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Senolytic therapies for healthy longevity
Clearing senescent cells with targeted drugs could combat age-associated disease
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proteins (5, 6). BCL-2 inhibitors are senolytic
across species, in multiple cell types, and in
SNCs resulting from multiple senescenceinducing stressors. In mice, pharmacological
inhibition of BCL-2 family members eliminates various kinds of senescent stem cells,
including hair follicle, skeletal muscle, and
hematopoietic stem cells. This results in
rejuvenation of the stem cell populations,
presumably by restoring the stem cell microenvironment (niche) (5, 6). In mouse
models for two major age-associated human
diseases, atherosclerosis and neurodegeneration, ABT-263 cleared SNCs from atherosclerotic plaques and brain tissue, respectively,
substantially attenuating the progression of
key disease phenotypes (7, 8).
Another example of learning from oncology pertains to the apoptotic p53 pathway.
Molecules that interfere with the interaction between the E3 ubiquitin ligase MDM2
(which negatively regulates p53) and p53
increase p53 activity and thereby induce
apoptosis in cancer cells that express wildtype p53. Treatment of a murine osteoarthritis model with the drug UBX0101, which
interferes with this regulatory mechanism,
triggers apoptosis of SNCs that accumulate
in articular cartilage and synovium—cells
that are causally implicated in the development of osteoarthritis (9).
In addition to the challenge of drug resistance, most cancer therapies are limited by toxic side effects. This is also the
case for BCL-2 inhibitors, which reduce
the number of neutrophils (neutropenia)
and thrombocytes (thrombocytopenia).
However, because SNCs accumulate slowly
and are nonproliferative, their abundance
might be controlled by intermittent dosing, which could prevent side effects from
developing. Similarly, drugs that target p53MDM2 binding are selective but not specific
for cancer cells and SNCs. Therefore, some
normal cell populations are likely to be affected, which may cause side effects.
Various other approaches have been used
to trigger the elimination of SNCs, including
the treatment of SNCs with a peptide drug
designed to interfere with the interaction of
p53 and forkhead box protein O4 (FOXO4),
thereby directing p53 to mitochondria for
induction of apoptosis (10). The creation of
galacto-oligosaccharide–coated nanoparticles can selectively deliver cytotoxic agents
to SNCs that are positive for the senescence
sciencemag.org SCIENCE

17 MAY 2019 • VOL 364 ISSUE 6441

Published by AAAS

Downloaded from http://science.sciencemag.org/ on May 21, 2019

he estimated “natural” life span of
humans is ~30 years, but improvements in working conditions, housing, sanitation, and medicine have
extended this to ~80 years in most
developed countries. However, much
of the population now experiences agingassociated tissue deterioration. Healthy
aging is limited by a lack of natural selection, which favors genetic programs that
confer fitness early in life to maximize reproductive output. There is no selection for
whether these alterations have detrimental
effects later in life. One such program is cellular senescence, whereby cells become unable to divide. Cellular senescence enhances
reproductive success by blocking cancer cell
proliferation, but it decreases the health of
the old by littering tissues with dysfunctional senescent cells (SNCs). In mice, the
selective elimination of SNCs (senolysis) extends median life span and prevents or attenuates age-associated diseases (1, 2). This
has inspired the development of targeted
senolytic drugs to eliminate the SNCs that
drive age-associated disease in humans.
Much of our current knowledge about the
properties of SNCs is based on experiments
in cultured cells, largely because SNCs in
tissues and organs are difficult to identify
and collect. One key characteristic of SNCs
is that they are in a state of permanent cellcycle arrest, typically initiated and maintained by the p53-p21-retinoblastoma (RB)
and p16-RB tumor suppressor pathways (3).
Various stresses induce this state, including oxidative and genotoxic stress, shortening of telomeres (repetitive sequences that
protect the ends of chromosomes), excessive mitogenic signaling, DNA replication
errors, mitotic defects, and mitochondrial
dysfunction. Furthermore, SNCs produce
a bioactive “secretome,” referred to as the
senescence-associated secretory phenotype
(SASP) (4). This can disrupt normal tissue
architecture and function through diverse
mechanisms, including recruitment of inflammatory immune cells, remodeling of
the extracellular matrix, induction of fibrosis, and inhibition of stem cell function (3).

Paradoxically, although cellular senescence
has evolved as a tumor protective program,
the SASP can include factors that stimulate
neoplastic cell growth, tumor angiogenesis, and metastasis, thereby promoting the
development of late-life cancers. Indeed,
elimination of SNCs with aging attenuates
tumor formation in mice, raising the possibility that senolysis might be an effective
strategy to treat cancer (2).
Given that our knowledge of SNCs in vivo
is limited, how should researchers identify
senolytic drug targets? One strategy is to
identify vulnerabilities shared by cancer
cells and SNCs and then use tailored variants of anticancer agents to target such vulnerabilities to selectively eliminate SNCs.
Cytotoxic anticancer agents have considerable limitations, including the emergence of
therapy-induced resistance due to the high
mutation rate of cancer cells and the need
for the complete eradication of cancer cells
to achieve disease remission. These same
challenges are unlikely to occur with senolytic drugs for several reasons. Although evidence is emerging that SNCs are subject to
genomic instability, they do not proliferate,
thereby precluding the propagation of therapy-resistant clones. Additionally, although
rates of senescence increase with aging, the
absolute numbers of SNCs that accumulate
in tissues remain generally low. Moreover,
cancer cells need to be entirely eradicated
for successful treatment. In mice, partial
(60 to 80%) elimination of SNCs can prevent or attenuate age-associated disease
phenotypes (1, 2). Although cancer therapeutics that interfere with cell division are
unsuitable as senolytic drugs, agents that
block the pathways that cancer cells rely
on for survival might be worth pursuing as
senolytics. For example, resistance to apoptosis (a form of programmed cell death) is
a feature shared by cancer cells and SNCs.
Proof-of-principle evidence for the effectiveness of this strategy comes from targeting the B cell lymphoma 2 (BCL-2) protein
family members: BCL-2, BCL-XL, and BCL-W.
These antiapoptotic proteins are frequently
overexpressed in both cancer cells and SNCs
(see the figure). Two targeted cancer therapeutic agents, ABT-263 and ABT-737, have
been shown to selectively eliminate SNCs in
mice by blocking the interaction of BCL-2,
BCL-XL, and BCL-W with BCL-2 homology
3 (BH3) domain–containing proapoptotic
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