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Abstract: Physiologic aging and insults from the environment lead to DNA damage. In response, cells in any
organ will undergo senescence-induced growth arrest to prevent damaged cells from further propagation. This
review focuses on senescence pharmacology. First, we describe senescence induction mechanisms and a unique
feature of senescent cells, the SASP (senescence-associated secretory phenotype). Signaling pathways that con-
trol and respond to the SASP provide the framework for a better understanding of senescence pharmacology.
We describe how several commonly used drugs can induce cellular senescence and how that impacts their effi-
cacy and produces unexpected effects. Thereafter, we discuss the potential and challenges of senolytic drugs
that eliminate senescent cells, and we describe targeting of components of the SASP as well as pathways that
control expression of genes contributing to the SASP. Lastly, we discuss studies that have exemplified the sig-
nificant impact of senescence-targeted therapy in various disease states.
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1. Senescence. History and Mechanisms

Cellular senescence is a programmed state of cell cycle arrest that is accompanied by complex
phenotypes. Senescent cells play a role in physiological processes such as tumor suppression, wound
healing and embryonic development, whilst paradoxically also contributing to cancer progression as
well as aging and age-related disease [1]. As such, cellular senescence has broad, multidisciplinary
reach.

Cellular senescence occurs when cells are not able to progress normally through the cell cycle
[2]. Senescence in cells was first described by Weismann in 1881 when evaluating the principles that
govern the duration of life and was subsequently re-discovered by Hayflick and Moorhead in the
early 1960s as reviewed by Kirkwood and Cremer in 1982 [3]. Hayflick and Moorhead observed that
normal human fibroblasts entered an irreversible growth arrested state through continuous states of
passaging in vitro [4-6]. The growth arrest occurred at the G1 phase of the cell cycle. Though senes-
cent cells do not have the ability to undergo mitosis, they still show high metabolic activity [2]. Once
they are arrested, senescent cells will not replicate their DNA even if subjected to conditions that are
suitable for growth and proliferation [2]. This contrasts with cellular quiescence, which has been es-
tablished as a reversible state that can be exited if a cell is given a strong enough stimulus. Also,
quiescent cells show reduced metabolic activity. In general, the senescent cell state is believed to be
permanent. Nonetheless, some studies have observed that senescence is not as irreversible as once
believed. Such instances of senescent cells re-entering the cell cycle have been found when proteins
activated during senescence such as p16 or p38MAPK are inhibited [7].

To understand the complex network of cellular senescence first requires understanding its driv-
ers. Senescence can be induced in multiple ways as illustrated in Figure 1. Specific examples of se-
nescence induction include activation of oncogenes (RAS, BRAF), inhibition of tumor suppressors
(PTEN, PTTG1, CSNK1A1), DNA damage through chemical (e.g., oxidative stress, alkylating drugs)
or physical insults (e.g., radiotherapy and environmental radiation or excitotoxic injury in the CNS)
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as well as dysfunctional and shortened telomeres [8,9]. With every cycle of cell division, DNA dam-
age occurs at the telomere ends. After many cell divisions, the telomere ends will enter a short enough
stage where repair can no longer occur with fidelity and DNA breaks will accumulate leading to
activation of the tumor suppressor protein p53. Along with another tumor suppressor, retinoblas-
toma protein (Rb), p53 and Rb activity are controlled by the INK4a/ARF or Cyclin Dependent Kinase
inhibitor 2a (CDKN2a) locus [4]. CDKN2a encodes the two isoforms p16i"k4 and p144RF. While p16inkia
inhibits cyclin-dependent kinase 4 and 6 (CDK4/6), p144RF inhibits Mdm?2 which prevents the degra-
dation of p53 [10]. Thus, when the CDKN?2a locus is activated, a cell cycle arrest is induced [4]. In
general, activation of CDK4/6 will lead to the hyper-phosphorylation of Rb, the dissociation of the
Rb-E2 transcription factor (E2F) complex, transcription of S phase genes and progression of the cell
cycle [11,12]. However, if CDK4/6 is inhibited by expression of p16, this will cause hypo-phosphory-
lation of Rb allowing the Rb-E2F complex to stay intact and inhibiting S phase gene transcription and
leading to senescence [11,13]. In addition, CDKN1a which encodes p21¢¥!, another CDK inhibitor,
impacts the cell cycle through downstream interactions with p53 [8]. Thus, pl6« establishes the Rb
regulated growth arrest, while p21¢r! maintains the p53 mediated growth arrest [8]. The proteins and
pathways involved are shown in Figure 2.
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Figure 1. Inducers of Senescence. There are numerous types of senescence classifications with different inducers:
Replicative Senescence can occur as cells continue to proliferate and create DNA sequence errors. DNA Damage-
Induced Senescence is due to the activation of the DNA Damage Response (DDR) by DNA breaks (e. g. short-
ened telomeres) or excitotoxic injury in the CNS [81]. Tumor Suppressor Induced Senescence and Oncogene
Induced Senescence occur when proteins like PTEN or KRAS are either lost or activated, respectively through
mutations. Therapy-Induced Senescence is due to drug treatment with senescence-inducing drugs such as some
anti-cancer drugs. Lastly, Developmental-Induced Senescence only occurs during embryogenesis and in certain
regions of the growing embryo.
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Figure 2. Pathways and Proteins Controlling Senescence. The DDR promotes activation of p53 and p21Cipl
while activation of the INK4A/ARF locus leads to expression of plé6ink4a and p14ARF which inhibit Cyclin ki-
nases and Mdm?2 respectively.

The molecular and cellular characteristics that identify senescent cells are numerous and equally
complex as the pathways leading to senescence. Multiple markers have been established as identifiers
of senescent cells, yet there is no single, universal, biomarker specific only to senescent cells. In cul-
tured cells, morphological changes (i.e., a large and flattened morphology) is characteristic of senes-
cence. One of the most widely used biomarkers used for the identification of senescent cells has been
Senescence-Associated Beta-galactosidase (SA-3-gal) described in 1995 by the Campisi laboratory
[14]. This beta-galactosidase activity is detectable in senescent cells at pH 6.0 in contrast to the opti-
mum pH of 4.0 for this enzyme [2,14,15]. It is believed that increased lysosomal biogenesis present in
senescent cells is linked to the SA-3-gal staining [2,15]. Most interestingly, recent studies have iden-
tified GLB1 or galactosidase Beta 1 as the specific enzyme responsible for SA-Beta-Gal activity [16].
This is an important finding as GLB1 expression is detectable in formalin-fixed paraffin-embedded
tissues, while measurements of SA-B-Gal activity measurements are typically limited to viable cells,
e. g. in frozen tissue or cultured cells [16]. Also, p16ink4, p14ARF, and p21Cir!, cyclin-dependent kinase
inhibitors of the cell cycle discussed above have been used as indicators of senescence although
pléink can be increased irrespective of senescence [2,17]. Lastly, other markers used for senescent
cell identification are shown in Figure 3 and include less specific chromatin alterations (lamin B1
deficiency and heterochromatin foci) and DNA damage markers (YH2AX foci) as well as the senes-
cence-associated secretory phenotype (SASP) a striking feature of senescent cells discussed in more
detail in the next section [17].
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Figure 3. Cellular changes during senescence. Recognizable features of senescent cells include SA-b-gal, chro-
matin changes (SAHF), nuclear lamina and envelope defects (Lamin B1 deficiency), secretion of SASP, DNA
Damage markers (gamma-H2Ax) with an overall flattened and enlarged morphology.

1.1. SASP: Senescence Associated Secretory Phenotype

The SASP consists of proteins and other components shed by cells with complex systemic and
local microenvironment effects depending on the senescence inducers, the type of cell secreting the
SASP and the duration of senescence. Acute induction of the SASP provides for optimal fitness of the
organism and such scenarios occur during wound healing, tumor growth suppression, and some-
what counterintuitively also during embryonic development [9,18]. In contrast, chronic senescence
and thus prolonged SASP exposure have been shown to promote detrimental effects including tu-
morigenesis, tissue dysfunction, and immunosuppression [19-21]. The SASP consists of various cy-
tokines, chemokines, and interleukins including IL-6, 8, 10, 13, MCP-2, IFNy, TNFa, CXCLs, TGFb,
proteases such as MMPs and MIP-3a, growth factors such as FGF2, HGF, and IGFBPs. Shed cell sur-
face molecules include ICAMs, uPAR, and TNF receptors[22,23]. These factors signal in both auto-
crine and paracrine fashions, impacting both the senescent cell and the tissue microenvironment.
Unique effects due to the distinct and tissue-specific composition of the SASP, and its associated se-
cretomes, range from tissue repair to tumor growth promotion and priming of the immune system
to clear out senescent cells [8]. Emerging studies show that the immune system itself is also subject
to regulation by senescence with an impact on its functionality that range from the response to im-
munization and the efficacy of anti-cancer treatments [24].

It is interesting to note that while the induction of SA-f-galactosidase activity and change in
cellular morphology to a large and flattened phenotype occur quickly, the induction of the SASP
occurs at a slower rate, with changes seen only detectable after several days of exposure to genotoxic
stress [8,22]. The SASP in cells exposed to genotoxic stress is pro-inflammatory and characterized by
IL-6 and -8 as the major components. Combined actions of IL-6/8 enable the clearance of the damaged
cells but also tumorigenesis, epithelial-mesenchymal transition (EMT) and induction of invasiveness
of premalignant lesions [22,25]. IL-6 and -8 expression and secretion are controlled by IL-1a. IL-1a
acts through an autocrine loop signaling through the IL-1R on senescent cells with IRAK4 and 1 (In-
terleukin-1-receptor kinase) as well as MyD88 (myeloid differentiation primary-response protein 88)
binding to the IL-1/IL-1R complex. IRAK1 is then phosphorylated by IRAK4 ultimately leading to
NF-kB translocation to the nucleus and subsequent transcriptional activation of the genes encoding
IL-6 and -8 [25]. IL-1a plays a central role in the SASP network, specifically by regulating IL-6 and -8
expression and promoting its own secretion in a positive feedback loop [17,25]. IL-1a signaling is
thus a possible target of senolytics although other components of the SASP are induced in parallel
and independent of this axis. Senescence induction in endothelia and hyperinflammation was also
observed after COVID-19 infection and thought to cause acute and chronic pathologies that may be
mitigated by anti-inflammatory agents, e.g., dexamethasone or senolytics [26].

Another factor in the SASP is CXCL1 (C-X-C motif ligand 1), a cytokine previously called Gro-1
(growth regulated oncogene 1), that promotes tumor growth, invasion, and metastasis through its
interactions with stromal and epithelial cells within the tumor microenvironment. It is secreted by
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RAS-transformed cells, binds to its receptor (CXCR2) on fibroblasts and can induce senescence. In
turn, these senescent fibroblasts secrete SASP factors that lead to a pro-tumorigenic environment [27].

A functionally distinct component of the SASP are matrix-metalloproteinases (MMPs). DNA
damaging agents can lead to senescence of fibroblasts and these senescent cells can cause fluid accu-
mulation within the tissues through actions by the MMPs secreted as part of the SASP [28]. During
the physiologic repair of tissue injury, the MMPs lead to microvascular permeability and extravasa-
tion of plasma components which allows for new blood vessel ingrowth, healing and restoration of
functions of the injured tissue. In contrast to this physiologic setting, MMPs released from senescent
cells within a malignant lesion as part of the SASP can promote tumor growth and angiogenesis [28].

The SASP components discussed above highlight several of the detrimental effects on the host
organism. It is noteworthy that transient (acute) exposure to the SASP leads to more restorative effects
that include cell growth, stem cell marker expression and increased regeneration capacity [29]. How-
ever, continuous exposure to the SASP can lead to cell cycle arrest and is a possible mechanism to
prevent the over-proliferation of cells with enhanced plasticity or progression of pre-malignant le-
sions [29].

In conclusion, the SASP has varying impacts dependent on the senescent cell type as well as the
inducer of senescence and the microenvironment. Depending on the timing, secretions of the SASP
can be either beneficial or detrimental to the organism. Thus, it will be important to gain further
understanding of the various components of the SASP as this will allow insight on potential thera-
peutic targets.

1.2. Senescence Signaling Networks

DNA double strand breaks (DSBs) can induce cellular senescence due to DNA damage response
(DDR) signaling and activation of p53. ATM, NBS1, and CHK2 are important components of the DDR
and in turn regulate the secretion of IL-6 that occurs in response to DNA damage. Senescence-driven
IL-6 secretion and its ability to cause cancer invasiveness is decreased if ATM of the DDR is depleted.
However, IL-6 and IL-8 are not the only components of the SASP that are regulated by the DDR [30].
Furthermore, only certain senescent phenotypes are present at the time the DDR is activated, while
detection of SASP occurs at much later time points. For example, beta-galactosidase positive staining
and the DDR occur at similar time points after the insulting damage [30,31]. On the other hand, SASP
expression is apparent after a few days which suggests that the induction of SASP is dependent on
the DDR [30,31]. This would suggest that other proteins and/or pathways bridge the “slow” and
“fast” phases of senescence responses. A protein believed to play such an essential role is p38MAPK.
P38MAPK interacts with NF-kB and through this combined signaling leads to expression of the SASP,
specifically pro-inflammatory cytokines [31]. Furthermore, p38MAPK activation and signaling occurs
slowly after DDR and mirrors SASP expression kinetics [31]. As one consequence of this mechanism,
a transient DDR that fully resolves DSBs does not promote SASP expression [30]. The delay of
P38MAPK signaling is brought about by p53 suppressing p38MAPK allowing for repairable DNA
damage to be completed but initiating SASP expression upon failed repair. The SASP components
under control of p38MAPK consist of chemokines, cytokines and growth factors. In contrast, MMP
secretions are not p38MAPK dependent. Notably, depleting the RelA subunit of NF-KB decreases
SASP secretion regulated by p38MAPK indicating the contribution of NF-KB [31].

Another pathway that plays a unique role in the function of the SASP and the composition of its
secretome is the NOTCH pathway. At the early stages of senescence, NOTCHI1 is highly expressed
on the cell surface but decreased in later stages. Activated NOTCH]1 leads to a decreased expression
of pro-inflammatory SASP secretions, while it promotes increased TGF-beta expression [32,33]. The
decreased expression of pro-inflammatory cytokines is likely caused by repression of the C/EBPB
transcription factor, which under normal circumstances promotes the expression of the cytokines in
cooperation with NF-kB. Interestingly, the NOTCHI1-promoted TGF-beta secretion initiates senes-
cence in adjacent cells [32,33]. On the other hand, NOTCH]1 inhibition allows for expression of the
pro-inflammatory cytokines which leads to lymphocyte recruitment and senescence surveillance. It
is noteworthy that two distinct senescence secretomes are controlled by the NOTCHLI signaling path-
way [32,33].

A central pathway regulating the SASP is the mTOR pathway. mTOR activity controls and
senses changes in the levels of growth and nutrient signals in a cell. Generally speaking, highly active
mTOR leads to somatic growth and decreased lifespan whilst suppression of mTOR is associated
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with an increase in lifespan [34]. Rapamycin (sirolimus), an inhibitor of mTOR used clinically, inhibits
expression of several SASP components by impacting the ability of EIf4A1 helicases to unwind sec-
ondary mRNA structures [34]. Failure to unwind reduces the translation of mRNAs coding for SASP
pro-inflammatory cytokines. As such, rapamycin has been shown to decrease IL-1a levels, which also
control IL-6 via NF-kB [34]. This reflects the potential of Rapamycin as a modulator of SASP expres-
sion and secretion in addition to its control of cellular metabolism [34]. Finally, by inhibiting IL-1a
expression, Rapamycin prevents senescent cells from promoting tumor growth [34].

1.3. Therapeutic Targeting of Senescence

Directly targeting senescent cells or modulating the SASP has been increasingly explored to re-
verse the functional deterioration of healthy tissues. In the context of cancer treatment, this may en-
hance the efficacy of cancer treatment or reverse treatment resistance. Given that senescent cells can
promote either an anti- or pro-tumorigenic environment depending on the cellular context, it would
be of great benefit to be able to enhance the former over the latter in the setting of cancer therapeutics.
The following sections will evaluate senescence pharmacology with highlights of proteins that either
lead to senescence or can be targeted for elimination of senescent cells. Figure 4 provides an overview
and is discussed further below.
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Figure 4. Cellular pathways and drugs that impact senescence. Inhibitors are shown in blue font, inducers in red
font. Further details are in Table 1.
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As stated earlier, one of the many roles of the SASP is in immune system activation to clear
senescent cells and result in an anti-tumor response [18,35]. As such, a goal is to isolate the anti-tumor
SASP effects and in doing so provide a synergistic effect with other well-established cancer therapies.
However, implementing this concept may not be as straightforward as there is also the possibility
that senescence induction could reduce the efficacy of chemotherapeutics as the SASP secreted by the
senescent cells can promote immunosuppression counteracting the tumor killing effects. This conun-
drum was assessed by Toso et al., 2014 and reviewed recently [1,36]. The study utilized the Pten-null
prostate cancer mouse model. By seven weeks of age, mice express senescent cells and their SASP
was shown to promote an immunosuppressive microenvironment. CD11b+ myeloid derived
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suppressor cells (MDSCs) were highly prevalent in the Pten-null tumors and their presence inhibited
the activity and proliferation of CD4+ and CD8+ T cells and natural killer cells. The SASP of the Pten-
null senescent tumor cells included the cytokines CXCL1, CXCL2, IL-6 and IL-10. The expression of
these immunosuppressive cytokines was controlled by the transcription factor Stat3 [36,37]. Inacti-
vating Stat3 led to changes in the senescent phenotype and the SASP composition but no change in
the expression of p53, NF-kB, or Senescence-associated Beta galactosidase staining, but a significant
reduction in IL-10, IL-13, and GM-CSF [36]. In contrast, factors such as CXCL10 which lead to B cell,
T cell, and monocyte recruitment were increased. Furthermore, inactivating Stat3 led to pl16k4 ex-
pression reduction, suggesting that targeting Stat3 could be used to clear senescent tumor cells. Thus,
this study highlighted that basic senescence characteristics were still intact after inactivation of Stat3,
but found that the composition of the SASP can be changed from a pro-tumor to an anti-tumor phe-
notype. Knowing that the SASP of Pten-null senescent cancer cells can be modulated is of interest for
its impact on chemotherapy efficacy. One such drug assessed was docetaxel, an inhibitor of microtu-
bule depolymerization, that can induce senescence in stromal cells and thus impact tumor growth
[38]. The anti-tumor effect of docetaxel was lost in Pten-null mice and restored if Jak2, the upstream
activator of Stat3 and one of the main modulators of the SASP secretion in mice, is inhibited [39].

Lastly, the SASP composition will differ based on senescence inducers and cell type. For exam-
ple, the SASP composition in Pten-null versus mutant KRAS oncogene-induced senescent tumor cells
is different [18]. Immunosuppressive cytokines and Stat3 levels are higher in Pten-null versus KRAS
oncogene induced senescent cells. Furthermore, efficient senescence surveillance occurs in KRAS mu-
tant mice as the oncogene-induced senescent cells are removed, while in the Pten null mice senescent
cells are not cleared out[18,39,40]. Thus, the variation of the composition of the SASP due to different
oncogenic drivers in subtypes of cancers can impact the efficacy of treatments due to distinct host
responses to the SASP signaling.

1.5. Therapy Induced Senescence

In addition to the impact of senescence on drug efficacy, the mechanisms of action of some well-
established treatments are directly linked to the induction of cellular senescence. An example of such
a drug is the a CDK4/6 inhibitor palbociclib, which keeps Rb hypophorylated, preventing mitosis [41]
(Figure 4). Interestingly, the long-term impact of palbociclib exposure can induce fibroblast senes-
cence via Mdm?2 degradation which allows for maintained expression of p21 [41,42]. Furthermore,
palbociclib-induced senescent fibroblasts secrete more pro-inflammatory SASP than fibroblasts that
may undergo senescence through ultraviolet radiation or mitomycin C exposure [41]. SASP compo-
nents released from the senescent fibroblast cells also produce a highly immunosuppressive environ-
ment by recruiting Grl+ immunosuppressive myeloid-derived suppressor cells (MDSCs)[41]. We
have found that this extends to endothelial cell senescence induced by palbociclib exposure and
primes the lung metastatic niche resulting in increased metastatic seeding of breast cancer cells in a
syngeneic mouse model [43].

Another notable example of a chemotherapeutic drug that induces senescence is doxorubicin.
Doxorubicin intercalates with DNA and forms complexes with topoisomerase II that lead to a lack of
relegation of cleaved DNA strands by topoisomerase II [44,45]. As a consequence, the DNA damage
response is activated resulting in cellular senescence as discussed above [46]. The SASP secreted by
doxorubicin-induced senescent cells includes high levels of pro-inflammatory cytokines and chemo-
kines that have negative impacts on cardiac function and bone marrow proliferation. Similar to pal-
bociclib, a significant decrease in tumor growth is observed when doxorubicin is used early during
treatment. However, similar to palbociclib, long term doxorubicin exposure can cause tumors to re-
lapse and an increase in metastatic foci [47]. These studies highlight that both short- and long-term
exposure induce senescence though with uniquely different outcomes in terms of tumor growth and
immune infiltration.

2. Senotherapy

The next section will discuss targeted elimination of senescent cells also illustrated in Figure 4
and summarized in Table 1 further below. Senotherapy represents a balancing act between beneficial
aspects of senescence for proper wound healing and some anti-cancer therapies and detrimental ef-
fects of senescence with respect to tumor growth and metastasis. The last decade has seen a rapid
increase in studies demonstrating beneficial effects of senotherapies in restoring normal function. The
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senotherapy discussed below includes senolytics (direct elimination of senescent cells), SASP neu-
tralization and targeting of senescence-related proteins.

2.1. Senolytics

Elimination of senescent cells, “senolysis”, is based on studies in the Kirkland lab, who observed
that within the SASP, senescent cells can also secrete pro-apoptotic factors. To prevent self-inflicted,
autocrine-induced apoptosis, senescent cells increase activation of anti-apoptotic pathways [48-50].
These “senescent cell anti-apoptotic pathways” (SCAPs) include proteins of the BCL2 family, phos-
phoinositide 3 kinase (PI3K), p53, p21, and ephrin receptor tyrosine kinases. They have been studied
as targets for the elimination of senescent cells with the most commonly used drugs being navitoclax
(ABT-263), dasatinib and quercetin [49,50].

2.1.1. Navitoclax

Navitoclax (ABT-263) is a BH3 mimetic that can induce apoptosis by binding to the BH3 domain
in BCL2 and preventing its interaction with Bax. Chang et al. reported in 2016 that ABT-263 lead to
stem cell regeneration and an increase in health span. Within this study, decreased p16in, TNFa,
and chemokines (e. g. CCL5) were observed after ABT-263 [51]. Furthermore, targeted elimination of
the senescent cells through ABT-263 also led to increased hematopoietic stem cell proliferation to
replace the senescent cells that were eliminated. Though navitoclax (ABT-263) shows the desired ef-
fects on senescent cells, it also caused transient thrombocytopenia and neutropenia which limit its
potential use in age-related diseases with possible immunosuppression [52]. Dasatinib, an inhibitor
of different kinases including abl, src and c-kit is another potential senolytic drug. Dasatinib is used
to treat patients with chronic myelogenous leukemia (CML), Philadelphia Chromsome* acute lym-
phoblastic leukemia and chronic lymphoblastic leukemia as a second line drug after imatinib [53].
Adverse effects are overall mild with GI symptoms and fluid retention the most frequent. Myelosup-
pression, hepato- and cardiotoxicity are possible but relatively infrequent.

2.1.2. Fisetin & Quercetin

Fisetin & Quercetin are some of the most prevalent plant flavonoids that are reportedly present
in many fruits and vegetables such as apples and onions. The bioactive potential of fisetin and quer-
cetin has been established, especially in the modulation of a range of cancer signaling pathways. The
anti-cancer, anti-inflammatory, and antioxidant roles exhibited by these flavonols have been report-
edly found to be associated with their ability of apoptotic activation, cell cycle arrest, regulating ECM
remodeling and inhibiting EMT. Many studies of fisetin and quercetin found a modulatory potential
in different cancer-related signaling pathways and growth factors including Akt, JNK, p38MAPK,
NF-«B, and VEGEF, cytokines and chemokines indicating a broad range of mechanisms of action of
these flavonols [54,55].

2.1.3. Quercetin

Quercetinhas been used synergistically with dasatinib and promoted as a potential senolytic.
Quercetin functions as an anti-oxidant that reduces inflammation by inhibiting the PI3K pathway.
Studies utilizing both dasatinib and quercetin have shown elimination of senescent cells and de-
creased production of SASP pro-inflammatory cytokines in human adipose tissue grafts [56]. A more
recent study revealed that senescent cells may play a significant role in the neuropathophysiology
related to Trisomy 21 (T21) resulting in Down Syndrome. In neural progenitor cells with T21, treat-
ment with dasatinib and quercetin significantly alleviated the senescence-related impact at the ge-
nome architecture, transcriptional and cellular level [57].

2.1.4. Salidroside

Salidroside is similar to quercetin, is found in Chinese herbal roots and showed an effect on
endothelial cellular senescence [58]. Senescent endothelial cells have been found to occur in athero-
sclerosis and their presence leads to a pro-inflammatory environment [59]. Hyperhomocysteinemia
(HHC) mice were used as a model to study the effects of atherosclerosis and exhibit aortic medial
thickness, increased collagen deposition and increased macrophage infiltration [58,60]. The HHC
mice also have low levels of SIRT3, a deacetylase that eliminates reactive oxygen species (ROS) in the
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mitochondria one of the main damage inducers in the vasculature. When HHC mice were adminis-
tered salidroside, the vasculature exhibited decreased collage deposition and aortic intima hyper-
plasia as well as an increased SIRT3. Finally, salidroside treatment decreased expression of p16 and
p21 in addition to reduced SASP which links its mechanism of action to senescence.

2.1.5. S5K1

SSK1 is a prodrug of gemcitabine, a cytotoxic difluoro-analogue of deoxycytidine that causes
cellular apoptosis and is approved and used for chemotherapy of a range of different cancers causing
inhibition of DNA synthesis amongst other mechanisms [45]. The elegantly designed inactive SSK1
prodrug contains a site cleavable by SA-beta-galactosidase thus releasing cytotoxically active gem-
citabine in senescent cells [61]. The prodrug did not show cytotoxic activity in non-senescent cells
and provides a very promising therapeutic window.

2.1.6. Conclusions and Outlook.

There is a great potential for the use of senolytics that target specific rate-limiting proteins in
subpopulations of senescent cells [7,62]. Adaptation of treatment schedules could avoid eliminating
beneficial senescent cells induced earlier and temporarily while targeting long-lived senescent cells
[63]. Furthermore, short treatment cycles would also decrease the chances of adverse effects. One of
the advantages of senolytics is that senescent cells do not replicate and the potential for selection of
mutated, resistant subpopulations in later cell generations is thus negligible [49]. However, there is
significant need for further drug development including the recent concept underlying the inactive
prodrug SSK1 (see above [64]) with the potential of exploiting a senescence mechanism-based activa-
tion of the cytotoxic effect of the prodrug. A limitation of most of the above senolytic compounds is
relatively broad targets, which may or may not be selective for senescent cells. While effective at
clearing senescent cells, the potential for off target impacts producing disease modifying effects re-
mains. Parallel studies using highly specific genetic strategies to ablate senescent cells (e.g., targeted
apoptosis of p16 expressing cells), however, provides strong validation that the therapeutic effects
observed in a range of disease states with pharmacological senotherapies are due to senolysis and
due to off target effects. The biggest challenge is certainly the limited understanding of the complexity
of senescence induction and the responses in different cell types to produce a synergistic effect with
established therapies be that an improvement in efficacy or a reduction of adverse effects.

2.2. Reducing SASP effects

Along with the direct senolytic approach that targets senescent cells, there are also indirect ways
to impact cellular senescence. One of the potential targets that was touched upon earlier is the SASP,
a defining feature of senescent cells. The SASP impacts the microenvironment in unique ways and
inhibition of selective components could have unique potential. One of the approaches is to target
proteases that are important for the maturation of many of the SASP components including IL-1alpha
[7,65]. Furthermore, MMPs secreted with the SASP promote extracellular matrix degradation and
their inhibition could prevent an environment conducive for invasion and metastasis.

A second approach to blocking the effects of the SASP is to target ligands or receptors exempli-
fied by IL-6: siltuximab (anti-IL-6) or tocilizumb (anti-IL-6R) [7]. These blocking antibodies are ap-
proved for the treatment of rheumatoid arthritis and Castleman’s disease [7,66,67].

A third avenue for targeting the SASP is to inhibit signaling pathways. Potential targeted thera-
pies can be split into NF- kB dependent and NF- kB independent due the central role NF-«B plays in
the expression and function of numerous SASP inflammatory cytokines [68]. Glucocorticoids are po-
tential candidates as they possess anti-inflammatory effects and have been shown to cause decreased
NF- kB-based transcription of SASP genes and thus reducing expression of SASP related inflamma-
tory factors. However, longer use of glucocorticoids at effective doses induces significant endocrine
adverse effects [34,69]. Similarly, metformin, a well-established drug in the treatment of patients with
type 2 diabetes mellitus prevents NF-kB translocation to the nucleus [70]. Interestingly, metformin
also decreased the expression of SASP cytokines that led to reduction in the growth of prostate cancer
cells [71]. In addition, other proteins and cytokines that are part of the NF-kB pathway could be tar-
geted. Anakinra inhibits the binding of IL-lalpha to its receptor and prevents IL-1alpha / NF- kB
signaling and induction of expression of IL-6 and IL-8 [25]. Lastly, rapamycin, the mTOR inhibitior
can also regulate IL-1alpha expression and signaling [34].
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On the other hand, there is also the potential of targeting NF-«kB independent pathways. One
such example discussed earlier is the JAK/STAT pathway [68]. By binding to its receptor, IL-6 leads
to JAK/Stat signaling which in turn activates C/EBPB, the transcription factor important for SASP
cytokine expression [72]. A study by Toso et al. in 2015 illustrated that the JAK2 inhibitor ruxolitinib
decreased inflammatory cytokines in the SASP [36].

Another approach to targeting the SASP independent of NF-kB is through statins like simvas-
tatin [73]. Statins are established cholesterol lowering drugs that can work through the ERK pathway
and simvastatin is known to lower IL-6 and IL-8 activities and may thus impact senescence [74-76].

2.3. Targeting Senescence-related Proteins

As discussed above, senescent cells can secrete factors that induce apoptosis while at the same
time secreting anti-apoptotic factors that counteract those effects. Thus, understanding the balance
between senescence and apoptosis is a challenge when targeting senescent cells. Baar et al. discovered
that senescent IMR90 fibroblasts secrete pro-apoptotic molecules but also increase expression of
FOXO4 preventing apoptosis [77]. Upon shRNA-mediated depletion of FOXO4 from the senescent
fibroblasts, mitochondrial cytochrome C was released and BAX/BAK-dependent caspase 3 cleavage
induced apoptosis [77]. Furthermore, during senescence, PML bodies and 53BP1 foci in the nucleus
fuse with DNA segments with chromatin alterations reinforcing senescence (DNA-SCARS) [35]. The
complex of DNA-SCARS/PML bodies and p53 work to regulate the expression of the SASP [35,77].
In addition, FOXO4 interacts with p53 and the PML bodies in the nucleus[77]. With FOXO4, p53
complexes with p21 and leads to senescence induction [78]. Baar et al. used a peptide, FOXO4-DRI
which interrupts the FOXO4-p53 interaction and by doing so saw a reduction in complex formation
between FOXO4 and the PML bodies. Subsequently, p53 did not localize to the nucleus leading to
decreased levels of p21 [77]. Instead, the cytostolic p53 translocated to the mitochondria inducing
mitochondrial-based apoptosis [77]. Most interestingly, the anti-senescence effects of FOXO4-DRI
were shown to have an impact on therapy-induced senescence by using the transgenic p16-3MR
model. In this model developed in the Campisi laboratory, p16 positive cells can be selectively elim-
inated through induction of cell death by pl6-dependent expression of a ganciclovir-sensitive cas-
sette. Doxorubicin administration to mice induced numerous senescence related effects, including
FOXO4 localization with PML/DNA-SCARS bodies, increased IL-6 and decreased body weight [77].
However, if these mice were administered FOXO4-DRI, these senescence effects were drastically re-
duced[77]. Within the same study, Baar et al. also studied the effect of FOXO4-DRI on a premature
aging mouse model (XPD-TTD) which models trichothiodystrophy [79]. They observed that charac-
teristics of TTD, which included renal function loss, loss of hair, increased abdominal temperatures,
were reversed by FOXO4-DRI [77]. Similar to SSK1 discussed above this study provides another
ground-breaking mechanistic concept whereby FOXO4-DRI selectively targets and eliminates senes-
cent cells without obvious adverse effects.

3. Concluding Remarks —Promises and Limitations

There are numerous potential targets for both senescence induction and eliminating senescent
cells (Figure 4 and Table 1). The most challenging question is when either of these approaches should
be prioritized. With senescent cells, knowing when they have a beneficial tumor targeting effect or a
detrimental tumor promoting impact is key to establishing treatment protocols. In addition, numer-
ous studies have been carried out to see if inducing senescence in certain cancers promotes or negates
the efficacy of well-known cancer therapies [80]. In order to be used optimally, not only do senolytics
have to be carefully assessed for off-target effects but also for the best time point and duration they
should be administered for relative to established treatment regimen including chemotherapy, path-
way-targeted therapies, radiation treatment, immune-modulatory and combination of different treat-
ment modalities.
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