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Inhibition of GABA, receptors in intestinal stem cells
prevents chemoradiotherapy-induced intestinal
toxicity

Cuiyu Zhang'®, Yuping Zhou?®, Junjie Zheng'®, Nannan Ning*®, Haining Liu*®, Wenyang Jiang®®, Xin Yu*®, Kun Mu’®, Yan Li¥®, Wei Guo®®,
Huili Hul°@®, Jingxin Li'®, and Dawei Chen®'®

Lethal intestinal tissue toxicity is a common side effect and a dose-limiting factor in chemoradiotherapy. Chemoradiotherapy
can trigger DNA damage and induce P53-dependent apoptosis in LGR5* intestinal stem cells (ISCs). Gamma-aminobutyric acid
(GABA) and its A receptors (GABALR) are present in the gastrointestinal tract. However, the functioning of the GABAergic
system in ISCs is poorly defined. We found that GABA,R al (GABRA1) levels increased in the murine intestine after
chemoradiotherapy. GABRA1 depletion in LGR5* ISCs protected the intestine from chemoradiotherapy-induced P53-dependent
apoptosis and prolonged animal survival. The administration of bicuculline, a GABA,R antagonist, prevented
chemoradiotherapy-induced ISC loss and intestinal damage without reducing the chemoradiosensitivity of tumors.
Mechanistically, it was associated with the reduction of reactive oxygen species-induced DNA damage via the L-type
voltage-dependent Ca?* channels. Notably, flumazenil, a GABA,R antagonist approved by the U.S. Food and Drug
Administration, rescued human colonic organoids from chemoradiotherapy-induced toxicity. Therefore, flumazenil may be a
promising drug for reducing the gastrointestinal side effects of chemoradiotherapy.

Introduction

The intestine is a radiosensitive organ due to the rapid prolif-
eration of intestinal stem cells (ISCs). Leucine-rich repeats
containing G protein-coupled receptor 5 (LGR5)-positive ISCs or
crypt base columnar cells, which are located at the base of
crypts, can differentiate into various mature intestinal epithelial
cells (IECs) and mediate repair after injury (Yu, 2013). The loss
of LGR5* ISCs is associated with DNA damage-dependent apo-
ptosis caused by chemoradiotherapy (Keefe et al., 2000; Liu
et al., 2016). One of the earliest reactions after DNA damage is
the phosphorylation of the C-terminal serine residue of histone
H2AX (Siddiqui et al., 2015). In eukaryotes, the phosphorylation
of histone H2AX is mediated by members of the PIKKs family,
including ataxia telangiectasia mutated (ATM), ATM and RAD3-
related protein, and DNA-dependent protein kinase (Guleria and

Chandna, 2016). Phosphorylated y-H2AX quickly transduces
DNA damage signals, leading to the activation of the phosphor-
ylation of downstream molecules, e.g., P53 (Mirzayans et al.,
2012). Activation of P53 after DNA damage can result in acute
toxicity and accounts for most chemoradiotherapy-induced ap-
optosis and acute loss of ISCs (Leibowitz et al., 2018; Qiu et al.,
2010). Therefore, inhibition of y-H2AX or P53-dependent apo-
ptosis is likely to alleviate the loss of stem cells caused by
chemoradiotherapy.

y-Aminobutyric acid (GABA) is an amino acid that acts as a
major inhibitory neurotransmitter between nerve cells in the
central nervous system (Roberts and Frankel, 1950). It is mainly
synthesized from glutamate and catalyzed by glutamate decar-
boxylase (GAD). GAD has two isomers: GAD65 and GAD67. GABA
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is degraded by GABA-transaminase. The high-affinity sodium-
dependent GABA transporter (GAT) is involved in controlling
the concentration of extracellular GABA. GAT includes four
subtypes: GAT1, GAT2, GAT3, and GAT4, of which GAT1 and
GAT3 are the most common (Roth and Draguhn, 2012). GABA,
receptors (GABAAR) are ionotropic chloride channels composed
of a combination of different subunits, including a (1-6), B (1-3),
y (1-3), 8, ¢, 6, m, and p (Olsen and Sieghart, 2008). Apart from
its well-known role in the mature central nervous system (Liu
et al., 2005), the GABAergic system is also present in various
peripheral tissues, such as the gastrointestinal tract (Auteri
et al., 2015) and liver (Erlitzki et al., 2000). GABA signaling
has a significant impact on the regulation of intestinal function.
Previous studies have shown that early life stress-induced co-
lonic inflammation is mediated by GABA4R in mice (Seifi et al.,
2018). In addition, blocking GABA,R alleviates dextran sulfate
sodium-induced experimental colitis (Ma et al., 2018).

Here, we sought to determine the role of the GABAergic
signaling system in chemoradiotherapy-induced IEC death. We
found that the depletion of GABAAR al (GABRAI) in LGR5* ISCs
and the treatment with the GABAAR antagonist bicuculline
provide effective protection against 5-fluorouracil (5-FU)- or
irradiation-induced P53-dependent apoptosis in nonmalignant
intestinal epithelium, while having no effect on tumor treatment
in vivo. Further analysis showed that this protection relies on
the reduction of ROS-induced DNA damage via L-type voltage-
dependent Ca?* channels. In addition, we proved that flumaz-
enil, another GABA4R antagonist that has already been approved
by the United States Food and Drug Administration (FDA),
potently alleviated intestinal damage induced by chemo-
radiotherapy. Our findings provide new insights into the role of
GABA,R antagonists in intestinal chemoradioprotection by se-
lectively reducing ROS-induced apoptosis of LGR5* ISCs.

Results

GABA4R al was upregulated in mouse small intestinal crypts
after 5-FU or irradiation treatment

We found that the transcription level of Gabral in mouse intes-
tinal tissues showed an upward trend after 5-FU (Fig. 1 A) or
irradiation treatment (Fig. 1 B). Additionally, GABRALI staining
showed that it was significantly upregulated in crypts following
5-FU or irradiation treatment (Fig. 1 C). Western blot analysis
showed that GABRALI protein levels increased in the mouse in-
testinal crypts after 5-FU (Fig. 1 D) or irradiation treatment
(Fig. 1E).

Subsequently, immunohistochemistry staining showed that
GAD65/67 was widely expressed in IECs, especially in crypts
(Fig. 1 F). The expression areas of GABRA1 were similar to those
of GAD65/67, and the expression level gradually increased along
the villi-crypt axis (Fig. 1 F). Immunofluorescence showed that
GABRALI was expressed in LGR5* ISCs (Fig. 1 G). We also found
that GAD65/67 and GABRA1 were expressed in human intestinal
crypts (Fig. 1 H).

Taken together, these findings demonstrate that GAD65/67
and GABRALI are widely expressed in mouse and human small
intestinal crypts, and GABRAI1 is upregulated in mouse intestinal
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crypts after 5-FU or irradiation treatment, indicating that the
GABAergic system may be involved in chemoradiotherapy-
induced intestinal toxicity.

Loss of Gabral in IECs had no effect on the physiological
phenotype of the intestine in mice

To investigate the potential role of GABRALI in IECs under ho-
meostatic conditions, we crossed Villin-Cre mice with
Gabralflox/flox mice to specifically knock out Gabral in IECs
(Gabral'¢-0). The villus length (Fig. S1 A) and various epithelial
cells, including goblet cells (Fig. S1 B), Paneth cells (Fig. S1 C),
transit-amplifying cells (TACs; Fig. S1 D), BrdU-positive cells
(Fig. S1E), and olfactomedin 4 (OLFM4)-positive ISCs (Fig. S1 F)
were examined; however, no noticeable change was observed
after GABRALI deletion. Collectively, these data suggest that the
loss of Gabral in IECs had no effect on the physiology of the
intestine.

Deletion of GABRA1 in LGR5* ISCs or the administration of
bicuculline prevented mouse small intestinal organoids
against 5-FU- or irradiation-induced apoptosis

LGR5* ISCs play vital roles in chemoradiotherapy-induced
enterotoxicity and intestinal regeneration (Barker et al., 2012;
Yu, 2013). To explore whether GABRAI in LGR5* ISCs has any
effect on chemoradiotherapy-induced intestinal injury, we gen-
erated mice (Gabral’9>"¥0) by crossing Lgr5EGFP-IRES-CreERT2 mjce
with homozygous floxed alleles of Gabral mice (Gabraiflox/flox),
and an ex vivo intestinal organoid culture system was used to
explore its potential for chemoradioprotection (Clevers, 2016).
We noticed that 5-FU (2.5 pM)- or irradiation (1 Gy)-induced
organoid loss and growth suppression were less severe in the
Gabral™975-KO group than in the control group (Fig. 2, A and C).
The disappearance of ISCs is generally accepted to be the
cause of intestinal injury after chemoradiotherapy (Berger
et al., 2006). We found that LGR5* ISCs in Gabral9>X0 mice
were well preserved 2 d after 5-FU or irradiation treatment
(Fig. 2, E and F). Moreover, the expressions of phospho-P53
(p-P53), y-H2AX, and Cleaved Caspase 3 were decreased in the
Gabralt97>-KO organoids compared with the control (Lgr5E¢FF)
organoids 36 h after 5-FU treatment (Fig. 2 B) or 18 h after
irradiation treatment (Fig. 2 D). In general, our data suggest that
GABRAI in LGR5* ISCs plays a vital role in chemoradiotherapy-
induced IEC apoptosis.

Bicuculline is a well-known antagonist of GABAAR. There-
fore, we examined whether bicuculline had any effect on 5-FU- or
irradiation-induced intestinal toxicity. Small intestinal organoids
were treated with bicuculline (1 uM) 1 h before 5-FU (2.5 uM) or
irradiation (1 Gy) treatment. As expected, bicuculline rescued
the organoids from 5-FU- or irradiation-induced toxicity and
improved the growth of ISCs (Fig. 2, G and I). In addition,
bicuculline-treated organoids demonstrated an obvious de-
crease in the protein levels of p-P53, y-H2AX, and Cleaved
Caspase 3 compared with vehicle organoids 36 h after 5-FU
treatment (Fig. 2 H) or 18 h after irradiation treatment (Fig. 27),
which further suggested that inhibition of GABA,R could reduce
P53-dependent crypt cell apoptosis, thereby alleviating 5-FU- or
irradiation-induced toxicity.
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Figure 1. GABAAR al was upregulated in mouse small intestinal crypts after 5-FU or irradiation treatment. (A and B) RT-PCR analysis of several
GABA,R subunits from mouse intestinal tissues with or without 5-FU (A) or irradiation treatment (B). (C) Immunohistochemistry staining for the expression of
GABRAL in mouse small intestinal crypts after 5-FU or irradiation treatment. Scale bar, 50 um. Histogram demonstrating the percentages of GABRA1* cells in
each crypt. (D and E) Immunoblot of GABRAL in mouse small intestinal crypts at indicated time points after 5-FU (D) or irradiation treatment (E). (F) Im-
munohistochemistry staining for the expression of GAD65/67 and GABRAL in mouse small intestine. Scale bar, 50 pm. (G) GABRAL (red) and GFP (LGRS, green)
immunofluorescence staining in mouse smallintestinal crypts. Scale bar, 50 um. Arrows indicate GABRA1*/LGR5-EGFP* cell pairs, DAPI (blue) was used to stain
nuclei. (H) Immunohistochemistry staining for the expression of GAD65/67 and GABRAL in the small intestine of humans. Scale bar, 50 um. In A-C, values are
means + SEM; n = 4 mice per group. n.s., not significant; *, P < 0.05; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of two (A, B, D, and
E) or three (C, F, G, and H) independent experiments. Source data are available for this figure: SourceData F1.

Deletion of GABRAL in IECs protected against 5-FU- or
irradiation-induced apoptosis of IECs in mice

Next, we explored the role of GABRAI in IECs in 5-FU- or
irradiation-induced intestinal toxicity in vivo. Gabralflo*/flox and
Gabral’E¢-K0 mice were treated with 5-FU (30 mg/kg i.p.; Fig. 3
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A) or irradiation (6 Gy, total body irradiation [TBI], once; Fig. 3
1), and the jejunum was obtained 5 d after 5-FU treatment or 4 d
after irradiation treatment for further analysis. Treatment with
5-FU or irradiation impaired the villi in the Gabraifo*/flox group,
and interestingly, this damage response was alleviated in the
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Figure 2. Deletion of GABRA1 in LGR5* ISCs or administration of bicuculline prevented mouse small intestinal organoids against 5-FU- or irradiation-
induced apoptosis. (A and C) Representative images of Lgr5ECFP-IRES-CreERT2 (] r5EGFP) and Gabra1t9>%© mice intestinal organoids 2 d after 5-FU (2.5 uM; A) or
irradiation (1 Gy) treatment (C). Scale bar, 500 pm (upper) or 100 um (bottom). Arrows indicate dead organoids. Histograms of organoids quantitation and area
per field relative to the measurement on day 1. (B and D) Western blots for P53, p-P53, y-H2AX, and Cleaved Caspase 3 from organoids 36 h after 5-FU
treatment (B) or 18 h after irradiation treatment (D). (E and F) GFP (LGRS, green) immunofluorescence in intestinal organoids 2 d after 5-FU (E) or irradiation
treatment (F). Scale bar, 25 pm. (G and 1) Representative images of C57BL/6 mouse intestinal organoids 2 d after 5-FU (G) or irradiation treatment (I). Or-
ganoids were treated with vehicle or bicuculline (1 uM). Scale bar, 500 pm (upper) or 100 pm (bottom). (H and J) Western blots for P53, p-P53, y-H2AX, and
Cleaved Caspase 3 from organoids 36 h after 5-FU treatment (H) or 18 h after irradiation treatment (J). In A, C, G, and |, values are means + SEM. n.s., not
significant; *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of at least three (A-]) independent experiments.

Source data are available for this figure: SourceData F2.

Gabral’E¢-X0 group (1.2-fold and 1.1-fold; Fig. 3, B and J). Com-
pared with the Gabralfl*/flox group, the Gabral’®-¥° group had
many more TACs (1.2-fold and 1.9-fold; Fig. 3, C and K) and
BrdU* cells (1.5-fold and 1.4-fold; Fig. 3, D and L) 5 d after 5-FU
treatment or 4 d after irradiation treatment. Owing to the lim-
itations of LGR5 antibody application in immunohistochemistry,
we used another ISC marker, OLFM4, to detect ISCs in mice
without the Lgr5-EGFP marking allele (Gregorieff et al., 2015).
The results showed that the number of OLFM4* ISCs in
Gabralflox/flox mice was much lower (2.2-fold and 1.4-fold) than
that in the Gabral“X0 group (Fig. 3, E and M). Then, we
monitored crypt DNA damage by staining y-H2AX foci and
found that the number of y-H2AX* cells was lower (0.71-fold and
0.77-fold) in the Gabral®XC group than in the Gabralflox/flox
group (Fig. 3, F and N). GABRAL1 deletion in IECs strongly re-
duced the levels of p-P53, y-H2AX, and Cleaved Caspase 3 after
5 d of 5-FU treatment or 4 d of irradiation treatment (Fig. 3, G
and O). Additionally, GABRALI deletion in IECs decreased 5-FU
(200 mg/kg, i.p.)- or irradiation (10 Gy, TBI)-induced lethality
(Fig. 3, H and P). These data demonstrate that the absence of
Gabral in IECs profoundly alters intestinal proliferation and
apoptosis in response to chemoradiotherapy-induced DNA
damage in vivo.

LGR5* ISCs were the critical target of GABA4R signaling in
reducing IEC apoptosis triggered by chemoradiotherapy
Considering that the depletion of GABRA1 in LGR5* ISCs alle-
viated the damage generated by 5-FU or irradiation in mouse
intestinal organoids, we hypothesized that the protective effect
of depleting GABRAL1 in IECs may be due to the loss of GABRAI in
ISCs. Therefore, we treated Gabral*9>-X0 mice and their litter-
mate control mice (Lgr5EGFP-IRES-CreERT2) with 5-FU (30 mg/kg,
i.p.; Fig. 4 A) or irradiation (6 Gy, TBI, once; Fig. 4 I) 5 d after
tamoxifen administration (2 mg per mouse, i.p.). The jejunum
was obtained 5 d after 5-FU treatment or 4 d after irradiation
treatment for further analysis. Our results showed that the
Gabraltdm>-KO group displayed a better-preserved intestinal
structure than the control group (1.4-fold and 1.4-fold; Fig. 4, B
and J). Furthermore, 5-FU or irradiation induced an obvious loss
of TACs in the control group, whereas it was significantly sup-
pressed in the Gabral™™¥° group (1.5-fold and 1.7-fold; Fig. 4, C
and K), along with enhanced proliferation capacity (1.7-fold and
2.1-fold; Fig. 4, D and L) 5 d after 5-FU treatment or 4 d after
irradiation treatment. In addition, we observed strong protec-
tion against the loss of OLFM4* (1.3-fold and 1.7-fold; Fig. 4, E
and M) and LGR5* (2.4-fold and 2.6-fold; Fig. 4, F and N) ISCs by
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GABRALI deletion. Moreover, we found that the levels of p-P53,
y-H2AX, and Cleaved Caspase 3 were significantly decreased in
IECs in the Gabral’d™X0 group 5 d after 5-FU treatment (Fig. 4 G)
or 4 d after irradiation treatment (Fig. 4 O), indicating that there
was less P53-dependent apoptosis in Gabrald™¥° group. Sur-
prisingly, there was a 40% survival rate of Gabral*9™%° mice
receiving a lethal dose of 5-FU, whereas this same dose caused
the death of all control mice within 11d (Fig. 4 H). After 10 Gy of
TBI exposure, the survival rate of Gabral’d™>¥0 mice was much
higher than that of the control mice (Fig. 4 P).

Next, we explored whether depletion of GABRAI in LGR5*
ISCs could reduce high-dose irradiation-induced apoptosis in
ISCs; GabralX™X0 mice and their littermate control mice
(Lgr5EGFP-IRES-CreERT2 | 1 qr5EGEP) were exposed to 15 Gy whole ab-
dominal irradiation (WAI; Fig. 5 A). At 4 h after irradiation,
immunofluorescence results showed that GABRA1 deletion in
LGR5* ISCs reduced cleaved Caspase 3* LGR5* ISCs by almost
40%, as observed in Lgr55SF mice (Fig. 5 B). At 24 h after irra-
diation, we found that LGR5* ISCs were reduced by >60% in
Lgr5ECSFP mice, whereas more LGR5* ISCs were observed in the
Gabral9>¥0 group (Fig. 5 C), and the levels of apoptotic P53
targets were also lower in Gabral’9>-X° group (Fig. 5 E). Notably,
the average villus length and crypt depth of the small intestine in
Gabrall9~>-KOmice were 1.3-fold and 1.4-fold higher than those in
their littermate control mice (Fig. 5 D), along with more LGR5*
ISCs (1.8-fold; Fig. 5 C) 48 h after 15 Gy WAL Moreover, the
number of LGR5* ISCs (Fig. 5 C) and crypt depth (Fig. 5 D) in
Gabrall9>KO group recovered more rapidly than those in their
littermate control mice 96 h after 15 Gy WAI. Additionally,
Gabral9>K0 mice had a higher survival rate than control mice
after 15 Gy WAI exposures (Fig. 5 F).

These data imply that GABRAI in LGR5* ISCs played an
essential role in chemoradiotherapy-induced IEC apoptosis
in vivo.

Bicuculline treatment protected against 5-FU- or irradiation-
induced intestinal DNA damage and lethality in mice

To examine the efficacy of the GABAAR antagonist bicuculline
in vivo, we treated WT mice with bicuculline (2 mg/kg, i.p.) ora
vehicle along with 5-FU (30 mg/kg, i.p.; Fig. S2 A) or irradiation
treatment (6 Gy, TBI, once; Fig. S2 H). Treatment with bicu-
culline greatly alleviated 5-FU- or irradiation-induced shorten-
ing of the villus length (1.3-fold and 1.7-fold; Fig. S2, B and I).
Besides, 5 d after 5-FU treatment or 4 d after irradiation treat-
ment, the number of TACs (1.4-fold and 1.2-fold; Fig. S2, C and J)
and their proliferative capacity (1.6-fold and 1.4-fold; Fig. S2, D
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Figure 3. GABRAL deletion in IECs reduced 5-FU- or irradiation-induced apoptosis of IECs in mice. Gabral’¥“K0 mice and their littermate control mice
(Gabra1fle/flox) were treated with 5-FU (30 mg/kg, i.p., for 6 d) or irradiation (6 Gy, TBI, once). For survival analysis, mice with indicated genotypes were treated
with 5-FU (200 mg/kg, i.p.) or irradiation (10 Gy, TBI) once. (A) Schematic diagram of 5-FU treatment to indicated mice. (B) Representative images of H&E
staining of the jejunum tissues from mice treated as in A. Scale bar, 100 um. The relative length of villus is relative to control. (C-F) Representative images of
KI67 (C), BrdU (D), OLFM4 (E), and y-H2AX (F) staining in the jejunum tissues from mice treated as in A. Scale bar, 50 um. Histogram demonstrating the number
of staining-positive cells per crypt. (G) Immunoblots of P53, p-P53, y-H2AX, and Cleaved Caspase 3 in the intestinal mucosa from mice treated as in A. (H) Log-
rank (Mantel-Cox) survival analysis of indicated mice treated with 5-FU on day 0. Gabralf/flox versus GabraI’€, n = 12 mice per group; **, P < 0.01 (log-rank
[Mantel-Cox] test). In B-F, values are means + SEM; n = 9 mice per group. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). () Schematic
diagram of irradiation treatment to indicated mice. (J) Representative images of H&E staining of the jejunum tissues from mice treated as in I. Scale bar, 100
um. (K-N) Representative images of KI67 (K), BrdU (L), OLFM4 (M), and y-H2AX (N) staining of the jejunum tissues from mice treated as in I. Scale bar, 50 um.
(0) Immunoblots of P53, p-P53, y-H2AX, and Cleaved Caspase 3 in the intestinal mucosa from mice treated as in I. (P) Log-rank (Mantel-Cox) survival analysis
of indicated mice treated with irradiation on day 0. Gabralflx/fox versus Gabral®%°, n = 10 mice per group; *, P < 0.05 (log-rank [Mantel-Cox] test). In J-N,
values are means + SEM; n = 5 mice per group. *, P < 0.05; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of two (H and P) or three

(B-G, and ]-0) independent experiments. Source data are available for this figure: SourceData F3.

and K) were significantly higher after bicuculline treatment.
Moreover, we noticed that bicuculline prevented the loss of
OLFM4* ISCs (1.8-fold and 1.9-fold; Fig. S2, E and L) after che-
moradiotherapy. We also monitored crypt DNA damage by an-
alyzing y-H2AX, p-P53, and Cleaved Caspase 3 expressions,
which were lower in the bicuculline treatment group than in the
control group (Fig. S2, F, G, M and N). Taken together, these
results further demonstrated that inhibition of GABAAR could
protect the intestine by reducing DNA double-strand breaks and
downstream P53-dependent apoptotic pathways caused by 5-FU
or irradiation treatment.

Bicuculline inhibited L-type Ca?* channel and oxidative stress
to suppress 5-FU- or irradiation-induced DNA damage via
activation of the PIKK pathway

To investigate which downstream effector of GABA4R signaling
is involved in the occurrence of P53-dependent apoptosis in-
duced by 5-FU or irradiation treatment, organoids were treated
with irradiation (1 Gy) 1 h after vehicle or bicuculline (1 pM)
treatment, and total ATM, phospho-ATM (p-ATM, Ser1981), and
y-H2AX were detected 1 h after irradiation treatment. In the
absence of irradiation treatment, bicuculline had no effect on
these proteins (Fig. S3 A). Interestingly, the levels of ATM,
p-ATM, and y-H2AX decreased in the bicuculline-treated group
after irradiation compared to the control group (Fig. 6 A),
whereas GABA,R agonist muscimol (1 pM) increased their levels
(Fig. S3 C and Fig. 6 C). Similarly, muscimol did not affect the
survival or growth of organoids within 2 d without irradiation
treatment (Fig. S3 B). Interestingly, muscimol aggravated
irradiation-induced organoid toxicity, which was reversed by a
specific p-ATM inhibitor, KU-60019 (1 uM; Fig. 6, B and C).
These data suggest that bicuculline reduced the P53 downstream
apoptosis pathway and promoted organoid survival and growth
upon irradiation by inhibiting ATM.

ATM, a primary responder to double-strands breaks, is ac-
tivated by DNA damage (Bakkenist and Kastan, 2003). There-
fore, we sought to detect the amount of DNA damage by using
the comet assay (Olive and Banath, 2006). We found that bicu-
culline or muscimol treatment had no impact on the DNA
damage level of organoids in the absence of 5-FU or irradiation
treatment (Fig. S3, D and E). After exposure to 5-FU (2.5 uM) or
irradiation (1 Gy) treatment, organoids treated with bicuculline
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had less DNA damage than the vehicle group, including less tail
DNA%, shorter tail length, and lower tail moment, whereas
muscimol-treated organoids showed more severe injury (Fig. 6,
D and E), which implied that GABAAR regulated organoid sur-
vival by affecting DNA damage.

5-FU (Dey et al., 2020) or irradiation (Lee et al., 2017)
treatment caused DNA damage either directly or indirectly via
ROS generation. Thus, we measured the ROS levels in organoids
with corresponding treatments using 8-OHdG staining, a bio-
marker of oxidative stress. We found that bicuculline or mus-
cimol treatment did not alter organoid ROS levels without 5-FU
or irradiation treatment (Fig. S3, F and G); however, bicuculline
treatment suppressed 5-FU- or irradiation-induced ROS gener-
ation, muscimol treatment showed an enhanced ROS generation
(Fig. 6, F and G). Collectively, these data demonstrate that bi-
cuculline functions as an antioxidant.

5-FU or irradiation treatment leads to the accumulation of
intracellular calcium in colon carcinoma (Can et al., 2013) and
human embryonic kidney cells (Guleria et al., 2018). Here, we
found that voltage-dependent L-type calcium channel subunit
alpha-1C (CACNAIC) was expressed on LGR5* ISCs (Fig. 7 A).
Calcium imaging showed that 5-FU or irradiation induced in-
tracellular calcium accumulation in mouse small intestinal crypt
cells (Fig. 7 B).

There is a close connection between L-type Ca?* channel
activation and ROS production (Johnstone and Hool, 2014).
Therefore, we sought to determine whether bicuculline or
muscimol alters ROS levels by mediating L-type Ca?* channels.
The data showed that 5-FU- or irradiation-induced organoid
apoptosis was suppressed by nifedipine (0.1 pM) treatment
alone, a dihydropyridine calcium channel blocking agent, which
was similar to the chemoradioprotection effect of bicuculline on
organoids (Fig. 7, C and D). Besides, nifedipine alleviated the
muscimol-induced aggravation of 5-FU- or irradiation-induced
organoid toxicity (Fig. 7, C and D). These results indicate that
bicuculline inhibited L-type Ca®* channels, thereby reducing
cellular ROS levels induced by 5-FU or irradiation treatment.

Bicuculline did not affect antitumor activity of 5-FU or
irradiation treatment

To determine whether bicuculline affects cancer cell sensi-
tivity to chemoradiotherapy, we first used Apc™"/* mice as a
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Figure 4. Loss of Gabral in LGR5* stem cells protected mice against 5-FU- or irradiation-induced intestinal injury. Gabral'9>-¥® mice and their lit-
termate control mice (Lgr5ECFP-IRES-CreERT2 | gr5EGFP) received tamoxifen (2 mg per mouse, i.p.) over a 5-d period. Then, 5-FU (30 mg/kg, i.p., 6 d) or irradiation (6
Gy, TBI, once) was given. For survival analysis, mice with indicated genotypes were treated with 5-FU (200 mg/kg, i.p.) or irradiation (10 Gy, TBI) once.
(A) Schematic diagram of 5-FU treatment to indicated mice. (B) Representative images of H&E staining of the jejunum tissues from mice treated as in A. Scale
bar, 100 um. (C-F) Representative images of KI67 (C), BrdU (D), OLFM4 (E), and GFP (LGRS, green; F) staining of the jejunum tissues from mice treated as in A.
Scale bar, 50 um. Arrows indicate LGR5* cells. (G) Immunoblots of P53, p-P53, y-H2AX, and Cleaved Caspase 3 in the intestinal mucosa from mice treated as in
A. (H) Log-rank (Mantel-Cox) survival analysis of indicated mice treated with 5-FU on day 0. Lgr5€Pversus Gabral 9>, n = 10 mice per group; **, P < 0.01
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(log-rank [Mantel-Cox] test). In B-F, values are means + SEM; n = 9 mice per group. *, P < 0.05; **, P < 0.0; and ***, P < 0.001 (two-tailed Student’s t test).
(1) Schematic diagram of irradiation treatment to indicated mice. (J) Representative images of H&E staining of the jejunum tissues from mice treated as in I.
Scale bar, 100 um. (K-N) Representative images of KI67 (K), BrdU (L), OLFM4 (M), and GFP (LGRS, green; N) staining of the jejunum tissues from mice treated
as in |. Scale bar, 50 um. Arrows indicate LGR5* cells. (O) Immunoblots of P53, p-P53, y-H2AX, and Cleaved Caspase 3 in the intestinal mucosa from mice
treated as in I. (P) Log-rank (Mantel-Cox) survival analysis of indicated mice treated with irradiation on day 0. Lgr5:FP versus Gabralt97-0, n = 10 mice per
group; *, P < 0.05 (log-rank [Mantel-Cox] test). In J-N, values are means = SEM; n = 5 mice per group. ***, P < 0.001 (two-tailed Student’s t test). Data are
representative of two (H and P) or three (B-G and J-0) independent experiments. Source data are available for this figure: SourceData F4.

spontaneous intestinal adenoma model (Fig. 8 A; Zhou et al.,
2013). There were no significant changes in the tumor number
(Fig. 8 B) and villus length (Fig. 8 C) between Apc™™* mice
treated with or without bicuculline (2 mg/kg, i.p.) in the absence
of chemoradiotherapy. Notably, under the condition of 5-FU
chemotherapy (30 mg/kg, i.p., 6 d) or abdominal radiotherapy
(15 Gy, WAI, once), bicuculline treatment alleviated 5-FU- or
irradiation-induced intestinal structure damage (Fig. 8 C)
without affecting the tumor response to chemoradiotherapy
(Fig. 8 B).

Moreover, we established subcutaneous Lewis lung carci-
noma (LLC) tumors in immunocompetent WT mice. When tu-
mors reached an average of 100 mm?, mice were treated with
bicuculline (2 mg/kg, i.p., once every 2 d) and 5-FU (100 mg/kg,
i.p., once every 4 d) or irradiation (3 Gy, TBI, once every 4 d;
Fig. 8, D and I). Indeed, treatment with bicuculline alone was
indistinguishable from the control in terms of tumor growth
(Fig. 8, E, G, ] and L) or proliferating cell nuclear antigen (PCNA)
levels (Fig. 8, F and K). Importantly, under chemoradiotherapy,
bicuculline treatment (5-FU+Bicuculline or IR+Bicuculline)
showed a tumor response similar to that of the control (5-FU or
IR; Fig. 8, E and J), but the intestine from the bicuculline treat-
ment group was highly resistant to chemoradiotherapy-induced
intestinal structural damage (Fig. 8, H and M).

Fractionated abdominal radiotherapy is a commonly used
radiotherapy regimen in the clinical setting (Erlandsson et al.,
2017). Thus, a MC38 (murine colon adenocarcinoma) tumor-
bearing mouse model was used to further evaluate the effects
of bicuculline on normal and malignant tissues after fractionated
abdominal radiotherapy (4 Gy, WAI/fraction; Fig. S4 A). There
was no significant difference in tumor growth (Fig. S4, B and D)
or PCNA levels (Fig. S4 C) between the control and bicuculline-
treated groups with or without fractionated abdominal radio-
therapy. Nevertheless, compared with the control group (IR),
bicuculline-treated mice (IR+Bicuculline) exhibited obvious re-
sistance to fractionated abdominal radiotherapy-induced intes-
tinal damage, including less villus shortening (1.3-fold; Fig. S4
E), higher number of TACs (1.5-fold; Fig. S4 F) along with en-
hanced proliferation capacity (1.4-fold; Fig. S4 G), and less
OLFM4" ISC loss (2.0-fold; Fig. S4 H). These results demonstrate
that bicuculline attenuated 5-FU- or irradiation-induced enter-
otoxicity but did not accelerate tumor development or desensi-
tization to chemoradiotherapy in these murine models.

Flumazenil protected against 5-FU- or irradiation-induced IEC
apoptosis

Flumazenil, a 1,4-imidazobenzodiazepine, has been generally
used to antagonize the hypnotic and sedative effects of benzo-
diazepines on GABA,R in the clinical setting (Brogden and Goa,

Zhang et al.
GABA regulates intestinal stem cell apoptosis

1991). To examine the efficacy of flumazenil in 5-FU- or
irradiation-induced enterotoxicity, we evaluated small intestine
injury induced by 5-FU (30 mg/kg, i.p.; Fig. 9 A) or irradiation (6
Gy, TBI, once; Fig. 9 H) with or without flumazenil treatment
(1 mg/kg, i.p.). We found that the jejunum crypt-villus archi-
tecture in mice treated with flumazenil was well preserved (1.4-
fold and 1.2-fold; Fig. 9, B and I) 5 d after 5-FU treatment or 4 d
after irradiation treatment. The TACs number (1.3-fold and
1.2-fold; Fig. 9, C and J), their proliferation ability (1.3-fold and
1.2-fold; Fig. 9, D and K), and OLFM4* ISC number (1.4-fold and 1.5-
fold; Fig. 9, E and L) significantly increased in flumazenil-treated
mice compared with the vehicle-treated group. We also found
that flumazenil treatment greatly diminished 5-FU- (0.64-fold;
Fig. 9 F) or irradiation (0.76-fold; Fig. 9 M)-induced DNA double-
strand break. Notably, flumazenil treatment increased the sur-
vival rate of mice after treatment with lethal doses of 5-FU
(Fig. 9 G) or irradiation (Fig. 9 N). To further analyze the effect
of flumazenil on human ISC activity, we used a human colonic
organoid culture system exposed to 5-FU or irradiation (Fujii
etal., 2015). Human organoids were treated with 5-FU (2.5 M)
or irradiation (1 Gy) 1 h after flumazenil (1 uM) or vehicle
treatment. The results showed that the number and size of
human organoids increased in the flumazenil-treated group
than in the vehicle treatment group 48 h after 5-FU or irradi-
ation treatment, (Fig. 9, O and P). Taken together, these data
suggest that flumazenil alleviates 5-FU- or irradiation-induced
intestinal injury.

Discussion
Gastrointestinal syndrome caused by chemoradiotherapy limits
the maximum chemotherapy dose to the lower abdomen, and
may also decrease patients’ quality of life (Andreyev, 2016). The
identification of new targets to develop adjuvants will be ben-
eficial for cancer care and oncological treatments. In this study,
we uncovered a novel role for GABAAR inhibitors in reducing
chemoradiotherapy-induced intestinal injury by preventing
ROS-induced ISC apoptosis. The entire GABAergic system was
expressed in the intestinal epithelium and lamina propria
without affecting the homeostasis of ISCs. However, loss of
Gabral alleviated chemoradiotherapy-induced intestinal injury
in both the intestinal epithelium and stem cells. Intriguingly,
GABA,R inhibitors did not interfere with the antitumor activi-
ties of chemoradiotherapy, suggesting that the FDA-approved
flumazenil is a promising drug for clinical combination with
chemoradiotherapy.

GABA plays a role beyond synapses and is involved in regu-
lating the proliferation of embryonic stem cells, neural crest
stem cells (Andang et al., 2008), and hematopoietic stem and
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Figure 5. Deletion of GABRAL in LGR5* ISCs attenuated intestinal damage in response to WAI. (A) Schematic diagram of irradiation treatment (15 Gy,
WA, once) to Gabral9>K0 mice and their littermate control mice (Lgr5ECFP-IRES-CreERT2 | qr5EGFP) (B) Cleaved Caspase 3 (red) and GFP (LGRS, green) immu-
nofluorescence staining of the intestinal crypts of indicated mice 4 h after irradiation treatment. Scale bar, 25 pm. Asterisks indicate Cleaved Caspase 3*/LGR5*
cell pairs. (C) Representative images of GFP (LGRS, green) immunofluorescence staining of the jejunum tissues from mice treated as in A. Scale bar, 25 pm.
Arrows indicate LGR5* ISCs. (D) Representative images of H&E staining of the jejunum tissues from mice treated as in A. Scale bar, 100 um. (E) Immunoblots of
P53, p-P53, PUMA, BAX, y-H2AX, Cleaved Caspase 3, and NOXA in the jejunum tissues of indicated mice 24 h after irradiation treatment. (F) Log-rank (Mantel-
Cox) survival analysis of indicated mice treated with irradiation (15 Gy, WA, once) on day 0. Lgr5¢¢P versus Gabral9>K9, n = 10 mice per group; **, P < 0.01
(log-rank [Mantel-Cox] test). In B-D, values are means + SEM. n = indicated mice per group. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s

t test). Data are representative of at least two (B-F) independent experiments. Source data are available for this figure: SourceData F5.

progenitor cells (Elujoba-Bridenstine et al., 2020; Zhu et al.,
2019). Moreover, multiple studies have reported that GABAer-
gic signaling cells autonomously modulate immune responses in
immune cells (Bjurstom et al., 2008; Jin et al., 2013; Kim et al.,
2018; Zheng et al., 2021). Our findings provide evidence that
GABA4R signaling does not change the physiology of ISCs and
selectively protects against chemoradiotherapy-induced DNA
damage response in LGR5* ISCs. Although overexpression of
GABALR § accelerated colorectal cancer cell progression (Niu
et al., 2020) and activation of the GABAgR pathway inhibited
colorectal cell proliferation by arresting the cell cycle (Shu et al.,
2016), we did not observe that inhibition of the GABAR path-
way could affect colon cancer proliferation (Fig. S5 B), which
implies that GABA might have different functions in colon
cancer through different GABAAR subunits or GABARR
pathways.

Interestingly, inhibition of GABAAR selectively protected
ISCs and the intestinal epithelium, but not tumor cells, in re-
sponse to chemoradiotherapy. We found that the expression
distribution of Gabral mRNA in colon adenocarcinoma tissues
was much lower (4.8-fold) than that in normal colorectal tissues
(Fig. S5 C) by comparing and analyzing the RNA-seq data in The
Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEx) databases. Additionally, inhibition of GABAR attenu-
ated chemoradiotherapy-induced enterotoxicity by reducing
P53-dependent apoptosis of the normal intestinal epithelium.
However, P53 mutations are common in tumor cells (Olivier
et al., 2010), which means that inhibiting GABAAR does not re-
duce the P53-dependent apoptosis of tumor cells induced by
chemoradiotherapy. Although we found that the chemo-
radioprotective role of inhibiting GABA,R may result from re-
duced IEC apoptosis, we cannot exclude other possibilities. For
example, radiation proctopathy is mediated by the activation of
platelet-derived growth factor receptor (PDGFR; Lu et al., 2021),
and there is an interaction between the activation status of
GABAR and PDGFR with the bridge of phospholipase C-y
(Valenzuela et al., 1995), which implies that the role of GABA,R
in irradiated IECs might also depend on the PDGFR-C-X-C motif
chemokine receptor 4 axis.

There are no FDA-approved drugs for treating radiation en-
teropathy (Hauer-Jensen et al., 2014). The GABAAR inhibitor
flumazenil is cheap and has been used to treat benzodiazepine
overdoses and safely reverse anesthesia for 30 yr. Our data
support the protective role of GABAAR inhibition in
chemoradiotherapy-induced injury of mouse organoids by re-
ducing free radical formation. When ionizing radiation is
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absorbed by small molecules surrounding cellular bio-
macromolecules or chemicals that are transported into the mi-
tochondrion, ROS form and react with cellular DNA to cause a
DNA damage response (Smith et al., 2017). Many oncologists
believe that antioxidants may weaken the free radical-killing
function of chemoradiotherapy and should be avoided during
treatment (D’Andrea, 2005). In contrast, there is no laboratory
or clinical evidence supporting their claims (Moss, 2007), and
our xenograft model study revealed that the protective ability of
GABALAR inhibitors was restricted to the normal intestines.
However, the mechanism of GABAsR-selective protection in
normal tissues needs to be explored in the future.

Effective treatment of cancers by chemoradiotherapy mainly
relies on selectively killing cancer cells without affecting normal
tissues (Gudkov and Komarova, 2010). Here, we demonstrated
that inhibiting GABA4R is a promising strategy to specifically
protect the intestine from chemoradiotherapy. Future studies
are required to investigate the pharmacodynamics and tolera-
bility of flumazenil in clinical settings with chemoradiotherapy.

Materials and methods

Mice

Gabralftox/flox (JAX stock #004318), Villin-Cre (JAX stock
#004586), Lgr5ECFP-IRES-CreERT2 (JAY stock #008875), and ApcMin/+
mice (JAX stock #002020) were purchased from Jackson Labo-
ratory. WT (C57BL/6]) mice were purchased from Vital River
Laboratory Animal Technology Co. All animal experiments were
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals with approval
from the Scientific Investigation Board of Shandong University,
Jinan, Shandong Province, China (#ECSBMSSDU2019-2-048).

Mice treatment

WT mice (C57BL/6J; 8-10 wk old), Apc™™* mice (4 mo old),
Gabral’E¢-¥0 (8-10 wk old), Gabral’9™>%0 (8-10 W °ld) and litter-
mate control mice (Gabralflox/flox or [gr5FGFP-IRES-CreERT2 810 wk
old) were used in the chemoradiotherapy experiments, and the
number of mice used in each group was indicated in the results
of the corresponding experiments. Indicated mice were i.p. with
5-FU (30 mg/kg/d for 6 d as the therapeutic dose [Kim et al,,
2005; Zhou et al., 2013]; 200 mg/kg once as the lethal high dose
[Zhang et al., 2018]) or were irradiated (10 Gy TBI [Accarie et al.,
2020] or 15 Gy WAI [Liu et al., 2016] per mouse once for survival
analysis; 6 Gy TBI per mouse once [Dubois and Walker, 1988;
Hendry and Otsuka, 2016] or 15 Gy WAI per mouse once [Liu

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220541

110f 20


https://doi.org/10.1084/jem.20220541

>
o

1 Gy irradiation C

Muscimol KU-60019 + Muscimol

__ = ns. n.s.

R

-
B\ ,\o\e >
N X A o - v
WO N g ’ & B

|
S
2
¢
7
7
4 ’
7
z
e
Bl
Organoids/Field
Relative organoids area
.
2
"
>
=1
=
3

D 2.5 uM 5-FU

Non-5-FU Vehicle Muscimol

Bicuculline

Tail DNA %
Tail Length
Tail Moment

5-FU 5-FU 5-FU

1 Gy irradiation

Non-IR Vehicle Bicuculline Muscimol * w o £ wo
‘ésn 1 § o
2 .| z -
, X \
e w® o (\e \‘?~ e ‘\e o
o qe““’ o\‘\\\ ‘“o o \le“‘° \““ “‘° W e N oo
°° @ o W
IR IR IR
F 2.5 pM 5-FU G 1 Gy irradiation
Non-5-FU Vehicle Bicuculline Muscimol Non-IR Vehicle Bicuculline Muscimol

8-OHdG

DAPI

DAPI

Merge Merge

Figure 6. Bicuculline treatment reduced 5-FU- or irradiation-induced ROS and DNA damage. C57BL/6 mouse intestinal organoids were treated with
vehicle, bicuculline (1 pM), muscimol (1 uM), or KU-60019 (1 uM) + muscimol (1 uM) 1 h before irradiation (1 Gy) treatment. (A) Immunoblots of ATM, p-ATM,
and y-H2AX in organoids 1 h after irradiation (1 Gy) treatment. (B) Representative images of organoids 2 d after irradiation treatment. Scale bar, 500 pum (upper)
or 100 um (bottom). Arrows indicate dead organoids. (C) Immunoblots of ATM, p-ATM, and y-H2AX in organoids 30 min after irradiation treatment as in B. (D
and E) Representative images of the comet assay of individual cells isolated from organoids 24 h after 5-FU (2.5 uM) treatment (D) or 1 h after irradiation (1 Gy)
treatment (E). Scale bar, 25 um. Histograms demonstrating the tail DNA %, tail length, and tail moment of each comet. (F and G) Representative immuno-
fluorescence images of 8-OHdG (green) staining of organoids 24 h after 5-FU treatment (F) or 1 h after irradiation treatment (G). Scale bar, 100 um. In B, D, and
E, values are means + SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of at least three (A-G) independent
experiments. Source data are available for this figure: SourceData F6.

et al., 2016] for normal intestinal injury analysis). Bicuculline
(2 mg/kg) was administered i.p. in both experiments. The jeju-

MC38 cells were injected into the flank of the WT mice. When
the tumor volume was ~100 mm?, the mice were treated with

num was obtained 5 d after 5-FU treatment (30 mg/kg, i.p.) or
4 d after irradiation treatment (6 Gy, TBI, once) for further
analysis in related mouse experiments. To measure cell prolif-
eration, the mice were injected with BrdU (10 mg/kg, i.p.) 3 h
before sacrifice. In addition, 4 million LLC cells or 2 million
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vehicle or bicuculline (2 mg/kg, i.p., once every 2 d) with or
without 5-FU (100 mg/kg, i.p., once every 4 d) or irradiation (3
Gy, TBI or 4 Gy, WAI, once every 4 d) treatment. Fractionated
abdominal irradiation (4 Gy WAI/fraction) was administered
four times in total; once every 4 d (Chen et al., 2020). The mice
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Figure 7. Bicuculline inhibited L-type Ca?* channels to regulate organoid survival. (A) CACNAIC (red) and GFP (LGRS, green) immunofluorescence
staining in intestinal crypts. Scale bar, 50 um. Asterisks indicate CACNAIC */LGRS5* cell pairs. (B) Examination of the Fluo-4 AM fluorescent signal by confocal
microscopy reflecting the variation of intracellular Ca?* levels in mouse intestinal crypts after 5-FU or irradiation treatment. Scale bar, 100 um. (C and D)
Representative images of C57BL/6 mouse intestinal organoids 2 d after 5-FU (C) or irradiation treatment (D). Organoids were treated with vehicle, muscimol (1
M), nifedipine (0.1 uM), or nifedipine (0.1 uM) + muscimol (1 uM). Scale bar, 500 um (upper) or 100 pum (bottom). Arrows indicate dead organoids. In C and D,
values are means + SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of two (B) or three (A, C, and D)

independent experiments.

were sacrificed 3 h after the final bicuculline treatment. Tumor
volumes were measured with calipers and calculated as volume =
(length x width?)/2 every 2 d.

Sample collection, histology, and immunostaining

The jejuna were surgically removed from the euthanized mice
and flush-cleaned using PBS. Tissues were fixed in 4% para-
formaldehyde, paraffin-embedded, and sectioned at 4 pm
thickness for H&E staining and immunostaining. The sections
were deparaffinized, sequentially rehydrated, and stained with
H&E. For immunohistochemistry, rehydrated sections were
treated with 10 ml of 30% H,0, for 20 min at room temperature
after being treated with 1x sodium citrate antigen retrieval so-
lution for 20 min at 95°C. Sections were washed three times
with PBS and incubated overnight at 4°C with the corresponding
primary antibody diluted in a recommended antibody diluent.
After the antibody solution was removed, the sections were
washed three times with PBS for 5 min each. The sections were
incubated for 30 min at room temperature with a secondary
antibody. Diaminobenzidine was applied to each section and
counterstained with hematoxylin for 2 min. Finally, each section
was sequentially dehydrated and mounted with coverslips and
neutral gum. For immunofluorescence, the rehydrated sections
were treated with 0.1% Triton X-100 for 15 min and blocked with
goat serum for 30 min. Slides were incubated with indicated
antibodies at 4°C overnight. After washing with PBS, the sec-
tions were followed by incubation with secondary antibodies for
1 h at 37°C. DAPI was used for nuclear staining. Finally, each
section was mounted using an antifade mounting medium. The
detection target of each mouse was measured in a double-blind
manner using two different photomicrographs. Measurements
of villus length were from a minimum of 40 villi from different
locations in the jejunum of each mouse. Measurements were
taken from the top of the crypt to the tip of the villus using 100x
H&E images. Positively stained cells were counted randomly in
40-50 crypts from different locations in the jejunum of each
mouse. There were at least three different animals per group.
The number of mice used in each experiment is indicated in the
corresponding figure legend.

Isolation and treatment of mouse intestinal crypts

Mouse crypt isolation, organoid development, and passage were
performed as described previously (Clevers, 2016). In detail, the
mice were sacrificed and the intestinal segments were cut
lengthwise. Then, the intestinal sheet was washed with Dul-
becco PBS (DPBS) and cut into 2-mm pieces. All pieces were
transferred into a 50-ml conical tube with 15 ml of cold DPBS
and pipetted up and down three times. The rinsing procedure
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was repeated until the supernatant became clear. The tissue
pieces were resuspended in 15 ml of 2 mM ethylenediamine-
tetraacetic acid and incubated at 4°C for 30 min. The tissue
pieces were resuspended in 10 ml of cold DPBS and pipetted
three times. The supernatant was filtered through a 70-pm filter
and collected in a fresh 50-ml conical tube. After centrifugation
at 300 g for 5 min at 4°C, the supernatant was poured off
carefully. Freshly isolated crypts were cultured in IntestiCult
Organoid Growth Medium (Mouse) from Stemcell Technologies.

Intestinal organoids were plated in 50 pl of Matrigel (356231;
Corning) in 48-well plates 24 h before treatment with bicuculline
(1 uM, S7071; Selleck) or muscimol (1 uM, 13667; Cayman
Chemical). 5-FU (2.5 uM) or irradiation (I Gy) treatment was
administered 1 h later than drug treatment. For ATM inhibitor or
L-type calcium channel blocker experiments, KU-60019 (1 pM,
S1570; Selleck) or nifedipine (0.1 uM, N7634; Sigma-Aldrich) was
used. Organoids =100 pm in diameter were enumerated 48 h
after 5-FU or irradiation treatment. For detecting P53-dependent
apoptosis, proteins were extracted from organoids 36 h after 5-FU
treatment or 18 h after irradiation treatment. To detect the ATM-
y-H2AX axis, proteins were extracted from organoids 1 h after
bicuculline treatment or 30 min after muscimol treatment. For
the alkaline comet assay, individual cells were isolated from or-
ganoids 2 or 24 h after bicuculline or muscimol treatment in the
absence of 5-FU or irradiation treatment, or 24 h after 5-FU
treatment or 1 h after irradiation treatment. For 8-OHdG staining,
organoids were collected 2 or 24 h after bicuculline or muscimol
treatment in the absence of 5-FU or irradiation treatment, or 24 h
after 5-FU treatment or 1 h after irradiation treatment.

Isolation of human colonic crypts

Isolation of healthy human colon crypts and organoid develop-
ment were performed as previously described (Fujii et al., 2015).
Surgically resected colonic tissues were obtained from the Qilu
Hospital of Shandong University. The tissue samples were
washed with 10 ml of ice-cold DPBS and minced thoroughly into
the smallest pieces. Then, the tissue pieces were incubated with
10 ml of Gentle Cell Dissociation Reagent (100-0485; Stemcell
Technologies) on a rocking platform set at 40 rpm for 30 min.
After centrifugation at 290 g for 5 min, the supernatant was
aspirated, and the tissue pieces were vigorously pipetted
20 times to isolate crypts with 1 ml of ice-cold DMEM+1% bovine
serum albumin (BSA). The contents of the tube were passed
through a 70-pm cell strainer into a new 15-ml conical tube.
After centrifugation at 300 g for 5 min at 4°C, the supernatant
was poured off carefully. Freshly isolated crypts were cultured
in IntestiCult Organoid Growth Medium (Human) from Stemcell
Technologies plus 10-uM Y-27632.
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Figure 8. Bicuculline protected the normal intestine in Apc""/* or tumor-bearing mice from chemoradiotherapy without affecting antitumor ac-
tivity. (A) Schematic diagram of Apc""* mice treatment. (B) Representative image of adenomas in the small intestine from differently treated Apc™/* mice.
Scale bar, 1 cm. Histogram demonstrating the number of adenomas in the small intestine per mouse from A. (C) Representative images of H&E staining of the
jejunum tissues. Scale bar, 100 um. (D) Schematic diagram of tumor-bearing mice treatment with 5-FU. (E) Tumor sizes were measured every other day from
days 8 to 18. (F) Immunoblot of PCNA in tumors from D at day 18. (G) Representative images of LLC tumors at day 18. Scale bar, 1 cm. (H) Representative
images of H&E staining of the jejunum tissues. Scale bar, 100 pm. (1) Schematic diagram of tumor-bearing mice treatment with irradiation. (J) Tumor sizes were
measured every other day from days 6 to 16. (K) Immunoblot of PCNA in tumors from | at day 16. (L) Representative images of LLC tumors at day 16. Scale bar,
1cm. (M) Representative images of H&E staining of the jejunum tissues. Scale bar, 100 um. In E and ] values are means + SEM; n = indicated mice per group.
n.s., not significant; ***, P < 0.001 (ANOVA). In B, C, H, and M, values are means + SEM; n = indicated mice per group. n.s., not significant; **, P < 0.01; and ***,
P < 0.001 (two-tailed Student’s t test). Data are representative of two (E-H and J]-M) or four (B and C) independent experiments. Source data are available for

this figure: SourceData F8.

Colonic organoids were plated in 25 ul of Matrigel (356231;
Corning) and 25 pl of advanced DMEM/F-12 with 15-mM HEPES
plus 5% BSA in 48-well plates 24 h before treatment with flu-
mazenil (1 pM, S1332; Selleck). 5-FU (2.5 pM) or irradiation (1
Gy) was administered 1 h after flumazenil treatment. Organoids
2100 pm in diameter were enumerated 48 h after 5-FU or ir-
radiation treatment. All participants provided written informed
consent, and the use of human tissues was approved by the
Medical Institutional Ethics Committee of Qilu Hospital, Shan-
dong University, China (KYLL-202011-209-01).

Alcian blue-periodic acid Schiff's (AB-PAS) staining

For the detection of acidic mucin, AB-PAS staining of paraffin-
embedded tissue sections was performed using a commercial
AB-PAS kit. The sections were fixated, dehydrated, and em-
bedded; placed in periodic acid solution; and left at room tem-
perature for 10 min. Then, the samples were placed in a Schiff
reagent and placed in a dark place at room temperature for
15 min. Finally, the samples were rinsed in tap water for 10 min
and placed in a hematoxylin staining solution for 2 min. AB-
PAS-positive cells were counted randomly in 40-50 villi from
different locations in the jejunum of each mouse.

Protein extraction and Western blotting

Intestinal tissues, tumor tissues, and organoid samples from each
group were lysed by adding a 1x SDS sample buffer and sonicating
for 10 min. A 2x loading buffer was added to the sample and
heated to 100°C for 5 min. Protein extracts were isolated, sepa-
rated by SDS polyacrylamide, and transferred to a polyvinylidene
difluoride membrane. The membrane was incubated overnight
with specific primary antibodies at 4°C. Then, it was incubated
with the Enhanced Chemiluminescence Detection Kit and deter-
mined using a chemiluminescence detection system. Band density
was determined using Image J analyzer software. The antibodies
used in this study are listed in Table S1.

Real-time PCR (RT-PCR)

All mouse RT-PCR primer pairs were purchased from Beijing Ge-
nomics Institute. Intestinal tissues were surgically removed from
euthanized mice and flush-cleaned using PBS. Total mRNA was
extracted according to the instructions of the RNA extraction kit
(RN2802; Aidlab Biotechnologies). Total isolated mRNAs were
reverse-transcribed to cDNA using HiScript IIl RT SuperMix (R323-
0l; Vazyme Biotech). Finally, the StepOnePlus Real-Time PCR
System (4376600; Thermo Fisher Scientific) was used to detect
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fluorescence intensity. The adjusted amounts of total cDNA were
used as starting materials in identical quantities for the purpose of
comparison. Primers used in this study are listed in Table S2.

Immunofluorescence analysis of 8-OHdG

Organoids subjected to indicated treatments were collected and
washed with DPBS. After attachment to adhesive slides, orga-
noids were fixed with 4% paraformaldehyde for 30 min at 4°C,
washed with PBS, and treated with 0.1% Triton X-100 for 15 min.
Next, organoids were blocked with goat serum for 30 min and
incubated with the 8-OHdG antibody at 4°C overnight. After
washing with PBS, the sections were followed by incubation
with a secondary antibody for 1 h at 37°C. The DAPI was used for
nuclear staining. Finally, each section was mounted using an
antifade mounting medium.

Alkaline comet assay

Organoids were performed according to the previous descrip-
tion (Olive and Banath, 2006). Briefly, individual cells were
isolated from organoids with the indicated treatments and sus-
pended in low melting agarose. After lysis in the Comet Assay
Lysis Solution (4250-050-01; R&D System) for 2 h, the mixture
was separated by electrophoresis under alkaline conditions at
17 V for 20 min. Gel Green was used for nucleic acid staining.
Data were collected with a fluorescent microscope and analyzed
using CASP software.

Ca?* measurements

Intracellular Ca®* levels were monitored using the Fluo-4 AM
fluorescent indicator. Briefly, 2-uM Fluo-4 AM Ca2* probe was
added to cells 30 min prior to 5-FU or irradiation treatment.
Time-lapse analysis of living cells was performed using a Zeiss
LSM780 laser confocal microscope. Quantification of fluores-
cence intensity was performed using Image] software (Vila
Cuenca et al., 2021).

Cell lines and treatment

LLC and MC-38 cells were maintained at 37°C and 5% CO, in the
RPMI 1640 medium supplemented with 10% fetal bovine serum,
penicillin (100 U/ml), and streptomycin (100 pg/ml).

Cell proliferation assay

LLC and HT-29 cells (3 x 103 cells/well) were seeded in the 96-
well plates and cultivated overnight. Then, 10-ul cell counting
kit-8 (CCK-8) solution was added to each well of the plate and
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Figure 9. Flumazenil protected against 5-FU- or irradiation-induced IEC apoptosis. WT mice were treated with 5-FU (30 mg/kg, i.p., 6 d) or irradiation (6
Gy, TBI, once) with or without flumazenil (1 mg/kg, i.p.) treatment. For survival analysis, mice were treated with 5-FU (200 mg/kg, i.p.) or irradiation (10 Gy,
TBI) once. (A) Schematic diagram of 5-FU treatment to C57BL/6 mice. (B) Representative images of H&E staining of the jejunum tissues from mice treated as in
A. Scale bar, 100 pm. (C~F) Representative images of KI67 (C), BrdU (D), OLFM4 (E), and y-H2AX (F) staining in the jejunum tissues from mice treated as in A.
Scale bar, 50 pm. (G) Log-rank (Mantel-Cox) survival analysis of mice treated with or without flumazenil after 5-FU treatment on day 0. n = 19 mice per group;
*, P < 0.05 (log-rank [Mantel-Cox] test). (H) Schematic diagram of irradiation treatment to C57BL/6 mice. (1) Representative images of H&E staining of the
jejunum tissues from mice treated as in H. Scale bar, 100 pm. (J-M) Representative images of K167 (J), BrdU (K), OLFM4 (L), and y-H2AX (M) staining of the
jejunum tissues from mice treated as in H. Scale bar, 50 pum. (N) Log-rank (Mantel-Cox) survival analysis of mice treated with or without flumazenil after
irradiation treatment on day 0. n = 10 mice per group; ***, P < 0.001 (log-rank [Mantel-Cox] test). (O and P) Representative images of human colonic organoids
treated with vehicle or flumazenil (1 uM) 2 d after 5-FU (2.5 pM; O) or irradiation (1 Gy) treatment (P). Scale bar, 500 pm (upper) or 100 pm (bottom). In B-F,
and I-M, values are means + SEM; n = 5 mice per group. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). In O and P, values are means +
SEM. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of two (B-G and I-N) or three (O and P) independent

experiments.

incubated for 2 h. A microplate reader was used to measure the
absorbance at 450 nm.

Database

The expression profile of Gabral RNA-seq data for 620 colon ade-
nocarcinoma (COAD) patients was obtained from TCGA data portal
(https://tcga-data.nci.nih.gov/tcga/), and 51 of the tumors also had
mRNA expression data of paired normal tissue samples. Besides,
Gabral RNA-seq data of 779 normal colon tissue samples were
downloaded from the GTEx database (https://www.gtexportal.org/).
All the above analysis methods and R package were implemented
by R foundation for statistical computing (2020) version 4.0.3.

Statistical analysis

All data are represented as the mean + SEM, unless otherwise
indicated. Statistical analysis was performed using a two-tailed
Student’s t test to compare data between two groups. To com-
pare data between three or more groups, ANOVA was per-
formed, followed by the Student-Newman-Keuls’s post hoc test
for pairwise comparisons. Survival rates were analyzed using
the log-rank (Mantel-Cox) test. Statistical significance was de-
termined as P values <0.05. n.s., not significant; *, P < 0.05; **,
P < 0.0L; and ***, P < 0.001.

Online supplemental material

Fig. S1 shows that the loss of Gabral in IECs had no effect on the
physiological phenotype of the intestine in mice. Fig. S2 shows
that bicuculline protected against 5-FU- or irradiation-induced
intestinal injury in mice. Fig. S3 shows that bicuculline or
muscimol had no effect on ROS or DNA damage in organoids in
the absence of 5-FU or irradiation treatment. Fig. S4 shows that
bicuculline protected the normal intestine of MC38 tumor-
bearing mice from fractionated abdominal radiotherapy with-
out affecting its antitumor activity. Fig. S5 shows that bicuculline
or muscimol did not affect tumor cell line proliferation. Table S1
lists antibodies used in this study. Table S2 lists the primers used
for RT-PCR analysis.
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Figure S1. Loss of Gabral in IECs had no effect on the physiological phenotype of the intestine in mice. The jejunum tissues from 8-wk-old Gabral'E¢-K0
mice and their littermate control mice (Gabra1fox/flox) were obtained and analyzed for indicated phenotype. (A) Representative images of H&E staining of the
jejunum tissues. Scale bar, 100 pum. (B~F) Representative images of PAS (B), lysozyme (C), KI67 (D), BrdU (E), and OLFM4 (F) stained of the jejunum tissues.
Scale bar, 100 um. In A-F, values are means + SEM; n = 3 mice per group. n.s., not significant (two-tailed Student’s t test). In B, arrows indicate goblet cells.
Data are representative of at least three (A-F) independent experiments.
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Figure S2. Bicuculline protected against 5-FU- or irradiation-induced intestinal injury in mice. Mice were treated with 5-FU (30 mg/kg, i.p., 6 d) or
irradiation (6 Gy, TBI, once) with or without bicuculline (2 mg/kg, i.p.) treatment. (A) Schematic diagram of 5-FU treatment to C57BL/6 mice. (B) Representative
images of H&E staining of the jejunum tissues from mice treated as in A. Scale bar, 100 um. (C-F) Representative images of KI67 (C), BrdU (D), OLFM4 (E), and
y-H2AX (F) staining of the jejunum tissues from mice treated as in A. Scale bar, 50 um. (G) Immunoblots of P53, p-P53, y-H2AX, and Cleaved Caspase 3 in
intestinal mucosa from mice treated as in A. In B-F, values are means + SEM; n = 5 mice per group. **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test).
(H) Schematic diagram of irradiation treatment to C57BL/6 mice. (1) Representative images of H&E staining of the jejunum tissues from mice treated as in H.
Scale bar, 100 um. (J-M) Representative images of KI67 (), BrdU (K), OLFM4 (L), and y-H2AX (M) staining of the jejunum tissues from mice treated as in H.
Scale bar, 50 um. (N) Immunoblots of P53, p-P53, y-H2AX, and Cleaved Caspase 3 in intestinal mucosa from mice treated as in H. In I-M, values are means *
SEM; n = 4 mice per group. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (two-tailed Student’s t test). Data are representative of at least three (B-G and I-N)
independent experiments. Source data are available for this figure: SourceData FS2.
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Figure S3. Bicuculline or muscimol had no effect on ROS or DNA damage in organoids in the absence of 5-FU or irradiation treatment. (A) Im-
munoblots of ATM, p-ATM, and y-H2AX in the organoids after 2 h with or without bicuculline (1 uM) treatment. (B) Representative images of the organoids 2 d
after vehicle, muscimol (1 uM), or KU60019 (1 pM) + muscimol (1 M) treatment. Scale bar, 500 pm (upper) or 100 pm (bottom). Arrows indicate dead or-
ganoids. (C) Immunoblots of ATM, p-ATM, and y-H2AX in the organoids 1.5 h after treatment as in B. (D and E) Representative images of the comet assay of
individual cells isolated from the organoids 24 h (D) or 2 h (E) after indicated treatment. Scale bar, 25 pm. (F and G) Representative immunofluorescence
images of 8-OHdG (green) staining of the organoids 24 h (F) or 2 h (G) after indicated treatment. Scale bar, 100 um. In B, D, and E, values are means + SEM. n.s.,
not significant (two-tailed Student’s t test). Data are representative of two (D-G) or three (A-C) independent experiments. Source data are available for this
figure: SourceData FS3.
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Figure S4. Bicuculline protected the normal intestine of MC38 tumor-bearing mice from fractionated abdominal radiotherapy without affecting its
antitumor activity. (A) Schematic diagram of MC38 tumor-bearing mice exposed to fractionated abdominal irradiation. (B) Tumor sizes were measured every
other day from days 7 to 21. (C) Immunoblot of PCNA expression in tumors from A at day 21. (D) Representative images of MC38 tumors at day 21. Scale bar,
1 cm. (E) Representative images of H&E staining of the jejunum tissues from mice treated as in A. Scale bar, 100 pm. (F-H) Representative images of KI67 (F),
BrdU (G), and OLFM4 (H) staining of the jejunum tissues from mice treated as in A. Scale bar, 50 um. In B, values are means + SEM; n = indicated mice per
group. ***, P < 0.001 (ANOVA). In E-H, values are means + SEM; n = indicated mice per group. n.s., not significant; and ***, P < 0.001 (two-tailed Student’s
t test). Data are representative of at least two (B-H) independent experiments. Source data are available for this figure: SourceData FS4.
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Figure S5. Bicuculline or muscimol did not affect tumor cell line proliferation. (A and B) CCK-8 cell proliferation assay analysis of LLC (A) and HT29 (B)
proliferation after bicuculline (1 uM) or muscimol (1 pM) treatment. (C) The relative expression of Gabral mRNA in colon adenocarcinoma tissues (n = 620) and
normal colon tissues (n = 830) in TCGA and GTEx databases. Values are means + SEM. n.s., not significant; and ***, P < 0.001 (two-tailed Student’s t test). Data
are representative of at least two (A and B) independent experiments.

Provided online are Table S1 and Table S2. Table S1 lists antibodies used in this study. Table S2 lists the primers used for
RT-PCR analysis.
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