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ABSTRACT

Heavy ion radiation, prevalent in outer space and relevant for radiotherapy, is densely ionizing and poses risk to
stem cells that are key to intestinal homeostasis. Currently, the molecular spectrum of heavy ion radiation-
induced perturbations in intestinal stem cells (ISCs), that could trigger intestinal pathologies, remains largely
unexplored. The Lgr5-EGFP-IRES-creERT mice were exposed to 50 cGy of iron radiation. Mice were euthanized
60 d after exposure and ISCs were sorted using fluorescence activated cell sorting. Reactive oxygen species
(ROS) and mitochondrial superoxide were measured using fluorescent probes. Since DNA damage is linked to
senescence and senescent cells acquire senescence-associated secretory phenotype (SASP), we stained ISCs for
both senescence markers p16, p21, and p19 as well as SASP markers IL6, IL8, and VEGF. Due to potential
positive effects of SASP on proliferation, we also stained for PCNA. Data show increased ROS and ongoing DNA
damage, by staining for yH2AX, and 53BP1, along with accumulation of senescence markers. Results also
showed increased SASP markers in senescent cells. Collectively, our data suggest that heavy-ion-induced
chronic stress and ongoing DNA damage is promoting SASP in a fraction of the ISCs, which has implications for
gastrointestinal function, inflammation, and carcinogenesis in astronauts and patients.

INTRODUCTION

Heavy ion radiation is a major concern in outer space
and represents an appreciable dose equivalent of the
galactic cosmic radiation (GCR) [1-3]. Heavy ions are
also a component of the radiation emitted from the sun
during solar particle events (SPEs). Astronauts traveling
beyond low earth orbits (LEO) and the protective
magnetosphere on long duration space missions such as
mission to Mars will be exposed to substantial heavy
ion radiation [4, 5]. Cumulative doses of heavy ion
radiation from such missions remain a major concern
for astronauts’ health. Although space radiation is

primarily high-energy protons, energetic heavy ions due
to their high linear energy transfer (high-LET) per unit
volume of tissue traversed are considered most harmful
for the astronauts. Mathematical modeling approaches
indicate that during a Mars mission ~30% of the cells in
astronauts will be traversed by either primary or
secondary tracts generated by heavy ion radiation [1-3].
It is predicted that astronauts on an approximately 850
to 1000 days of round trip to Mars will receive 0.30 to
0.42 Gy of space radiation. Considering that ~15% of
the GCR is heavy ions, astronauts would be expected to
receive 0.05 to 0.07 Gy of heavy ion radiation during a
Mars mission [6—8]. However, >40% of the dose
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equivalent in GCR behind 3 g/cm? of aluminum is
contributed by heavy ions [9] and contribution of heavy
ions to the GCR dose equivalent will be potentially
higher during activities outside the spacecraft shielding.
Furthermore, current spacecraft shielding technology is
unable to block incoming energetic heavy ion radiation
rather heavy ions are expected to generate additional
harmful secondary radiation from traversed materials.
Currently, uncertainty remains about the long-term
effects of low dose heavy ion radiation on intestinal
stem cells (ISCs), which are important for maintaining
astronauts’ gastrointestinal (GI) health during long
duration space missions.

Increasing interest in using heavy ion radiation for
treating cancers resistant to conventional photon-based
radiotherapy [10-12] is also increasing the risk of heavy
ion radiation exposure to ISCs. Although heavy ion
radiotherapy is more precise relative to photon-based
radiotherapy, normal tissue exposure cannot be
completely eliminated especially at the entrance plateau
region of the Bragg curve [11, 13, 14]. While normal
tissue toxicity at the entrance plateau region is expected
to be low-energy and low-dose, normal tissue in the
vicinity of the targeted tumor volume is expected to be
exposed to high-dose heavy ion radiation [11, 13, 14].
Considering that heavy ions have higher relative
biological effectiveness (RBE) than photon radiation,
they are of particular concern for risk of long-term
complications such as second cancers in heavy ion
radiotherapy patients. Therefore, elucidating tissue-
specific biological responses associated with heavy ion
radiation is important for understanding the risk and
improving the safety of astronauts as well as
radiotherapy patients. We have previously demonstrated
persistent oxidative, inflammatory, and metabolic stress
in intestinal epithelial cells of C57BL/6J mice up to one
year after exposure to heavy ion iron radiation [4, 15—
18]. We have also reported increased intestinal
tumorigenesis in adenomatous polyposis coli (APC)
mutant mice after exposure to different types and doses
of heavy ion radiation [5, 19-21]. Currently, delayed
effects of heavy ion radiation on intestinal stem cells
(ISCs), which are key to intestinal homeostasis as well
as tumorigenesis, are not known due to paucity of
sufficient in vivo human or animal data. Since there are
limitations in obtaining human data due to statistically
small number of subjects, animal studies could provide
key data required to understand risk to ISCs from heavy
ion radiation exposures.

The ISCs play important roles in the renewal of the
intestinal  epithelial  lining  through  regulated
proliferation and differentiation of Lgr5" ISCs residing
at the crypt base and Lgr5* ISCs have been reported to
be essential for epithelial regeneration after radiation

damage [22]. Radiation-induced DNA damage triggers
the DNA damage response (DDR) and while higher
doses of radiation initiate apoptotic response due to
higher damage, lower doses primarily induce cell cycle
arrest that could lead to cellular senescence [23, 24]. In
the activation of DNA damage-induced cell cycle arrest,
p21 plays a crucial role by inhibiting CDK2 kinase
activity and blocking cell cycle progression [23, 25].
However, p21 also drives cellular senescence and
overexpression of p2l1 via p53-dependent and -
independent mechanisms has been reported to
upregulate senescence genes and downregulates
proliferative genes in senescent cells [25]. While p21 is
known to play key roles in senescence initiation, p16, a
member of the inhibitor of cyclin dependent kinase 4
(INK4) family, is primarily involved in maintaining
senescence through elevated expression after DNA
damage [23, 25]. While increased pl6 accelerates
cellular senescence, which is considered a safe guard
mechanism against carcinogenesis, reports in literature
also demonstrate upregulation of pl6 in a number of
cancers and increased pl6 was associated with poor
prognosis [25]. Additionally, p19, another member of
the INK4 family, has also been linked to DNA damage-
induced cellular senescence [23, 25]. While nuclear
localization of these senescence markers is key to their
Cdk-inhibitory roles, cytoplasmic localization of p21,
pl6, and pl9 has also been reported [26-28].
Interestingly, cytoplasmic localization of p21 has been
proposed to play an antiapoptotic role through
inhibition of apoptosis signal-regulating kinase 1 (Ask1)
[27]. Furthermore, cytoplasmic localization of pl6 as
well as of p19 has also been reported in various cells
including in cancer cells with diminished apoptosis [26,
28]. Overall, increased expression and cytoplasmic
localization of these three proteins is predicted to
provide a survival advantage and is consistent with
apoptosis resistant phenotype of senescent cells [26—
29]. A recent study by Wagner et al., [30] has
demonstrated that galactosidase beta 1 (Glbl), which is
a lysosomal enzyme and is linked to senescence
associated-p-galactosidase (SA- B-gal) activity, is an
effective marker of cellular senescence in formalin-
fixed paraffin embedded tissues. While the the role of
cellular senescence in tumor suppression is well
established, it has also been implicated in cancer
initiation and promotion because senescent cells are
resistant to apoptosis, metabolically active, and could
potentially acquire secretory phenotype to secret a host
of inflammatory and growth stimulatory factors [23,
25]. Since senescent cells remain in position for a long
time, acquisition of secretory phenotype known as
senescence-associated secretory phenotype (SASP) by
some of the senescent cells is expected to tilt the
homeostatic balance in tissue microenvironment and in
surrounding non-senescent cells towards a chronic
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Figure 1. Fluorescence activated cell sorting strategy to acquire EGFP expressing Lgr5* ISCs. Initially gates were applied
using side scatter and forward scatter parameters to exclude debris and doublet cells. Subsequent gating allowed removal of dead

cells and acquisition of EGFP positive ISCs for further processing.

disease state [31]. Indeed, our previous study has
demonstrated long-term decreased intestinal epithelial
cell migration after low-dose heavy ion iron radiation
and decreased cell migration was associated with
increased SASP  signaling [4]. The proposed
mechanistic model from our study suggests that heavy
ion radiation-induced sub-lethal genotoxic stress is
stochastically inducing senescence in a proportion of
the crypt cells and some of the senescent cells are
acquiring secretory phenotype triggering perturbations
of molecular events such as cytoskeletal remodeling
involved in coordinated epithelial cell migration in
intestine [4].

Although ISCs are key to intestinal epithelial cell
migration [32] and high dose y-rays/x-rays-induced
DNA damage has been reported to trigger apoptosis and
subsequent loss of Lgr5™ ISCs [33], we know very little
about the long-term effects of low dose heavy ion
radiation on ISC senescence and SASP that have
implications for intestinal homeostasis. Here we report
that exposure to 50 cGy of iron radiation led to
increased reactive oxygen species (ROS), oxidative
DNA damage, and DNA double stand breaks (DSBs) 60
d after radiation exposure. We also show that iron
radiation-induced DNA damage was associated with
stem cell senescence and at least some of senescent
stem cells show SASP even 60 d after radiation
suggesting long-term effects. Our findings suggest that
low doses of heavy ions to normal tissues expected

during long duration space flights as well as during
radiotherapy could impact ISCs and their niche through
acquisition of radiation-induced SASP.

RESULTS

Increased ROS in ISCs after heavy ion iron
radiation

Radiation exposure is linked to increased ROS
production and oxidative stress and our previous studies
have demonstrated chronic oxidative and inflammatory
stress in intestinal epithelial cells (IECs) after heavy ion
radiation [15]. Since ISCs proliferate and differentiate
into IECs, we wanted to test if ISCs themselves have
increased ROS levels after heavy ion radiation.
Fluorescence activated cell sorting was used to sort
EGFP expressing Lgr™ ISCs from control and heavy ion
iron irradiated mice (Figure 1). Intracellular ROS was
assessed in ISCs using fluorescent probe CellROX and
flow cytometry. Our data show increased ROS in ISCs
indicated by right shift in histogram two months after
heavy ion *°Fe radiation (Figure 2A). Quantification of
the flow cytometry data show significantly higher ROS
in ISCs after 3°Fe radiation relative to control (Figure
2B). Since mitochondria is a major source of ROS, we
used mitochondrial superoxide detecting fluorescent
probe MitoSOX Red to further assess oxidative stress in
ISCs. Increased mitochondrial superoxide (Figure 2C)
observed two months after heavy ion radiation and
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Figure 2. Heavy ion iron radiation leads to increased ROS and oxidative DNA damage in ISCs two months after
exposure. (A) Representative flow cytometry histograms showing increased CellROX fluorescence in the upper right quadrant
indicating increased ROS after iron radiation. (B) Quantification of mean fluorescent intensity data from five mice are presented as
percent change in mean fluorescence in irradiated samples relative to controls demonstrates increased ROS in ISCs of iron irradiated
mice. (C) Cells were incubated with mitochondrial fluorescent probe MitoSOX Red to assess mitochondrial ROS and representative
flow cytometry histograms are presented to show increased mitochondrial ROS after iron irradiation. (D) Mean fluorescent intensity
data from five mice was are graphically presented as percent change in irradiated relative to control samples. Significantly higher
levels of mitochondrial ROS were detected after iron irradiation relative to control. (E) Sorted, fixed, paraffin embedded, and
sectioned ISCs were stained for 8-oxo-dG and representative immunohistochemistry images are presented showing increased 8-oxo-
dG stained nuclei after iron irradiation. Scale bars, 5 um. (F) Quantification of number of 8-oxo-dG positive cells in ISC sections from
control and irradiated mice. Data are presented graphically showing significantly higher 8-oxo-dG staining in irradiated samples
relative to controls. Error bars show SEM.

significantly increased

B) as well as 53BP1 (Figure 3C and D) foci in iron

mitochondrial superoxide relative to control (Figure 2D)
suggesting perturbed mitochondria in ISCs.

Heavy ion iron radiation-induced DNA damage and
cell proliferation

Sorted ISCs from control and iron irradiated mice were
fixed, embedded, and sectioned for immunostaining.
Anti-8-0x0-dG antibody was used to stain ISC sections
to assess heavy ion radiation-induced oxidative DNA
damage. Increased 8-0x0-dG staining in ISCs is evident
after iron irradiation relative to control (Figure 2E and
F). Increased ROS is also known to induce DNA strand
breaks and since DNA DSBs are the most deleterious
form of DNA damage, we used YH2AX and 53BP1
staining to assess DNA DSBs in ISC sections 2-month
after iron irradiation. Increased yH2AX (Figure 3A and

irradiated samples indicate continued presence of DNA
DSBs in the ISCs after heavy ion irradiation.
Considering that oxidative stress and DNA damages are
present in live sorted ISCs and ROS below apoptotic
threshold are known to trigger cell proliferation and
survival [34], we wanted to test if ISCs are
proliferating. We stained ISC sections for PCNA, a
known G1/S phase marker [35-37], and show increased
PCNA staining in iron irradiated samples (Figure 3E
and F).

Increased senescence and senescence associated
secretory phenotype (SASP) markers in ISCs after
heavy ion iron irradiation

Chronic stress and DNA damage is linked to cellular
senescence [4, 38, 39] and indeed, we observed
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Figure 3. Murine ISCs show increased DNA DSB and cell proliferation after heavy ion radiation exposure. (A)
Representative immunofluorescence (IF) images of murine ISC sections from control and irradiated mice showing increased yH2AX
foci in nuclei after iron irradiation. Scale bars, 5 um. (B) Number of yH2AX foci in ISC nuclei from control and irradiated mice were
counted and data from five mice presented graphically showing significantly increased foci in irradiated samples. (C) Representative
IF images showing 53BP1 foci in ISC sections from control and irradiated samples. Scale bars, 5 um. (D) Quantification of 53BP1 foci in
control and irradiated sections presented graphically showing increased number of foci in iron irradiated samples. (E) Representative
IF images of ISC sections stained for PCNA showing increased staining in irradiated relative to control samples. Scale bars, 10 um. (F)
Graphical presentation of percent of PCNA positive nuclei in control and irradiated samples from five mice. Error bars show SEM.

increased expression of multiple markers of senescence
two months after heavy ion iron radiation. Here, we
report upregulation of p21 (Figure 4A), pl9 (Figure
4B), Glbl (Figure 4C) and pl6 (Figure 4D) in iron
irradiated samples. We observed diffuse cytoplasmic
and nuclear staining for p21, p19, Gbll, and p16 and is
consistent with previously reported staining pattern for
these markers of cellular senescence [30, 40-44]. We
also show decreased expression of Lamin 1B (Figure
5A) in GIbl stained senescent ISCs relative to non-
senescent ISCs further supporting cellular senescence.
Cellular senescence is invariably associated with some
of the senescent cells acquiring SASP essentially
secreting pro-inflammatory and pro-proliferative factors
and thus affecting local tissue microenvironment. Our
co-staining data show increased levels of known SASP
markers IL6 (Figure 5B), VGEF (Figure 6), and ILS8
(Figure 7) in some of the senescent cells two months

after exposure to heavy ion iron radiation. Since
secretory senescent cells are implicated in perturbations
of tissue microenvironment as well as of non-senescent
cells, we counted number of pl6 (senescent) vs.
pl6+IL8 (SASP) cells per field of vision (FOV) in iron
radiation samples. The quantification data show that
44% of the senescent cells acquired secretory phenotype
(SASP) after heavy ion irradiation.

DISCUSSION

In this study, we used a ‘knock-in” mouse model [45],
which expresses EGFP and CreERT2 replacing Lgr5
expression in Lgr5* stem cells (LgrS-EGFP-IRES-
creERT mice) to define long-term in vivo effects of
heavy ion iron radiation on ISCs. Data show heavy ion
radiation induced oxidative stress in ISCs via increased
production of ROS including mitochondrial ROS. Since
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Figure 4. Increased senescence in murine ISCs after
heavy ion radiation exposure. (A) Representative IF
images showing increased p21 expression in ISCs from heavy
ion radiation exposed mice. (B) Increased p19 expression in
ISCs from heavy ion radiation exposed mice. (C) ISC sections
immunofluorescently stained for Glb1 show increased staining
in irradiated samples. (D) Representative IF images showing
increased p16 levels in ISCs from heavy ion radiation exposed
mice. Scale bar, 5 um.

oxidative stress and accompanied increased oxidative
DNA damage and DNA DSB were observed in these
live sorted ISCs, the current data suggest that levels of
cellular stress and DNA damage in these cells were
below apoptotic threshold. Sub-lethal ROS is known to
trigger cell proliferation and indeed, data show
increased PCNA staining in iron irradiated samples
suggesting increased entry of ISCs into the cell cycle
(G1/S). Since PCNA is a G1/S marker [35-37] and we
noted DNA damage in a subset of ISCs, it is possible
that some of the DNA damage containing cells are
entering cell cycle. However, because our data show
ISC senescence, we believe some of the ISCs with DNA
damage have also entered senescence and therefore,
these are excluded from the possibility of cell cycle

S e
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Figure 5. Senescence and SASP in ISCs after exposure to
heavy ion radiation. (A) Representative IF images of ISCs co-
stained for senescent markers Lamin 1B (red) and Glb1 (green)
showing decreased expression of Lamin 1B in senescent cells.
(B) Increased expression of SASP marker IL6 after heavy ion
iron radiation exposure. Scale bars, 5 um.

entry. At this time, we cannot dismiss the possibility
that a subset of DNA damage containing cells are
entering cell cycle to divide and proliferate and another
subset of cells with DNA damage in entering
senescence rather than continuing with cell division. It
is conceivable that there is a DNA damage threshold
that determines proliferation vs. senescence in damage
bearing ISCs and both these outcomes have the
potential for functional alterations and oncogenic
transformations in gastrointestinal tissue. The oncogenic
transformation potential gained further credence from
our observation of heavy ion radiation-induced SASP in
ISCs. In summary, data from the current study
broadened our understanding about the susceptibility of
ISCs to heavy ion radiation and describes a role for
SASP in increasing the long-term risk to ISCs and thus
intestinal homeostasis in astronauts and patients.

Radiation is known to promote increased oxidant
production beyond cellular antioxidant capacities
leading to increased DNA damage [15]. Heavy ion
radiation due to its high-LET characteristics and dense
ionization events in tissues has been reported to elicit
persistent stress in different cell types with potential for
chronic diseases including cancer and neurodegenera-
tion [4, 15, 16, 18, 46-48]. Data from the current study
show that heavy ion radiation-induced ROS and DNA
damage was detectable two months after exposure
suggesting long-term effects on ISCs. Our flow
cytometry data showing increased mitochondrial ROS
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Figure 6. Acquisition of SASP by heavy ion radiation-
induced senescent ISCs. ISC sections from control and
irradiated mice were co-stained for SASP marker VEGF (green)
and senescent marker Glbl (red) showing acquisition of
secretory phenotype by senescent cells after heavy ion
radiation exposure. Scale bar, 5 um.

suggest heavy ion radiation-induced mitochondrial
perturbation. Emerging evidence suggests that while a
lower level of ROS is essential for maintenance of
stemness in a variety of adult stem cell types, a higher
but non-lethal level of ROS has been reported to
promote stem cell proliferation including ISC in
Drosophilla and mice [49, 50]. Importantly, enhanced
cell proliferation also has the potential of generating
DNA DSB due to replication stress from replication
fork collapse [51]. Our data of mitochondrial
perturbation, and increased ROS and cell proliferation
when considered with evidence in literature suggest that
heavy ion radiation is promoting a permissive state of
ROS accumulation, DNA damage, and growth factor
stimulation concurrently in ISCs [49, 52].

Accumulating evidence supports the notion that
oxidative stress and accompanying damage to

Senescence Associated Secretory Phenotype

Control 0.5 Gy *°Fe

Figure 7. Representative IF images of ISC sections co-stained for
SASP marker IL8 (green) and senescent marker pl6 (red)
showing some of the senescent cells acquiring secretory
phenotype in irradiated samples. Scale bar, 5 um.

biomolecules including DNA, proteins, and lipids is
involved in organismal aging and cellular stress and
DNA damage is a major factor contributing to stem cell
aging [49, 53]. In our model, heavy ion radiation-
induced chronic oxidative stress and DNA damage was
associated with an increased number of senescent ISCs,
and given the age of these mice at the time of tissue
harvesting and results in unirradiated cells, the
senescent phenotype is premature. Radiation via
promotion of oxidative stress and macromolecular
damage including damage to DNA is known to usher in
premature aging based on epidemiological and animal
studies due to ‘stress-induced premature senescence’ [4,
54]. Our data suggest that a significant fraction of the
ISCs enter into ‘stress-induced premature senescence’
after heavy ion radiation exposure and senescence has
been reported to affect stem cell dynamics with
implications for chronic diseases including cancer and
aging-associated diseases. While senescent cells are
resistant to mitogenic and apoptotic signals and
irreversibly arrested in GO/G1 phase, they are
metabolically active with altered gene and protein
expression patterns [55]. A key factor for maintenance
of senescent state is continued blocked of cell cycle
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progression though increased expression of several
cyclin-dependent kinase (CDK) inhibitors such as p21,
pl6, and p19 [49, 53, 55]. Our study provided evidence
that some of the ISCs are expressing these CDK
inhibitors, which are considered hallmarks of cellular
senescence, and is consistent with our previous report
on heavy ion radiation-induced intestinal epithelial cell
senescence and SASP affecting epithelial cell migration
in intestine [4]. While these CDK inhibitors have both
cytoplasmic and nuclear localization, their cytoplasmic
localization blocks cell death [26]. Importantly, our data
show both cytoplasmic as well as nuclear localization of
CDK inhibitors in the sorted ISCs. ISC senescence has
been further confirmed by staining for additional
recognized markers including Glbl and Lamin BI.
Increased expression of GIbl, which encodes
lysosomal-f3-galactosidase and is responsible for known
senescent marker senescence-associated-f-galactosidase
(SA-B-gal) activity, has recently been reported as a
marker for senescent cells in fixed paraffin embedded
sections [30]. Conversely, Lamin BI1, which is
expressed in all cell types and is involved in stress
responses and cell division, is decreased in senescent
cells [56, 57]. Our co-staining data with GIbl
demonstrate that Lamin B1 is decreased in senescent
ISCs supporting our heavy ion radiation-induced
premature aging phenotype hypothesis. Senescence in a
fraction rather than all of ISCs could be attributed to
energy deposition pattern of heavy ion radiation where
part of the energy is deposited in cells by secondary -
rays far away from the traversing primary particle
resulting in non-uniform distribution of damage [58].
Importantly, while assessing risk to astronauts from low
dose space radiation, it is also crucial to consider non-
targeted or bystander effects where stress responses
from cells hit by primary or secondary radiation are
propagated to nearby non-hit cells [59]. Hence, heavy
ion radiation-induced oxidative stress, DNA damage,
and senescence in ISC are likely to involve targeted as
well as non-targeted effects.

While senescence through terminal growth arrest acts as
a protective step against transformation and
tumorigenesis, it also allows cells to survive long-term
and release pro-inflammatory and pro-growth molecules
affecting tissue microenvironment [55, 60]. Acquisition
of tissue microenvironment altering SASP has been
implicated in chronic diseases including cancer and
inflammatory conditions [55, 60]. Radiation including
proton radiation has been reported to induce senescence
and SASP to promote oxidative and inflammatory stress
and increase tissue vulnerability to disease processes
[61, 62]. The current study shows that some senescent
ISCs acquired SASP demonstrated by increased pro-
inflammatory IL6 and IL8 as well as pro-angiogenic
VEGF after heavy ion radiation exposure suggesting a

pervasive pro-inflammatory and pro-proliferative stress
in the crypt-base stem cells. However, if a proportion of
the crypt-base Lgr5* stem cells are senescent and some
of the senescent cells acquire SASP, the question
remains how proliferative compartment is maintained. It
is possible that SASP-induced growth stimulatory stress
is extended to the +4 stem cells, which are considered
quiescent and relatively radioresistant but are activated
by stress, to expand proliferating Lgr5" stem cell
compartment [33, 63]. Notably, SASP response is
amplified through propagation from cell to cell
promoting more cellular senescence, inflammation,
ROS production, and DNA damage and it is plausible
that pharmacological elimination of senescent cells
could break this cycle of perpetual stress. We
acknowledge that astronauts on a return trip to Mars are
estimated to receive 0.30 to 0.42 Gy of space radiation
[6-8]. Since approximately 15% of the galactic cosmic
radiation (GCR) is contributed by heavy ions [5], it is
expected that astronauts will receive about 0.07 Gy (7
cGy) of heavy ions during a Mars exploratory mission.
The dose of heavy ion radiation used in the current
study, while higher than predicted during Mars
missions, provide a glimpse into the long-term intestinal
tissue response after heavy ion radiation exposure.
Heavy ion radiation is also used in treating cancers
resistant to conventional radiotherapy and since heavy
ion radiotherapy is of higher doses relative to space
travel, our study may contribute to understanding risk of
second cancers in patients [11]. Therefore, this initial
study provides a foundation for further research on
heavy ion radiation-induced changes in ISC
morphology, function, and microenvironment that could
contribute to understanding the pathogenesis of
gastrointestinal disorders in astronauts and radiotherapy
patients. Importantly, our data suggest that SASP is a
targetable risk factor and that its underlying
mechanisms could be modulated to prevent or delay
heavy ion radiation-induced premature senescence
related GI functional decline and cancer growth.

MATERIALS AND METHODS
Mice and radiation

Male Lgr5-EGFP-IRES-creERT mice [45] were
purchased from Jackson Laboratory (Stock No: 008875,
Bar Harbor, ME, USA) and housed at Georgetown
University (GU) animal care facility. Mice (n=10/study
group) were exposed to whole body iron (*°Fe) radiation
(energy: 1000 MeV/nucleon; LET: 148 keV/um; dose:
50 cQGy) using the simulated space radiation facility at
NASA Space Radiation Laboratory (NSRL) in
Brookhaven National Laboratory (BNL), and control
mice were sham irradiated. All mice were shipped a
week before radiation exposure for acclimatization at
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the BNL animal facility and returned a day after
radiation exposure to the GU animal facility in a
temperature-controlled environment with an aim to
minimize transportation related stress. Mice were
housed in an air- and temperature-controlled room with
12-hour dark and light cycle maintained at 22 °C in
50% humidity at the GU as well as at the BNL animal
care facility. All the mice were provided food and
filtered water ad [libitum. All animal procedures were
approved by the Institutional Animal Care and Use
Committees at BNL (Protocol#345) and GU
(Protocol#2016-1129). Our research followed the Guide
for the Care and Use of Laboratory Animals, prepared
by the Institute of Laboratory Animal Resources,
National Research Council, and U.S. National Academy
of Sciences.

Intestinal epithelial cell isolation

Mice were euthanized 60 d after radiation exposure and
small intestine was carefully dissected out. After
flushing with PBS to remove fecal matter, small
intestine from each mouse was cut into smaller pieces
(~10 mm), lumen inverted, and total intestinal epithelial
cells including ISCs from the crypt area were isolated
with a protocol standardized in the laboratory [15] with
modifications. Briefly, intestinal sections with inverted
lumen was placed in a solution containing 27 mM
sodium citrate, 1.5 mM KCI, 96 mM NaCl, 8 mM
KH2PO4 and 5.6 mM NaH2PO4 at pH 7.3 for 15 min.
Subsequently, intestinal sections were incubated with 2
mM EDTA in PBS for 20 min, then washed vigorously
twice with PBS. The intestinal sections were then
incubated in a cell dissociation enzyme mix containing
Collagenase Type 1 (60 U/ml) and Neutral protease (2.4
U/ml) in HBSS for 20 min at 37 °C. Cell dissociation
enzyme mix was discarded, tissues were placed in cold
HBSS, and cells were released with vigorous shaking.
Released cells were passed through a 70-micron mesh
(BD Biosciences, Bedford, MA) to remove clump and
debris, and obtain a uniform single cell suspension.
Cells were centrifuged, washed twice with cold HBSS,
and were resuspended in HBSS containing 2% FBS for
fluorescence activated cell sorting of Lgr5* ISCs.

Fluorescence activated cell sorting (FACS) of EGFP
expressing Lgr5* ISCs

Single cell suspension of intestinal epithelial cells was
sorted on FACS ARIA IIU (Becton Dickinson, San
Jose, CA) sorter using FACSDIVA software. The
sorting strategy is schematically presented in Figure 1.
Proper electronic gates of side scatter and forward
scatter parameters were set to exclude debris and
doublet cells. Viable cells were gated using negative
SYTOX Blue (Cat#S34857, Life Technologies) staining

to exclude dead cells with 405 nm laser through 450/40
band pass filter. EGFP positive cells were sorted and
collected with 488 nm laser through a 530/40-band pass
filter. While live sorted Lgr5* cells were used to assess
intracellular reactive oxygen species (ROS) and
mitochondrial superoxide, sorted cells were also fixed
in 4% paraformaldehyde, pelleted, paraffin embedded
and sectioned for immunostaining.

Measurement of ROS and mitochondrial superoxide
in EGFP expressing Lgr5* ISCs

Intracellular ROS and mitochondrial superoxide were
analyzed in ISCs using fluorescent probes CellROX
(Cat# C10491, Life Technologies) and MitoSOX Red
(cat# M36008 Life technologies) respectively as
described previously [15]. Briefly, cells were incubated
with either 5 pM CellROX for 30 min or 2 uM
MitoSOX Red for 10 min in dark at 37 °C, washed in
PBS once, resuspended in 500 pl of PBS, and
fluorescence intensity acquired by flow cytometry
(LSRFortessa, BD Biosciences, San Jose, CA). Cells
were  counter-stained  with  SYTOX™  Blue
(cat#S34857, Thermo Fisher Scientific, Waltham, MA)
to exclude dead cell while acquiring data. After data
acquisition, flow cytometry files (.fcs files) were
analyzed using Flowing Software v2 (Cell imaging
core, Turku Center for Biotechnology, available at
http://flowingsoftware.btk.fi/). Initially, a gate (gate-1)
for high FSC and SSC signal in the dot-plot was applied
to exclude cell debris followed by a second gating
(gate-2) to pick EGFP positive cells that represent the
ISCs. The cell population obtained after gate-2 was
analyzed for FL1 (EGFP) vs FL2 (CellROX or
MitoSOX) population and a quadrant was applied for
analysis of any population shift towards the right
indicating increased fluorescence. Cells isolated from 5
mice were acquired and analyzed using the same setting
and cell population percentage in upper right quadrant
representing cells with higher intracellular and
mitochondrial ROS is presented graphically as mean +
standard error of the mean (SEM).

Assessing oxidative DNA damage in ISCs

We used sorted, fixed, embedded and sectioned ISCs
for 8-0x0-dG staining, a known marker of oxidative
DNA  damage. Sections were deparaffinized,
sequentially rehydrated, and treated with a primary
antibody specific to 8-0x0-dG (Trevigen, Gaithersburg,
MD) according to a protocol described previously [15].
Signals were detected using DAB substrate provided in
the Mouse and Rabbit Specific HRP/DAB IHC
Detection Kit - Micro-polymer (Cat# ab236466,
Abcam, Cambridge, MA) according to the
manufacturer’s instruction. Sections were counter-
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stained with hematoxylin, sequentially dehydrated, and
mounted using Permount mounting medium (Thermo
Fisher Scientific). Mounted slides were visualized under
a bright field microscope and images were captured.
Images were quantified using ImageJ v1.51 and the
error bar represents SEM.

Immunofluorescence

Sections were deparaffinized, sequentially rehydrated,
and antigen retrieved in citrate buffer, pH 6.0 (Electron
Microscopy Sciences, Hatfield, PA). Samples were
incubated overnight with a specific primary antibody
for yH2AX (cat# 4418-APC-100; dilution-1:50;
Trevigen), 53BP1 (cat#bs3020R; dilution-1:30; Bioss
Antibodies Inc., Woburn, MA), pl9 (cat#07-543 ;
dilution-1:100 ; Millipore, Burlington, MA), ILS8
(cat#orb229133; dilution-1:200; Biorbyt LLC, San
Francisco CA), IL6 (cat#ab7737; dilution-1:200;
Abcam, Cambridge, MA), Ki67 (cat#ab15580; dilution-
1:200; Abcam), Glbl (cat#ab203749; dilution-1:200;
Abcam), pl6 (cat#sc-1661; dilution-1:200; Santa Cruz
Biotechnology, Dallas , TX), Lamin 1B (cat # sc-17810;
dilution-1:200; Santa Cruz Biotechnology) VGEF (cat#
sc-7269; dilution-1:200; Santa Cruz Biotechnology), or
p21 (cat#05-345 ; dilution 1:100 ; Millipore) at 4 °C.
Sections were washed and treated with a secondary
antibody conjugated with AlexaFluor 488 (green) or
546 (red) for 1 h at room temperature. Nuclei were
counter stained with DAPIL Sections were visualized
and images captured using an Olympus BX61 DSU
microscope at microscopic magnifications indicated in
the figures. Images were acquired and processed using
cellSens Entry v1.15 (Olympus Corp, Center Valley,
PA) for immunohistochemistry, and Slidebook v6
(Intelligent Imaging Innovations, Denver, CO) for
immunofluorescence. Ten randomly chosen field of
vision (FOV) were captured in each study group and a
representative image for each group is presented in the
results. Quantification data show average number of
positive cells per FOV and the error bar represents
SEM. The number of YH2AX and 53BP1 foci in each
cell nucleus were counted visually in Slidebook v6 and
data presented as average number of foci per 60X field.
Statistical significance between the two groups was
determined using Student’s t-test and p<0.05 was set for
significance. Appropriate controls were run in parallel
with the experimental sections to assess specificity of
the immunostaining.
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