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SUMMARY

Brain neurogenesis is severely impaired following exposure to ionizing radiation (IR). We and others have shown that the expression
of the tumor suppressor gene p16INK4a is increased in tissues exposed to IR and thus hypothesized that its expression could limit
neurogenesis in the irradiated brain. Here, we found that exposure to IR leads to persistent DNA damage and the expression of
p16INK4a in the hippocampus and subventricular zone regions. This was accompanied by a decline in neurogenesis, as determined
by doublecortin expression and bromodeoxyuridine incorporation, an effect partially restored in Ink4a/arf-null mice. Increased
neurogenesis in the absence of INK4a/ARF expression was independent of apoptosis and activation of the microglia. Moreover, treatment
of irradiated mice with a superoxide dismutase mimetic or clearance of p16INK4a-expressing cells using mouse genetics failed to increase
neurogenesis. In conclusion, our results suggest that IR-induced p16INK4a expression is a mechanism that limits neurogenesis.

INTRODUCTION

Exposure of the brain to ionizing radiation (IR) is associated
with impaired memory and learning deficits, a phenotype
often observed in cancer survivors (Krull et al., 2013;
Robison and Hudson, 2014). Exposure to IR also leads to
a drastic loss in neuronal progenitor cell counts, in a
dose-dependent manner (Lu and Wong, 2007; Monje
et al., 2002; Tada et al., 1999). Postnatal neurogenesis is
limited to the dentate gyrus (DG) of the hippocampus
and the subventricular zone (SVZ)/olfactory bulb regions.
Neurogenesis is often defined experimentally by the incor-
poration of a tracer compound such as bromodeoxyuridine
(BrdU) and the labeling of young neurons with doublecor-
tin (DCX) (Wojtowicz, 2006). Loss in neurogenesis appears
to be permanent in the subgranular zone of the DG, while
it was shown to recover, at least partially, in the SVZ of the
lateral ventricle (Hellstrom et al., 2009, 2011). Further-
more, evidence suggests that loss of hippocampal neuro-
genesis is strongly correlated with cognitive impairment
(Monje and Dietrich, 2012; Rao et al., 2011; Rola et al.,
2004).

Despite numerous important side effects, radiotherapy is
still arguably one of the most effective tools in the treat-
ment of cancer. In this context, it is essential to understand
the mechanisms by which radiotherapy limits neuro-
genesis in the long term. IR-induced apoptosis of neural
stem and progenitor cells is one mechanism that can lead
to loss of neurogenesis (Limoli et al., 2004; Mizumatsu
et al., 2003). IR-induced inflammation was also shown
to compromise neurogenesis, presumably by altering the
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neurogenic niche through, for example, the secretion of
cytokines by the activated microglia (Ekdahl et al., 2003;
Lee et al., 2013; Monje et al., 2003; Moravan et al., 2011).
Coincidently, generation of reactive oxygen species (ROS)
following exposure to IR also impairs neurogenesis, an ef-
fect that can be attenuated by treatment with antioxidant
enzymes and metabolites (Acharya et al., 2010; Zou et al.,
2012).

Precisely how neurogenesis is impaired in the long term
following IR is unclear. One possibility is that neuronal
progenitor cells are mostly all eliminated following
radiotherapy-induced p53-dependent apoptosis. Alterna-
tively, IR-induced inflammation and ROS may cause dele-
terious modification to the neuronal niche, which could
restrict progenitor cell differentiation and proliferation.
Another possibility is that DNA damage and oxidative
stress, by inducing an INK4a/ARF-dependent growth
arrest, may interfere with neurogenesis. Indeed, we and
others have shown the expression of p16INK4a, a robust
senescence/aging marker, and to a lesser extent p19AREF,
is increased in murine and human tissues exposed to IR
(Krishnamurthy et al.,, 2004; Le et al., 2010; Marcoux
etal., 2013). Thus, while an increase in INK4a/ARF expres-
sion prevents damaged cells from proliferating further, it
might also prevent the regenerative potential of irradiated
tissues by inducing stem/progenitor cells senescence
(van Deursen, 2014). Remarkably, INK4a-null mice exhibit
improved regenerative potential in several organs with
age, hence suggesting that the accumulation of senescent
stem/progenitor cells is deleterious for the organism
(Krishnamurthy et al., 2006; Molofsky et al., 2006). For
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Figure 1. INK4a/ARF Expression in Selectively Induced Irradiated Brain Cells and Regions

(A and B) Mice were exposed or not to 6 Gy cranial radiation, and 8-12 weeks later RNA was extracted from the hippocampus (Hi),
subventricular zone (Svz), cortex (Co), and cerebellum (Ce). Expression of p16INK4a (A) and p19ARF (B) as determined by real-time qPCR
and normalized to 18S.

(legend continued on next page)
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example, the ability to form new neurons was shown
to decline in the SVZ of aged mice brains, a defect that
was partially abrogated in mice deficient in p16INK4a
(Molofsky et al., 2006).

In this study we provide evidence that IR-induced INK4a/
ARF expression is a mechanism by which loss of brain
neurogenesis occurs. Moreover, we also found this effect
to be likely cell-autonomous and independent from
apoptosis or activation of the microglia.

RESULTS

INK4a/ARF Expression Is Induced in Selected Brain
Regions Following Exposure to IR

We previously showed that pl6INK4a and, to a
lesser extent p19AREF, are expressed in a delayed manner
(8-12 weeks) in various mouse tissues following exposure
to IR (Le et al., 2010). The reason for such a delay in
expression is unknown but may reflect the need for cells
to persist in tissues for several weeks following DNA
damage or to attempt cell division, two criteria fulfilled
by progenitor/stem cells. This is supported by the obser-
vation that hematopoietic stem cells, but not their prog-
eny, have an increase in p16INK4a expression in the
weeks following their exposure to IR (Wang et al,
2006). We thus hypothesized that INK4a/ARF expression
would be higher in irradiated brain regions enriched in
neuronal progenitor cells. As expected, 8-12 weeks post
exposure to 6 Gy cranial IR, we found that p16INK4a
expression was increased in the hippocampus and the
SVZ compared with the same tissues isolated from age-
matched non-irradiated mice (Figure 1A). Surprisingly,
expression of p16INK4a was also found elevated in the
cortex while it was not in the cerebellum. Conversely,
P19ARF expression was found increased only in the hip-
pocampus and cortex regions (Figure 1B). Moreover,
when cells from the hippocampus or the SVZ were sorted
based on specific cell markers (CD24+/LEX-/EGFR- for
neuroblasts and CD24-/LEX-/EGFR+ for NPCs), we
found distinct expression profiles in these popu-
lations (Figures 1C-1E). For example, in both regions,
p16INK4a expression was increased in NPCs but not in
neuroblasts. These observations are in line with previous
results showing that INK4a/ARF expression is preferen-
tially increased in progenitor cell populations isolated
from muscle, fat or bone (Baker et al., 2013; Despars
et al., 2013).

Absence of INK4a/ARF Expression Favors

Neurogenesis in the Irradiated Brain

Whether an increase in INK4a/ARF expression contributes
to the loss of brain neurogenesis observed following
exposure to IR is unknown. To answer this question,
Ink4a/arf-null and wild-type mice were exposed or not to
6 Gy cranial radiation. Mice were allowed to recover for
8 weeks and then injected with BrdU for 10 consecutive
days prior to sacrifice (Figure 2A). We chose to sacrifice
mice no longer than 8 weeks post IR because of the cancer
susceptibility of Ink4a/arf-null mice (Sharpless et al., 2001).

We first evaluated neurogenesis by measuring the expres-
sion of DCX, a marker of newborn neurons, on free-floating
brain sections. We found a significantly higher level of new
neurons being formed in the DG of irradiated Ink4a/arf-null
compared with wild-type mice, where DCX expression was
almost completely absent (Figures 2B and 2D). The intensity
of the DCX signal measured in the absence of INK4a/ARF
expression was slightly lower than that observed in the
absence of apoptosis in the irradiated brains of p53-null
mice (Figures 2B and 2D). p53-null mice were used here as
a comparison to evaluate how effective INK4a/ARF deletion
is in protecting mice against loss of neurogenesis. Similar to
that observed in the DG, the absence of INK4a/ARF or p53
expression also resulted in an increased DCX signal in the
irradiated SVZ region (Figure S1A). However, we found IR-
induced loss of neurogenesis was less severe in the SVZ
compared with the DG (Figure S1A). This likely explains
why the absence of INK4a/ARF or p53 expression allowed
almost full neurogenesis recovery in the SVZ. Of note, we
consistently observed lower levels of new neurons (DCX+)
cells in the SVZ of Ink4a/arf-null mice compared with wild-
type or p53-null mice (Figure S1A).

To more closely evaluate the impact of INK4a/ARF
expression on neurogenesis, we also measured the incorpo-
ration of BrdU in the DG and SVZ 8 weeks post exposure to
IR. As for DCX expression, we observed a much higher level
of BrdU+ cells in the irradiated DG of Ink4a/arf-null
compared with wild-type mice in which BrdU incorpora-
tion was found almost completely inhibited (Figures 2C,
2D, and S1B). Again, the increase in BrdU incorporation
in the absence of INK4a/ARF was similar to that observed
in p53-null mice (Figures 2C and 2D). Moreover, the major-
ity of BrdU+ cells identified were at the inner edge of the
DG subgranular zone region and found to also express
the DCX marker (Figures S1C and S1D). However, a BrdU
pulse performed early after IR (day 4-11) suggested that

(C-E) SVZ (as shown) or hippocampus regions were dissociated and viable (7AAD-) cells populations (CD24+/LEX-/EGFR- for neuroblasts
in orange and CD24-/LEX-/EGFR+ for NPCs in red) were sorted by fluorescence-activated cell sorting. (C) Purity of the sorted cell
populations was determined by flow cytometry. RNA was then extracted and p16INK4a expression determined in neuroblasts and NPCs

populations from the Hi (D) or the SVZ (E). n = 4-10 mice per group.

*p <0.05, **p < 0.01, ***p < 0.001, obtained by performing a Student’s t test.
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Figure 2. Absence of INK4a/ARF Expression Favors Neurogenesis in the Irradiated Hippocampus

(A) Schematic of the experiments. Wild-type (WT), ink4a/arf-deficient (INK4a/ARF knockout [KO]) and p53-deficient (p53 KO) mice were
irradiated or not at a dose of 6 Gy and injected with BrdU 10 days prior to sacrifice.

(B) Quantification of DCX staining was determined in the DG and signal intensity adjusted to the size of the DG on each section.

(C) The number of BrdU+ cells in the DG was determined and counts adjusted to the size of the DG on each section. n = 3-4 mice per group,
with a minimum of two sections per mouse analyzed.

(D) Representative images showing DCX expression and incorporation of BrdU in the DG. The p values were obtained by performing a
non-parametric ANOVA (Kruskal-Wallis) test. *p < 0.05; ***p < 0.001; ****p < 0.0001; ns, no significant difference was observed. Scale
bars, 100 pum.
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(A) Eight weeks following exposure of WT,
ink4a/arf-null (INK4a/ARF KO) and p53-null
(p53 KO) mice to 6 Gy cranial IR, cells from
the SVZ were dissociated and neurospheres
were counted from n=4 to 10 mice per group.
(B) Primary neurospheres from (A) were
dissociated and secondary neurospheres
were then counted manually using an in-

verted microscope 7 days later. The number
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the proliferation of neuronal progenitor cells is not affected
in irradiated wild-type versus Ink4a/arf-null mice (Fig-
ure S2). This was not surprising given that pl16INK4a
expression is observed only several weeks after IR. Instead,
we believe that a limited number of neuronal progenitor
cells survive the radiation and that, in the absence of
INK4a/ARF expression, they are then allowed to better
proliferate, as suggested by the fewer cells retaining BrdU
in absence of IR (Figure S2).

Finally, we also wanted to determine if IR-induced
INK4a/ARF expression had an impact on the number of
the neuronal progenitor cells with the capacity to form
neurospheres in vitro. In brief, single-cell populations
were first isolated from the SVZ region collected before
and 8 weeks after mice were exposed to IR and then
cultured until distinct neurospheres could be identified.
Given the age of our mice at the time of sacrifice (14 weeks),
a very limited number of neurospheres was obtained from
the DG and thus this region was not used in the study. Neu-
rosphere-forming ability is known to be drastically and
permanently reduced after exposure to IR (Lu and Wong,
2007). In line with our results, we observed that the num-
ber of primary and secondary neurospheres formed

INK4a/ARF KO

+++

++

pS3KO (C) Secondary neurospheres were dissoci-

ated, expended, and differentiated in
NeuroCult differentiation media (see
Experimental Procedures for details). Seven
to 10 days later, coverslips containing cells
were removed and fixed, and their differ-
entiation into neurons, oligodendrocytes,
and astrocytes was assessed by immunoflu-
orescence. The ability to differentiate

+++ (+++, ++, or +) or not (—) in each three cell
types is shown. The differentiation proced-
ure was performed twice using two different
4+

sets of secondary neurospheres with similar
results. The p values (**p < 0.01) were ob-
tained by performing a non-parametric
ANOVA (Kruskal-Walli) test. ns, no signifi-
cant difference was observed.

following exposure of mice to IR was significantly higher
in the absence of INK4a/ARF expression (Figures 3A and
3B). The absence of p53 expression also allowed higher
neurosphere counts at a level similar to what we observed
in the absence of INK4a/ARF expression (Figures 3A and
3B). Surprisingly, neurospheres derived from irradiated
mice, independently of their genotypes, had lost the ability
to differentiate into neurons while they had preserved their
ability to differentiate in astrocytes (predominantly) and,
to a lesser extent, in oligodendrocytes (Figures 3C and
S3). Similarly, neurospheres derived from non-irradiated
INK4a/arf-null mice were also unable to differentiate in neu-
rons (Figures 3C and S3). The reasons for this are unknown
but suggest that the genotoxic stress imposed by the IR and
culture conditions favor gliogenesis and/or hamper
neuronal differentiation, a phenotype that is amplified in
absence of INK4a/ARFE.

Absence of p53 but Not INK4a/ARF Expression
Prevents IR-Induced Apoptosis and Microglial
Activation

To further delineate the mechanism leading to increase
neurogenesis, we first determined if INK4a/ARF expression
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Figure 4. Increased Neurogenesis in the Absence of INK4a/ARF Expression Is Independent of Apoptosis and Microglial Activation
(A) Quantification of the number of apoptotic cells, as detected by TUNEL, in the DG 6 hr following exposure of WT, ink4a/arf-deficient
(INK4a/ARF KO), and p53-deficient (p53 KO) mice to 6 Gy cranial IR. Indicated is the average number of apoptotic cells per DG section
(n = 4 mice per group).
(B) Quantification of CD68 expression in the DG 24 hr following exposure of mice to IR.

(legend continued on next page)
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had an impact on IR-induced apoptosis. TUNEL immuno-
staining performed 6 hr following irradiation of the DG
revealed that, unlike absence of pS53, lack of INK4a/ARF
expression conferred no protection against IR-induced
apoptosis (Figure 4A). We also noticed that the absence of
INK4a/ARF expression did not prevent IR-induced activa-
tion of the microglia, as measured using immunostaining
against CD68 (Figure 4B). In our model, we found that acti-
vation of the microglia occurred only within the first few
days post IR and was likely dependent on the presence of
apoptotic cells as no activation was measured in the
absence of p53 expression (Figures 4B and 4C). These re-
sults suggest that lack of INK4a/ARF expression favors neu-
rogenesis independently of apoptosis and activation of the
microglia. In parallel, we also observed persistent DNA
damage in the hippocampus of irradiated wild-type,
Ink4a/arf, and p53-null mice. Using tissue sections from
the DG collected from previously (8 weeks) irradiated
mice from all three genotypes, we found the increase in
the number 53BP1 foci to be similar in neurons (NeuN+)
and progenitor (Sox2+) cells (Figures 4D-4G). However, a
significantly lower number of foci were observed in newly
formed neurons (DCX+) from ink4a/arf and p53-null mice
compared with wild-type (Figures 4D-4G). These results
are in line with the increased neurogenesis observed in
these mice.

Treatment with a Superoxide Dismutase Mimetic
Reduces IR-Induced Loss of Neuronal Progenitor Cells
Growth Ex Vivo but Not In Vivo

Expression of INK4a/ARF is delayed following exposure to
IR, suggesting that it does not increase as a direct effect
but rather as a consequence of IR, for example following
replicative exhaustion or in response to increased levels
of ROS (Ito et al., 2004, 2006). In this context, we hypoth-
esized that treatment of mice with a porphyrin-based
superoxide dismutase mimetic, Mn(Ill) meso-tetrakis
(N-n-hexylpyridinium-2-yl)  porphyrin, (MnTnHex-2-
PyP*, abbreviated as MnHex), may help prevent loss of
neurogenesis (Batinic-Haberle et al., 2014, 2015; Wang
et al., 2010). Mice were injected immediately after irradia-
tion with MnHex for eight consecutive weeks until sacri-
fice. We found that the injection of MnHex could limit
p16INK4a expression in the irradiated hippocampus but
not in the SVZ (Figures 5A and 5B). Such a reduction in

pl6INK4a expression did not lead to an increase in DCX
signal intensity in the hippocampus (Figure 5C). How-
ever, we observed a higher number of neurospheres in
mice treated with MnHex compared with saline alone
(Figure 5D). The injection of MnHex either before or
immediately after exposure to IR did not prevent induc-
tion of apoptosis (Figure S4). This effect of MnHex appears
independent of p16INK4a as it did not prevent IR-induced
pl6INK4a expression in the SVZ. However, because
MnHex was ineffective at increasing neurosphere counts
in irradiated ink4a/arf-null mice (Figure 5D), it also implies
that the effect MnHex is dependent on INK4A/ARF
expression, but perhaps only in a subset of progenitor
cells. Of note, the injection of another ROS scavanger,
N-acetycysteine (NAC), with a lower bioavailability to
the brain compared with MnHex (Giustarini et al., 2012;
Weitner et al., 2013), had no effect on p16INK4a expres-
sion (data not shown).

Clearance of p16INK4a-Expressing Cells Does Not
Restore Neurogenesis

Accumulation of p16INK4a-expressing cells was recently
shown to contribute to the development of various pathol-
ogies and aging (Baker et al., 2016; Oubaha et al., 2016;
Schafer et al., 2017). Hence, we next wanted to explore
the possibility that p16INK4a-expressing cells could, for
example through an effect on the microenvironment,
have an impact on neurogenesis. To this end, we used
p16-3MR transgenic mice, which express under the endog-
enous pl16INK4a promoter the Renilla luciferase and the
herpes simplex virus thymidine kinase genes, the latter
metabolizing ganciclovir (GCV) into a toxic drug (Demaria
et al, 2014). These mice can selectively eliminate
pl6INK4a-expressing cells following the injection of
GCV. We first confirmed that treatment with GCV allowed
for a significant decrease in p16INK4a expression in both
the hippocampus and SVZ regions (Figures 6A and 6B).
Yet, 10 days following the last injection of GCV no increase
in neurogenesis, as measured by DCX staining, was
observed in these regions (Figures 6C and 6D). This sug-
gests that the accumulation of p16INK4a-expressing cells
does not interfere with brain neurogenesis and/or that a
substantial fraction of neuronal progenitor cells are them-
selves cleared by the GCV. Of note, we did not detect an
increase in the luminescent signal of irradiated brains

(C) Representative confocal images showing CD68+ cells (in red) next to apoptotic TUNEL+ cells (in green) following exposure of WT mice
to IR. Note the increase in CD68 signal and side by side localization of CD68+ and TUNEL+ cells following IR.

(D-F) Proportion of neurons (NeuN, in green), young neurons (DCX, in green), and progenitor cells (Sox2, in green) showing persistent
DNA damage foci (53BP1, in red) in the hippocampus of mice sacrificed 8 weeks post exposure to IR. Nuclei were stained with DAPL.
(G) Representative confocal images of brain sections from irradiated WT mice displaying 53BP1 DNA damage foci with the indicated cell
markers are shown. Images were acquired by a Leica microsystems TSC SP8 HyVolution confocal microscope and an HC PL APQ €S2 40% /1.3
oil objective. The p values (*p < 0.05; ***p < 0.001) were obtained by performing a Student’s t test. ND (no cells were detected).
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from p16-3MR mice, presumably because of the weakness
of the p16INK4a endogenous promoter and the reporter
gene used.

DISCUSSION

Damage induced by radiotherapy is a serious medical
concern, with most patients showing long-term treat-
ment-related late effects (Geenen et al., 2007; Krull et al.,
2013; Oeffinger et al., 2006). Here, we have identified
INK4a/ARF expression as a mechanism responsible for
IR-induced long-term loss of neurogenesis in both the DG
and SVZ regions.

Previous results by Molofsky et al. (2006) showed that
p16INK4a deficiency could partially maintain neurogene-
sis in the SVZ, but not in the DG, of aged mice, indicating
a difference in the sensitivity of these two regions to
increase p16INK4a expression. In contrast, we found that
the absence of INK4a/ARF expression could partially

1728 Stem Cell Reports | Vol. 10 | 1721-1733 | June 5, 2018

restore neurogenesis in the DG following exposure to IR.
We believe such a discrepancy between the impact of
INK4a/ARF expression during aging and following exposure
to IR can be explained if, for example, the progenitor cell
pool in the DG is fully exhausted during aging but not
following exposure to IR—thereby allowing a few
residual progenitors to partially restore neurogenesis.

We showed that ink4a/arfis transcriptionally activated in
irradiated sorted progenitor cells, but unfortunately we
were unable to measure its expression at the single-cell
level in tissues. This is justified by the unavailability of an
antibody capable of detecting endogenous levels of INK4/
ARF expression in mouse brain sections and the weakness
of the pl16INK4a endogenous promoter used in reporter
mice. Moreover, consistent with the fact that INK4a/ARF
expression is induced several weeks after IR, no increase
in neurogenesis was observed in ink4a/arf-null mice only
2 weeks after their exposure to IR (Figure S5).

Our results also revealed regional differences, with the
DG being more sensitive than the SVZ to IR-induced



Figure 6. Genetic Elimination of

p16INK4a Expressing Cells Does Not
— Restore Neurogenesis
17 p16-3MR mice were irradiated or not and
s 9 weeks later injected with GCV for five
e consecutive days. Animals were sacrificed
10 days following the last GCV injection.
(A) Mice were placed under anesthesia and
luminescence signal detected following the
injection of coelenterazine.
(B) RNA was extracted from the DG and SVZ
and the expression of p16INK4a determined
by real-time qPCR normalized to 18S.
(Cand D) Quantification of DCX staining was
determined in the DG and SVZ and adjusted
to the size of the region on each section.
n = 6-11 mice per group with each
symbol representing an individual mouse.
The p values (**p < 0.01) were obtained by
performing a Student’s t test.
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loss of neurogenesis. The reason for such a difference in
the sensitivity of these two regions is unknown and
may involve different mechanisms. For example, progen-
itor cells in the DG may be more sensitive to IR-induced
INK4a/ARF expression and thus be more prone to replica-
tion exhaustion. Alternatively, differences in the micro-
environment of these two regions may have played a
role, for example, through ROS, which were reported to
be elevated in human neural and hematopoietic stem
cells following exposure to IR (Acharya et al.,, 2010;
Wang et al.,, 2010). Indeed, a previous report showed
that the administration of MnTE-2-PyP>* (a manganese
porphyrin superoxide dismutase mimetic structurally
very similar to the MnHex analog we used) can mitigate
IR-induced long-term bone marrow suppression in mice
and expression of p16INK4a in hematopoietic stem cells
(Li et al., 2011). Surprisingly, we found that treatment

of irradiated mice with MnHex did not increase neuro-
genesis in the DG despite allowing for a reduction in
pl6INK4a expression and higher neurosphere counts.
The simplest explanation for this is that the impact of
MnHex on pl16INK4a expression was too modest. Alter-
natively, some progenitor cells may have been ready for
replication (with presumably low enough pl6INK4a),
but were maintained in check and unable to replicate
because of irreversible damage. Consistent with this hy-
pothesis, we previously showed that irradiated brain tis-
sues maintained an activated DNA damage response for
several months following exposure to IR (Fumagalli
etal., 2012; Le et al., 2010). Here we found that persistent
DNA damage foci accumulate in both neurons and
progenitor/stem cells of the irradiated DG region. How-
ever, DNA damage accumulated at a lower frequency in
newly born neurons from ink4a/arf and p53-null mice
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(Figure 4E), consistent with the higher neurogenesis
observed in these mice.

We also consistently observed lower levels of DCX+ cells
in the SVZ of Ink4a/arf-null mice compared with wild-type
or p53-null mice (Figure S1A). The reasons for this are un-
known but could be explained if young neurons transit
more rapidly to a more mature state in the absence of
INK4a/ARF. Alternatively, it could be that INK4a/ARF
expression is necessary to maintain neurogenesis and/or
hamper gliogenesis. Our observation that neurospheres
derived from ink4a/arf-null mice do not differentiate into
neurons in vitro supports this hypothesis.

We were surprised to find that the clearance of
pl6INK4a-expressing cells did not restore, at least partially,
neurogenesis (Figure 6C). It is possible that GCV did not
sufficiently abrogate pl16INK4a expression. Alternatively,
progenitor cells themselves may have been cleared by
GCV. However, high variability in cell counts within sam-
ples from the same groups of mice, presumably because
of the harsh protocol used to dissociate cells from the adult
brain, prevented us from accurately determining absolute
progenitor cell counts. Another possibility is that the
microenvironment could have been permanently altered
by the irradiation, independently of our capacity to
eliminate senescent cells using GCV. In support of this
hypothesis, we observed that the conditional deletion of
p16INK4a, in previously irradiated mice, also failed to in-
crease neurogenesis, suggesting that loss of neurogenesis
is an irreversible process in this context (Figure S6). How-
ever, ablation of p16INK4a in specific cell types, either
progenitor or niche cells, will be necessary to conclude
whether the effect is cell autonomous or not.

Another possibility is that senescent cells restrain neuro-
genesis through their altered secretion of biologically
active molecules, such as growth factors and inflammatory
cytokines, referred to as the senescence-associated secre-
tion phenotype or SASP (Coppe et al., 2008; Kuilman
et al., 2008; Rodier et al., 2009). However, qPCR analysis
performed on hippocampal tissues from wild-type mice
collected 8 weeks after irradiation did not reveal aberrant
expression of key SASP factors, such as interleukin-6, and
the monocyte chemoattractant protein-1 (data not
shown). While we cannot rule out that other secreted
factors, such as CCL11, may have played a role in inhibit-
ing neurogenesis (Lee et al., 2013; Villeda et al., 2011), our
results showing that the elimination of senescent cells
using GCV had no effect on neurogenesis suggest the
SASP is unlikely to play a major role in IR-induced loss
of neurogenesis.

In summary, we believe that treatments looking to pre-
serve stem cell regenerative potential, by limiting INK4a/
ARF expression, may help prevent radiation-related loss
of neurogenesis. Our results also suggest that the use of
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senolytic drugs that can reverse aging/senescence will not
improve IR-induced loss of neurogenesis in cancer patients.

EXPERIMENTAL PROCEDURES

Mice

8- to 12-week-old female C57BL/6] mice were purchased
from Charles River Laboratories (Saint-Constant, Quebec).
Ink4a/arf-null mice and p16-3MR transgenic mice were bred
on site under a Material Transfer Agreement from the National
Cancer Institute Mouse Models of Human Cancers Consortium
(strain code 01XB1), or from the Buck Institute, respectively.
p53 heterozygous mice (B6.129S2-Trp53tm1Tyj/]) were pur-
chased from The Jackson Laboratory. When applicable, mice
were allowed to acclimate at least 1 week prior to their use for
experimentation. All in vivo manipulations were approved by
the Comité Institutionnel des Bonnes Pratiques Animales en
Recherche of CHU Ste-Justine (protocol no. 579).

Cranial Irradiation and Injection in Mice

Mice were exposed to X-rays at a single sublethal dose of 6 Gy
(1 Gy/min) using a Faxitron CP-160. Mice were anesthetized
during the procedure and only the head and neck were exposed
to radiation, with the remainder of the body being shielded by a
lead cover; the exception being p16-3MR mice that received total
body irradiation. For neurogenesis studies, mice were injected
intraperitoneally with BrdU (Sigma) at a dose of 50 mg/kg once a
day for 7-10 consecutive days. Porphyrin-based potent superoxide
dismutase mimetic (Mn(Ill) meso-tetrakis-(n-hexylpyridinium-
2-yl) porphyrin, MnTnHex-2-PyP>* (MnHex) was administered at
a dose of 450 pg/kg/day subcutaneously for eight consecutive
weeks using Alzet pumps (model 1004 loaded with MnHex diluted
in saline at a concentration of 3.2 mM). NAC was given in drinking
water for eight consecutive weeks at a dose of 1,200 mg/kg/day.
Both MnHex and NAC treatments started immediately after expo-
sure of mice to 6 Gy cranial IR. GCV was injected intraperitoneally
at a dose of 25 mg/kg for five consecutive days starting 9 weeks post
IR. Luminescence was quantified using a HNii EMCCD camera
(Niivii Cameras) housed in an in vivo epi-fluorescence and trans-
fluorescence imaging system from Labeo Technologies, 15 min
following the intraperitoneal injection of 200 pg of coelenterazine
(NanoLight Technology) diluted in PBS.

Tissue Preparation

For DCX staining, mice were anesthetized using intraperitoneal
injection of pentobarbital at a dose of 65 mg/kg and then perfused
transcardially, first with 20 mL of saline containing heparine
(10 U/mL), followed by 20 mL of 3.7% formaldehyde. The brain
was removed and fixed in formaldehyde overnight at 4°C. Brains
were then equilibrated in 40% sucrose overnight at 4°C and
embedded in OCT compound and stored at —80°C until use.
Coronal sections of 40 um were obtained and stored at —20°C in
an antifreeze solution (20% glycerol and 30% ethylene glycol in
PBS). For TUNEL and CD68 stainings, mouse brains were frozen
directly on dry ice. Cryosections of 10 pm were mounted on
microscope glass slides previously coated with 1% gelatin and



0.05% chromium alum, dried at room temperature, and then
stored at —80°C until use.

Immunofluorescence

All sections were permeabilized and blocked as described previously
(Leetal., 2010). For BrdU immunostaining, the sections were subse-
quently treated with 0.5 N HCl at 37°C for 30 min to denature the
DNA and then neutralized with 0.1 M borate buffer (pH 8.5) at
room temperature for 10 min. Primary antibodies used in this study
were: DCX goat anti-human (clone C-18 from Santa Cruz Biotech-
nology at a dilution of 1:500), mouse monoclonal BrdU (clone
B44 from BD Biosciences at a dilution of 1:250), rat anti-mouse
CD68 (clone FA-11AbD from Serotec at a dilution of 1:500), SOX-2
mouse IgG2a (clone 245610 from R&D Systems, cat. no.
MAB2018-SP at a dilution of 1:250), 53BP1 rabbit polyclonal (Novus
Biologicals, cat. no. NB100-304 at a dilution of 1:500). Apoptosis was
measured using the In Situ Cell Death Detection Kit, Fluorescein
(TdT-mediated dUTP Nick End Labeling) according to the manufac-
turer’s instructions (Roche). Wide-field fluorescence images were
obtained using an Olympus BXS51 epifluorescence microscope.
Confocal images were obtained using an Ultraview Vox spinning
disc confocal system (PerkinElmer), employing a CSU-X1 scanning
unit (Yokogawa) and an ORCA-R2 CCD camera (Hamamatsu) fitted
to a Leica DMI6000B inverted microscope, using Plan Apo 40x
(0.85 NA) and 10x objectives. DCX signal intensity was quantified
using Image-Pro. DNA damage confocal images were obtained using
a Leica microsystems TSC SP8 HyVolution microscope.

Neurosphere Formation Assay and Differentiation

Mice were euthanized and the cell layers that form the ventricles,
mainly the SVZ, were quickly isolated in dissecting buffer
containing: 125 mM NaCl, 50 mM KCI, 25 mM NaHCOs;,
1.25 mM NaH,PO,4 (monobasic), 20 mM glucose, 0.1 mM CaCl,,
and 3.2 mM MgCl,. Dissected tissue was then transferred into an
enzyme mix solution containing 0.13% trypsin (necessary with
adult’s brains), 0.067% type 1S hyaluronidase, and 0.013% kynur-
enic acid (all purchased from Sigma). The digestion was done at
37°C for 30 min. Cells were then centrifuged and the cell pellet
washed for 10 min at 37°C in dissecting solution supplemented
with 0.05% trypsin inhibitor and 0.5% BSA (both purchased from
Sigma). Cells were then centrifuged and filtered through a 40-um
cell strainer in dissecting solution. Cells were then resuspended in
DMEM/F12 (Invitrogen) supplemented with 2 mM L-glutamine,
25 uM L-glutamate, 0.6% glucose, 20 ng/mL mouse epidermal
growth factor (mEGF) (Sigma), 10 ng/mL basic fibroblast growth
factor (bFGF) (Antigenix America), B27 supplement, and 1x N-2
supplement (Invitrogen Life Technologies). Cells (bulk) were then
plated at a ratio of 2 x 10° cells/well onto an ultralow attachment
96-well plate. Neurosphere were counted manually using an
inverted microscope 10-14 days later. Secondary neurospheres
counts were determined by the dissociation of primary neuro-
spheres and by plating cells at a density of 2 x 10* cells onto an ul-
tralow attachment 96-well plate. Neurospheres were counted
manually using an inverted microscope 7 days later. To measure
their differentiation potential, secondary neurospheres were disso-
ciated and first expanded for 7 days in NeuroCult basal medium
with NeuroCult proliferation supplement (STEMCELL Technolo-

gies), together with mEGF (20 mg/mL, Sigma), bFGF (10 ng/mL,
Antigenix America), and heparin (2 pg/mL, Sigma). Cells were
then transferred on Matrigel-coated glass coverslips and differenti-
ated using NeuroCult differentiation supplement as recommended
by the manufacturer. After 7-10 days, cells grown on coverslips
were fixed in 4% paraformaldehyde (in PBS [pH 7.4]) and
processed for the detection of NeuN (mouse immunoglobulin G
[IgG] clone A60 from Millipore, cat. no. MAB377 at a dilution of
1:250), glial fibrillary acidic protein (rabbit IgG from DAKO, cat.
no. Z033429-2 at a dilution of 1:1,500) and the oligodendrocyte
marker O4 (mouse IgM clone O4 from R&D Systems, cat. no.
MAB1326-SP at the dilution of 1:300).

RNA Isolation and qPCR

Excised tissues sliced into ~2-mm? pieces and preserved in RNA
Later (QIAGEN) were mechanically dissociated in 500 pL Qiazol
lysis reagent (QIAGEN) using a homogenizer (OMNI Interna-
tional), and total RNA was extracted using the RNeasy Lipid Tissue
Mini Kit (QIAGEN). Alternatively, hippocampus and SVZ regions
were dissected and dissociated using the adult brain dissociation
kit from Miltenyi Biotec and the gentleMACS Octo Dissociator
with heaters. Cells were then sorted on a FACSDiva 8.0.1 (BD
Biosciences) directly into lysis solution (QIAzol) using the
following antibodies as reported (Daynac et al., 2013): fluorescein
isothiocyanate mouse LEX/CD15 (BD Biosciences, cat. no. 560127,
clone MC480), PE rat CD24 (BD Biosciences, cat. no. 553262, clone
M1/69), Alexa 647-conjugated EGF (Molecular Probes E35351).
One pg or less of RNA was then reverse-transcribed using the
QuantiTect Reverse Transcription Kit (QIAGEN). Quantitative dif-
ferences in gene expression were determined by real-time qPCR
using SYBR Green PCR Master Mix (Bio-Rad) and a spectrofluoro-
metric thermal cycler (Mx3000P from Stratagene). Values are
presented as the ratio of target mRNA to 18S rRNA obtained
using the relative standard curve method of calculation. Primers
sequences were described previously (Le et al., 2010).

Statistical Analysis
Statistical analyses were performed with the GraphPad Prism 7.0
software.
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