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ABSTRACT

Exposure to ionizing radiation (IR), both low-LET (e.g., X-rays, y rays) and high-LET (e.g., heavy ions), increases
the risk of gastrointestinal (Gl) cancer. Previous studies have linked IR-induced Gl cancer to cellular senescence
associated secretory phenotype (SASP) signaling. This study explores the potential of senolytic therapy to
mitigate IR-induced Gl carcinogenesis. Male Apc'®3*"/* mice were exposed to y and %Si-ions (69 keV/um) IR.
Two months later, they were treated with the senolytic agent ABT-263 orally for 5 days/week until euthanasia,
followed by tumor counting and biospecimen collection at five months post-exposure. Tumors were classified
as adenoma or carcinoma by a pathologist. Serum cytokine levels were measured, and the markers of
senescence (p16), SASP (IL6), and oncogenic B-catenin signaling were assessed using in-situ immunostaining of
intestinal tissue. Both low- and high-LET radiation exposure led to an increased frequency of adenoma and
carcinoma in Apc*®**V* mice, accompanied by increased cellular senescence, acquisition of SASP, and
overexpression of BCL-XL protein in a subset of these cells. Furthermore, administration of ABT-263 resulted in
the elimination of senescent/SASP cells, a decrease in pro-inflammatory cytokines (TNFRSF1B, CCL20, CXCL4, P-
selectin, CCL27, and CXCL16) at the systemic level, and downregulation of B-catenin signaling that coincided
with decreased GI cancer development. This study suggests a link between IR-induced senescent/SASP cell
accumulation and Gl cancer development. It also shows that the senolytic agent ABT-263 can regulate IR-
induced inflammatory cytokines and carcinogenic mediators both systemically and in intestinal tissue. These
findings support the potential of senolytic intervention to reduce IR-induced Gl cancer risk.

INTRODUCTION [1, 2]. LET specifically refers to the localized energy

absorption within the tissue that can distinguish
The adverse effects of ionizing radiation (IR) exposure sparsely ionizing (low-LET, such as y- or X-rays) and
primarily depend on the total absorbed dose, while densely ionizing (high-LET heavy ions, such as 28Si-
consideration of linear energy transfer (LET) is ions) radiation types [3]. On Earth, human exposure to
important to compare relative differences in the low-LET IR is common during radiological diagnostic
biological effects observed after different IR types and therapeutic procedures. In contrast, encountering
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high-LET IR on Earth is relatively less likely but
can occur during high-LET cancer radiotherapy with
proton or carbon beams, neutron radiation from a
radiological dispersal device, or a nuclear disaster
involving criticality excursion. It also occurs through
exposure to radon gas among miners [4-6]. Notably,
high LET radiation exposure to general population can
also occur via exposure to radon gas [7], which is
produced naturally from the breakdown of uranium in
soil, rock, and water that can enter homes through
cracks in floors or foundations and can accumulate to
high levels, particularly in basements and ground
floors where ventilation is limited [8]. Moreover, in
deep space (beyond Earth’s magnetosphere), high-LET
IR exposure from galactic cosmic radiation (GCR) is
an important health risk to astronauts preparing for
future interplanetary missions, as spacecraft shielding
only provides a modest dose attenuation from high-
LET heavy-ion IR and can also emit secondary
radiation of varying LET [9]. Nevertheless, exposure
to both low- and high-LET IR is known to increase
the risk of gastrointestinal (GI) cancer development
[10-12].

Among in vivo models of radiation-induced GI cancers,
Apc (adenomatous polyposis coli) gene mutant mouse
models have been extensively used due to their
remarkable similarity with human colorectal cancers
(CRC). Notably, Apc'63N* mouse is a genetic model of
spontaneous Gl tumorigenesis bearing a point mutation
at codon 1638 in one allele of the in Apc gene and
in C57BL6 background they develop 3-5 tumors
throughout the GI tract and mimic sporadic human
CRC [10, 11, 13]. Using Apc®63&N* mice, it has been
demonstrated that exposure to high-LET IR results in
a much higher frequency of GI tumors and cancer
incidence compared to an equivalent dose of y-rays
[14-16]. Further studies using mathematical and
biophysical modeling also suggest a greater risk of
high-LET IR-induced Gl-cancer and associated
mortality risk for astronauts [10]. Therefore, developing
a pharmacological mitigator is essential for the
prevention of Gl cancer incidence among individuals
exposed to terrestrial IR as well as astronauts planning
to undertake deep space missions.

Both low- and high-LET radiation have been implicated
in promoting carcinogenesis through multiple pathways,
including DNA damage, chronic cellular stress, and
inflammation [12, 14, 16]. Recent studies suggest that
one of the critical mechanisms linking IR exposure
to cancer development is cellular senescence, a state
of irreversible cell cycle arrest accompanied by a
distinct secretory phenotype known as the senescence-
associated secretory phenotype (SASP) [17-19]. While
cellular senescence functions as a tumor-suppressive

mechanism by preventing the proliferation of damaged
cells [18, 20], accumulating evidence indicates that
IR-induced senescence, facilitated by high expression
of pl16, not only halts cell proliferation but also drives
the SASP, thereby influencing tissue homeostasis,
promoting inflammation, and tumorigenesis via
releasing SASP factors consisting of various pro-
inflammatory cytokines, growth factors, and proteases
[21-24]. Mechanistically, differential induction of
cellular senescence, acquisition of SASP, and subsequent
activation of pro-inflammatory and oncogenic p-catenin
signaling in mouse Gl epithelial cells after low- and
high-LET IR-exposure have been reported earlier
[16, 17, 25, 26]. Notably, mice exposed to high-LET
IR displayed approximately 8 to 15 times greater
accumulations of senescent cells and approximately
20 times greater acquisition of SASP, relative to the
same dose of y-rays [14, 16, 17]. In addition to localized
Gl-tissue specific effects, total body IR exposure
induces an accelerated aging phenotype involving
multiple tissues marked by a remarkable increase in
inflammatory SASP factors at the systemic level [27-
29]. SASP factors, including inflammatory cytokines
such as interleukin-6 (IL6), tumor necrosis factor
receptor superfamily member 1B (TNFRSF1B),
Chemokine (C-C Motif) Ligand 20 (CCLZ20),
Chemokine (C-X-C Motif) ligand 4 (CXCL4), P-
Selectin (SELP), Chemokine (C-C Motif) Ligand 27
(CCL27), Chemokine (C-X-C Motif) Ligand 16
(CXCL16), are known to exert pro-inflammatory
and tumor-promoting effects [30-41]. Therefore,
accumulation of both local and systemic SASP above
a threshold is attributed to the overall cancer risk
[42, 43]. In this context, the identification of strategies
to eliminate senescent cells, a process known as
senolysis, is hypothesized to serve as a potential means
to mitigate IR-induced Gl cancer risk [14, 16], but has
not been tested before.

In this study, we present compelling evidence
demonstrating the efficacy of the pharmacological
senolysis approach using ABT-263 (navitoclax), a
well-known senolytic agent that exerts its effects
through inhibition of anti-apoptotic BCL (B-cell
lymphoma) family proteins (BCL-XL, BCL-2, and
BCL-W) [44, 45]. Here we demonstrate that post-IR
exposure administration of ABT-263 in a mouse model
of human GI cancer, i.e., Apc'®N* mice, not only
eliminated IR-induced senescent/SASP cells but also
attenuated the pro-inflammatory and oncogenic markers
induced by IR, both at tissue and systemic levels.
Further, ABT-263 administration resulted in a reduced
incidence of Gl cancer after exposure to both low-
and high-LET IR. Our results offer “proof of concept”
for the future use of a pharmaceutical senolytic strategy
to reduce the risk of IR-induced GI cancer.
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RESULTS

Low-LET radiation exposure results in increased
intestinal tumorigenesis, coinciding with the
increased accumulation of senescent and SASP cells
in the mouse intestine

Low-LET IR exposure to Apc®3N* mice (n=6/group)
resulted in a significant increase in overall tumor
burden and carcinoma frequency at 5 months post-
exposure. Intestinal tumor burden in 2 Gy y-irradiated
Apc®8N~ mice was approximately three-fold higher
than in the unirradiated control mice (Figure 1A).
Histopathological assessment of H&E-stained tumor
tissue sections revealed significantly higher increase
in the percentage of carcinoma in 2 Gy y-irradiated
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mice relative to the control group (Figure 1B, 1C).
Previously, IR-induced cellular senescence and
activation of SASP signaling have been suggested to
play important role(s) in Gl-cancer development
[14, 16, 17]. Therefore, we assessed cellular senescence
and acquisition of SASP in the normal-appearing
intestinal  tissues, and immunofluorescence-based
quantification of p16 and IL6 dual-positive cells in the
intestinal mucosa indicated a marked increase in cells
displaying SASP in 2 Gy y-irradiated mouse intestine
at 5 months post-exposure relative to the control group
(Figure 1D, 1E). Since BCL-2 family proteins are key
anti-apoptotic proteins expressed in senescent cells that
allow them to survive longer [35], we first identified
the most abundant BCL-2 family proteins i.e., BCL-XL
(BCL2L1), using mouse and human intestine RNA
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mice is accompanied by an increased number of

intestinal cells displaying senescence and SASP. (A) Intestinal-tumorigenesis at 150 days post-exposure (n=10 per group). Data
presented as mean + SEM, and * p<0.05, relative to control animals. (B) Representative H&E-stained micrographs of intestinal adenoma and
carcinoma. (C) Quantification of adenoma and carcinoma as a percentage of total tumors. (D) Representative immunofluorescence
micrographs of intestinal epithelium showing p16 (red) and IL6 (green) dual positive SASP cells. (E) Quantification of p16 and IL6 dual positive
cells. Data presented as mean + SEM, and * p<0.05, relative to control animals. (F). Representative immunofluorescence micrographs of
intestinal epithelium showing p16 (red) and BCL-XL (green) dual positive senescent cells. (G). Quantification of p16 and BCL-XL dual positive
cells. Data presented as mean * SEM, and * p<0.05, relative to control animals.
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expression databases (Supplementary Table 1). Further,
immunofluorescence-based quantification of pl6 and
BCL-XL dual-positive cells in the intestinal mucosa
suggested that a significant number of IR-induced
senescent cells expressed BCL-XL (Figure 1F, 1G).
These results revealed that a subset of IR-induced
intestinal senescent cells also overexpress BCL-XL,
which can be targeted using the senolytic agent ABT-
263, known for its BCL-XL inhibitory activity.

ABT-263 mitigates low-LET radiation-induced
intestinal tumor development through elimination of
IR-induced SASP cells

We tested ABT-263 (an inhibitor of BCL-XL and
a known senolytic agent) for its efficacy to mitigate
IR-induced GlI-tumorigenesis (Figure 2A). Oral
administration of ABT-263 in Apc'838N* mice resulted in
a significant reduction in low-LET IR-induced intestinal
tumor burden at 5 months post-exposure (Figure 2B).
Histopathological assessment of H&E-stained tumor

sections also revealed a significant decrease in the
percentage of carcinoma in ABT-263 treated group,
relative to 2 Gy vy-irradiated mice (Figure 2C).
Furthermore, the IR-induced carcinoma frequency in the
2 Gy + Veh group was markedly reduced in the 2 Gy +
ABT-263 group (Figure 2D), whereas no significant
difference in adenoma and carcinoma frequency was
noted between vehicle and ABT-263 treated groups
(Figure 2B—2D). These results suggest that ABT-263 can
effectively mitigate low-LET IR-induced GI cancer
development, while spontaneous Gl cancer development
was not significantly affected. Immunofluorescence-
based co-staining and quantification of p16 (senescence)
and IL6 (SASP) dual positive cells in the intestinal
mucosa revealed that the reduction in intestinal tumor
incidence was accompanied by reduced accumulation
of SASP cells in the IR + ABT-263 group, relative to
IR + Veh group (Figure 3). These results demonstrate
that ABT-263 can effectively remove IR-induced
senescent/SASP cells from mouse intestine and can also
mitigate IR-induced GI cancer incidence.
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1638N/+ mice. (A) Experimental plan of ABT-263

testing as a mitigator for y-induced intestinal carcinogenesis. (B) Intestinal-tumorigenesis at 150 days post-exposure in vehicle (n=10), ABT-
263 only (n=5), 2 Gy + vehicle (n=6), and 2 Gy + ABT-263 (n=6) groups. Data presented as mean + SEM, and * p<0.05, relative to control
animals. (C) Quantification of adenoma and carcinoma percentage. For each group, the percentages of adenomas and carcinomas relative to
the total number of tumors assessed were calculated. (D) Effect of ABT-263 on spontaneous and IR-induced carcinoma frequency. Carcinoma
frequency was defined as the number of carcinomas divided by the total tumors assessed. The induced carcinoma frequency was obtained by
subtracting the spontaneous carcinoma frequency (from the control group) from that of the irradiated groups.
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ABT-263 mitigates high-LET 28Si-induced tumori-
genesis in Apcl838N+ mice

Earlier reports have shown a multifold greater increase
in intestinal senescent/SASP cells and intestinal
tumor number after high-LET IR relative to low-LET
[15, 17, 26]. So, we tested the efficacy of ABT-
263 to mitigate high-LET (%Si) IR-induced GI-
tumorigenesis in Apc!638¥N* mice (Figure 4A). Oral
administration of ABT-263 in Apc!638N* mice resulted
in a significant reduction in 0.1 Gy 28Si-induced
intestinal tumor burden at 5 months post-exposure
(Figure 4B). Histopathological assessment of H&E-
stained tumor sections also revealed a significant
decrease in the percentage of carcinomas in the ABT-
263 treated group, relative to 0.1 Gy ZSi-irradiated
mice (Figure 4C). Furthermore, the IR-induced
carcinoma frequency in the 0.1 Gy %Si + Veh group
was markedly reduced in the 0.1 Gy 8Si + ABT-263
group (Figure 4D), whereas no significant difference in
adenoma and carcinoma frequency was noted between
vehicle and ABT-263 treated groups (Figure 4B-4D).
These results suggest that ABT-263 can effectively
mitigate high-LET IR-induced GI cancer.

ABT-263 dampens high-LET 2Si-induced systemic
accumulation of pro-inflammatory cytokines in the
serum of Apcl3&N+ mice

We observed a total of six pro-inflammatory and pro-
carcinogenic cytokines (TNFRSF1B, CCL20, CXCLA4,
P-selectin, CCL27, and CXCL16) that increased in
Apcl838N*+ mouse serum after 28Si exposure (Figure 5).
Principal Component Analysis (PCA) and heatmap
analysis (range of measurement -1.25 to 1.7-fold) of
differentially expressed cytokines in the control, 28Si +
Veh, and 28Si + ABT-263 groups clearly revealed
the efficacy of ABT-263 in reversing the 2Si-induced
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increase in the levels of these cytokines in serum
(Figure 5A, 5B). The quantification of individual
cytokines from the control, 28Si + Veh, and 28Si + ABT-
263 groups, is presented in Figure 5C-5H. These
results suggest that ABT-263 effectively dampened
28Sj-induced cytokines having a potential role in IR-
induced GI cancer development.

ABT-263 inhibits low- and high-LET radiation-
induced oncogenic p-catenin signaling in the
intestinal epithelial cells of Apct6&N* mice

Given the activation of oncogenic B-catenin signaling in
intestinal epithelial cells following exposure to both
low and high-LET radiation and its established role
in Gl cancer development [12, 16, 17, 25, 46], we
investigated the impact of ABT-263 on low- and high-
LET-induced B-catenin signaling in mouse intestines.
Immunohistochemically stained sections of intestinal
tissue from both y and 2%Si-exposed mice showed
significantly higher expression of active f-catenin and
its downstream effector cyclin D1. Administration of
ABT-263 resulted in a significant decrease in the levels
of both active B-catenin and cyclin D1 (Figure 6A, 6B).
Quantification of the DAB signal showed significantly
higher staining in the intestines of y and 2®Si-exposed
mice relative to the control and ABT-263-administered
groups (Figure 6C, 6D). These results indicate that
ABT-263 effectively dampened low- and high-LET IR-
induced B-catenin signaling in Apc'®3N* mice.

DISCUSSION

In this study, we tested the plausibility of a
pharmacological senolytic approach for mitigation of
low- and high-LET IR-induced GI carcinogenesis in
Apct638N* mice. Here, we show that a subset of IR-
induced senescent cells acquires the SASP phenotype

2 Gy +ABT

-
»
*

=
[N

o o
o o

e
IS

]

e
N

I

Avg. p16-IL6 dual positive cell/crypt m

0 4
.A¢ oS
& Pf’f;e\“?\x w
ol

Figure 3. ABT-263 eliminates SASP cells from the intestinal epithelium of y-exposed Apc'®*\/* mice. (A) Representative
immunofluorescence micrographs of the intestinal epithelium showing p16 (red) and IL6 (green) dual-positive cells. (B) Quantification of p16
and IL6 dual-positive cells. Data presented as mean + SEM, and * p<0.05, relative to control animals.
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and also display increased expression of the
anti-apoptotic  protein BCL-XL. Moreover, oral
administration of ABT-263, after IR exposure decreased
the incidence of cancer in the mouse intestine, which
was accompanied by the elimination of IR-induced
senescent/SASP cells and the attenuation of pro-
inflammatory and oncogenic signaling at the tissue and
systemic levels.

In accordance with earlier reports demonstrating a
significantly higher increase in GI tumorigenesis after
high-LET IR compared to y-rays [12, 15], exposure to
0.1 Gy of %8Si resulted in a 2.3-fold increase in intestinal
tumor frequency. This increase was comparable to the
2.8-fold higher tumorigenesis observed after a 20-fold
higher y-ray dose, i.e., 2 Gy, relative to the unirradiated
group. Furthermore, previous studies have reported the
role of Gl epithelial cell senescence and the subsequent
SASP signaling [17, 26], along with the upregulation
of anti-apoptotic BCL-2 family proteins, including

BCL-XL, during IR-induced cellular senescence and
carcinogenesis [47]. IR-induced increase in adenoma
and carcinoma frequency was accompanied by an
increased number of BCL-XL-expressing senescent/
SASP cells in the normal appearing intestinal mucosa,
while similar BCL-XL protein expression patterns were
observed in both spontaneous and 2 Gye-irradiated
mouse tumor samples (Supplementary Figure 2).
concurrence, we observed that ABT-263 did not show
a significant reduction in spontaneous adenoma and
carcinoma frequency compared to the vehicle group,
but it effectively decreased IR-induced adenoma and
carcinoma frequency. This suggests that ABT-263’s
mitigation of IR-induced GI tumorigenesis is linked to
the elimination of BCL-XL-expressing senescent/SASP
cells, as ABT-263 induces apoptosis in senescent cells
by inhibiting BCL-XL [44].

Exposure to IR is known to increase the accumulation
of senescent cells and the acquisition of a SASP in
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ABT-263 testing as a mitigator for 28Si -induced intestinal carcinogenesis. (B) Intestinal-tumorigenesis at 150 days post-exposure in vehicle only
(n=10), ABT-263 only (n=5), 0.1 Gy 2Si + vehicle (n=10), and 0.1 Gy 2Si + ABT-263 (n=10) groups. Data presented as mean + SEM, and * p<0.05,
relative to control animals. (C) Quantification of adenoma and carcinoma percentage. For each group, the percentages of adenomas and
carcinomas relative to the total number of tumors assessed were calculated. (D) Effect of ABT-263 on spontaneous and IR-induced carcinoma
frequency. Carcinoma frequency was defined as the number of carcinomas divided by the total tumors assessed. The induced carcinoma
frequency was obtained by subtracting the spontaneous carcinoma frequency (from the control group) from that of the irradiated groups.
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multiple tissues, including GI [17, 26]. Our finding of
increased BCL-XL in a subset of IR-induced senescent
intestinal cells is noteworthy because BCL-XL over-
expression is known to promote the survival of
senescent cells [48]. Additionally, ABT-263 shows
the highest affinity for BCL-XL [44], which is the
key target protein expressed in the mouse intestine
(Supplementary Table 1). Therefore, its impact on non-
senescent cells with higher BCL-XL expression is
possible, but no apparent histological impact of ABT-
263 was observed relative to vehicle only group.
However, cells that do express high levels of BCL-XL
proteins, such as senescent cells with anti-apoptotic
phenotype (dual positive for pl6/BCL-XL) and also
tumor cells with higher BCL-XL, could potentially be
eliminated by ABT-263. However, effective elimination
of these cells requires further investigations as ABT-
263 induced senolysis is likely to depend on several
factors, including intrinsic resistance/sensitivity of a
cell type, microenvironment, and drug bioavailability.

IR-induced increase in anti-apoptotic BCL-XL within
the cells of the intestinal mucosa are likely to
contribute to the persistence of cellular senescence in
the Gl tract. This could potentially lead to acquisition
of SASP, which is associated with increased secretion
of SASP factors, resulting in a pro-inflammatory
microenvironment conducive to tumor development
[42, 43]. ABT-263 is expected to reduce the senescent
cell population with an anti-apoptotic phenotype
(i.e., higher BCL-XL) and, therefore, could dampen
SASP factors associated with a higher risk of
tumor development. To support this, we identified
six cytokines with established roles in GI cancer
development (Supplementary Table 2) that were
upregulated in serum after 28Si exposure and were
effectively reversed by ABT-263. Moreover, some of
these cytokines such as CXCL4, are also known to
promote the production of IL6 and the acquisition of
SASP [49, 50], potentially creating a feedback loop that
drives chronic inflammation long-term after exposure to
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Figure 5. Effect of ABT-263 on SASP factor expression in the 28Si-exposed Apc

mice serum. (A) Principal component analysis

(PCA) plot for cytokines showing differential expression. (B) Heat map showing differential expression of SASP factor expression in serum
obtained from vebhicle, 28Si + vehicle, and 28Si + ABT-263 groups. (C) Fold change in serum TNFRSF1B. (D) Fold change in serum CCL20. (E) Fold
change in serum CXCL4. (F) Fold change in serum P-selectin. (G) Fold change in serum CCL27. (H) Fold change in serum CXCL16. Quantitative
data presented as mean + SEM, and * depicts a statistically significant difference (p<0.05) between the indicated groups.
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low- and high-LET radiation. While our results
demonstrate a reduction in IR-induced serum SASP
factors, the possibility that these factors are secreted
by tumors still exists, as the serum analysis was
conducted at only one time point, 5 months post-
exposure. Since tumor burden is also reduced in
the IR + ABT-263 group, and the SASP component
measurements appear lower, further studies including
a time-course and parallel assessment of tumor burden
are needed to differentiate between the contributions
from tumor-associated SASP and other sources of
SASP after total body IR exposure.

IR-induced chronic inflammation is known to activate
oncogenic [-catenin signaling, which is associated
with a higher risk of GI carcinogenesis [12, 46, 51].
ABT-263 administration was found to significantly

A Active B-catenin
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decrease the levels of active f-catenin and its
downstream effector cyclin D1. Notably, a remarkable
suppression of B-catenin and its downstream effector
cyclin-D1 was noted in the irradiated mouse intestine.
This suggests that ABT-263 has the potential to
modulate this signaling pathway and mitigate Gl
carcinogenesis following both low- and high-LET IR
exposure (Figure 6E). Our findings also corroborate
earlier reports demonstrating ABT-263-mediated
reduction in B-catenin and its downstream target cyclin
D1 [52], highlighting the established role of this
signaling pathway in IR-induced Gl carcinogenesis in
Apc-mutant mouse models [53].

In conclusion, this study serves as a proof of principle

that targeting senescent cells using senotherapeutic
agents, such as ABT-263, can effectively mitigate the
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Figure 6. ABT-263 dampens low- and high-LET radiation-induced oncogenic B-catenin signaling. (A) Representative micrographs
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of ABT-263-mediated prevention of IR-induced Gl tumorigenesis in Apc638N/+ mice.
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risk of both low- and high-LET IR-induced Gl
tumor and carcinoma incidence. IR-triggered chronic
inflammation, particularly in GI tissues, and ABT-
263’s ability to modulate inflammatory cytokines
and inhibitory effects on the p-catenin signaling
pathway were noted. These findings suggest potential
mechanisms by which ABT-263 mitigates the risk of
IR-induced GI cancer development and highlights the
importance of senolytic-based therapeutic interventions.
While the findings highlight the potential of senolytic
intervention in reducing cancer risk by eliminating
senescent cells and associated pro-inflammatory signals,
it’s important to note that ABT-263 may not be the
ideal therapeutic agent due to its known side effects,
particularly after long-term use, are associated with
the risk of thrombocytopenia [54]. However, the
strategy demonstrated here could be extended to other
known senotherapeutic approaches, using novel BCL-
2/BCL-XL degraders, D+Q (Dasatinib and Quercetin),
Fisetin, and SASP-neutralizing monoclonal antibodies
(SNmADbs) etc. [14, 16, 55]. Future research should focus
on validating and optimizing these senotherapeutic
strategies to achieve the desired safety without
compromising their therapeutic index. This approach
could be a viable option for preventing IR-induced
cancer risk as well as the adverse health effects related
to DEARE (delayed effects of acute radiation exposure).

MATERIALS AND METHODS

Animal maintenance and procedures

The Apc'®3N* mouse (C57BL6 background) line was
bred, genotyped, and maintained at the Georgetown
University (GU) animal facility, as described earlier
[56]. Throughout the study period, all animals were
group housed (5 per cage) in ventilated cages with
approved rodent diet and filtered water placed in a room
with controlled humidity (50%), temperature (22° C),
and ambient light (12-hour dark-light cycle). At eight to
nine weeks of age, male Apc'®3®N* mice were randomly
assigned to experimental groups and exposed to either
sham or total-body low-LET y-rays or high-LET 2Si-
ion, as described previously [2, 12]. In brief, animals
in the sham and irradiation groups were transported to
the Brookhaven National Laboratory (BNL) in Upton,
NY, and acclimatized for one week before irradiation.
Animals were either irradiated with 28Si-ion (300
MeV/n, 69 keV/um, mean dose rate ~0.1 Gy/min) at the
National Aeronautics and Space Administration (NASA)
Space Radiation Laboratory (NSRL) or with y-rays
(*¥’Cs source, J.L. Shepherd and Associates Mark-I
Model 68A Irradiator, dose rate ~0.97 Gy/min) at BNL.
Sham animals were kept under similar conditions as
the irradiation group animals. The day after irradiation,
all mice were returned back to the GU animal facility

via an approved same-day animal courier service and
maintained there until the study endpoint.

Notably, the relative biological effectiveness (RBE) for
tumorigenesis in Apct638N* mice after a 0.1 Gy 28Si-ion
was 18-fold higher (ranging from 12.9 to 26-fold) than
that of low-LET IR [10]. Therefore, we selected a
2 Gy dose for y-rays and a 0.1 Gy for %Si-ion, as these
doses are expected to result in similar tumor yield in
Apcl®®N* mice. Beginning eight weeks post-exposure,
50 mg/kg of ABT-263 (Cat # S1001, Selleck Chemicals
LLC, Houston, TX, USA) dissolved in 30% polyethylene
glycol, 60% phosal, and 10% ethanol, was administered
through oral gavage (5 days/week) until euthanasia
and tissue collection. The effect of oral ABT-263 on
mouse body weight was also recorded and is presented
in the Supplementary Figure 3. A schematic summary
of irradiation, drug administration, and euthanasia is
presented in Figures 2A, 4A. Animals were regularly
monitored, and procedures, including irradiation, drug
treatment, and euthanasia, were performed in accordance
with the approved Institutional Animal Care and Use
Committee (IACUC) protocol GU# 2016-1129, BNL#
345. All experimental animals were exposed to similar
restraint and handling conditions until euthanasia.

Euthanasia, sample collection, and histopathology

At five months post-exposure, all experimental mice
were euthanized using a carbon dioxide (CO2) chamber
with a controlled flow rate set at 30 to 60% of the cage
volume per minute. Blood samples were collected via
cardiac puncture, followed by the harvesting of Gl
tissues. Blood samples were directly collected in BD
Microtainer serum separator tubes (product ref. no.
365967) and immediately processed for serum using
the manufacturer’s recommended protocol. Aliquots of
the serum samples were then flash-frozen and stored
at -80° C until use. After appropriately cleaning the Gl
tissues with phosphate-buffered saline (PBS), the
intestinal lumen was longitudinally opened, and Gl
tumors were scored using a dissecting microscope
(Leica MZ6) by multiple observers who were blinded to
the experimental groups. Finally, segments of normal
and tumor-bearing GI tissue were fixed in buffered
formalin and embedded in paraffin. Formalin-fixed
paraffin-embedded (FFPE) Gl tissues were cut using
a microtome to obtain 4-6-micron thick sections,
which were used for immunohistochemical staining.
Hematoxylin and eosin (H&E)-stained tumor sections
were evaluated by a board-certified pathologist to
classify the tumors as either benign adenomas or
invasive carcinomas. For each group, the percentages of
adenomas and carcinomas relative to the total number
of tumors assessed were calculated. The frequency of
carcinomas was determined by dividing the number
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of carcinomas by the total number of tumors in
each group, referred to as the total carcinoma frequency.
The induced carcinoma frequency was calculated by
subtracting the spontaneous carcinoma frequency (from
the control or vehicle group) from the total carcinoma
frequency in the irradiated groups.

Immunofluorescence staining and quantification

FFPE tissue sections were deparaffinized and
rehydrated, followed by antigen retrieval using citrate
buffer (Electron Microscopy Sciences, Hatfield, PA,
USA). After an appropriate blocking step, sections were
incubated overnight with primary antibodies [anti-
pl6INK4a (1:1000 dilution, MAS-17142; Invitrogen,
Carlsbad, CA, USA), anti-Bcl-XL (dilution 1:100;
mADb #2764; Cell Signaling Technology, Danvers, MA,
USA), IL6 (cat#ab7737; dilution-1:200; Abcam,
Cambridge, MA, USA)] at 4-6° C. The next morning,
sections were washed and incubated with Alexa Fluor
488 (green) or 546 (red) conjugated secondary
antibodies for 2 h in the dark at room temperature.
Finally, following multiple washing steps, sections were
mounted using a 4',6-diamidino-2-phenylindole (DAPI)
containing mounting medium (Electron Microscopy
Sciences, Hatfield, PA, USA) and immunofluorescence
imaging was performed using an Olympus BX63
microscope equipped with a Hamamatsu digital camera
(model# C11440-42U30). Immunofluorescence TIFF
images were acquired at 400x magnification from the
jejunal region (n=5 mice/group) at fixed microscopic
acquisition settings for all the experimental groups
using cellSens Entry v1.15 (Olympus Corp, Center
Valley, PA, USA) software. The images were adjusted
for the respective RGB color thresholds in F1JI (ImageJ)
software and 8 to 12 regions of interest were identified.
Cells exceeding the cutoff threshold for each marker (or
a combination of markers) were counted as positive (or
dual-positive) within each jejunal crypt [total 20 jejunal
crypts (>1000 cells) from each experimental group] and
were counted to evaluate the number of p16, BCL-XL,
IL6, and dual marker positive (p16/BCL-XL or p16/IL6)
cells using FIJI ImageJ2 software version 2.9.0/1.53t
(fiji.sc). Additionally, the quantification of individual
senescent (pl6-positive) and SASP (IL6-positive)
markers is presented in Supplementary Figure 4.

Immunohistochemical staining and quantification

FFPE tissue sections were deparaffinized and rehydrated,
followed by antigen retrieval using citrate buffer. After
an appropriate blocking step, the tissue sections were
incubated overnight with primary antibodies, namely
anti-Active-p-Catenin [clone 8E7; Cat#05-665, dilution:
1:150; Millipore Sigma, Billerica, MA, USA] or anti-
cyclin D1 [clone: EPR2241 (IHC)-32; Cat#04-1151;

dilution: 1:150; Millipore]. The next morning, all
sections were washed and protein expression was
detected using 3,3’Diaminobenzidine (DAB)-based
detection using the HRP/DAB IHC detection Kit
(Cat#ab236466, Abcam), following the manufacturer’s
instruction. Finally, all sections were counterstained
using Mayer’s hematoxylin (Electron Microscopy
Sciences), mounted in Permount (Electron Microscopy
Sciences), and subjected to bright field imaging using
an Olympus BX63 microscope equipped with a DP28
camera and cellSens Entry v1.15 software (Olympus
Corp, Center Valley, PA, USA). Eight to twelve
randomly selected TIFF images were captured. In the
case of active B-Catenin, quantification was performed
based on DAB staining intensity. For cyclin D1, the
number of positive nuclei in the jejunal crypt cells was
quantified using the ITCN (Image-based Tool for
Counting Nuclei) plugin in Fiji (ImageJ2) software. All
data were presented as fold change relative to the
control group.

Mouse serum inflammatory cytokine analysis

Serum samples obtained at five months post-exposure
were used to assess the relative levels inflammatory
cytokines. The Mouse cytokine antibody array C3
(AAM-Cyt3, RayBiotech, Peachtree Corners, GA,
USA) was used for the semi-quantitative assessment of
cytokines in the mouse serum samples, following the
manufacturer’s protocol. Details of all the analyzed
cytokines are provided in Supplementary Figure 1, and
mouse serum cytokines altered in response to ABT-263
are presented in Supplementary Table 3. In brief, the
array membranes were first blocked with a blocking
buffer and then incubated with two-fold diluted mouse
serum samples for 1.5 hours. This was followed by
washing and incubation with horseradish peroxidase
(HRP)-labeled biotinylated secondary antibodies for
another 1.5 hours at room temperature. Signals were
detected using the electro-chemiluminescence (ECL)
method and an ECL image scanner (GE, Amersham,
UK). The scanned images were quantified using Fiji
Image J2 software, and signal intensity was normalized
with positive controls from the same array membrane
for each group. Differential cytokines with a fold
change >1.2 and p<0.05 were used to assess the effect
of ABT-263. Finally, cytokine array data were used for
principal component analysis and heatmap generation to
illustrate groupwise differences using ClustVis 2.0 [57].

BCL2 family gene transcript abundance analysis

For the basal expression analysis of BCL2 family
mRNA in normal mouse and human small intestine,
the RNA-seq databases [ENCODE transcriptome data
(Bioproject PRINA66167 for mouse) [58] and HPA
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RNA-seq normal tissue (Bioproject PRJEB4337 for
human) [59] were accessed. RPKM values for BCL2,
BCL-XL, and BCL-W were obtained, and BCL-XL was
identified as the most abundant BCL2 family member in
the small intestine (Supplementary Table 1).

Statistical analysis

Non-parametric analysis was used to determine the
equality of variance for the quantitative analysis of Gl
tumors. One-way ANOVA followed by Dunn’s multiple
comparison test was employed to assess the statistical
significance (p<0.05) among tumor data between the
control and treatment groups. A two-tail paired Student t-
test was used to evaluate statistical significance (p<0.05)
for the IHC and IF staining. Each group’s values are
displayed as a bar graph with the means, and SEM is
presented as error bars. Statistically significant differences
between groups were considered when the p-value was
less than 0.05. GraphPad Prism software (La Jolla, CA,
USA) was utilized for all statistical analyses.

Data availability statement

All relevant data have been made available in this
manuscript or as Supplementary Material.

Abbreviations

IR: lonizing Radiation; GCR: Galactic Cosmic Radiation;
LET: Linear Energy Transfer; Gy: Gray radiation dose
unit; SASP: Senescence-Associated Secretory Phenotype;
APC: Adenomatous Polyposis Coli gene; BCL2: B-Cell
Lymphoma 2; BCL-XL or BCL2L1: BCL2 Like 1; BCL-
W or BCL2L2: BCL2 Like 2; ABT-263: Navitoclax, a
senolytic drug; IL6: Interleukin-6; TNFRSF1B: Tumor
Necrosis Factor Receptor Superfamily member 1B;
CCL20: Chemokine (C-C Motif) Ligand 20; CXCLA4:
Chemokine (C-X-C Motif) ligand 4; CCL27: Chemokine
(C-C Motif) Ligand 27; CXCL16: Chemokine (C-X-C
Motif) Ligand 16.

AUTHOR CONTRIBUTIONS

Conceptualization, resource, experimental design, and
project administration (SS and AJF); Execution of
experiments, data curation and methodology (KK,
BHM, SK, JA, and BVSK); Data analysis, presentation,
and manuscript draft preparation (SS); Review, editing
and final approval of the manuscript (KK, BHM, SK,
JA, BVSK, AJF, and SS).

ACKNOWLEDGMENTS

We thank Ms. Pelagie Ake for all the support related
to mouse breeding and colony maintenance. We also

acknowledge the collective efforts of NASA Space
Radiation Laboratory team members for their support
in conducting high-LET radiation studies. We would
also like to express our gratitude to Dr. Dahong Zhou
for his suggestions related to ABT-263 administration
and dosing.

CONFLICTS OF INTEREST

The authors do not have any apparent conflicts of
interest concerning this article. The funders were not
involved in the planning, execution, or decision to
publish the findings.

ETHICAL STATEMENT

All animal experiments conducted in this study adhered
to the ethical standards and guidelines outlined by the
Institutional Animal Care and Use Committee (IACUC).
The study protocol was reviewed and approved by the
IACUC of [Georgetown University, protocol GU# 2016-
1129, BNL# 345], ensuring humane treatment and
welfare of the animals. Efforts were made to minimize
animal suffering, and all procedures were performed by
trained personnel using appropriate techniques to ensure
ethical compliance.

FUNDING

The funding provided by The National Aeronautics and
Space Administration (NASA) [Grant # NNX15A121G,
8ONSSC19K1649 and 80NSSC24K0287] allowed us
to secure the necessary resources, access research
facilities, and conduct this research. The authors also
used Lombardi Comprehensive Cancer (LCCC) Shared
Resources, which is partially supported by National
Cancer Institute (NCI) [Grant # P30CA051008].

REFERENCES

1. Datta K, Suman S, Trani D, Doiron K, Rotolo JA,
Kallakury BV, Kolesnick R, Cole MF, Fornace AJ Jr.
Accelerated hematopoietic toxicity by high energy
(56)Fe radiation. Int J Radiat Biol. 2012; 88:213-22.
https://doi.org/10.3109/09553002.2012.639434
PMID:22077279

2. Suman S, Datta K, Trani D, Laiakis EC, Strawn SJ,
Fornace AJ Jr. Relative biological effectiveness of 12C
and 28Si radiation in C57BL/6J mice. Radiat Environ
Biophys. 2012; 51:303-09.
https://doi.org/10.1007/s00411-012-0418-9
PMID:22562428

3. Kinoshita K, Zabarmawi Y. lonization clustering on
charged particle tracks as a seed for biologically
relevant radiation effects. Phys Rev E. 2020;

WWWw.aging-us.com

107

AGING


https://doi.org/10.3109/09553002.2012.639434
https://pubmed.ncbi.nlm.nih.gov/22077279
https://doi.org/10.1007/s00411-012-0418-9
https://pubmed.ncbi.nlm.nih.gov/22562428

10.

11.

12.

101:062411.
https://doi.org/10.1103/PhysRevE.101.062411
PMID:32688536

Najjar R. Radiology’s lonising Radiation Paradox:
Weighing the Indispensable Against the Detrimental in
Medical Imaging. Cureus. 2023; 15:e41623.
https://doi.org/10.7759/cureus.41623

PMID:37435015

Kreuzer M, Sobotzki C, Fenske N, Marsh JW, Schnelzer
M. Leukaemia mortality and low-dose ionising
radiation in the WISMUT uranium miner cohort (1946-
2013). Occup Environ Med. 2017; 74:252-58.
https://doi.org/10.1136/0emed-2016-103795
PMID:27815431

Rihm W, Kato K, Korschinek G, Morinaga H, Nolte E.
Neutron spectrum and yield of the Hiroshima A-bomb
deduced from radionuclide measurements at one
location. Int J Radiat Biol. 1995; 68:97—-103.
https://doi.org/10.1080/09553009514550971
PMID:7629443

Robertson A, Allen J, Laney R, Curnow A. The cellular
and molecular carcinogenic effects of radon exposure:
a review. Int J Mol Sci. 2013; 14:14024-63.
https://doi.org/10.3390/ijms140714024
PMID:23880854

Smith OV, Penhale SH, Ott LR, Rice DL, Coutant AT,
Glesinger R, Wilson TW, Taylor BK. Everyday home
radon exposure is associated with altered structural
brain morphology in youths. Neurotoxicology. 2024;
102:114-20.
https://doi.org/10.1016/j.neuro.2024.04.007
PMID:38703899

Scheibler C, Toprani SM, Mordukhovich |, Schaefer M,
Staffa S, Nagel ZD, McNeely E. Cancer risks from cosmic
radiation exposure in flight: A review. Front Public
Health. 2022; 10:947068.
https://doi.org/10.3389/fpubh.2022.947068
PMID:36483259

Shuryak |, Fornace AJ Jr, Datta K, Suman S, Kumar S,
Sachs RK, Brenner DJ. Scaling Human Cancer Risks from
Low LET to High LET when Dose-Effect Relationships
are Complex. Radiat Res. 2017; 187:476-82.
https://doi.org/10.1667/RRO09CC.1 PMID:28218889

Suman S, Kumar S, Kallakury BVS, Moon BH, Angdisen
J, Datta K, Fornace AJ Jr. Predominant contribution of
the dose received from constituent heavy-ions in the
induction of gastrointestinal tumorigenesis after
simulated space radiation exposure. Radiat Environ
Biophys. 2022; 61:631-37.
https://doi.org/10.1007/s00411-022-00997-z
PMID:36167896

Suman S, Moon BH, Datta K, Kallakury BVS, Fornace AJ

13.

14.

15.

16.

17.

18.

19.

Jr. Heavy-ion radiation-induced colitis and colorectal
carcinogenesis in 1110-/- mice display co-activation of -
catenin and NF-kB signaling. PLoS One. 2022;
17:e0279771.
https://doi.org/10.1371/journal.pone.0279771
PMID:36584137

Smits R, van der Houven van Oordt W, Luz A, Zurcher
C, Jagmohan-Changur S, Breukel C, Khan PM, Fodde R.
Apc1638N: a mouse model for familial adenomatous
polyposis-associated desmoid tumors and cutaneous
cysts. Gastroenterology. 1998; 114:275-83.
https://doi.org/10.1016/s0016-5085(98)70478-0
PMID:9453487

Suman S, Fornace AJ Jr. Countermeasure development
against space radiation-induced gastrointestinal
carcinogenesis: Current and future perspectives. Life
Sci Space Res (Amst). 2022; 35:53-9.
https://doi.org/10.1016/j.Issr.2022.09.005
PMID:36336370

Suman S, Kumar S, Moon BH, Strawn SJ, Thakor H, Fan
Z, Shay JW, Fornace AJ Jr, Datta K. Relative Biological
Effectiveness of Energetic Heavy lons for Intestinal
Tumorigenesis Shows Male Preponderance and
Radiation Type and Energy Dependence in
APC(1638N/+) Mice. Int J Radiat Oncol Biol Phys. 2016;
95:131-38.
https://doi.org/10.1016/].ijrobp.2015.10.057
PMID:26725728

Kumar K, Kumar S, Datta K, Fornace AJ Jr, Suman S.
High-LET-Radiation-Induced Persistent DNA Damage
Response Signaling and Gastrointestinal Cancer
Development. Curr Oncol. 2023; 30:5497-514.
https://doi.org/10.3390/curroncol30060416
PMID:37366899

Kumar S, Suman S, Fornace AJ Jr, Datta K. Space
radiation triggers persistent stress response, increases
senescent signaling, and decreases cell migration in
mouse intestine. Proc Natl Acad Sci USA. 2018;
115:E9832-41.
https://doi.org/10.1073/pnas.1807522115
PMID:30275302

Rodier F, Mufioz DP, Teachenor R, Chu V, Le O,
Bhaumik D, Coppé JP, Campeau E, Beauséjour CM, Kim
SH, Davalos AR, Campisi J. DNA-SCARS: distinct nuclear
structures that sustain damage-induced senescence
growth arrest and inflammatory cytokine secretion. J
Cell Sci. 2011; 124:68-81.
https://doi.org/10.1242/jcs.071340

PMID:21118958

Basisty N, Kale A, Jeon OH, Kuehnemann C, Payne T,
Rao C, Holtz A, Shah S, Sharma V, Ferrucci L, Campisi J,
Schilling B. A proteomic atlas of senescence-associated
secretomes for aging biomarker development. PLoS

WWWw.aging-us.com

108

AGING


https://doi.org/10.1103/PhysRevE.101.062411
https://pubmed.ncbi.nlm.nih.gov/32688536
https://doi.org/10.7759/cureus.41623
https://pubmed.ncbi.nlm.nih.gov/37435015
https://doi.org/10.1136/oemed-2016-103795
https://pubmed.ncbi.nlm.nih.gov/27815431
https://doi.org/10.1080/09553009514550971
https://pubmed.ncbi.nlm.nih.gov/7629443
https://doi.org/10.3390/ijms140714024
https://pubmed.ncbi.nlm.nih.gov/23880854
https://doi.org/10.1016/j.neuro.2024.04.007
https://pubmed.ncbi.nlm.nih.gov/38703899
https://doi.org/10.3389/fpubh.2022.947068
https://pubmed.ncbi.nlm.nih.gov/36483259
https://doi.org/10.1667/RR009CC.1
https://pubmed.ncbi.nlm.nih.gov/28218889
https://doi.org/10.1007/s00411-022-00997-z
https://pubmed.ncbi.nlm.nih.gov/36167896
https://doi.org/10.1371/journal.pone.0279771
https://pubmed.ncbi.nlm.nih.gov/36584137
https://doi.org/10.1016/s0016-5085(98)70478-0
https://pubmed.ncbi.nlm.nih.gov/9453487
https://doi.org/10.1016/j.lssr.2022.09.005
https://pubmed.ncbi.nlm.nih.gov/36336370
https://doi.org/10.1016/j.ijrobp.2015.10.057
https://pubmed.ncbi.nlm.nih.gov/26725728
https://doi.org/10.3390/curroncol30060416
https://pubmed.ncbi.nlm.nih.gov/37366899
https://doi.org/10.1073/pnas.1807522115
https://pubmed.ncbi.nlm.nih.gov/30275302
https://doi.org/10.1242/jcs.071340
https://pubmed.ncbi.nlm.nih.gov/21118958

20.

21.

22.

23.

24,

25.

26.

27.

28.

Biol. 2020; 18:3000599.
https://doi.org/10.1371/journal.pbio.3000599

PMID:31945054

Hinds P, Pietruska J. Senescence and
suppression. F1000Res. 2017; 6:2121.
https://doi.org/10.12688/f1000research.11671.1

tumor

PMID:29263785

Rodier F, Coppé JP, Patil CK, Hoeijmakers WA, Mufoz
DP, Raza SR, Freund A, Campeau E, Davalos AR,
Campisi J. Persistent DNA damage signalling triggers
senescence-associated inflammatory cytokine
secretion. Nat Cell Biol. 2009; 11:973-79.
https://doi.org/10.1038/ncb1909 PMID:19597488

Freund A, Orjalo AV, Desprez PY, Campisi J.
Inflammatory networks during cellular senescence:
causes and consequences. Trends Mol Med. 2010;
16:238-46.
https://doi.org/10.1016/j.molmed.2010.03.003

PMID:20444648

Davalos AR, Coppe JP, Campisi J, Desprez PY. Senescent
cells as a source of inflammatory factors for tumor
progression. Cancer Metastasis Rev. 2010; 29:273-83.
https://doi.org/10.1007/s10555-010-9220-9

PMID:20390322

Coppé JP, Rodier F, Patil CK, Freund A, Desprez PY,
Campisi J. Tumor suppressor and aging biomarker
p16(INK4a) induces cellular senescence without the
associated inflammatory secretory phenotype. J Biol
Chem. 2011; 286:36396—-403.
https://doi.org/10.1074/jbc.M111.257071

PMID:21880712

Suman S, Kumar S, Fornace AJ Jr, Datta K. Decreased
RXRa is Associated with Increased B-Catenin/TCF4 in
(56)Fe-Induced Intestinal Tumors. Front Oncol. 2015;
5:218.

https://doi.org/10.3389/fonc.2015.00218

PMID:26500891

Kumar S, Suman S, Fornace AJ, Datta K. Intestinal stem
cells acquire premature senescence and senescence
associated secretory phenotype concurrent with
persistent DNA damage after heavy ion radiation in
mice. Aging (Albany NY). 2019; 11:4145-58.
https://doi.org/10.18632/aging.102043

PMID:31239406

Kumar K, Datta K, Fornace AJ Jr, Suman S. Total body
proton and heavy-ion irradiation causes cellular
senescence and promotes pro-osteoclastogenic
activity in mouse bone marrow. Heliyon. 2021;
8:e08691.
https://doi.org/10.1016/j.heliyon.2021.e08691

PMID:35028468
Suman S, Kumar S, Moon BH, Angdisen J, Kallakury

29.

30.

31.

32.

33.

34.

35.

36.

BVS, Datta K, Fornace AJ Jr. Effects of dietary aspirin on
high-LET radiation-induced prostaglandin E2 levels and
gastrointestinal tumorigenesis in Apc'®3NV* mice. Life
Sci Space Res (Amst). 2021; 31:85-91.
https://doi.org/10.1016/j.Issr.2021.09.001
PMID:34689954

Suman S, Rodriguez OC, Winters TA, Fornace Al Jr,
Albanese C, Datta K. Therapeutic and space radiation
exposure of mouse brain causes impaired DNA repair
response and premature senescence by chronic
oxidant production. Aging (Albany NY). 2013;
5:607-22.

https://doi.org/10.18632/aging.100587
PMID:23928451

Pan S, Liu R, Wu X, Ma K, Luo W, Nie K, Zhang C, Meng
X, Tong T, Chen X, Wang X, Deng M. LncRNA NEAT1
mediates intestinal inflammation by regulating
TNFRSF1B. Ann Transl Med. 2021; 9:773.
https://doi.org/10.21037/atm-21-34

PMID:34268386

Zhao T, Li H, Liu Z. Tumor necrosis factor receptor 2
promotes growth of colorectal cancer via the PI3K/AKT
signaling pathway. Oncol Lett. 2017; 13:342-46.

https://doi.org/10.3892/0l.2016.5403 PMID:28123565

Olsen RS, Nijm J, Andersson RE, Dimberg J, Wagsater D.
Circulating inflammatory factors associated with worse
long-term prognosis in colorectal cancer. World J
Gastroenterol. 2017; 23:6212-19.
https://doi.org/10.3748/wijg.v23.i34.6212
PMID:28974887

Silva-Cardoso SC, Tao W, Angiolilli C, Lopes AP, Bekker
CPJ, Devaprasad A, Giovannone B, van Laar J, Cossu M,
Marut W, Hack E, de Boer RJ, Boes M, et al. CXCL4
Links Inflammation and Fibrosis by Reprogramming
Monocyte-Derived Dendritic Cells in vitro. Front
Immunol. 2020; 11:2149.
https://doi.org/10.3389/fimmu.2020.02149
PMID:33042127

Zhang Y, Gao J, Wang X, Deng S, Ye H, Guan W, Wu M,
Zhu S, Yu Y, Han W. CXCL4 mediates tumor regrowth
after chemotherapy by suppression of antitumor
immunity. Cancer Biol Ther. 2015; 16:1775-83.
https://doi.org/10.1080/15384047.2015.1095404
PMID:26479470

Ruytinx P, Proost P, Struyf S. CXCL4 and CXCL4L1 in
cancer. Cytokine. 2018; 109:65-71.
https://doi.org/10.1016/j.cyt0.2018.02.022
PMID:29903575

Schirmann GM, Bishop AE, Facer P, Vecchio M, Lee JC,
Rampton DS, Polak JM. Increased expression of cell
adhesion molecule P-selectin in active inflammatory
bowel disease. Gut. 1995; 36:411-18.

WWWw.aging-us.com

AGING


https://doi.org/10.1371/journal.pbio.3000599
https://pubmed.ncbi.nlm.nih.gov/31945054
https://doi.org/10.12688/f1000research.11671.1
https://pubmed.ncbi.nlm.nih.gov/29263785
https://doi.org/10.1038/ncb1909
https://pubmed.ncbi.nlm.nih.gov/19597488
https://doi.org/10.1016/j.molmed.2010.03.003
https://pubmed.ncbi.nlm.nih.gov/20444648
https://doi.org/10.1007/s10555-010-9220-9
https://pubmed.ncbi.nlm.nih.gov/20390322
https://doi.org/10.1074/jbc.M111.257071
https://pubmed.ncbi.nlm.nih.gov/21880712
https://doi.org/10.3389/fonc.2015.00218
https://pubmed.ncbi.nlm.nih.gov/26500891
https://doi.org/10.18632/aging.102043
https://pubmed.ncbi.nlm.nih.gov/31239406
https://doi.org/10.1016/j.heliyon.2021.e08691
https://pubmed.ncbi.nlm.nih.gov/35028468
https://doi.org/10.1016/j.lssr.2021.09.001
https://pubmed.ncbi.nlm.nih.gov/34689954
https://doi.org/10.18632/aging.100587
https://pubmed.ncbi.nlm.nih.gov/23928451
https://doi.org/10.21037/atm-21-34
https://pubmed.ncbi.nlm.nih.gov/34268386
https://doi.org/10.3892/ol.2016.5403
https://pubmed.ncbi.nlm.nih.gov/28123565
https://doi.org/10.3748/wjg.v23.i34.6212
https://pubmed.ncbi.nlm.nih.gov/28974887
https://doi.org/10.3389/fimmu.2020.02149
https://pubmed.ncbi.nlm.nih.gov/33042127
https://doi.org/10.1080/15384047.2015.1095404
https://pubmed.ncbi.nlm.nih.gov/26479470
https://doi.org/10.1016/j.cyto.2018.02.022
https://pubmed.ncbi.nlm.nih.gov/29903575

37.

38.

39.

40.

41.

42.

43.

44,

https://doi.org/10.1136/gut.36.3.411 PMID:7535284

Qi C, Wei B, Zhou W, Yang Y, Li B, Guo S, Li J, Ye J, Li J,
Zhang Q, Lan T, He X, Cao L, et al. P-selectin-mediated
platelet adhesion promotes tumor growth. Oncotarget.
2015; 6:6584-96.
https://doi.org/10.18632/oncotarget.3164
PMID:25762641

Song M, Sasazuki S, Camargo MC, Shimazu T, Charvat
H, Yamaji T, Sawada N, Kemp TJ, Pfeiffer RM,
Hildesheim A, Pinto LA, Rabkin CS, Tsugane S.
Circulating inflammatory markers and colorectal
cancer risk: A prospective case-cohort study in Japan.
Int J Cancer. 2018; 143:2767-76.
https://doi.org/10.1002/ijc.31821 PMID:30132835

Lehrke M, Konrad A, Schachinger V, Tillack C, Seibold F,
Stark R, Parhofer IG, Broedl UC. CXCL16 is a surrogate
marker of inflammatory bowel disease. Scand J
Gastroenterol. 2008; 43:283-88.
https://doi.org/10.1080/00365520701679249
PMID:18938659

AbdelMageed M, Ali H, Olsson L, Lindmark G,
Hammarstrom ML, Hammarstrom S, Sitohy B. The
Chemokine CXCL16 Is a New Biomarker for Lymph
Node Analysis of Colon Cancer Outcome. Int J Mol Sci.
2019; 20:5793.

https://doi.org/10.3390/ijms20225793
PMID:31752131

Korbecki J, Bajdak-Rusinek K, Kupnicka P, Kapczuk P,
Siminska D, Chlubek D, Baranowska-Bosiacka |. The
Role of CXCL16 in the Pathogenesis of Cancer and
Other Diseases. Int J Mol Sci. 2021; 22:3490.
https://doi.org/10.3390/ijms22073490
PMID:33800554

Vernot JP. Senescence-Associated Pro-inflammatory
Cytokines and Tumor Cell Plasticity. Front Mol Biosci.
2020; 7:63.
https://doi.org/10.3389/fmolb.2020.00063
PMID:32478091

Ortiz-Montero P, Londofio-Vallejo A, Vernot JP.
Senescence-associated IL-6 and IL-8 cytokines induce a
self- and cross-reinforced senescence/inflammatory
milieu strengthening tumorigenic capabilities in the
MCF-7 breast cancer cell line. Cell Commun Signal.
2017; 15:17.
https://doi.org/10.1186/s12964-017-0172-3
PMID:28472950

Chang J, Wang Y, Shao L, Laberge RM, Demaria M,
Campisi J, Janakiraman K, Sharpless NE, Ding S, Feng
W, Luo Y, Wang X, Aykin-Burns N, et al. Clearance of
senescent cells by ABT263 rejuvenates aged
hematopoietic stem cells in mice. Nat Med. 2016;
22:78-83.

45.

46.

47.

48.

49.

50.

51.

52.

53.

https://doi.org/10.1038/nm.4010
PMID:26657143

Rysanek D, Vasicova P, Kolla JN, Sedlak D, Andera L,
Bartek J, Hodny Z. Synergism of BCL-2 family inhibitors
facilitates selective elimination of senescent cells.
Aging (Albany NY). 2022; 14:6381-414.
https://doi.org/10.18632/aging.204207
PMID:35951353

Datta K, Suman S, Kallakury BV, Fornace AJ Jr. Heavy
ion radiation exposure triggered higher intestinal
tumor frequency and greater B-catenin activation than
y radiation in APC(Min/+) mice. PLoS One. 2013;
8:e59295.
https://doi.org/10.1371/journal.pone.0059295
PMID:23555653

Ramesh P, Lannagan TRM, Jackstadt R, Atencia
Taboada L, Lansu N, Wirapati P, van Hooff SR, Dekker
D, Pritchard J, Kirov AB, van Neerven SM, Tejpar S,
Kops GJPL, et al. BCL-XL is crucial for progression
through the adenoma-to-carcinoma sequence of
colorectal cancer. Cell Death Differ. 2021; 28:3282-96.
https://doi.org/10.1038/s41418-021-00816-w
PMID:34117376

Mas-Bargues C, Borras C, Vifia J. Bcl-xL as a Modulator
of Senescence and Aging. Int J Mol Sci. 2021; 22:1527.
https://doi.org/10.3390/ijms22041527
PMID:33546395

Chen HT, Tsou HK, Hsu CJ, Tsai CH, Kao CH, Fong YC,
Tang CH. Stromal cell-derived factor-1/CXCR4
promotes IL-6 production in human synovial
fibroblasts. J Cell Biochem. 2011; 112:1219-27.
https://doi.org/10.1002/jcb.23043 PMID:21312239

Silva-Cardoso SC, Bekker CPJ, Boes M, Radstake TRDJ,
Angiolilli C. CXCL4 is a driver of cytokine mRNA stability
in monocyte-derived dendritic cells. Mol Immunol.
2019; 114:524-34.
https://doi.org/10.1016/j.molimm.2019.09.004
PMID:31518856

Cheema AK, Suman S, Kaur P, Singh R, Fornace Al Jr,
Datta K. Long-term differential changes in mouse
intestinal metabolomics after y and heavy ion radiation
exposure. PLoS One. 2014; 9:e87079.
https://doi.org/10.1371/journal.pone.0087079
PMID:24475228

Chen Q, Song S, Wei S, Liu B, Honjo S, Scott A, Jin J, Ma
L, Zhu H, Skinner HD, Johnson RL, Ajani JA. ABT-263
induces apoptosis and synergizes with chemotherapy
by targeting stemness pathways in esophageal cancer.
Oncotarget. 2015; 6:25883-96.
https://doi.org/10.18632/oncotarget.4540
PMID:26317542

Scholer-Dahirel A, Schlabach MR, Loo A, Bagdasarian L,

WWWw.aging-us.com

110

AGING


https://doi.org/10.1136/gut.36.3.411
https://pubmed.ncbi.nlm.nih.gov/7535284
https://doi.org/10.18632/oncotarget.3164
https://pubmed.ncbi.nlm.nih.gov/25762641
https://doi.org/10.1002/ijc.31821
https://pubmed.ncbi.nlm.nih.gov/30132835
https://doi.org/10.1080/00365520701679249
https://pubmed.ncbi.nlm.nih.gov/18938659
https://doi.org/10.3390/ijms20225793
https://pubmed.ncbi.nlm.nih.gov/31752131
https://doi.org/10.3390/ijms22073490
https://pubmed.ncbi.nlm.nih.gov/33800554
https://doi.org/10.3389/fmolb.2020.00063
https://pubmed.ncbi.nlm.nih.gov/32478091
https://doi.org/10.1186/s12964-017-0172-3
https://pubmed.ncbi.nlm.nih.gov/28472950
https://doi.org/10.1038/nm.4010
https://pubmed.ncbi.nlm.nih.gov/26657143
https://doi.org/10.18632/aging.204207
https://pubmed.ncbi.nlm.nih.gov/35951353
https://doi.org/10.1371/journal.pone.0059295
https://pubmed.ncbi.nlm.nih.gov/23555653
https://doi.org/10.1038/s41418-021-00816-w
https://pubmed.ncbi.nlm.nih.gov/34117376
https://doi.org/10.3390/ijms22041527
https://pubmed.ncbi.nlm.nih.gov/33546395
https://doi.org/10.1002/jcb.23043
https://pubmed.ncbi.nlm.nih.gov/21312239
https://doi.org/10.1016/j.molimm.2019.09.004
https://pubmed.ncbi.nlm.nih.gov/31518856
https://doi.org/10.1371/journal.pone.0087079
https://pubmed.ncbi.nlm.nih.gov/24475228
https://doi.org/10.18632/oncotarget.4540
https://pubmed.ncbi.nlm.nih.gov/26317542

54.

55.

56.

Meyer R, Guo R, Woolfenden S, Yu KK, Markovits J,
Killary K, Sonkin D, Yao YM, Warmuth M, et al.
Maintenance of adenomatous polyposis coli (APC)-
mutant colorectal cancer is dependent on Wnt/beta-
catenin signaling. Proc Natl Acad Sci USA. 2011;
108:17135-40.
https://doi.org/10.1073/pnas.1104182108
PMID:21949247

Kaefer A, Yang J, Noertersheuser P, Mensing S,
Humerickhouse R, Awni W, Xiong H. Mechanism-based
pharmacokinetic/pharmacodynamic meta-analysis of
navitoclax (ABT-263) induced thrombocytopenia.
Cancer Chemother Pharmacol. 2014; 74:593-602.
https://doi.org/10.1007/s00280-014-2530-9
PMID:25053389

Nayak D, Lv D, Yuan Y, Zhang P, Hu W, Nayak A, Ruben
EA, Lv Z, Sung P, Hromas R, Zheng G, Zhou D, Olsen SK.
Development and crystal structures of a potent
second-generation dual degrader of BCL-2 and BCL-xL.
Nat Commun. 2024; 15:2743.
https://doi.org/10.1038/s41467-024-46922-4
PMID:38548768

Trani D, Datta K, Doiron K, Kallakury B, Fornace AJ Jr.
Enhanced intestinal tumor multiplicity and grade in
vivo after HZE exposure: mouse models for space
radiation risk estimates. Radiat Environ Biophys. 2010;
49:389-96.

57.

58.

59.

https://doi.org/10.1007/s00411-010-0292-2
PMID:20490531

Metsalu T, Vilo J. ClustVis: a web tool for visualizing
clustering of multivariate data using Principal
Component Analysis and heatmap. Nucleic Acids Res.
2015; 43:W566-70.
https://doi.org/10.1093/nar/gkv468

PMID:25969447

Moore JE, Purcaro MJ, Pratt HE, Epstein CB, Shoresh N,
Adrian J, Kawli T, Davis CA, Dobin A, Kaul R, Halow J,
Van Nostrand EL, Freese P, et al, and ENCODE Project
Consortium. Expanded encyclopaedias of DNA
elements in the human and mouse genomes. Nature.
2020; 583:699-710.
https://doi.org/10.1038/s41586-020-2493-4
PMID:32728249

Fagerberg L, Hallstrom BM, Oksvold P, Kampf C,
Djureinovic D, Odeberg J, Habuka M, Tahmasebpoor S,
Danielsson A, Edlund K, Asplund A, Sjostedt E,
Lundberg E, et al. Analysis of the human tissue-specific
expression by genome-wide integration  of
transcriptomics and antibody-based proteomics. Mol
Cell Proteomics. 2014; 13:397-406.
https://doi.org/10.1074/mcp.M113.035600
PMID:24309898

WWWw.aging-us.com

111

AGING


https://doi.org/10.1073/pnas.1104182108
https://pubmed.ncbi.nlm.nih.gov/21949247
https://doi.org/10.1007/s00280-014-2530-9
https://pubmed.ncbi.nlm.nih.gov/25053389
https://doi.org/10.1038/s41467-024-46922-4
https://pubmed.ncbi.nlm.nih.gov/38548768
https://doi.org/10.1007/s00411-010-0292-2
https://pubmed.ncbi.nlm.nih.gov/20490531
https://doi.org/10.1093/nar/gkv468
https://pubmed.ncbi.nlm.nih.gov/25969447
https://doi.org/10.1038/s41586-020-2493-4
https://pubmed.ncbi.nlm.nih.gov/32728249
https://doi.org/10.1074/mcp.M113.035600
https://pubmed.ncbi.nlm.nih.gov/24309898

SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Mouse cytokine array. (A) Spot map of mouse cytokine array C3 spot map (Cat#AAM-Cyt3; RayBiotech) in
tabular form. Each antibody is spotted in duplicate as vertical dots. (B) Representative electrochemiluminescence (ECL) image depicting
differential expression of serum cytokine levels in the respective groups. Highlighted proteins were upregulated after 28Si exposure and were
mitigated using ABT-263.
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Supplementary Figure 2. Immunofluorescence-based assessment of BCL-XL (green color) protein expression in formalin-fixed paraffin
embedded tumor tissue sections from control (spontaneous) and IR-exposed Apc1638N/+ mice.
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Supplementary Figure 3. Effect of ABT-263 on mouse body weight. Beginning sixteen weeks of age (marked by dotted box). ABT-263
was administered through oral gavage (5 days/week) until euthanasia and body weight was recorded weekly and presented as mean body
weight in grams (g). Error bars are representing the standard deviation (SD) from the mean value.
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Supplementary Figure 4. Immunofluorescence-based quantification of senescent (p16 positive) and SASP (IL6 positive) cells in the
Apcl838N/+ mice jejunal crypts.
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Supplementary Tables

Supplementary Table 1. Basal mRNA expression [reads per
kilobase per million mapped (RPKM) values] of ABT-263
target BCL2 family genes in mouse and human small

intestine.

BCL family gene (symbol) Mouse [1] Human [2]
B-cell leukemia/lymphoma 2 (Bci2) 0.381 2.13
Bcl2 like 1 (Bci2l1 or Bel-xL) 4.549 16.92
Bcl2 like 2 (Bcl212 or Bel-w) 2.64 13.5

Supplementary Table 2. List of pro-inflammatory and Gl cancer-associated serum factors upregulated
after 28Si exposure and mitigated using ABT-263.

Protein name (symbol) Role in inflammation  Role in GI cancer development
Tumor Necrosis Factor Receptor Superfamily, Member 1B Yes [3] Yes [4]
(TNFRSF1B)

Chemokine (C-C Motif) Ligand 20 (CCL20) Yes [5] Yes [5]

Chemokine (C-X-C Motif) ligand 4 (CXCL4) Yes [6] Yes [7, 8]

P-Selectin (SELP) Yes [9] Yes [10]
Chemokine (C-C Motif) Ligand 27 (CCL27) Yes [11] Yes [11]

Chemokine (C-X-C Motif) Ligand 16 (CXCL16) Yes [12] Yes [13, 14]

Supplementary Table 3. List of significantly altered serum cytokines in response to ABT-263.

Protein name (symbol) Fold change (+ SEM)  Regulation
AXL Receptor Tyrosine Kinase (AxI) -1.27+0.07* Down
Tumor Necrosis Factor (ligand) Super Family Member 6 (TNFSF6) -1.4240.04* Down
Fractalkine (CX2CL1) -1.47+0.32% Down
Granulocyte-Colony Stimulating Factor (G-CSF) -1.40+0.04* Down
Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) -1.33 +£0.02* Down
Interferon Gamma (IFN-gamma) -1.21+0.03* Down
C-C Motif Chemokine Ligand 5 (CCL5) 1.24 £0.02* Up
Tissue Inhibitor of Metalloproteinase 1 (TIMP1) 1.22 +£0.02* Up
Tumor Necrosis Factor Receptor Superfamily Member 1B (TNFRSF1B) 1.00 £ 0.008 Unchanged
C-C Motif Chemokine Ligand 20 (CCL20) 1.15+0.03 Unchanged
Chemokine (C-X-C Motif) Ligand 4 (CXCL4) 1.09 £ 0.001 Unchanged
P-Selectin -1.03 +0.07 Unchanged
C-C Motif Chemokine Ligand 27 (CCL27) 1.15+0.11 Unchanged
C-X-C Motif Chemokine Ligand 16 (CXCL16) 1.20+0.11* Up

*Significantly altered in ABT-263 group relative to vehicle group [cut-off of 1.2-fold at p<0.05].
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