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Abstract. Enhancing the radioresponsiveness of colorectal 
cancer (CRC) is essential for local control and prognosis. 
However, consequent damage to surrounding healthy 
cells can lead to treatment failure. We hypothesized that 
short-chain fatty acids (SCFAs) could act as radiosensitizers 
for cancer cells, allowing the administration of a lower and 
safer dose of radiation. To test this hypothesis, the responses 
of three-dimensional-cultured organoids, derived from CRC 
patients, to radiotherapy, as well as the effects of combined 
radiotherapy with the SCFAs butyrate, propionate and acetate 
as candidate radiosensitizers, were evaluated via reverse 
transcription-quantitative polymerase chain reaction, immu-
nohistochemistry and organoid viability assay. Of the three 
SCFAs tested, only butyrate suppressed the proliferation 
of the organoids. Moreover, butyrate significantly enhanced 
radiation-induced cell death and enhanced treatment effects 
compared with administration of radiation alone. The radi-
ation-butyrate combination reduced the proportion of Ki-67 
(proliferation marker)-positive cells and decreased the number 

of S phase cells via FOXO3A. Meanwhile, 3/8 CRC organoids 
were found to be non-responsive to butyrate with lower expres-
sion levels of FOXO3A compared with the responsive cases. 
Notably, butyrate did not increase radiation-induced cell death 
and improved regeneration capacity after irradiation in normal 
organoids. These results suggest that butyrate could enhance 
the efficacy of radiotherapy while protecting the normal 
mucosa, thus highlighting a potential strategy for minimizing 
the associated toxicity of radiotherapy.

Introduction

Colorectal cancer (CRC) was the third most commonly 
diagnosed malignancy and the second leading cause of 
cancer-related deaths worldwide in 2020 (1). As a primary 
treatment, enhancing the radio response of locally advanced 
rectal cancer is essential to achieving local control and 
improving long-term prognosis. Despite the effectiveness of 
radiotherapy in treating cancer, damage caused by radiation 
to the surrounding normal cells is often unavoidable (2). 
Therefore, it is necessary to design a strategy for effectively 
treating the tumor while minimizing these nontargeted side 
effects. One such approach includes the use of radiosensitizers, 
which can render cancer cells more sensitive to radiation, 
thereby enabling a lower and safer radiation dose to achieve the 
same therapeutic response (3). Over the past decade, several 
studies have addressed the efficacy of diverse radiosensitizers, 
including fluorouracil (5‑FU), oxaliplatin, capecitabine and 
bevacizumab, in combination with radiotherapy for CRC. 
Specially, 5-FU achieved a complete pathological response 
rate of ~20-30% (4-6). However, in addition to their effects on 
cancer cells, these radiosensitizers are also reportedly toxic 
to healthy cells (7,8); therefore, while they may function to 
enhance the efficiency of radiation, they do not effectively 
minimize the adverse side effects.

Additional research has revealed the influence of intes-
tinal microbes derived from diet on the development of 
CRC (9,10). As food flows through the colon, the fiber can 
be fermented by gut microbiota to produce short-chain fatty 
acids (SCFAs), such as propionate, acetate and butyrate, which 
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play multifunctional roles in the intestinal epithelial cells (11). 
In particular, butyrate is used as an energy source in normal 
colonocytes. Under the Warburg effect, cancer cells rely on 
glucose as their primary energy source, resulting in nuclear 
accumulation of butyrate that functions as a histone deacety-
lase (HDAC) inhibitor (12-14). Considering that other HDAC 
inhibitors, including suberoylanilide hydroxamic acid (SAHA) 
and valproic acid, have been shown to enhance the radiosen-
sitivity of cancer cells (15-17), we hypothesized that butyrate, 
along with other potential SCFAs, may serve as effective, 
cancer cell‑specific and safe radiosensitizers.

To date, responses to radiotherapy have been investi-
gated exclusively in animal models owing to the low success 
rate associated with the initiation of patient-derived cell 
cultures (18,19). However, several studies have demonstrated the 
value of 3D patient-derived organoid (PDO) culture systems as 
useful and physiologically relevant tools to study the treatment 
response (20,21). Organoids are self-organizing 3D structures 
grown from stem cells to mimic in vivo architecture and biology. 
Hence, organoids more closely mimic in vivo tissues than cells 
grown in two-dimensional tissue cultures, and are valuable tools 
for modeling human diseases, including cancers (22).

Therefore, in the present study, PDOs from CRC patients 
(CRC-PDO) were used as a model system for investigating 
the response to radiotherapy, and to evaluate the influence of 
combined radiotherapy with the SCFAs butyrate, propionate 
and acetate as candidate radiosensitizers through regulation of 
HDAC activity. Cumulatively, these results lay the foundation for 
development of a novel combined radiation/SCFA strategy for 
CRC and promote the utility of CRC-PDOs as a model system 
for investigating tumor evolution and modulating drug response.

Materials and methods

Human specimens. A total of 7 rectal cancer samples and 
1 colon cancer tumor sample and the paired healthy tissue 
samples were obtained from 8 patients diagnosed with CRC 
between December 2017 and May 2018 at the Korea Cancer 
Center Hospital (Seoul, Korea). All tumors were staged 
according to the pathological tumor/node/metastasis clas-
sification (8th edition) of the American Joint Committee 
on Cancer (23). Surgically resected and endoscopic biopsy 
samples were verified by pathologists through hematoxylin 
and eosin staining as previously described (24). The 7 rectal 
samples were obtained during an endoscopic biopsy, and the 
1 colon cancer sample was obtained by low anterior resection. 
The mean age of patients was 61.5 years (range, 53-85 years), 
and 4 patients were male and 4 patients were female. Clinical 
data, including patient information, such as age, sex and tumor 
locations, are provided in Table SI.

This study was approved by Ethics Committee of Korea 
Cancer Center Hospital (approval no. KIRAMS-2017-07-001). 
All research was performed in accordance with the approved 
guidelines and regulations of the institution. All samples were 
obtained from patients who had provided written informed 
consent for the use of their tissues for the purposes of research 
after the operation.

Organoid culture. Both tumor and adjacent normal tissues 
were collected, from which healthy crypts and tumor cells 

were isolated, as described previously (20,25), with minor 
modifications. Briefly, normal intestinal tissue fragments were 
incubated in 8 mM EDTA-phosphate buffered saline (PBS) for 
20 min on ice and further incubated for 8 min at 37˚C. Under 
these dissociation conditions, colonic crypts were mildly 
digested, thereby physically separating their bottom and top 
segments. Cancer tissues were incubated with collagenase 
type II (Sigma-Aldrich; Merck KGaA), dispase type II (Roche 
Applied Science) and Y-27632 (BioVision, Inc.) for 30 min 
at 37˚C. Isolated crypts and cells were washed with PBS and 
centrifuged at 300 x g for 3 min at room temperature. The cells 
were then embedded in Matrigel on ice (growth factor reduced, 
phenol red free; Corning, Inc.) and seeded in 24-well plates, 
followed by addition of culture medium. The composition of 
the CRC-PDO culture medium was 1x B27 (Gibco; Thermo 
Fisher Scientific, Inc.), 1.25 mM N-acetyl cysteine (United 
States Pharmacopeia), 50 ng/ml human epidermal growth 
factor (BioVision, Inc.), 50 ng/ml human Noggin (PeproTech, 
Inc.), 10 nM gastrin (Sigma-Aldrich; Merck KGaA), 
500 nM A83-01 (BioVision, Inc.) and 100 mg/ml primocin 
(InvivoGen). In experiments that prevented the Warburg 
effect, organoids were grown from high-glucose (3.151 g/l) 
to low-glucose (1 g/l) medium in same composition. Wnt 
signaling-related factors are essential for the growth of healthy 
colon organoids (normal-PDOs). However, in most cases, CRC 
is associated with mutations that aberrantly activate the Wnt 
signaling pathway (26). Therefore, for selection of tumor cells, 
CRC-PDOs were cultured without Wnt-related factors in the 
culture medium to ensure that normal tissue-derived organoids 
did not contaminate tumor tissues (27). The normal-PDOs 
were cultured in IntestiCult™ Organoid Growth Medium 
(Stemcell Technologies, Inc.) and CRC-PDO culture medium 
with CHIR99021 (Stemgent; ReproCELL) and R-spondin1 
(R&D Systems, Inc.). To prevent anoikis, 10 µM Y-27632 was 
added to the culture medium for the first 2‑3 days. Maintenance 
and freezing of organoids was carried out as described previ-
ously with slight modification (25). When organoids were 
>200 µm, they were passaged by pipetting using Gentle Cell 
Dissociation Reagent (Stemcell Technologies, Inc.) according 
to the manufacturer's instructions.

Organoid viability. For further dissociation into single cells, 
organoids were resuspended in TrypLE Express (Thermo 
Fisher Scientific, Inc.) via pipetting with a p200 pipette, 
and incubated at 37˚C for 10 min. Cells were then pipetted 
multiple times to form a homogeneous resuspension and 
centrifuged at 600 x g for 5 min at 4˚C, followed by discarding 
of the supernatant to obtain pelleted cells. The pellet was 
resuspended with Matrigel and divided into a 96-well plate 
(5,000 cells/10 µl Matrigel per well). After the Matrigel was 
polymerized, 100 µl culture media was added. Organoid 
viability was assessed as described previously (28) with 
slight modifications. Briefly, 3‑[4,5‑dimethylthiazol‑2‑yl]‑2, 
5 diphenyl tetrazolium bromide (MTT) solution was added 
to the organoid culture at a final concentration of 500 µg/ml. 
After incubation for 3 h, the medium was discarded, and 20 µl 
2% sodium dodecyl sulfate solution was added to solubilize 
the Matrigel for 2 h. Next, 100 µl DMSO was added for 1 h 
to solubilize the reduced MTT, and the optical density was 
measured on a BioTek Eon microplate absorbance reader 
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(BioTek Instruments, Inc.) at 562 nm. Matrigel without organ-
oids (10 µl) was used as the control.

Treatment of organoids with compounds and radiation. To 
test radiosensitivity, the CRC-PDOs were irradiated with 
Matrigel in the plates after treatment for 6 h with 1 mM acetate 
(Sigma-Aldrich; Merck KGaA), butyrate (Sigma-Aldrich; 
Merck KGaA), propionate (Sigma-Aldrich; Merck KGaA) 
and/or 100 nM FOXO inhibitor, AS1842856 (EMD Millipore) 
at 37˚C using a 137Cs γ-ray source (Atomic Energy of Canada 
Ltd.) at a dose rate of 3.81 Gy/min. The concentration of 1 mM 
SCFA was selected as described previously (29). The organoids 
were irradiated with three fractions of 5 Gy (one fraction per 
day), and their size was analyzed by ImageJ software 1.48 V 
(National Institutes of Health) on days 0 and 3. For analysis at 
the 2nd passage, organoids were treated with butyrate and/or 
ionizing radiation (IR). After 72 h, organoids were passaged 
by pipetting using Gentle Cell Dissociation Reagent with a 
1:2-1:4 split ratio. After 72 h, organoids were evaluated using 
the EVOS FL Cell Imaging System (Thermo Fisher Scientific, 
Inc.).

Immunocytochemistry and immunohistochemistry. Intestinal 
stem cells can differentiate into all cell lineages of the intes-
tinal epithelium, including goblet cells (mucin 2+; Muc2+), 
entero-endocrine cells (chromogranin A+; ChgA+) and 
enterocytes (VL1+); meanwhile all proliferating cells express 
Ki‑67 (30). PDOs were fixed in 4% paraformaldehyde at room 
temperature for 24 h, embedded in paraffin and then dissected 
into sections (5-µm). Following treatment with Smartblock 
(CANDOR Bioscience) for 30 min at room temperature, 
the slides were incubated with primary antibodies against 
anti-Ki-67 (1:200; cat. no. ab16667; Abcam), anti-Muc2 
(1:100; cat. no. ab90007; Abcam) and anti-ChgA (1:100; 
cat. no. 20086; ImmunoStar) at 4˚C overnight. Slides were 
then incubated with Alexa Fluor 594 goat antibody to rabbit 
IgG (H+L) (1:200; cat. no. A11012; Thermo Fisher Scientific, 
Inc.) for 1 h at room temperature. Images were acquired using 
a EVOS FL Cell Imaging System (Thermo Fisher Scientific, 
Inc.).

The cellular efficacy of recognizing double‑strand DNA 
breaks (DSB) and DNA damage response can be assessed 
by observing the foci of γ-H2AX (31). For the detection of 
γ-H2AX, organoids were seeded in 8-well glass chamber 
slides (LabTek Services, Ltd.). The cells were fixed with 4% 
paraformaldehyde for 30 min at room temperature and perme-
abilized with 0.1% Triton X‑100 in PBS. Unspecific epitopes 
on organoids were blocked with 5% bovine serum albumin 
(Gene Depot) in Tris-buffered saline for 1 h at room tempera-
ture and incubated with anti-γ-H2AX (1:100; cat. no. 05636; 
EMD Millipore) overnight at 4˚C, followed by incubation with 
Alexa Fluor 488 goat antibody to mouse IgG (H+L) (1:200; 
cat. no. A11001; Thermo Fisher Scientific, Inc.) for 1 h at room 
temperature.

To characterize organoids and their tissue of origin, 
immunohistochemistry was performed with colorectal 
markers cytokeratin (CK)19, CK20 and CDX2, as described 
previously (32). Organoids and tissues were fixed in 4% 
paraformaldehyde at room temperature overnight and 
embedded in paraffin blocks. Subsequently, 3‑µm sections 

were dewaxed in xylene and hydrated through a graded series 
of alcohol. Endogenous peroxidase activity was quenched 
by incubating the sections for 30 min in 0.3% H2O2 and 
incubated in Smartblock (CANDOR Bioscience) for 30 min 
at room temperature to reduced non-specific binding. 
Sections were incubated for 1 h at 37˚C with anti‑CDX2 
(1:200; cat. no. 235R-16; Cell Marque; Sigma-Aldrich; 
Merck KGaA), CK20 (1:500; cat. no. 320M-16; Cell 
Marque; Sigma-Aldrich; Merck KGaA) and CK19 (1:400; 
cat. no. ab15463; Abcam). Detection was performed on an 
Envision/Horseradish Peroxidase system (Dako; Agilent 
Technologies, Inc.), and counterstained with hematoxylin 
for 10 min at room temperature. Finally, the sections were 
dehydrated through a graded series of alcohol, cleared in 
xylene and mounted. Images were acquired using the IX73 
inverted microscope (Olympus Corporation; magnification, 
x40).

EdU staining. EdU staining was performed with a Click-iT 
Plus EdU FACS kit (cat. no. C10424; Thermo Fisher Scientific, 
Inc.) and Click-iT® Plus EdU Imaging kits (cat. no. C10639; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
instructions. Images were acquired using the EVOS FL Cell 
Imaging system fluorescence microscope (Thermo Fisher 
Scientific, Inc.; magnification, x200).

Lactate assays. Lactate concentration was determined using a 
Lactate Assay kit (cat. no. K607-100; BioVision) according to 
the manufacturer's instructions. Optical density was measured 
on a BioTek Eon microplate absorbance reader (BioTek 
Instruments, Inc.) at 570 nm 30 min after the addition of the 
substrate. The mean values of lactate concentrations were 
calculated for each condition based on the data obtained from 
three independent experiments.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
Organoids were harvested from Matrigel by first washing 
them with cold PBS and incubating in cell recovery solution 
(Corning, Inc.) at 4˚C for 1 h (33). Total RNA was isolated 
using a RNeasy mini kit (Qiagen GmbH). Subsequently, 2 µg 
RNA was used for cDNA synthesis using RevertAid first 
strand cDNA kit (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol. Gene expression levels were 
quantified using the SYBR Green PCR kit (Qiagen) and 
qPCRs were run on an ABI7500 Real-Time PCR system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
qPCR thermocycling conditions were as follows: 94˚C for 
5 min, followed by 30 cycles at 94˚C for 30 sec and 60˚C 
for 30 sec, and a final extension step at 72˚C for 10 min. The 
amount of target mRNA was normalized to that of GAPDH 
mRNA and analyzed as previously described (34). Primers 
are listed in Table SII. Cycle threshold (Cq) values were 
obtained using an auto baseline, which was applied to all 
amplicons of the same primer set by the corresponding PCR 
instrument software (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Triplicates with a Cq value difference of 
>0.5 were not considered and excluded from the analysis. 
Relative concentrations of cDNA for analyzing relative 
changes in gene expression were calculated using the 2-ΔΔCq 
method (35).
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Western blotting. For western blot analysis, organoids were 
washed with cold PBS and lysed in RIPA buffer (Thermo Fisher 
Scientific, Inc.). Proteins were quantified using the Bradford 
method and 20 µg protein/lane was resolved by 8-13.5% 
SDS-PAGE. The membranes were incubated with primary 
antibodies against cleaved poly-ADP-ribose polymerase 
(c-PARP; 1:1,000; cat. no. 5625; Cell Signaling Technology, 
Inc.), PARP (1:1,000; cat. no. 9542; Cell Signaling Technology, 
Inc.), cleaved caspase 3 (c-caspase 3; 1:1,000; cat. no. 9664; Cell 
Signaling Technology, Inc.), caspase 3 (1:1,000; cat. no. 9662; 
Cell Signaling Technology, Inc.), phosphorylated (p)-JNK 
(1:1,000; cat. no. 9251; Cell Signaling Technology, Inc.), 

JNK (1:1,000; cat. no. 9252; Cell Signaling Technology, Inc.), 
p-p38 (1:1,000; cat. no. 9211; Cell Signaling Technology, Inc.), 
p38 (1:1,000; cat. no. 9212; Cell Signaling Technology, Inc.), 
FOXO3A (1:1,000; cat. no. 2499; Cell Signaling Technology, 
Inc.), LaminB (1:1,000; cat. no. SC-6216; Santa Cruz 
Biotechnology, Inc.) and β-actin (1:5,000; cat. no. A5441; 
Sigma‑Aldrich; Merck KGaA) overnight at 4˚C, followed by 
incubation with corresponding horseradish peroxidase-conju-
gated secondary antibodies (1:2,000; cat. nos. SC-2357 and 
SC-516102; Santa Cruz Biotechnology, Inc.) for 1 h at room 
temperature. Proteins were visualized using enhanced chemi-
luminescence (Thermo Fisher Scientific, Inc.). Western blot 

Figure 1. Butyrate exhibits selective anticancer effects on CRC-PDOs. (A) Oncoplot of somatic cancer driver alterations in CRC-tissue #60 and CRC-PDO 
tissue #60 belonging to passage 5 and 10, including most of the known major cancer driver genes. (B) Immunohistochemical profile of FFPE sections of 
organoids and corresponding tissues for CK19, CK20 and CDX2 along with corresponding H&E staining. Magnification, x40. Scale bar, 50 µm. (C) Images 
of normal-PDO #8 and CRC-PDO #3 morphology with CHIR99021 and R-spondin (CR+) or without (CR-). Scale bar, 400 µm. (D) Fluorescence microscopy 
images of normal-PDO #8 and CRC-PDO #3. Blue, DAPI; red, Ki-67; green, E-cadherin. Scale bar, 100 µm. (E) Morphology of CRC-PDO #3 treated with 
SCFA after 3 days. Scale bar, 200 µm. (F) Relative CRC-PDO #3 size 3 days after treatment with SCFA (n=3). Data are presented as mean ± SEM. *P<0.05, 
**P<0.01. (G) Morphology of normal-PDO #8 treated with SCFA after 3 days. Scale bar, 200 µm. (H) Relative normal-PDO #8 size 3 days after treatment with 
SCFA (n=3). Data are presented as mean ± standard error of the mean. *P<0.05, **P<0.01. ns, not significant; H&E, hematoxylin and eosin; SCFA, short‑chain 
fatty acids; CRC, colorectal cancer; PDO, patient-derived organoid; CK, cytokeratin.
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images were analyzed using Bio-Rad ChemiDoc (Bio-Rad 
Laboratories, Inc.).

Targeted next‑generation sequencing assay. To analyze the 
mutational status of tissues and organoids, they were harvested 
using cell recovery solution. DNA extraction and library 
construction were performed by Macrogen with Axen Cancer 
Panel 2 (Macrogen) comprising 170 cancer-related genes. The 

libraries were paired-end sequenced (2x150 bp) on a NextSeq 
500 system (Illumina, Inc.) with high-throughput sequencing 
using synthesis technology to a depth coverage of ~2,000x.

Statistical analysis. The data obtained from a minimum of three 
independent experiments are expressed as the mean ± standard 
deviation. Unpaired two-tailed Student's t-tests were applied 
to determine significant differences between two groups. 

Figure 2. Butyrate enhances radiosensitivity in CRC-PDOs. (A) Morphology and (B) organoid size (n=3) of CRC-PDO #7 irradiated thrice with 5 Gy with 
or without butyrate. Scale bar, 200 µm. (C) MTT cell viability assay of organoids described in A (n=3). (D) Image of organoids after the second passage. 
Scale bar, 400 µm. (E) Percentage of CRC-PDO in S phase (n=3). (F) Left: Fluorescence microscopy images of organoids irradiated thrice with 5 Gy 
with or without butyrate. Blue, DAPI; red, Ki-67. Scale bar, 200 µm. Right: Statistical analysis representing Ki-67-positive cells per DAPI staining cells 
(n=3). (G) Fluorescence microscopy images showing γ-H2AX foci. Blue, DAPI; green, γ-H2AX. Right: Statistical analysis representing γ-H2AX foci (n=3). 
(H) Expression levels of PARP, c-PARP, caspase 3, c-caspase 3, p-JNK, JNK, p-p38 and p38 in the CRC-PDO. β-actin served as a loading control. Data 
are presented as mean ± standard error of the mean. *P<0.05, **P<0.01. CRC, colorectal cancer; PDO, patient-derived organoid; PARP, poly-ADP-ribose 
polymerase; c-, cleaved; p-, phosphorylated; IR, irradiation.
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One-way ANOVA followed by Tukey's test was performed to 
compare the means between groups when performing multiple 
comparisons. P<0.05 was considered to indicate a statistically 
significant difference. Statistical analysis was performed using 
GraphPad Prism 7 (GraphPad Software, Inc.). Analysis of the 
mutation‑annotated files was conducted using the maftools 
R package V 3.5.2, which included the generation of figure 
oncoplots (36).

Results

Butyrate exhibits anticancer effects against CRC‑PDO and 
shows high specificity. Immunocytochemistry confirmed 
that the established CRC-PDOs were positive for all 
markers of intestinal epithelium cell lineages (Muc2+, 
ChgA+, VL1+, Ki-67+; Fig. S1). In addition, the CRC-PDOs 
had the same genetic landscape as their matching tumor 
tissues, as demonstrated in the oncoplot analysis (Fig. 1A). 
Immunohistochemistry analysis revealed that CK19, CK20 
and CDX2 were expressed in CRC-PDO #11 original 
tissues and organoids (Fig. 1B). Meanwhile other tissues 
and organoids were weakly positive for CK19, whereas 
strong expression of CK20 and CDX2 was detected in 
CRC‑PDO #3 (Fig. S2). These features reflect those present 
in the patient tissue samples. The tumor organoids were 

selectively expanded by excluding Wnt-related factors from 
culture medium (Fig. 1C), and immunocytochemical analysis 
revealed that CRC-PDOs contained more proliferating cells 
compared with normal‑PDOs (P<0.001; Fig. 1D), confirming 
that the organoid cultures reflect the characteristics of the 
primary tissue. Of the three SCFAs screened, only butyrate 
significantly decreased the organoid size (P=0.038), while 
propionate and acetate had no effects (Figs. 1E and F, and 
S3A and B). These observations were supported by the MTT 
assay results (Fig. S3C). By contrast, butyrate did not have 
any adverse effects on normal-PDOs (Fig. 1G and H). These 
findings suggest that butyrate may exhibit selective antitumor 
activity on CRC-PDO.

Butyrate enhances radiosensitivity in CRC‑PDO. Organoids 
co‑treated with butyrate and IR demonstrated a significant 
decrease in organoid size from 1.1-fold to 0.6-fold as compared 
to those treated only with IR (P=0.04; Fig. 2A and B). 
These observations were supported by the MTT assay 
results, wherein a significant reduction in organoid viability 
following butyrate and IR combination treatment was 
observed (Fig. 2C). As cancer consists of both tumorigenic 
and non-tumorigenic cancer cells, to further evaluate the 
antitumor effect of butyrate, the number of tumor organoids 
in the second passage were counted after PDO splitting. A 

Figure 3. Butyrate does not affect sensitivity of normal-PDOs. (A) Morphology and (B) organoid size (n=3) of normal-PDO #8 irradiated thrice with 5 Gy with 
or without butyrate. Scale bar, 400 µm. (C) MTT cell viability assay of organoids described in A (n=3). (D) Image of organoids after the second passage. Scale 
bar, 400 µm. Data are presented as mean ± standard error of the mean. ns, not significant; PDO, patient‑derived organoid; IR, irradiation.
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total of 3 days after splitting, the number of formed tumor 
organoids significantly decreased after butyrate and IR treat-
ment compared with that in the IR-only treatment group 
(Fig. 2D). These results suggested that butyrate enhances the 
effect of radiation on CRC organoids. To further elucidate if 
the loss of cell viability after butyrate and IR exposure was 
accompanied by changes in cell cycle arrest, the degree of 
EdU incorporation was measured by flow cytometry and it 
was identified that 12% of the cells were in the S phase after 
IR treatment, while only 5% were in the S phase after combi-
nation treatment (P=0.003; Fig. 2E).

The effect of butyrate on the growth of CRC-PDOs was 
then evaluated. Organoids after treatment with butyrate and 
IR had a significantly lower number of Ki‑67+ cells than those 
treated with IR alone (P=0.005; Figs. 2F and S4A). To investi-
gate the effects of butyrate on radiation-induced DNA damage, 
γ-H2AX was analyzed by western blotting and it was identi-
fied that combination treatment with butyrate and radiation 
resulted in higher levels of γ-H2AX compared with radiation 
alone at 6 and 24 h post-RT (Fig. S4B). After irradiation, 

18.3% of the cancer organoids were positive for γ-H2AX foci, 
whereas the combination treatment induced 58.6% of organ-
oids to form γ‑H2AX foci, indicating a significantly greater 
number of DSB (P<0.001; Fig. 2G).

Next, to evaluate the cellular response to radiation, the 
levels of apoptosis-related proteins were analyzed. The levels 
of c-PARP and c-caspase 3, which are considered hallmarks 
of apoptosis, were increased after IR and butyrate treatment 
relative to the respective levels after IR treatment alone. 
Moreover, p-JNK levels were increased after combination 
treatments. There were no changes in the expression levels of 
p‑p38 (Fig. 2H). These findings suggest that butyrate acts as a 
radiosensitizer in CRC-PDO.

Butyrate does not act as a radiosensitizer in normal‑PDO. 
To evaluate the safety of butyrate, the response of butyrate 
in normal-PDOs was further investigated. Although the 
organoid size was reduced after irradiation, butyrate protected 
normal-PDOs from the damaging effects of IR (Fig. 3A and B). 
The MTT assay and second passage supported these results 

Figure 4. Radiosensitizing effects of butyrate are dependent on glucose concentration. (A) Lactate levels in CRC-PDO #7 grown in low- or high-glucose 
conditions (n=3). (B) CRC-PDO #7 grown in low- or high-glucose conditions irradiated thrice with 5 Gy with or without butyrate. Scale bar, 400 µm. (C) MTT 
cell viability assay of organoids described in (B) (n=3). (D) Image of organoids after the second passage. Scale bar, 1,000 µm. (E) Fluorescence microscopy 
images of EdU incorporation in CRC-PDO #7 cultured under low- or high-glucose conditions *P<0.05, **P<0.01. Scale bar, 200 µm. Blue, DAPI; red, EdU. 
CRC, colorectal cancer; PDO, patient-derived organoid; IR, irradiation.
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(Fig. 3C and D), thus suggesting that butyrate does not affect 
the radiosensitivity in normal-PDO.

Butyrate enhances radiosensitivity via the Warburg effect. 
Butyrate has previously been shown to selectively suppress 
proliferation of cancer cell lines due to the difference in 
the Warburg effect between normal colon cells and colon 
cancer cells (37). Thus, to test whether the Warburg effect 
may account for the differential radiosensitizing effects of 
butyrate, the Warburg effect in CRC-PDOs was inhibited by 
changing the culture media from high-glucose (3.151 g/l) to 
low-glucose (1 g/l). Under these conditions, glucose levels 
were too low to support aerobic glycolysis, as evidenced by the 
detection of negligible levels of lactate, i.e., the end-product 
of glycolysis (P=0.01; Fig. 4A). Without the Warburg effect 
in the low-glucose condition, butyrate no longer affected the 
organoid size and viability after irradiation (Fig. 4B and C). 
In addition, the number of second passage organoids formed 
did not change after IR and butyrate treatment under the 
low-glucose condition (Fig. 4D). As shown by EdU staining, 
the proportion of S phase cells was reduced after IR and 
butyrate treatment in high-glucose medium (P<0.001), but not 
in low-glucose medium (Fig. 4E). These results demonstrate 
that butyrate increases radiosensitivity in CRC-PDOs in a 
Warburg effect-dependent manner.

Butyrate regulates radio responses via FOXO3A in 
CRC‑PDOs. To investigate the mechanism of the potential 
effects elicited by butyrate on radiosensitivity, the present 

study focused on transcription factors that regulate cell cycle 
genes. In particular, the influence of the transcription factor 
FOXO3A was examined, as a previous study suggested that 
butyrate regulates its transcriptional activity through HDAC 
inhibition (29). Treatment of CRC-PDOs with a FOXO inhibitor 
rescued the radiosensitizing effect of butyrate in CRC-PDOs 
(P<0.001; Fig. 5A and B). In addition, the MTT assay showed 
that the significant reduction in organoid viability following 
combination treatment, was also rescued by the FOXO inhib-
itor (P=0.03; Fig. 5C) along with the organoid-regenerating 
capacity analyzed by passaging (Fig. 5D). The FOXO inhibitor 
also reversed the proliferation inhibitory effects of butyrate 
after irradiation (P<0.001; Fig. 5E). RT-qPCR was conducted 
to examine the expression levels of cell cycle-related genes 
regulated by FOXO3A, namely GADD45, p21, and p57 (38,39). 
Results show that butyrate and IR increased the mRNA 
expression levels of GADD45 (P<0.001), p21 (P<0.001) and 
p57 (P<0.001) in CRC-PDOs, which were all decreased after 
treatment with the FOXO inhibitor (Fig. 5F). These findings 
suggest that butyrate increases radiosensitivity through induc-
tion of p21, p57, and GADD45 regulated by FOXO3A.

Radiosensitizing effect of butyrate is dependent on FOXO3A 
expression in CRC‑PDOs. Although there was an overall 
reduction in organoid size following combined butyrate and 
IR treatment, no difference was observed in some cases (here-
after referred to as non-responsive CRC-PDOs; Fig. 6A). EdU 
staining was, therefore, performed to compare the proliferative 
capacity of responsive and non-responsive CRC-PDOs. After 

Figure 5. Butyrate sensitizes CRC-PDOs through FOXO3A. (A) Morphology and (B) organoid size (n=3) of CRC-PDO #7 treated with IR and butyrate, with 
or without a FOXO inhibitor. Scale bar, 200 µm. (C) MTT cell viability assay of organoids described in (A) (n=3). (D) Image of organoids after the second 
passage. Scale bar, 400 µm. (E) Left: Fluorescence microscopy images of organoids treated with IR and butyrate with or without a FOXO inhibitor. Blue, 
DAPI; red, Ki-67. Right: Statistical analysis representing Ki-67-positive organoids (n=3). (F) Cell cycle-related gene expression levels in CRC-PDO #7 treated 
with IR and butyrate with or without a FOXO inhibitor analyzed by reverse transcription-quantitative PCR. The level of the target mRNA was normalized 
to that of GAPDH mRNA (n=3). Data are presented as mean ± standard error of the mean. *P<0.05, **P<0.01. CRC, colorectal cancer; PDO, patient-derived 
organoid; IR, irradiation.
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treatment with butyrate and IR, the non-responsive CRC-PDO 
group had more EdU-incorporated cells than the responsive 
CRC-PDO group (P<0.001; Fig. 6B). Moreover, responsive 
CRC-PDOs, and their original tissues, showed stronger nuclear 
staining for FOXO3A than non-responsive-CRC-PDOs 
(Fig. 6C). Western blot analysis further showed that all five 
responsive CRC-PDO cases exhibited increased expression 
of FOXO3A compared with the non-responsive CRC-PDOs 
(Fig. 6D), and the intensity of FOXO3A expression was signifi-
cantly increased compared with that in the three non-responsive 
CRC-PDO (P=0.0084; Fig. 6E). RT-qPCR analysis further 
showed that butyrate and IR combination treatment did not 
affect the expression levels of p21 (P<0.001), p57 (P<0.001) 
or GADD45 (P=0.048) in non-responsive CRC-PDOs in 
contrast to the effects observed in responsive CRC-PDOs 
(Fig. 6F). These results suggest that the radiosensitizing effect 

of butyrate may be dependent on the level of FOXO3A expres-
sion in CRC-PDOs.

Discussion

The present study demonstrated that butyrate has a potent 
radiosensitizing effect on CRC-PDOs by increasing FOXO3A 
transcriptional activity and inducing cell cycle arrest regu-
lated by p21, p57 and GADD45. However, butyrate protects 
against IR-induced damage in normal colon PDOs. To the best 
of our knowledge, this is the first study to suggest a role for 
butyrate in regulating the radio response and cellular function 
in CRC-PDOs. Previously, the underlying mechanism respon-
sible for the anticancer function of butyrate was reportedly 
associated with mediating HDAC-dependent transcription 
activation (40,41). In the normal colon, butyrate is used as an 

Figure 6. Radiosensitizing effects of butyrate are dependent on FOXO3A expression level in CRC-PDOs. (A) Images of CRC-PDO #7 irradiated thrice with 
5 Gy with or without butyrate. Scale bar, 200 µm. (B) Fluorescence microscopy images of EdU incorporation into responsive-CRC-PDO #7 and non-respon-
sive‑CRC‑PDO #11 after irradiation with butyrate. Scale bar, 200 µm. Blue, DAPI; red, EdU. (C) IHC and fluorescence microscopy images of FOXO3a in 
tissues, responsive‑CRC‑PDO #7 and non‑responsive‑CRC‑PDO #11. Immunohistochemistry scale bar, 50 µm; fluorescence microscopy scale bar, 100 µm. 
Blue, DAPI; red, FOXO3A. (D) Protein expression of FOXO3A in the nuclear fraction of CRC-PDO. Lamin-B served as a marker for the nuclear fraction. 
(E) Box‑and‑whisker plots of FOXO3A expression in five cases of responsive‑CRC‑PDO and three cases of non‑responsive‑CRC‑PDO. (F) CRC‑PDO #7 was 
harvested at 24 h and analyzed by reverse transcription-quantitative PCR for cell cycle-related genes. The expression level of the target mRNA was normalized 
to that of GAPDH mRNA (n=3). Data are presented as mean ± standard error of the mean. *P<0.05, **P<0.01. CRC, colorectal cancer; PDO, patient-derived 
organoid; IR, irradiation; IHC, immunohistochemistry.



PARK et al:  BUTYRATE IMPROVES RADIOTHERAPY EFFICACY1316

energy source. However, since cancer cells rely on glucose 
as an energy source, butyrate accumulates in the nucleus to 
inhibit proliferation, thus inducing apoptosis only in cancer 
cells (13,37,42,43). Hence, targeting tumor metabolism has 
been described as a potential strategy for clinical applica-
tions (43,44). This specificity makes butyrate particularly 
attractive as a novel candidate radiosensitizer, as it would have 
minimal adverse effects on normal cells.

The present study further demonstrated that certain 
CRC-PDOs found to be non-responsive to butyrate and 
IR combination treatment had relatively lower expression 
levels of FOXO3A compared with responsive CRC-PDOs. 
Although responsive CRC-PDOs exhibited higher expression 
of FOXO3A compared with those non-responsive, variable 
expression was observed in both groups, highlighting the 
heterogeneity of patient samples that causes natural variation 
attributable to unique patient characteristics. Nevertheless, 
since butyrate appears to enhance radiosensitivity through 
FOXO3A, its expression may serve as a potential biomarker to 
predict the effectiveness of butyrate on radiotherapy.

FOXO transcription factors are emerging as critical 
transcriptional integrators among pathways regulating differ-
entiation, proliferation, survival and the cell cycle (45-47). 
A previous study suggested that AZD6244 enhances the 
expression of FOXO3A, and suppresses colon cancer cell prolif-
eration (48), while others reported that FOXO3A enhances the 
radiosensitivity of cancer cells through regulation of apoptosis 
and AMP-activated kinase (AMPK) signaling (49,50). Thus, 
FOXO3A is a vital regulator enhancing radiosensitivity. The 
present study further found that the cell cycle-related genes 
regulated by FOXO3A (p21, p57 and GADD45) were involved 
in the mechanism through which butyrate inhibits cell growth, 
and cell cycling in CRC-PDOs. These genes have been shown 
to negatively regulate the cancer cell cycle (41-43). Moreover, 
GADD45α inhibits the nitric oxide-regulated cytoplasmic 
localization of APE1, thereby enhancing the radiosensitivity of 
cervical cancer cells (51); while the negative regulation of p57 
by miRNA221/222 may also contribute to radioresistance (52). 
Therefore, butyrate enhanced radiosensitivity by inhibiting 
HDAC and the FOXO3A/p21, p57 and GADD45 axis.

It was identified that butyrate enhanced the radiosensitivity via 
the Warburg effect. However, only the lactate levels in CRC-PDO 
were examined. AMPK negatively regulates the Warburg effect 
in cancer cells and suppresses the growth of tumors in vivo (53). 
Hence, it is necessary to evaluate other signaling pathways, such 
as AMP-activated kinase activation. Additionally, FOXO3A was 
recently shown to be negatively correlated with the expression of 
a number of glycolysis-associated genes and to inhibit glucose 
metabolism and tumor cell proliferation in melanoma (54). 
Furthermore, transcriptional activation of FOXO3A inhibits the 
Warburg effect in glioblastoma cells (55). Together these studies 
suggest that FOXO3A is associated with the Warburg effect, 
which warrants further investigation.

Cancer cell lines have long served as the primary work-
horse model in radiobiology research. Indeed, some of the 
most well-known radiosensitizers such as 5-FU, curcumin 
and docetaxel (56-58) were discovered in cancer cell lines; 
however, these effects were not reproduced in patients. These 
inconsistent results are due to the highly heterogenous nature 
of tumors, which are composed of a mixture of sub-clones 

and various cell types, a characteristic that is not accurately 
reflected in cancer cell lines. Thus, our PDO culture system 
can be exploited for functional studies on radio responses 
within individual patients that cannot be achieved by cell lines 
or animal studies. Hence, we propose that PDOs will be a 
valuable tool for directly testing the radiosensitivity of a tumor 
in a personalized treatment approach.

Herein, it was demonstrated that 1 mM butyrate sensitizes 
CRC organoids to the cytotoxic effects of radiotherapy, while 
eliciting normal cell-protective effects. However, higher 
concentrations of butyrate have limited applications due to 
toxicity on normal intestinal cells (37). Hence, it is necessary 
to evaluate the optimal dose before butyrate is used in clinical 
settings as a radiosensitizer.

In conclusion, the results of the present study suggest 
that butyrate suppresses proliferation of three-dimensional 
CRC organoids and enhances radiation-induced cell death in 
CRC organoids through FOXO3A. However, butyrate does 
not increase radiation-induced cell death after irradiation in 
normal organoids. Thus, it may enhance the efficacy of radio-
therapy while protecting the normal mucosa.
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