMB Reports 2019; 52(1): 35-41]

INTRODUCTION

Currently, cancer is the leading cause of death from illness. It
is a state in which cells abnormally divide due to aberrant
proliferation signals, such as oncogene activation and loss of
tumor suppressors. To remove cancer cells with a strong
proliferative capacity, high doses of drugs or irradiation must
be administered to patients, which inevitably leads to severe
side effects. As cytostasis could be an alternative way to treat
cancer, cellular senescence has been suggested as a promising
strategy to permanently stop proliferation of cancerous cells. In
the last decade, numerous studies have sought to find the
relevance between cellular senescence and cancer. It is now
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clear that cellular senescence can act as a critical anticancer
mechanism.

Cellular senescence is an irreversible cell cycle arrest that
occurs in response to various forms of cellular stresses. More
than five decades ago, Hayflick first described a limited ability
to replicate normal human fibroblasts in culture (1). After
dividing between 40 and 60 times, the human fibroblasts
underwent irreversible growth arrest, however they survived
for a long time, while still maintaining their metabolic activity.
This state has been termed replicative senescence (RS).
Telomere erosion, the gradual loss of telomeres, has been
generally accepted as the cause of RS (2, 3). It is an intrinsic
defense mechanism to avoid genomic instability, which can
lead to tumorigenesis. Whereas RS has been reported in aging
cells, cellular senescence has also occurred in mouse and
human embryonic cells (4, 5). Embryonic senescence has a
molecular pathway distinct from senescence in non-embryonic
tissues. Senescent cells in the embryo do not express p53 and
p16™*  primary molecules involved in senescence occurring
in non-embryonic tissues. Instead, they express p21 regulated
by TGF-B/SMAD and PI3K/FOXO pathways (4). Embryonic
senescence is thought to be a regulatory mechanism to
fine-tune embryogenesis (6).

Expression of oncogenes, such as RAS®™Y or BRAF'®
triggers oncogene-induced senescence (OIS). OIS is mediated
by hyperproliferation or DNA hyper-replication and acts as an
initial barrier of tumorigenesis (7). In addition to intrinsic
factors, various types of extrinsic factors, such as DNA
damaging agents, oxidative stress, nutrient depletion, and
others cause senescence, called stress-induced premature
senescence (SIPS) (8). Exposure of cancer cells to chemo-
therapeutic drugs or ionizing radiation also induces a
senescent response, termed therapy-induced senescence (TIS)
(9, 10). Whereas high doses of drugs or irradiation kill cancer
cells by causing extensive damage, low doses primarily induce
cellular senescence (11). Thus, TIS is thought to be an effective
and safe way to induce cytostasis in cancer treatment, with
fewer side effects than treatments that induce apoptosis.

In this review, we briefly describe key features and
molecular pathways of cellular senescence. Then, we discuss
current therapeutic strategies for the clinical application of
cellular senescence as promising cancer therapy.

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Cellular senescence for cancer therapy
Seongju Lee and Jae-Seon Lee

KEY FEATURES OF CELLLULAR SENESCENCE

Several features and molecular markers have been currently
used for the identification of senescent cells. However, since
senescent cells are highly heterogeneous and many of their
features are present in other cellular states, it is not easy to
exactly identify senescent cells using only one or two markers
in action (2, 12, 13). Therefore, a comprehensive understanding
of the key features of cellular senescence is essential for the
clinical application of cellular senescence.

The most prominent feature of senescent cells is irreversible
cell cycle arrest. Unlike quiescent cells, senescent cells do not
respond to mitogens or growth factors. Senescent cells are also
different from terminally differentiated cells, which also have
permanently escaped cell cycle progression. Senescence is
mainly caused by a cellular stress, whereas terminal
differentiation is caused by a defined developmental program
(14). In addition, terminally differentiated cells undergo
senescence in response to various senescence-inducing
stimuli. The cell cycle arrest in senescent cells is controlled by
the cyclin-dependent kinase (CDK) inhibitors encoded in the
CDKN2A (p16), CDKN2B (p15), and CDKNTA (p21) (14), and
will be discussed in detail later.

DNA damage response (DDR) is one of the main causes of
cellular senescence. Progressive telomere erosion occurring
during RS ultimately exposes an uncapped, double-stranded
chromosome free end detected as a double-strand break, and
is a powerful activator of the DDR (15). Hyperproliferation
signals induced by oncogene activation in OIS also triggers the
DDR. The DDR associated with RS depends on telomeric
length, whereas the DDR associated with OIS is related with
telomere dysfunction (15, 16). Double-strand breaks recruit
ATM kinase to the damaged sites, which drives phosphorylation
of the histone H2AX, the signal for recruiting the DNA repair
complex (17, 18). ATM also phosphorylates CHK1 and CHK2,
essential kinases for propagating the signal (19, 20). Finally,
such activated DDR machinery induces phosphorylation of
p53 at multiple sites, and activated p53 induces cell cycle
arrest through the transcription of downstream targets (19, 21).
Although y-H2AX nuclear foci and phosphorylated p53 are
commonly used as senescence markers, they have limitations
in determining senescence in vivo.

Senescent cells secrete cytokines, chemokines, extracellular
matrix proteases and growth factors that are termed
senescence-associated secretory phenotype (SASP). The SASP
is a crucial mediator of the pathological functions of senescent
cells (14). Notably, senescent cells positively and negatively
regulate tumorigenesis and the immune response of their
neighbors via the SASP. For example, the SASP from senescent
human fibroblasts induces paracrine senescence in neighboring
normal cells (22). On the contrary, the SASP can also promote
tumorigenesis. The SASP of senescent hepatic stellate cells
promotes the proliferation and malignancy of the neighboring
cells in obese mice exposed to chemical carcinogens (23). The
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SASP is regulated at multiple levels. Transcriptional factors
involved in SASP regulation are NF-xB, mitochondrial
dysfunction-associated senescence (MiDAS), GATA4, and
CCAAT/enhancer-binding protein-3 (C/EBPB) (24-27). In
particular, NF-xB and C/EBPPB mainly regulate the SASP by
directly controlling key regulators of the inflammatory SASP,
such as IL-6 and IL-8 (27, 28). The SASP is also regulated by
mTOR at the post-transcriptional level. mTOR mediates
translation of IL-1A and MAP kinase-activated protein kinase 2
(MAPKAPK?2) (29, 30). In addition, the SASP is regulated at an
epigenetic level via SIRT1, macroH2A1, and MLL1 (31-33).
For example, a decrease in SIRT1, a histone deacetylase, in
senescent cells results in an increase of IL-6 and IL-8
expression by histone acetylation at their promoter regions
(31).

Senescence is generally accompanied by significant
morphological alterations. The senescent cells become flat and
enlarged due to rearrangement of the cytoskeleton. Their
plasma membrane composition is changed by the up-
regulation of caveolin-1, a main component of caveolae (34,
35). Senescent cells also have an increased cholesterol content
in membrane and large and dysfunctional mitochondria (34,
35). Lysosomal content and lysosomal enzyme senescence-
associated -galactosidase (SAB-gal) is highly upregulated
during senescence (36). Thus, the activity of SA-B-gal is most
widely used to indicate senescence. Lamin B1, a structural
protein of the nuclear lamina, is commonly reduced in
senescent cells (37). Formation of senescence-associated
heterochromatic foci (SAHFs) is another prominent feature of
senescence. The foci are characterized by enrichment of
repressive epigenetic marks, such as methylated H3K9,
heterochromatic protein 1 (HP1), and macroH2A (38).

MOLECULAR PATHWAYS CONTROLLING CELLLULAR
SENESCENCE

The senescent cell cycle arrest is mainly controlled by two
interconnected pathways: activation of the p53/p21™"" and
p16™“*/RB tumor suppressor pathways (Fig. 1). Telomere
erosion or OIS activates p53 through DDR, while PTEN
loss-induced senescence (PICS) activates p53 through the
mTOR pathway (14, 39). DDR transduced by ATM/CHK2 and
ATR/CHKT1 blocks cell cycle progression via phosphorylation
and stabilization of p53 (2, 11, 14). Activation of p53
promotes transcription of the CDK inhibitor p21°"" encoded
by CDKN1A, which inhibits CDK2 activity, thereby activating
RB and inducing cell cycle arrest (19). The CDKN2A locus
consists of p14™, p16™“* and p15™“*®, encoding key
regulators of cellular senescence (40). In proliferating cells, the
locus is expressed at a very low level due to binding of the
repressive complexes, PRC1 and PRC2 (41). During
senescence, gene expression from CDKN2A locus gradually
increases (42). p14™%" prevents p53 degradation by degrading
MDM2 proto-oncogene. Meanwhile, p16™** and p15™*
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Fig. 1. Molecular pathways of cellular senescence. DDR (DNA
damage response) triggered by telomere erosion or OIS (oncogene-
induced senescence) is mediated by ATM/CHK2 and ATR/CHKI,
which blocks cell cycle progression via phosphorylation and
stabilization of 953. Activated p53 induces transcription of CDK
inhibitor  p21“"'encoded by CDKN1A, which inhibits CDK2
activity, thereby activating RB and inducing cell cycle arrest. In
parallel, various stressors also induce expression of the CDKN2A
locus, which consists of p14™, p16™* and p15™*%. p14*%*
prevents p53 destabilization by degradin% the MDM2 proto-
oncogene. Meanwhile, p16™* and p15™“* suppress CDK4 and
CDK®, thereby eventually activating RB. PICS (PTEN loss-induced
cellular senescence) also activates p53 through the mTOR
pathway. Altogether, prolonged activation of the p53/p21<"" and
p16™“/RB signaling pathways leads to hypophosphorylation of
RB, which blocks the cell cycle in G1 phase, and ultimately
causes cellular senescence. RS and SIPS indicate replicative
senescence and stress-induced premature senescence, respectively.

selectively suppress CDK4 and CDK®6, causing the eventual
activation of RB. Altogether, stress-induced activation of the
p53/p21<"" and p16™*/RB pathways leads to hypophos-
phorylation of RB, which blocks the cell cycle in G1/G2
phase, and ultimately causes cellular senescence.

Senescent cells generally exhibit enhanced glycolysis (43).
Thus, senescent cells increase the ratio of adenosine
diphosphate (ADP) and adenosine monophosphate (AMP),
relative to adenosine triphosphate (ATP), which activates
AMP-activated protein kinase (AMPK), a master regulator of
energy stress. Activated AMPK directly phosphorylates p53,
which upregulates transcription of p21“"" (44). On the other
hand, AMPK increases the stability of p21**" and p16™**
mRNAs by inhibiting Hu antigen R-mediated degradation,
finally enhancing RB activity (45). Through these two
mechanisms, AMPK regulates cell cycle arrest, and
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consequently cellular senescence.

Recently, an insulin-like growth factor 1 (IGF-1)/sirtuin-1
(SIRT1)/p53 pathway involved in cellular senescence was
identified (46, 47). The SIRT1 plays a crucial role in cellular
senescence as well as in aging. SIRT1 level is reduced in
senescent human fibroblasts, and inhibition of SIRT1 by
sirtinol induces senescence response in cancer cells (48, 49).
Conversely, overexpression of SIRT1 antagonizes OIS (50).
Among seven human sirtuin family proteins (SIRT1 through 7)
sharing the catalytic domain with yeast Sir2, only SIRT1 can
deacetylate p53, resulting in inactivation of p53 (48, 51, 52).
IGF signaling generally plays a mitogenic role (47, 53).
Specifically, activation of IGF1R upregulates the PI3K/AKT/mTOR
pathway, thereby promoting growth and proliferation.
Interestingly, acute exposure of IGF-1 to human fibroblasts
promotes cell proliferation and survival, whereas prolonged
administration of IGF-1 induces premature senescence (46,
47). Mechanistically, prolonged IGF-1 treatment inhibits the
activity of SIRT1, which results in increased acetylation and
activation of p53, thereby leading to premature senescence
(46). It was recently revealed that mTOR phosphorylates p53
through direct binding, resulting in cellular senescence, under
PICS and AKT-activated conditions (54).

Deregulation of autophagy, a process for lysosomal
degradation and recycling of intracellular components, has
been linked to various human diseases, ranging from
cardiomyopathy to neurodegeneration (55, 56). Since auto-
phagy is another stress response essential for homeostasis,
autophagy and senescence share a number of common
characteristics. Although an increase in autophagy has been
observed in senescent cells, their relationship remains poorly
defined (14, 57, 58). At the beginning of these studies, a
positive feedback loop between autophagy and senescence
seemed to be existed. For instance, expression of RAS®'?Y
induces autophagic activity, and expression of autophagic
genes, such as ULK3, induces senescence (59). Moreover,
inhibition of autophagy delays the senescence response (59,
60). Conversely, some studies have shown that inhibition of
autophagy facilitates senescence (26, 61). Depletion of
autophagic adaptors, such as p62, induces senescence. The
paradox might be explained by the autophagic degradation of
GATA4 (26). GATA4 is a transcription factor essential for
regulation of the SASP. During senescence, GATA4 degra-
dation by p62-mediated selective autophagy is suppressed,
thereby resulting in GATA4 stabilization, which is a favorable
state for SASP production. Taken together, these studies
suggest that selective autophagy inhibits senescence, but that
general autophagy supports senescence.

INDUCING SENESCENCE: PROMISING STRATEGY FOR
CANCER THERAPY

Traditional cancer therapy aims to kill rapidly dividing cancer
cells by inducing extensive DNA damage using high doses of
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drugs or irradiation. The strategy is effective and powerful, but
causes severe side effects, such as neighboring normal cell
damage, cancer recurrence, and cancer cell resistance to
therapy. As described earlier, TIS, a senescent response caused
by conventional cancer therapy, is suggested as an alternative
and effective way for cancer treatment. In addition, a large
number of studies support that SIPS acts as a barrier in cancer
progression in vitro and in vivo (7, 62). Therefore, drug
discovery which selectively induces senescence in cancer cells
could represent a promising approach for cancer intervention,
through a process called pro-senescence therapy (7, 39, 63). In
this section, we review the latest approaches to induce
senescence in cancer cells and their underlying rationale.

Modulating tumor suppressors

p53, the most frequently mutated tumor suppressor in cancer,
is an important effector of cellular senescence. Recent studies
emphasize that the p53/p21 axis is a promising target for
pro-senescence therapy (39, 64-69). Since p53 is stabilized
and accumulated in senescent cells, researchers made an effort
to develop small molecules to increase the amount or activity
of p53 in cancer cells. One of the initially discovered small
molecules, Nutlin, stabilizes p53 by inhibiting the interaction
of p53 with MDM2 (66). A study using mouse models of PICS
indicates that administration of Nutlin-3 significantly increases
the p53 protein level and inhibits tumorigenesis in vivo (67).
Inhibition of the interaction between p53 and MDM4, a
negative regulator of p53, restores p53 activity in melanoma
cells and results in increased sensitivity to cytostatic or
cytotoxic chemotherapy (68). The restoration of p53 in murine
premalignant proliferating p53-deficient cells also induces
senescence and halts further proliferation in vitro and in vivo
(69). In addition, FOXO4 is identified as pivot in senescent cell
viability and FOXO4 peptide that perturbs p53-FOXO4
interaction is developed (70). FOXO4 peptide leads to nuclear
exclusion of p53 and cell-intrinsic apoptosis in senescent cells.
Administration of FOXO4 peptide neutralizes liver
chemotoxicity and restores fitness, hair density, and renal
function in fast aging and naturally aged mice. Recently, it has
been shown that undersulfation of heparan sulfate
proteoglycan induces augmentation of fibroblast growth factor
receptor 1 (FGFR1) signaling, ultimately resulting in premature
senescence through p53 activation and retards tumor growth
in a xenograft tumor mouse model (71). Modulation of JNK
activity also effectively activates p53 via regulation of Bcl-2
phosphorylaiton and ROS generation, and finally resulted in
cellular senescence (72).

Phosphatase and tensin homolog (PTEN) deleted on
chromosome 10 catalyzes the conversion of PIP3 to PIP2, and
functions as a key negative regulator of the AKT/PKB signaling
pathway (73). PTEN is another most frequently altered tumor
suppressor in cancer, particularly prostate cancer (74). Thus,
PTEN dose is a critical determinant in cancer progression.
Heterozygous loss of PTEN causes tumor development,
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whereas complete loss of PTEN triggers non-lethal invasive
cancer after a long latency, through the p53-mediated
senescence pathway (75). In addition, PTEN is suggested to be
a pivotal determinant of cell fate between senescence and
apoptosis in glioma cells exposed to ionizing radiation (76).
Therefore, inactivation of PTEN in cancer cells would be an
attractive way of pro-senescence therapy. Treatment of
VO-OHpic, a PTEN inhibitor, in Pten™ MEFs induces
senescence through hyperactivation of a AKT-mTOR-p53
pathway (67, 72). A recent chemogenomic screening in
PTEN-deficient cells revealed casein kinase 2 (CK2) as a
pro-senescent target (77). PTEN-deficiency increases CK2
levels, resulting in stabilization of Pml, a crucial regulator of
senescence. Application of CK2 inhibitors such as
Quinalizarin and CX-4945 enhances PICS and blocks tumor
progression under PTEN-deficient conditions.

Targeting cell cycle machinery

The activity of several cell cycle kinases including CDKs is
often deregulated in cancer cells. Over the last thirty years,
many drugs have been identified as CDK inhibitors through
intensive searches, although these CDK inhibitors have failed
as anti-cancer drugs, due to toxicity and limited activity (78).
However, recent studies indicate that administration of CDK
inhibitors in a specific genetic background can cause a
tumor-specific senescence (79-81). Pharmacological inhibition
of CDK2, such as CVT-313 and CVT-2584, in the context of
c-Myc overexpression leads to senescence induction (79).
Genetic ablation of CDK4 also induces senescence response
and tumor regression in K-RASS'?Y expressing lung cells (80).
Administration of a selective CDK4 inhibitor, PD0332991,
results in similar effects on lung tumors driven by K-RAS®'?.
The E3 ubiquitin ligase S-phase kinase-associated protein 2
(SKP2) regulates cell cycle via p27 degradation. Recent work
reported that genetic inactivation of SKP2 induces senescence
and suppresses tumorigenesis, partly through p27 accumu-
lation, even in a p53-impaired condition (81). Given that
pharmacological inhibition of SKP2 by MLN4924 is effective,
SKP2 may be a potential target for cancer therapy.

Manipulating the SASP

As described above, the SASP can have various and opposite
effects on neighboring normal and cancer cells. Secreted SASP
factors could reinforce stable cell cycle arrest and suppress
tumorigenesis, by signaling to and recruiting the immune
system (82, 83). Therefore, the secreted factors themselves can
be used as prototypal drugs (7). Long term treatment with
SASP constituents, such as plasminogen activator inhibitor 1
(PAI1), interleukin-6 (IL-6), interleukin-8 (IL-8), insulin-like
growth factor binding protein 7 (IGFBP7), and transforming
growth factor-B (TGF-f) could induce senescence in cancer
cells. However, the SASP also has opposing roles for
antitumorigenic effects, depending on the genetic context. In
addition, secreted SASPs promote tumorigenesis by promoting
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angiogenesis through VEGF production or by inducing the
epithelial-to-mesenchymal transition of cancerous cells (84-86).
Therefore, well-defined manipulation of SASP constituent is
necessary to develop further promising way of pro-senescent
therapy.

CONCLUSION

When it was discovered fifty years ago, cellular senescence
was simply considered to be an artifact phenomenon.
However, a multitude of studies have revealed that senescence
exists as a possible defense mechanism to remove irreparable
cellular injury. In addition, recent studies have revealed that
cellular senescence can provide an alternative approach that
can overcome the limitations of conventional cancer therapy.
Indeed, several molecules that could be used in pro-
senescence therapy are currently undergoing clinical trials.
More recently, efforts to develop senolytic drugs that can
induce cell death in senescent cells are increasing. In
particular, senolytic drugs could be combined with
pro-senescence therapy, in case of that immune system cannot
clear senescent cells effectively. This combination strategy
would lower the risk of side effects from pro-senescence
therapy alone. It should not be overlooked, however, that the
TIS has a dark side as well. This strategy can often behave as a
double-edged sword because it has opposing effects on cell
proliferation and tumorigenesis, depending on the genetic
context. For example, oncogenic Ras either behaves as a
potent oncogene or halts proliferation depending on
expression levels or genetic context. And the SASP, such as
IL-6 and IL-8 can be either tumor suppressive or protumorigenic.
Therefore, pro-senescence therapy should be applied with
caution. Overall, in spite of some defects, we believe that
pro-senescence therapy is expected as a powerful and
promising strategy for anticancer therapy.
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