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Abstract

The limitation of cancer radiotherapy does not derive from an inability to ablate tumor, but rather to do so without
excessively damaging critical tissues and organs and adversely affecting patient’s quality of life. Although cellular
senescence is a normal consequence of aging, there is increasing evidence showing that the radiation-induced
senescence in both tumor and adjacent normal tissues contributes to tumor recurrence, metastasis, and resistance

to therapy, while chronic senescent cells in the normal tissue and organ are a source of many late damaging effects.
In this review, we discuss how to identify cellular senescence using various bio-markers and the role of the so-called
senescence-associated secretory phenotype characteristics on the pathogenesis of the radiation-induced late effects.
We also discuss therapeutic options to eliminate cellular senescence using either senolytics and/or senostatics. Finally,
a discussion of cellular reprogramming is presented, another promising avenue to improve the therapeutic gain of
radiotherapy.
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Introduction

Cellular senescence, which is a normal consequence of
aging, is characterized by irreversible cell cycle arrest in
response to various stress stimuli, resistance to apop-
tosis and senescent-associated secretory phenotype
(SASP). Cellular senescence is a cell fate decision and
normal physiological event, which plays essential roles
in development, prevention of cancer, and the wound
healing process. However, when cells are subjected to
sustained sub-lethal injury including radiation therapy
or chemotherapy, continued oxidative stress and chronic
inflammation prompt entry into cellular senescence. The
chronic state of radiation-induced senescence together
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with secretion of pro-inflammatory factors, a phe-
nomenon known as the SASP (see Fig. 1) contribute to
the major pathology of radiation-induced normal tis-
sue and organ injury. In this article, we systematically
review research findings and highlight the contribu-
tions of senescent cells to the pathophysiology of radia-
tion-induced normal tissue injury, as well as therapeutic
options to eliminate radiation-induced senescence.

Pathophysiology of radiation late effects

Classically, normal tissue injury following high doses
of radiation is thought to result from either deple-
tion of parenchymal and/or vascular endothelial cells.
Attempts have been made over decades to determine
whether parenchymal or endothelial progenitor cells
are the primary targets responsible for the tissue
damage; the debate continues. More recent molecu-
lar and cellular studies suggest that progressive dam-
age to normal tissues after irradiation may be caused
by radiation-induced long-lived free radicals resulting
from reactive oxygen species (ROS) and reactive nitro-
gen species (RNS), and pro-inflammatory cytokines/
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Fig. 1 Senescence genesis, organelle specific molecular pathways consequences. Environmental stresses including ionizing radiation, cytotoxic
agents and stress cause cells to express the senescent phenotype. Senescent cells are characterized by (1) increased lysosomal activity and
decreased autophagy (2) expression of histone y-H2AX (a marker of DNA strand breaks and telomere shortening), increased p16 and p21 (indicative
of cell cycle arrest) and DDR (DNA damage response, an evolutionarily conserved signaling cascade, and (3) increased production of reactive
oxygen species. These collectively promote a proinflammatory senescence associated secretory phenotype (SASP). The consequence of these
processes increases chronic inflammation and fibrosis, promotes tissue remodeling and alters both innate and adaptive immunity

chemokines, resulting in a deterioration of tissue and
organ function [1-3]. Damaging ROS might arise from
several sources including infiltrating activated leuko-
cytes and macrophages. Further, other cells, such as
fibroblasts, can be stimulated by pro-inflammatory
cytokines to produce ROS. Tissue hypoxia resulting
from vascular damage is another continual source of
ROS generation [4]. The generation of these reactive
molecules is part of the innate immune system and
helps to rapidly clean the wound to reduce injury, but
excessive production of ROS can lead to severe tis-
sue damage including fibrosis and even neoplastic
transformation. Strategies aimed at blocking effector
molecules or otherwise reducing oxidative stress are
attractive for preventing or mitigating radiation toxic-
ity. For the last three decades or so, we and others have
shown mitigating effects of a variety of agents includ-
ing superoxide dismutase mimetics, statins, stem
cell mobilizers and angiotensin converting enzyme
inhibitors [1, 5-9]. In addition, pan-suppression of
macrophage infiltration and cytokines/chemokines
expression using a small molecule had a most impres-
sive mitigating effect in normal tissues including skin
and brain [5, 6].

An unmet critical question of normal tissue radio-
biology is “What is the source of chronic ROS and

inflammation?” The authors contend that one of the
major sources of chronic inflammation is radiation-
induced senescent cells.

Biomarkers of radiation-induced senescence

Attempts have been made to classify molecular pathways
involved in cellular senescence; using a modification of
that proposed by Kumari and Jat [10], we propose four
group: (1) the DNA Damage Response (DDR) pathway,
(2) Mitochondrial Dysfunction, (3) Oncogene Activa-
tion and (4) Other Stresses. These are illustrated in
Fig. 2. These molecular pathways have been implicated
in aging of normal tissues (as described below) as well
as cancer promotion and aggressiveness (also described
below). Since radiation exposure is often used to simulate
accelerated aging, it follows logically that the same four
molecular pathways have a role in normal tissue injury
following irradiation. The four molecular pathways are
summarized in the following paragraphs.

Biomarkers—DNA damage response pathway

DNA damage that results from proliferative exhaustion
secondary to shortened telomeres or genotoxic stress
either dependent or independent of reactive oxygen
species (ROS) is orchestrated by the Ataxia Telangiec-
tasia Mutated (ATM) and RAD3-related (ATR) kinases.
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Fig. 2 The four main molecular pathways governing cellular senescence: DNA Damage Response, Mitochondrial Dysfunction, Oncogene
Activation and Other Stressors. The expression of p53 is a key regulator of cellular senescence; p53 is upregulated by ATM/ATR, mTOR and p38MAPK.
In contrast, ARF in the Other Stressors pathway can inhibit p53 expression. Two other key regulators of cellular senescence are p21 and p16 both of
which are measurable and two of the probable indicators of cellular senescence. Key consequences of cellular senescence are beta-galactosidase
expression (useful as a biomarker of cellular senescence), inflammatory cytokines and chemokines, reactive oxygen and nitrogen species (which

characterize the SASP phenotype)

ATM and ATR belong to the class-IV phosphoinositide
3-kinase (PI3K)-related kinase (PIKK) family and act as
the sentries of genome stability; upon sensing DNA dam-
age, they induce specific (i.e. G1/S G2/M and S-phase)
cell cycle checkpoints through p53 increasing p21WAF1/
CIP1 expression. p21WAF1/CIP1, also known as cyclin-
dependent kinase inhibitor 1 or CDK-interacting pro-
tein 1, is a cyclin-dependent kinase inhibitor (CKI) that
is capable of inhibiting all cyclin/CDK complexes [11],
though is primarily associated with inhibition of CDK2
[12, 13]. Of primary importance to cellular senescence,
p21WAF1/CIP1 binds to and inhibits the activity of
CDK2-Cyclin E or CDK4/6—Cyclin D leading to cell
arrest in G1/S.

Biomarkers—mitochondrial dysfunction
Mitochondrial Dysfunction impacts similar cell cycle
checkpoints through p53 expression, increasing
p21WAF1/CIP1 and blocking cell cycle progression.
Stresses such as low glucose, hypoxia, ischemia, heat
shock and low NAD + /NADH cause low ATP in the cell
and increased AMP-activated protein kinase (AMPK)
expression. AMPK is a master regulator of cellular energy
homeostasis. Persistent activation of AMPK leads to
accelerated p53-dependent cellular senescence.
Oncogene-induced cellular senescence is a complex
molecular program characterized by suppression of
cell proliferation triggered in response to the aberrant

activation of oncogenic signaling or the inactivation
of a tumor-suppressor gene [14, 15]. For example, Ras,
traditionally believed to promote unrestrained prolifer-
ation, has been implicated in oncogene-induced cellu-
lar senescence [16]. RAS is a GTPase that is frequently
mutated in cancer and that affects a variety of cancer-
driving processes [17]. RAS proteins, essential com-
ponents of signalling pathways that emanate from cell
surface receptors, lead to accelerated p53-dependent
cellular senescence through both the Raf, p38MAPK
pathway and the PI3K, AKT, mTOR pathway.

Biomarkers—oncogene activation

The suppression of a cell death response by oncogenic
RAS is a consequence of a perturbation of homeostatic
balance between pro-apoptotic and anti-apoptotic sig-
nals. To keep up with the high energy needs of growing
cells, the survival of RAS-transformed cells is further
aided by metabolic reprogramming towards glyco-
lysis that is mediated by MAPK- and PI3K-dependent
regulation of hypoxia-inducible factor la (HIF-la).
Oncogenic RAS modulates the tumour microenviron-
ment by promoting pro-angiogenic mechanisms and
by altering host-mediated immune responses including
HIF-mediated immune suppression. It is interesting to
note that Song and colleagues propose that a combina-
tion of HIF-1a inhibitors with small molecules such as
metformin and immunotherapy checkpoint blocking
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antibodies may boost anti-tumor immunity [18, 19] and
enhance the anti-cancer effectiveness of high dose radi-
ation therapy [20].

Biomarkers—other stresses

Other stresses involve the INK4/ARF Locus to reduce
p53-dependent cellular senescence through ARF inhi-
bition of MDM2 and increase pl6INK4A dependent
cellular senescence [10, 21]. Hallmarks of senescence,
in summary, are increased p21WAF1/CIP1 through
p53-dependent/non-INK/ARF Locus pathways and
p16INK4A through non-p53-dependent/INK/ARF Locus
pathways [10]. Radiation can be expected to contribute to
cellular senescence by all four molecular pathways: DNA
Damage Response (DDR) pathway, (2) Mitochondrial
Dysfunction, (3) Oncogene Activation and (4) Other
Stresses.

Biomarkers—available evidence and lack of consensus

It is a consensus among many senescence biologists
that a universal marker of cellular senescence may
never be found [22]. This is partly because of het-
erogeneity and diversity of tissues and their divergent
responses to the plethora of genotoxic stimuli. The
most common approach is to identify a panel of differ-
ent markers based on cell cycle arrest (e.g. pl6, p21),
increased lysosomal compartment [e.g. senescence
associated p-galactosidase (SA-B-gal)], structural
changes associated with the DNA damage response
(DDR; e.g. YH2AX) and additional traits specific for
the SASP (e.g. increases in ROS, pro-inflammatory
cytokines/chemokines, tissue proteases such as MMPs,
etc.). Table 1 provides some common characteristics of
cellular senescence that have the potential to be used
as biomarkers of cellular senescence. Cell cycle exit is
controlled by activation of the p53/p21 and/or pl6/
Rb tumor suppressor pathways. Unlike quiescent cells,
senescent cells are non-responsive to mitogenic or
growth factor stimuli. Consequently, increased expres-
sion of CDKN1A or CDKN2A RNA or the proteins they
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encode, p21 and pl6Ink4a, respectively, are character-
istic of senescent cells. However, these markers are not
completely definitive because they may be induced in
reversible cell cycle arrest or differentiation in specific
cell types [23]. B-galactosidase activity, which is found
in many normal cells under physiological conditions
is significantly amplified in senescent cells as a result
of increased lysosomal content [24]. Since SA-p-gal
activity is detected in most senescent settings, both
in vitro and in vivo, it is considered a de facto hall-
mark of senescence. However, SA-B-gal operates with
a pH optimum of 6, in contrast to other lysosomal
B-galactosidases (pH optimum 4-4.5), which necessi-
tates careful controls that are not always reported [23].
Furthermore, some cells, notably hippocampal CA2
pyramidal and cerebellar purkinje neurons, express
high endogenous levels of SA-B-gal, even at young ages
[25], perhaps due to metabolic demands [26]. It is of
note that components of the SASP have utility as con-
firmatory biomarkers of senescence, but are not stand-
alone biomarkers, since most of them are not specific
to senescence. Although a core SASP profile may exist,
it has been recognized since the discovery of the SASP
that its protein components can vary depending on cell
type and inducing stimulus, as well as being temporally
dynamic [27, 28; see below].

Nevertheless, despite these difficulties, several stud-
ies document de novo expression of senescence-associ-
ated markers after therapeutic irradiation. Wang et al.
reported [29] that total body irradiation selectively
induced murine hematopoietic stem cell (HSC) senes-
cence using two biomarkers, pl6lnk4a and SA-B-gal
Of interest, the induction of HSC senescence was asso-
ciated with a prolonged elevation of p21, p19ARF and
pl6lnk4da mRNA expression. In contrast, there were
no changes in the biomarkers of irradiated hematopoi-
etic progenitor cells [29]. Likewise, ionizing radiation
induced endothelial senescence using the same bio-
markers of senescence, SA-B-gal, pl6lnk4a and p21
[30].

Table 1 Characteristics of cellular senescence impacting normal tissue response

Characteristics of senescence

Description/response

P16, p21

Cell morphology
B-galactosidase
Chronic ROS & RNS
Chronic inflammation

Altered immunity
Aging

Cell cycle arrest at the expense of self-renewal or differentiation

Cells become flat and larger

Cells appear blue with appropriate stain

Damages neighboring cells

Chronic expression of cytokines/chemokines

Increased dysfunction of both innate and adaptive immune responses

Fibrosis, tissue remodeling, impaired immune responses to pathogens
and greater mortality and morbidity
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Radiation-induced pulmonary fibrosis (RIF) is one of
the limiting factors in the treatment of advanced lung
cancer using radiation therapy. Whether cellular senes-
cence is responsible for RIF remains to be answered.
Studies to date indicate that several cell types with bio-
markers of senescence have been identified including
SA-p-gal positive alveolar epithelial cells, putative alve-
olar stem cells, and mesenchymal stem cells [31-33].

Several investigators identified markers of cellular
senescence 2—12 months after whole brain irradiation.
Wong and co-workers [34] observed increased expres-
sion of the cell cycle- related regulators pl6Ink4a and
p19ARF in mouse hippocampus after 5 Gy, while Suman
et al. [35] observed increased expression of pl6lnk4a,
p19ARF and p53 as well as indicators of oxidative dam-
age in cerebral cortex after 1.6-2 Gy. Elevated cortical
levels of RNA for Cdknla (p21), Cdknlb, Cdkn2a tran-
script 1 (p19ARF), Cdkn2a transcript 2 (p16Ink4A) were
also reported [34, 36]. Irradiation induced senescence in
mouse neural stem cells as indicated by increased expres-
sion of plé6lnkda, YH2AX, markers of reactive oxygen
species and the SASP factor, 11-6 [23, 34, 37, 38]. Oth-
ers showed the predominance of cellular senescence in
astrocytes after radiotherapy for the malignant gliomas
with increased expression of pl6Ink4a and p21, as well as
secretion of HGF and I1-6 as SASP factors [39]. Increased
p53, but not telomere length, is an important mediator
of astrocyte senescence [26]. Interestingly, the elimina-
tion of radiation-induced senescence in astrocytes using
an inhibitor of Bcl-2 attenuated glioblastoma recurrence
[36, 40, 41], while injecting irradiated, senescent human
glioblastoma multiforme cells into an immunocompro-
mised mouse resulted in faster tumor growth compared
with non-irradiated, non-senescent cells [42].

Similar biomarkers of radiation-induced senescence in
the mouse skin have been identified [43]. Many research-
ers have identified radiation-induced senescence in cul-
tured cells from many organs in vitro [44—47], and even
from transformed cell lines [24].

Senescence associated secretory phenotype (SASP)

SASP is a phenotype associated with senescent cells
wherein those cells secrete a complex mixture contain-
ing hundreds of proteins, including pro-inflammatory
cytokines/chemokines, immune modulators, tissue-dam-
aging proteases, factors that can adversely affect stem and
progenitor cell function, homeostatic factors, ceramides,
bradykinins and growth factors [48—-51]. Senescent cells
also release exosomes and ectosomes such as enzymes,
microRNA, DNA fragments, and the anti-apoptotic pro-
tein, Bcl-xL. Although the early phase of SASP has bio-
logically beneficial effects in wound healing and tissue
remodeling, SASP is the primary cause of the detrimental
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chronic effects of senescent cells. Senescence does not
only affects events inside the cell but has the potential
to affect the surroundings through paracrine loops and/
or entry into circulation [28]. The SASP is heterogenous,
although the full extent of the heterogeneity is only start-
ing to be explored. Transcriptomic analyses of senescent
cells [52—57] assume that gene expression changes will be
predictive of SASP constituents. SASP proteomic atlases
are also starting to be generated [46]. Cell type appears to
be the most significant factor in affecting SASP constitu-
ent heterogeneity [53, 55]. However, inducing stimulus is
also important and has led some investigators to begin
grouping SASP factors into functional categories, with
unique acronyms. A group of specific SASP factors regu-
lated by Nfkb signaling (NASP), p53 associated factors
(PASP) and Stat3 regulated factors have been identified
[58, 59]. For example, viral vector driven over-expression
of pl6 [60] or pharmacological treatment with CDK4/6
inhibitors [59] fail to induce Nfkb regulated SASP fac-
tors such as IL6, but rather induce RNAs encoding fac-
tors associated with p53 including Igfbp3, Lif, and Tollip.
Finally, SASP constituents vary over time [51]. Thus,
definitive compendia of SASP components will require
additional investigation.

Senescent cells are highly metabolically active, pro-
ducing large amounts of above mentioned SASP factors,
which is why senescent cells consisting of only 2—-3% of
tissue cells can be a major cause of aging associated dis-
eases [61, 62]. Given that humans contain an estimated
37 x 10" cells, including 1x 10° pituitary cells, the
small fraction of senescent cells outnumber professional
secretory cells [63] to produce widespread systemic
effects, including within the immune system. SASP fac-
tors such as IL-6 and TNFa enhance T-cell apoptosis,
thereby impairing the capacity of the adaptive immune
system [64]. Chronic inflammation due to SASP can
also suppress immune system function. Immune system
responses to senescent cells and senolytics have been
reviewed recently [65].

The SASP is regulated at multiple levels, including
transcription, translation, mRNA stability and secretion.
One of the important regulatory pathways is mammalian
target of rapamycin (mTOR). Interleukinl-alpha is found
on the surface of senescent cells, where it contributes to
the production of SASP. mTOR inhibition prevents the
IL-1a from degrading transcripts of numerous compo-
nents of SASP factors [66, 67]. The use of mMTOR inhibi-
tors showed senostatic effect in various animal studies
[68, 69; see below].

The role of radiation-induced senescence in tumor tissue
While most research on cellular senescence has been
performed on non-cancerous cells, however, cancer cells
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can be equally induced to cellular senescence through a
variety of stress and damage signals including radiation
and cytotoxic chemotherapy. A prime first responders
in the DNA damage response, non-homologous end-
joining and homologous recombination, are two main
pathways for repairing double strand breaks, which are
potent stimuli for inducing cellular senescence. Senes-
cent cells exhibit apoptosis resistance, metabolic activity
and secretion of pro-inflammatory and proliferative mol-
ecules (SASP). The effect of the SASP is highly dependent
on context and cell type and variable during the different
stages of cancer progression [70, 71]. Factors influencing
the role of cellular senescence in the tumor tissue widely
vary in part due to the tumor tissue heterogeneity, the
oncogenic status, immune cell recognition by acute vs
chronic senescence and radiation dose regimen, to name
a few [72-74]. For example, acute induction of cellular
senescence is considered important for cancer preven-
tion by stimulating the immune system to rapidly elimi-
nate the genetically unstable cells, while chronic cellular
senescence due to persistent stress signals (ROS, chronic
inflammation) and the accumulation of dysfunctional
senescent cells is unable to remove by immune cells,
whereas chronic cellular senescence creates a tumor
promoting environment through a secretion of SASP
including IL-1 alpha/beta, IL-6/8, MMPs, VEGF, TGF-
beta, HFH, etc. The tumor microenvironment stimulates
tumor cell proliferation, angiogenesis and epithelial to
mesenchymal transition. Foregoing factors contribute to
the increase in the tumor radioresistance. Chronic cel-
lular senescence also contribute to the radiation-induced
late effects in the normal tissues and organs such as lung
and skin fibrosis, cognitive dysfunction/necrosis to name
a few. Overall, the SASP of senescent cancer cells is con-
sidered to be primarily detrimental in therapy resistance,
immunosuppression and metastasis [70, 75].

It is well established that the efficacy of tumor radio-
therapy depends on the total dose of radiation, dose per
fraction and duration of fractionation regimen. Usual
radiation fraction size in the clinical radiotherapy ranges
from 1.8 to 2.5 Gy per fraction. Most tumor and normal
cells sustain sub-lethal injury which would result in the
cellular senescence, but a fraction of tumor cells undergo
lethal cell death through either apoptosis or mitotic
catastrophe as shown in the Fig. 1. When a radiation dose
increases above 10 Gy per fraction, most cells will sus-
tain lethal irreparable damage while a fraction of tumor
cells undergoes cellular senescence [76]. It is reasonably
well established that the radiosurgery/stereotactic body
radiotherapy (SBRT) has consistently shown a superior
tumor control rate relative to the conventional fraction-
ated radiotherapy [77, 78]. Although the initial introduc-
tion of SBRT is aimed to exploit the superior geometrical
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distribution of radiation dose to the small target tumor
tissue relative to the surrounding normal tissue, there is
mounting evidence that additional radiobiological fac-
tors would contribute to the increase in the tumor con-
trol rate perhaps including vascular and immune effect of
SBRT [79, 80]. We posit that the radiation-induced cellu-
lar senescence may also play important contributing fac-
tor in the increase tumor control rate. Since the quantity
of radiation-induced cellular senescence in the normal
tissue in the conventional RT (usually 20-30%) vs SBRT
(less than 5%) is disproportionally high, the tumor recur-
rence rate and normal tissue damage would be expected
to be high in the conventional fractionated RT relative
to SBRT in part to the detrimental effect of SASP from
cellular senescence as discussed in the foregoing section.
Indeed, a recent paper shows the elimination of senes-
cent astrocytes induced by radiation reduces the tumor
recurrence of the radioresistant malignant glioma in the
brain [40].

Therapeutic opportunities

Senolytics and senostatics

Senolytics are a class of drugs that selectively eliminate
senescent cells. Multiple pharmacological strategies
are under investigation to remove senescent cells. They
include small molecules, peptides, and antibodies [81—
86]. Senescent cells are generally resistant to apoptosis.
Some senolytic agents are cell and tissue specific; others
are not. To date, five or six different signaling pathways
have been identified and targeted drugs are being devel-
oped. These include Bcl-2, PI3K/AKT/mTOR, HIF-alpha
pathways, TK inhibitors and HSP-90 inhibitors, to name
a few [83]. Examples of senolytics include Dasatinib,
Quercetin, Fisetin, and Navitoclax [82]. However, the
current generation of senolytics targeting these proteins
have some limitations in terms of safety, specificity and
broad-spectrum activity. It is interesting to note that
most senolytic drugs were initially being developed as
anti-cancer agents, the so-called targeted cancer drugs,
since some of the signaling pathways in tumor and senes-
cent cells overlap each other. Our new preliminary data
show the potential of senolytic as well as anti-cancer
agents to illustrate the foregoing point. Alvespimycin
(17-DMAG), an HSP-90 inhibitor, reduced normal tis-
sue damage after a radiation exposure without compro-
mising radiotherapy effectiveness [87]. The mitigating
effect of 17-DMAG alone on acute skin damage and late
effects in response to a single dose of 30 Gy exposure is
shown in Fig. 3. Using another class of senolytics, Kirk-
land and his team have shown some functional and
structural improvement in cardiovascular function, and
radiation-induced muscle weakness using the combined
senolytics, dasanitib and quercetin [82]. In a small Phase
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Fig. 3 Radiation skin injury is mitigated by the senolytic agent, 17-DMAG. Seven days after 30 Gy radiation (day 0), treatment with 17-DMAG was
initiated. Panel A: Typical skin damage in a mouse six weeks after 30 Gy radiation alone. Panel B: Typical skin damage to a mouse at the same time
point after 30 Gy plus 17-DMAG. Panel C: The time course of skin damage following 30 Gy alone or 30 Gy plus 17-DMAG using a semi-quantitative
scale, and, Panel D, the corresponding leg contraction. Curves were statistically different; as an example, standard deviations illustrated at day 50
show a statistically significant separation between groups. Skin injury semi-quantitative scale is 1 =normal, 2 =erythema, 3 =dry desquamation,
4 =moist desquamation and 5= necrosis. Typically, scores of 3 and under resolve with time whereas scores greater than 3 do not. Each curve is
from 5 mice. Error bars shown represent standard deviation. Panels E and F show the effect of a senolytic agent and senostatic agent to increase
the therapeutic gain; each strategy elicits an anti-cancer effect and the combined administration mitigates normal tissue radiation injury.

Panel E illustrates an increased A-549 tumor growth delay following administration of either a senolytic agent, 17-DMAG or a senostatic agent,
metformin. At day 35, tumor volumes following 15 Gy 4+ metformin was statistically different from that of 15 Gy alone (other groups did not reach
significance and only trends were observed). Panel F shows that combining a senolytic and senostatic agent mitigates radiation-induced skin
injury in C57BL/6 mice (data from a separate experiment as that shown in A-D). Note that combining the senostatic (metformin) with a senolytic
(17-DMAG) did not abrogate the mitigation of radiation injury. At day 50, average damage score of mice receiving either 30 Gy + 17-DMAG or

30 Gy + 17-DMAG + metformin were statistically different from that of mice receiving 30 Gy radiation alone (although adding metformin did not
improve average damage score). Each data point represents at least 10 mice for tumor growth delay and at least 5 mice for skin damage study. Error
bars shown represent the standard deviation
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I clinical study without a placebo control, the dasanitib
and quercetin combination appeared to be well tolerated
and to alleviate frailty in elderly men and women with a
serious lung disease. Other early data on the effective-
ness in humans have been mixed, although 10 additional
open label trials are ongoing, including one in HSC trans-
plant survivors (clinicaltrials.gov). Using another class of
senolytics, navitoclax, a Bcl-2 family inhibitors, improved
radiation-induced pulmonary fibrosis [88], radiation-
induced hematotoxicity, age related HSC dysfunction
[89] and delayed malignant glioma recurrence by elimi-
nating the radiation-induced senescent astrocytes [40].
The potential of navitoclax to mitigate normal tissue
radiation damage while sensitizing radiation cytotoxicity
in tumors is further supported by navitoclax’s ability to
overcome hypoxia-driven radiosensitivity [90]. Although
navitoclax is an FDA approved drug for the treatment of
chronic lymphocytic leukemia, the main dose limiting
toxicity has been thrombocytopenia. As with many other
current cancer therapeutics, the most likely scenario
of using senolytics would be utilizing a combinatorial
approach.

In contrast to senolytics, senostatics do not kill senes-
cent cells but inhibit paracrine signaling and thus limit
the spread of senescence via the so-called bystander
effect. Antioxidants including multiple flavonoids, poly-
phenols and other phyto-chemicals may have a senostatic
effect. mMTOR pathway inhibitors and mitochondrial
function (complex I) have significant senostatic potential
[91, 92]. Metformin and Rapamycin are examples of seno-
static agents [84]. Unlike senolytics targeting a specific
signaling pathway, senostatics target not only senescent
cells but also non-senescent related functions. Never-
theless, a short-term treatment of mice with rapamycin,
metformin (an anti-diabetic drug), or dietary restriction
decreased frequencies of cells positive for multiple senes-
cence markers [93-95]. Rapamycin appeared to mimic
the effects of calorie restriction and induced autophagy
(a process the decline of which is associated with a num-
ber of age-related diseases). A clinical trial of anti-aging
in humans is being planned using metformin at 1500 mg
per day, according to the American Federation for Aging
Research. Many questions remain to be addressed before
launching large scale human trials using either senolytics
or senostatics or both. These include the dosage, timing
and duration of treatment (i.e. intermittent vs continu-
ous); further, endpoints for evaluation such as monitor-
ing bio-markers of senescence and functionality of the
therapy efficacy need to be addressed.

An area of future study is to test whether combining
senolytics and senostatics has the potential to increase
tumor control and simultaneously reduce normal tissue
injury induced by radiation. It is of note that metformin
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in the context of an inhibitor of NF-xB improved cancer
cytotoxicity in vitro and in vivo by interfering with senes-
cence-associated cytokine production [96]. Figure 3E
illustrates the potential benefit of combining 17-DMAG
with metformin. Metformin alone in mice resulted in
mitigation of radiation injury to the same extent as did
the senolytic, 17-DMAG, in the same animal model of
skin and muscle injury (data not shown). Interestingly,
combining the senolytics and senostatic in this model did
not further reduce radiation damage; one interpretation
is that the target for senolytic and senostatic mitigation
of tissue injury is the same (Fig. 3F).

Cellular reprogramming

Another therapeutic option to eliminate or reverse
cellular senescence comes from cellular reprogram-
ming approaches. Expressing so called Yamanaka fac-
tors, OCT4, SOX2, KLF4 and ¢-MYC (OSKM) converts
somatic cells into induced pluripotent stem cells (iPSCs).
Ocampo et al. have shown the potential of partial repro-
gramming in tackling aging [97-99]. Unlike previous
studies that used Yamanaka factors in vivo which could
initiate cancer development or teratoma formation,
Ocampo and his co-workers have successfully demon-
strated that tumor formation can be avoided by short-
term induction of OSKM. Further, cyclic induction
of OSKM in vivo ameliorated hallmarks of aging and
improved the regenerative capacity of pancreas and mus-
cle following injury in physiologically aged mice. More
recently, Sarkar, Rando et al. described a feasible way
to deliver Yamanaka factors to cells taken from patients
with osteoarthritis by dosing cells kept in cultures with
small doses of the factors [100]. The result showed not
only restoration of lost functionality in diseased cells and
aged stem cells but also preservation of cellular iden-
tity. Also, it is interesting to note that they used a non-
integrative, mRNAs-based platform of transient cellular
reprogramming. In vivo transient expression of nuclear
reprogramming factors holds great promise for reversal
of senescence and tissue repair and regeneration. Repro-
gramming cells in vivo has been shown to be possible
with recent clinical successes employing CRISPR tech-
nology (e.g., in patients with genetic diseases such as
sickle cell anemia) [101, 102].

Conclusion

There is mounting evidence showing that radiation-
induced senescence in both tumor and normal tissues
contributes to tumor recurrence, metastasis, and resist-
ance to therapy while senescent cells in the normal tis-
sue and organ are a source of many late damaging effects.
The authors propose the hypothesis that the source of
chronic ROS and inflammation is radiation-induced
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senescent cells; this has not been confirmed and is an
area of active research that may lead to a new therapeutic
option. Advances in the cellular and molecular pathways
of cellular senescence provide novel strategies to enhance
therapeutic ratio of radiation therapy. Pre-clinical data on
the radiation-induced senescence and late tissue damage
using senolytics and senostatics provide a promising ave-
nue for radiotherapy research.
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