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1 | INTRODUCTION

In the normal intestine, hierarchal stem cell plasticity plays an im-
portantrole in both radiation sensitivity and tissue regeneration after

irradiation.! Two types of epithelial stem cells have been identified:

Abstract

Most colorectal cancers (CRCs) are differentiated adenocarcinomas, which maintain
expression of both stemness and differentiation markers. This observation suggests
that CRC cells could retain a regeneration system of normal cells upon injury. However,
the role of stemness in cancer cell regeneration after irradiation is poorly understood.
Here, we examined the effect of radiation on growth, stemness, and differentiation in
organoids derived from differentiated adenocarcinomas. Following a sublethal dose
of irradiation, proliferation and stemness markers, including Wnt target genes, were
drastically reduced, but differentiation markers remained. After a static growth phase
after high dose of radiation, regrowth foci appeared; these consisted of highly pro-
liferating cells that expressed stem cell markers. Radiosensitivity and the ability to
form foci differed among the cancer tissue-originated spheroid (CTOS) lines examined
and showed good correlation with in vivo radiation sensitivity. Pre-treating organoids
with histone deacetylase inhibitors increased radiation sensitivity; this increase was
accompanied by the suppression of Wnt signal-related gene expression. Accordingly,
Wht inhibitors increased organoid radiosensitivity. These results suggested that only a
small subset of, but not all, cancer cells with high Wnt activity at the time of irradiation
could give rise to foci formation. In conclusion, we established a radiation sensitivity
assay using CRC organoids that could provide a novel platform for evaluating the ef-

fects of radiosensitizers on differentiated adenocarcinomas in CRC.
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active and quiescent/reserve intestinal stem cells (ISCs).2 Active ISCs
are major contributors to epithelial homeostasis, but they are highly
susceptible to injury. Reserve ISCs are resistant to stress, but when
active ISCs are perturbed they become activated and give rise to

active 1SCs.% Previous reports have indicated that normal intestinal

Abbreviations: APC, adenomatous polyposis coli; CRC, colorectal cancer; CSC, cancer stem cell; CTOS, cancer tissue-originated spheroid; DDR, DNA damage response; HDAC, histone
deacetylase; ISC, intestinal stem cell; pH2AX, phospho-histone H2A.X; PORCN, porcupine homolog; SAHA, suberoylanilide hydroxamic acid; SCP, spheroid control probability; TSA,
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epithelial cells exhibit high plasticity for regeneration upon radiation
injury.

CSCs are defined as a small subset of cells within tumors that
are capable of self-renewal, differentiation to non-CSCs, and tu-
morigenicity. Recent studies have shown that non-CSC and CSC
populations exhibit considerable plasticity, which supports the
notion that bidirectional conversions can occur between these
2 compartments.* Most colorectal cancers (CRCs) are differenti-
ated adenocarcinomas.® Thus, CRCs might preserve the original
plasticity of stem cells in their hierarchy.® However, the role of
stem cell plasticity in CRC radiosensitivity is poorly understood
due to the lack of an in vitro model system. Indeed, most estab-
lished cancer cell lines lose their original hierarchal differentia-
tion.” Recently, organoid cultures have been developed based on
both normal intestinal epithelial cells and CRC cells.®° Organoid
cultures can facilitate the investigation of stemness in the differ-
entiation hierarchy induced in vitro.}! We previously developed
an efficient method for the preparation and culture of spheroids
from primary CRC tissues; we named these spheroids CTOSs.8
The main principle of the CTOS method is to maintain cell-cell
contact throughout the preparation and culture process. CTOSs
were able to preserve the differentiation status of original CRC
tumor cells, and they also displayed tumorigenic capacity.®*?
We recently reported that CRC CTOSs showed plasticity in their
stemness properties following mechanical disruption and refor-
mation into three-dimensional structures.'® Reformed spheroids
displayed activated Wnt signaling; moreover, suppression of
the canonical Wnt pathway resulted in an attenuation of the in-
creased stemness observed following mechanical disruption.

In the present study, we established a radiation sensitivity
assay using CTOSs. We observed that a small subset of radiore-
sistant cells emerged as foci following irradiation with sublethal
doses. The pre-treatment of CRC CTOSs with histone deacetylase
(HDAC) inhibitors diminished CTOS regrowth following irradia-
tion, accompanied by the suppression of Wnt signal-related gene
expression and impaired DDR. An active status of Wnt signaling
was thus critical for CTOS regrowth at the time of irradiation
and, therefore, Wnt inhibition sensitized CRC CTOSs to X-ray
irradiation.

2 | MATERIALS AND METHODS
2.1 | Patient samples and CTOS culture

The use of human tumor tissue-derived cancer cells was conducted
in accordance with protocols approved by the institutional Ethics
Committees at the Osaka International Cancer Institute (1803125402)
and Kyoto University (R1575). Surgical specimens or biopsy sam-
ples were obtained from Osaka International Cancer Institute, with
informed consent. CTOS preparation was performed as previously
described &

2.2 | CTOS regrowth assay

For the CTOS regrowth assay, CTOSs were embedded in Matrigel
Growth Factor-Reduced (GFR) (BD Biosciences) and irradiated using
the AB-160 irradiator (AcroBio). A detailed protocol is described in
Supplementary Materials and Methods.

2.3 | Animal studies

The animal studies were approved by the Institutional Animal Care
and Use Committee of Osaka International Cancer Institute and per-
formed in compliance with institutional guidelines. A detailed proto-
col is described in Supplementary Materials and Methods.

2.4 | Immunohistochemistry, in situ
hybridization, and western blotting

Immunohistochemistry and western blots were performed as
previously described.}*'®> Detailed protocols for immunohisto-
chemistry, western blots, and in situ hybridization are described in

Supplementary Materials and Methods.

2.5 | RT-PCR

RT-PCR was performed as previously described.> The GeneAmp
PCR System (Thermo Fisher Scientific) was used for semi-quantita-
tive PCR, and the Step One Real-Time PCR System (Thermo Fisher
Scientific) and the Fast SYBR Green Master mix for real-time PCR.
The primer sequences are shown in Table S1. Gene expression was
normalized to the B-actin signal to calculate relative expression levels,
using the 2AACq method.'® All data are expressed as the mean + SD

of 3 replicates.

2.6 | Microarray analysis

Microarray hybridizations were performed at Hokkaido System Science
using SurePrint G3 Human GE 8x60K v.2.0 (Agilent Technologies).
Microarray data are available from the NCBI Gene Expression Omnibus
with accession number GSE139995. Gene set enrichment analysis and
gene ontology (GO) analyses were performed using the default settings.!”

2.7 | Reagents

Trichostatin A was purchased from FUJIFILM Wako Pure Chemical
Corporation. SAHA (Vorinostat) and XAV939 were purchased from
Selleck Chemicals. All reagents were used at a final concentration
of 1 pmol/L.
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FIGURE 1 Focal regrowth of colorectal cancer organoids after high-dose X-ray irradiation. A, Experimental design. CTOSs were
passaged for 1-3 d before the indicated timeline. Day -7: C45 CTOSs were embedded in Matrigel GFR and pre-cultured for 7 d; Day O: cells
were X-ray irradiated. Cells were allowed to regrow until Day 21. B, Relative growth of C45 CTOSs after X-ray irradiation. In 9-Gy irradiated
CTOSs, a static phase (green bar) and a regrowth phase (magenta bar) were observed. n = 5; data are the average + SD. C, Phase-contrast
images of 2 representative C45 CTOSs, before (Day 0) and after 9-Gy irradiation. Foci of regrowth are indicated with red asterisks. Scale
bar: 100 um. D, Histological analyses of C45 CTOSs before (Day 0) and after 9-Gy irradiation. Upper panels: H&E staining, lower panels:
immunofluorescence staining with antibodies against the indicated molecules; cl-casp3, cleaved caspase 3. Scale bars: 100 um. E, In

situ hybridization of LGR5in C45 CTOSs irradiated at 9 Gy. Foci of regrowth are indicated with red asterisks. Scale bar: 100 pm. F, Semi-
quantitative RT-PCR of genes involved in intestinal stemness and differentiation. C45 CTOSs were irradiated at 9 Gy, and RNA was collected
on the indicated days
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FIGURE 2 Spheroid control probability (SCP) in 4 CTOS lines. A, Experimental design. CTOSs were passaged for 1-3 d before the
indicated timeline. Day -1: CTOSs were pre-cultured in Matrigel GFR overnight; Day 0: CTOSs were X-ray irradiated. CTOSs were allowed
to regrow for 14 d. B, Dose-response curves show the SCP of 4 different CTOS lines, where SCP (%) = 100%, the percentage of CTOSs that
regrew more than 5-fold compared with their size on Day 0. The doses that achieved half maximal spheroid control (SCD,) are indicated in
each graph. C, Kaplan-Meier analysis of tumor growth over 4 times more than the pre-irradiated sizes after indicated doses of irradiation for
4 CTOS lines, n = 4-6. P-values for entire group and pairwise comparisons between O Gy irradiation group are shown. D, Relative regrowth
(Day 14 size/Day 0 size) of 5 clones of C45 CTOSs that were not controlled with irradiation. (Left panel) Five CTOSs (C3, C5, D1, G1, G4) that
regrew more than 5-fold after irradiation were (center panel) expanded in vitro, re-plated, and irradiated again at 9 Gy. (Right panel) Relative

regrowth after the second irradiation

2.8 | Statistical analysis

Statistical analyses were performed using GraphPad Prism 6
(GraphPad Software). The statistical significance between 2 groups
was tested using the Mann-Whitney test. Regrowth rates of sphe-
roids were compared using the chi-square test. Kaplan-Meier analy-
sis of tumor growth was analyzed by log-rank Mantel-Cox test. A

P-value < .05 was taken to indicate statistical significance.

3 | RESULTS

3.1 | Effect of radiation on CTOS growth, stemness,
and differentiation

We first examined the time course of CTOS growth after irradia-
tion, with the C45 line of CTOSs. Briefly, CTOSs were pre-cultured
for 7 d, then irradiated at 1 of 4 different doses (2.5, 5.0, 7.5, or
9 Gy; Figure 1A,B). The retardation of CTOS growth occurred in a
dose-dependent manner. After 9-Gy irradiation, CTOS size remained
constant for about 14 d (static phase), then their size continued to
increase at a rate similar to that seen with non-irradiated CTOSs
(regrowth phase; Figure 1B). Phase-contrast imaging revealed that
budding structures, with high transparency, emerged from the outer
edge of the spheroids, at the turning point from the static to the
regrowth phase (Day 14; Figure 1C).

Histological analyses revealed that the outer layer of the non-ir-
radiated CTOSs at Day O was filled with PCNA-positive proliferating
cells, which disappeared almost completely in the static phase, on
Day 7 after 9-Gy irradiation (Figure 1D). At the beginning of the re-
growth phase (Day 14), foci of proliferating cells reappeared in the
irradiated CTOSs. Apoptotic cells, stained with antibodies against
cleaved caspase-3, were scattered over the entire CTOS after irra-
diation. We next stained CD44v9, a putative marker of cancer stem-
like cells.'® CD44v9 expression was partially reduced on Day 1 and
had almost completely disappeared in the static phase, but then re-
appeared in the budding structure on Day 14 (Figure 1D). Similarly,
the transcripts of another stem cell marker, LGR5,Y first increased
on Day 1, completely disappeared by Day 7, and then finally reap-
peared in the budding structure on Day 14 (Figure 1E). Next, we
examined the differentiation status following irradiation. The C45
CTOS line preserved the histological characteristics of a differen-
tiated adenocarcinoma. The spheroids displayed luminal structures
lined with an absorptive cell maker, AQP8 2° (Figures 1D and S1A).

Some cells expressed other differentiation markers including synap-
tophysin, for endocrine cells,?* and MUC2, for goblet cells 2 (Figure
S1A). The luminal structures lined with AQP8 were maintained fol-
lowing irradiation (Figure 1D).

We next examined the expression of stemness/differentiation
marker genes in whole C45 CTOSs, using RT-PCR (Figure 1F). The
expression of stemness genes, such as LGR5,19 LRIGl,23 and EPHBS’,24
were downregulated following 9-Gy irradiation; their expression
then increased at the point that regrowth started (Day 14). In con-
trast, the expression levels of the differentiation marker genes AQP8,
CA2,%> and MUC2 were maintained throughout the static phase, and
then AQP8 and CA2 expression increased.

These results indicated that, in C45 CTOSs, proliferation and
stemness properties were drastically decreased following 9-Gy ir-
radiation, but differentiation was maintained. After the static phase,
regrowth foci appeared; these consisted of proliferating cells that
expressed stem cell markers.

3.2 | CTOS regrowth after irradiation

To quantify the formation of regrowth foci, we used smaller
CTOSs compared with those used in the experiments shown in
Figure 1. In this setting, the foci appeared only in some CTOSs,
following irradiation at relatively high doses. Therefore, we esti-
mated foci formation based on the frequency of CTOS regrowth.
CTOSs were plated at 1 CTOS per well in 96-well plates. Following
overnight pre-culture (Figure 2A), CTOSs were irradiated at the
indicated doses and cultured for an additional 14 d (Figure S2A).
We used 3 CTOS lines, in addition to C45, to examine differences
in radiosensitivity between the lines. The clinical information of
CTOS lines are listed in Table S2. First, we evaluated the size of
each CTOS (Figure S2B). We defined a 5-fold increase in size as the
threshold for identifying CTOS regrowth after irradiation. Next,
we assessed spheroid control probability (SCP), ie, the number of
CTOSs that did not regrow at each dose, expressed as a percent-
age of the number of all CTOSs examined. The SCP for each CTOS
line is shown in Figure 2B. The half maximal dose for achieving
complete control (SCD.) differed among CTOS lines. We found
that CTOS lines with a high SCD,, showed relatively less retar-
dation of tumor growth after irradiation in vivo (Figure 2C). The
growth of each CTOS in Figure 2B is plotted in Figure S2B. These
results highlighted the diversity of radiosensitivity among the cells

in each CTOS line, even irradiated at the same dose.
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Foci formation, which was observed in 3 lines with higher dose
irradiation (Figure S1B), suggested clonal expansion; therefore, we
examined whether the C45 CTOSs that regrew following 9-Gy irra-
diation originated from specific clones that had a fixed radioresistant
phenotype. We selected 5 CTOSs that regrew following 9-Gy irra-
diation and individually expanded each one. Then, each CTOS was
plated into 1 well of a 96-well plate, and the expanded clones were
irradiated. We found that each CTOS clone showed radio-resistance
similar to that displayed by the C45 CTOSs following their first irra-
diation (Figure 2D). This result indicated that the cells in the foci that
regrew did not have a fixed resistance, instead their resistance was

transient and plastic.

3.3 | Mechanical disruption increased CTOS
regrowth after irradiation

The plasticity of stem cells in their hierarchy plays an important role
in the radiation sensitivity of the normal intestine.! Therefore, we
investigated whether stemness plasticity played a role in CTOS radi-
osensitivity. We previously reported that disruption of the 3D archi-
tecture of CTOS, including the C45 and CB3, by a shearing force of
passing through a syringe needle increased the stemness of CRC cells
during the CTOS reformation process. Wnt signaling played a role
in the gain of stemness.!’® We examined the frequency of CTOS re-
growth following 9-Gy irradiation in disrupted CTOSs. We compared
“non-disrupted (ND)” CTOSs, which were cultured in suspension for
7 d after periodic passaging, with “disrupted CTOSs (D)”, which were
cultured for 24 h following mechanical disruption'® (Figure 3A). The
frequency of CTOS regrowth following 9-Gy irradiation was sig-
nificantly higher among the disrupted CTOSs than among the ND
CTOSs (Figure 3B-D). However, the growth of CTOSs was about the
same between disrupted and ND CTOS when they were cultured in
Matrigel without irradiation (Figure 3E). These results indicated that

mechanical disruption increased the radio-resistance of CTOS.

3.4 | HDAC inhibitors suppressed CTOS regrowth
following irradiation

Numerous studies have demonstrated that histone deacetylase
(HDAC) inhibitors can modulate cellular responses to other cyto-
toxic modalities, including ionizing radiation.?® Therefore, we next
applied a radiosensitivity assay to assess the radiosensitizing ef-
fect of HDAC inhibition. C45 and CB3 CTOSs were first disrupted
and then pre-treated overnight with HDAC inhibitors, either tri-
chostatin A (TSA) or suberoylanilide hydroxamic acid (SAHA, vori-
nostat). At 2 h following the removal of the reagents, CTOSs were
irradiated at 9 Gy (Figure 4A). We found that pre-treatment with
HDAC inhibitors heavily suppressed CTOS regrowth following
X-ray irradiation (Figures 4B and S3A). Pre-treatment with HDAC
inhibitors alone had no effect on the growth of non-irradiated
CTOSs (Figure 4C).

Histone deacetylases are reported to be involved in the DDR?28;

therefore, we investigated the effect of HDAC inhibition on DDR
following irradiation. The phosphorylation of DDR molecules, such
as BRCA1, p53, and CHK1, was abolished in CTOSs pre-treated
with TSA (Figure 4D and S3B). Indeed, H2AX phosphorylation, an
indicator of the DNA double-strand break response,29 increased in
duration and intensity in CTOSs pre-treated with TSA (Figure 4D-
F). Histone acetylation levels were markedly increased in CTOSs fol-
lowing overnight treatment with HDAC inhibitors. However, at the
time of irradiation, 2 h after the reagents were washed out, histone
acetylation had returned to basal levels (Figure 4G). These results
suggested that the increase in radiosensitivity might not have been
simply due to a relaxed chromatin structure.®® Taken together, our
results suggested that one of the mechanisms of action for HDAC
inhibition in CTOSs was the suppression of the DDR, as previously

shown in conventional cell lines.3!

3.5 | HDAC inhibitors targeted Wnt signaling

Based on our finding that pre-treatment with HDAC inhibitors
sensitized CTOSs, we speculated that the radiosensitivity of each
cell might be determined at the time of irradiation. To examine
the effect of HDAC inhibitors on gene expression, we performed
a microarray analysis with CTOSs pre-treated with TSA, without
irradiation. GO analyses revealed that genes related to DNA re-
pair and the G2M checkpoint were highly downregulated in CTOSs
pre-treated with TSA, as previously reported (Figure 5A).3%%% In
addition, we observed increased expression of intestinal differen-
tiation genes, such as the genes involved in protein secretion and
fatty acid oxidation.

Although Wnt did not appear in the top-10 list of the GO analysis,
we focused on Wnt target genes, because we had previously reported
that mechanical disruption of CRC CTOSs increased CTOS stemness,
partly due to the activation of Wnt signaling.*® A gene set enrichment
analysis showed significant enrichment of Wnt target genes in CTOSs
treated with DMSO compared with these genes in CTOSs treated with
the HDAC inhibitor (Figure 5B). A real-time RT-PCR analysis revealed
that the expression levels of the Wnt target genes LGR5, ASCL2, and
CDX1%* were downregulated in CTOSs pre-treated with TSA or SAHA
(with the exception that CDX1 expression was not affected in CB3
CTOSs treated with SAHA; Figure 5C). These results indicated that
pre-treatment with HDAC inhibitors suppressed the expression of
genes involved in both DNA repair and the Wnt pathway.

3.6 | Wnt signaling is necessary for CTOS regrowth
after radiation

We examined whether Wnt signaling played a critical role in increas-
ing the frequency of regrowth among disrupted CTOSs. Disrupted
and ND CTOSs were pre-treated overnight with a tankyrase inhibitor,
XAV939. Treatment with 1 uM of XAV939 upregulated AXIN2 protein
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FIGURE 3 Mechanical disruption promoted radio-resistance in CRC CTOSs. A, Experimental design. Day -8: CTOSs were mechanically
disrupted (non-disrupted group). Day -2: CTOSs were mechanically disrupted (disrupted group). Day -1: CTOSs were pre-cultured in
Matrigel GFR overnight; Day 0: CTOSs were irradiated at 9 Gy. CTOSs were allowed to regrow for 14 d. B, Phase-contrast images of
mechanically disrupted (D) or non-disrupted (ND) C45 CTQOSs before (Day 0) and 14 d after irradiation at 9 Gy. The red boxes indicate
uncontrolled CTOSs. C, Quantitative analysis of the experiments shown in panel B for CTOS C45 and CB3 lines. Relative growth on Day 14
is shown for all cells in each CTOS (n = 48). D, Percentages of controlled or uncontrolled cells in the CTOSs shown in panel C. E, Relative
growth of non-irradiated CTOSs that were disrupted (D) or non-disrupted (ND) (n = 6 each)
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level (Figure S4A). After the XAV939 was washed out, the CTOSs
were irradiated with 9 Gy (Figure 6A). We found that the increased

frequency of regrowth in disrupted CTOSs was diminished by pre-

treatment with the Wnt inhibitor (Figure 6B). Pre-treatment alone
had no effect on the growth of non-irradiated CTOSs (Figure 6C).

Pre-treatment with a porcupine homolog inhibitor, IWP-2, tended to

show similar effect to XAV939, although not statistically significant
(Figure S4B).

The Wnt pathway reportedly affects the DDR®?, therefore we
examined changes in DDR-related molecules. We found that the
phosphorylation of DDR molecules was marginally suppressed in
CTOSs pre-treated with the Wnt inhibitor (Figure 6D). In CTOSs
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FIGURE 4 HDAC inhibitor pre-treatment abolished CTOS regrowth following 9-Gy irradiation. A, Experimental design. Day -2: CTOSs
were disrupted. Day -1: Disrupted CTOSs were embedded in Matrigel GFR and pre-treated with DMSO, 1 pmol/L TSA, or 1 pmol/L SAHA
overnight. (Day 0) After removing the reagents, CTOSs were cultured in fresh medium for 2 h, then irradiated at 9 Gy. CTOSs were allowed
to regrow for 14 d. B, Relative growth of C45 CTOS pre-treated without (DMSO, black) or with TSA (green) or SAHA (red) at 14 d after 9-Gy
irradiation (n = 48). C, Relative growth of non-irradiated CTOSs treated without (DMSO, black) or with TSA (green) or SAHA (red) (n = 6). D,
Western blot shows expression of molecules involved in the DNA damage response at different times after irradiation (IR), as indicated, in
C45 CTOSs, pre-treated with DMSO or 1 pmol/L TSA and irradiated at 9 Gy. E, Immunofluorescence images show phospho-H2AX (pH2AX)
expression (red) after 9-Gy irradiation. C45 CTOSs were pre-treated with DMSO or 1 pmol/L TSA. Blue; DAPI. Scale bar = 100 um. F,
Quantitative analysis of the number of pH2AX foci per nuclei shown in panel E. N = 129-302 for each condition; data are the average + SD
G, Western blot showing acetylated histone-H3 levels in C45 CTOSs. CTOSs were pre-treated overnight with DMSO or HDAC inhibitors;

then, cells were collected at O h or 2 h after washing out the reagents

pre-treated with XAV939, H2AX phosphorylation was increased
at 2 h post irradiation compared with that in untreated CTOSs, but
the duration of phosphorylation was nearly the same in both groups
(Figure 6D). Conversely, pre-treatment with XAV939 strongly sup-
pressed the expression of intestinal stemness genes such as LGR5,
LRIG1, ASCL2, and EPHB3, and increased the expression of the dif-
ferentiation genes ALPI,% KRT20,%” FABP1,% and AQP8 (Figure 6E).
These results indicated that the increased sensitivity of CTOS fol-
lowing pre-treatment with a Wnt inhibitor might have been due
to alterations in stemness/differentiation status, rather than alter-
ations in the DDR.

4 | DISCUSSION

We used CRC CTOSs, which retain the differentiation status of the
original differentiated adenocarcinomas,®!? to investigate the na-
ture of regrowth following irradiation. We found that those cells that
expressed stem cell markers mostly disappeared after high doses of
radiation, which indicated that not all stem-like cells contributed to
regrowth following irradiation. After a static phase, regrowth foci
appeared in some CTOSs, which included LGR5-positive and prolif-
erative cells. Regrowth was suppressed by HDAC inhibitors, which
inhibited Wnt pathways as well as the DDR. In addition, Wnt inhibi-
tors suppressed regrowth. These results indicated that the cells that
generated regrowth foci were the cells that showed activated Wnt
signaling at the time of irradiation.

Clonogenic assays have been the standard method used for
evaluating radiosensitivity at the level of individual cells. In this
method, the number of colonies derived from a single cell that
resisted cell death by irradiation are counted, and the ratio of
the number of colonies to the total number of cells examined is
calculated.®” The caveat of any clonogenic assay is that the cells
must be dissociated into single cells at the beginning of the assay.
Therefore, the effect of cell-cell contact on radiation sensitivity
cannot be evaluated using this method. To overcome this lim-
itation, multicellular spheroids have been used for radiosensi-
tivity assays, mostly with conventional, established cell lines.*
However, the growth inhibition of spheroids is not a suitable plat-
form for studying radiosensitivity at the level of individual cells.
In this study, we applied the SCP to our CTOS-based radiosensi-

tivity assay, and focused on the nature of those cells that initiated

regrowth following high doses of radiation, which provided some,
but not complete control.

According to the CSC hypothesis, only the CSC sub-population
of cells is responsible for the initiation and maintenance of a tumor;
therefore, these cells must be eradicated to achieve a cure. Thus, the
SCP can be also defined as the probability of eradicating CSCs with
a given dose of radiation.** We previously reported that mechani-
cal disruption could enhance the stemness, colony forming capacity,
and tumorigenicity of CRC CTOSs, and that increased Wnt activity
played a critical role.® In the present study, we demonstrated that
mechanical disruption increased the ratio of CTOSs that regrew
following high-dose radiation (Figure 3) and that this effect was
prevented following Wnt inhibition (Figure 6), indicating that the
plasticity in the CRC stem cell hierarchy plays a role in the radiation
response.

Histone deacetylase inhibitors are thought to suppress DNA re-
pair genes related to double-strand breaks.*?*® Indeed, as reported,
pre-treating CTOSs with HDAC inhibitors strongly suppressed the
expression of DDR genes (Figure 4). This finding suggested that im-
paired DNA repair was potentially one of the major effects of HDAC
inhibition combined with irradiation (Figures 4 and 5). Conversely,
HDAC inhibitors can reportedly affect Wnt signaling, either posi-

4446 or negatively,*”*® depending on cell context. In this study,

tively
we demonstrated that HDAC inhibitors affected Wnt-related signal-
ing in CRC CTOSs. Wnt signaling regulates stemness and differen-
tiation.*” The expression levels of ISC-related genes such as LGRS,
ASCL2, and CDX1,Y were reduced after treatment with HDAC inhib-
itors (Figure 5C). Considering that inhibiting Wnt signaling decreased
the SCP, we concluded that altering Wnt signaling might be one of
the mechanisms underlying the increased radiosensitivity induced
by HDAC inhibitors.

Thus, we demonstrated that cells that were Wnt-activated
at the time of irradiation were the cells that initiated regrowth.
Whether these cells were CSCs or non-CSCs/differentiated cells
remains to be elucidated. Since cells that expressed LGR5 tran-
siently disappeared following high-dose irradiation, CSCs might
in general be somewhat sensitive to high-dose irradiation, with
just a minor sub-population of Wnt-activated cells being resistant.
Another possibility is that non-CSCs/differentiated cells were the
origin of regrowth. This hypothesis was supported by the finding
that the remaining cells following irradiation expressed differ-

entiation markers in the static phase. After irradiation, a small
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FIGURE 5 Wnt-related genes were downregulated by HDAC inhibitors. A, Microarray analysis results show gene sets in C45 CTOS that
were upregulated or downregulated by TSA pre-treatment. mMRNA samples were collected after the inhibitors were washed out from cells
pre-treated overnight. B, Enrichment plots of gene sets in C45 CTOSs treated as described in A. (Left panel) Genes that showed decreased

expression after deletion of p-catenin®

: (right panel) genes that were upregulated with adenomatous polyposis coli overexpression.’* C,

Real-time PCR analysis results show expression levels of LGR5, ASCL2, and CDX1 in C45 and CB3 CTOSs. CTOSs were pre-treated overnight
with DMSO or HDAC inhibitors; then, washed and incubated for 2 h prior to the PCR assay

fraction of these cells might have dedifferentiated to become
founder cells. Further investigation for understanding the feature
of these founder cells of recurrence could contribute to the devel-

opment of radiosensitization agents for CSCs. As for the clinical

application, it is currently impractical to use Wnt or HDAC inhib-
itors for CRC treatment, meanwhile our results suggest that Wnt
inhibitors could be used as a short-term treatment in combination
with radiation.
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FIGURE 6 Pre-treating CTOSs with Wnt inhibitor prevented CTOS regrowth after 9-Gy irradiation. A, Experimental design. Day -2:
CTOSs were mechanically disrupted (D) or non-disrupted (ND); Day -1: CTOSs were pre-treated overnight with DMSO or 1 pmol/L XAV939.
Day 0O: After removing the reagents, CTOSs were cultured in fresh medium for 2 h, then irradiated at 9 Gy. CTOSs were allowed to regrow
for 14 d. B, Relative growth of C45 and CB3 CTOSs, pre-treated without (DMSO) or with 1 umol/L XAV939, and tested at 14 d after 9-Gy
irradiation (n = 48). C, Relative growth at Day 14 of non-irradiated CTOSs (n = 6), pre-treated without (DMSO) or with 1 pmol/L XAV939. D,
Western blot shows expression of molecules involved in the DNA damage response at different times after 9Gy irradiation (IR). E, Real-time
PCR of marker genes for intestinal stemness or differentiation. Mechanically disrupted C45 and CB3 CTOS were pre-cultured overnight
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controls (black) for each gene. P-values are indicated above each bar. ns; not significant. n = 3; data are the average + SD
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