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Abstract

Background: To assess the radiosensitivity of liver tumors harboring different genetic mutations, mouse liver tumors were
generated in vivo through the hydrodynamic injection of clustered regularly interspaced short palindromic repeat/caspase
9 (CRISPR/Cas9) constructs encoding single-guide RNAs (sgRNAs) targeting Tp53, Pten, Nfl, Nf2, Tsc2, Cdkn2a, or RbI.
Methods: The plasmid vectors were delivered to the liver of adult C57BL/6 mice via hydrodynamic tail vein injection. The vec-
tors were injected into 10 mice in each group. Organoids were generated from mouse liver tumors. The radiation response of
the organoids was assessed using an ATP cell viability assay. Results: The mean survival period of mice injected with vectors
targeting Nf2 (4.8 months) was lower than that of other mice. Hematoxylin and eosin staining, immunohistochemical (IHC) stain-
ing, and target sequencing analyses revealed that mouse liver tumors harbored the expected mutations. Tumor organoids were
established from mouse liver tumors. Histological evaluation revealed marked morphological similarities between the mouse liver
tumors and the generated tumor organoids. Moreover, IHC staining indicated that the parental tumor protein expression pattern
was maintained in the organoids. The results of the ATP cell viability assay revealed that the tumor organoids with mutated Nf2
were more resistant to high-dose radiation than those with other gene mutations. Conclusions: This study developed a radi-
ation response assessment system for mouse tumors with mutant target genes using CRISPR/Cas9 and organoids. The Tp53 and
Pten double mutation in combination with the Nf2 mutation increased the radiation resistance of tumors. The system used in this
study can aid in elucidating the mechanism underlying differential intrinsic radiation sensitivity of individual tumors.
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Introduction

More than 900,000 cases of liver cancer were reported in 2020.
Liver cancer is the sixth most common cancer worldwide and
the second leading cause of cancer-related mortality.'

Various local treatments (including surgery, trans-arterial
chemoembolization (TACE), and radiation therapy) and sys-
temic therapies have been developed and clinically applied
for patients with liver cancer. However, limited studies have
used tumor models targeting specific gene mutations.

Clustered regularly interspaced short palindromic repeat-
caspase 9 (CRISPR-Cas9) is a useful gene editing and genetic
screening tool.>”> CRISPR library screening has enabled the
identification of various oncogenes and tumor suppressors in
different types of cancer.””’ However, the role of tumor sup-
pressor genes in accelerating the formation of liver cancer in
different genetic backgrounds is not clear. Depending on the
genetic background, mutations in tumor suppressor genes
may differentially affect the progression of liver tumors.
TP53 is the most frequently mutated gene in human cancers.
The liver-specific knockout of Pfen promotes lipid accumula-
tion and induces late-onset liver cancer in mice.** Mutations
in TP53 and PTEN have been frequently reported in several
types of human cancers, including human cholangiocarci-
noma.'® Additionally, the double mutation of 7p53 and Pten
generated via hydrodynamic injection of the CRISPR-Cas9
system can cause liver tumors in the mouse model.'" In this
study, mouse models were generated to determine the effect
of mutations in tumor suppressor genes on the acceleration of
liver tumor formation in Tp53~~; Pren™~ genetic background.

Organoid technology, a state-of-the-art cell culture tool, has
revolutionized research on development, regeneration, and
disease. The term “organoid” was previously used to refer to
various three-dimensional culture systems similar to organs
modeled to varying degrees.'*'* Huch et al.'* developed a
culture system of leucine-rich repeat-containing G protein-
coupled receptor 5+ (Lgr5+) murine bile duct stem cell-derived
organoids that can grow indefinitely in vitro. The authors gen-
erated clonal hepatocytes from human epithelial cell adhesion
molecules + (EpCAM+) cells around the adult bile duct."
The aim of organoid research is to describe the developmental
process and the organization of pathological organs in vitro to
develop and test treatment options. The potential utilization of
organoids in various clinical applications, such as disease mod-
eling, regenerative medicine, drug discovery, and personalized

medicine has piqued the interest of the scientific community.
Several studies have demonstrated the application of organoids
in anticancer drug sensitivity tests or radiation sensitivity
tests.'®!7

A method to analyze the genotype of clinical tumor samples
and establish a radiotherapy strategy can be a new direction for
personalized cancer treatment. Recently, personalized treatment
based on the individual characteristics of carcinoma has become
a basic consideration in cancer treatment. The identification of
the type and rate of mutated genes in the cancer tissues is a
shortcut to personalized medicine.

This study identified specific gene mutations that cause an
aggressive liver cancer phenotype using the CRISPR/Cas9
system and evaluated their effects on radiation sensitivity
using organoids derived from the generated mouse liver tumor.

Materials and Methods

Experimental Mice

Male C57BL/6 (aged 8-9 weeks) were purchased from Central
Laboratory Animal Incorporated (Seoul, Korea). All animal
protocols were approved by the Institutional Review Board
(AEC-2017-009, AEC 2018-012). Reporting of this study con-
forms to ARRIVE 2.0 guidelines.'® The animal care protocols
were based on the Guide for the Care and Use of Laboratory
Animals, eighth edition."”

Construction of Plasmids

To generate the CRISPR/Cas9 constructs, the px458 (Addgene
#48138) plasmid that transiently expresses single-guide RNAs
(sgRNAs) and wild-type SpCas9 was used. The sgTp53
sequence was inserted into the px458 plasmid and linearized
using Bbsl. The U6 promoter and the sgPten sequence were
polymerase chain reaction (PCR)-amplified and inserted into
the px458 plasmid encoding 7p53 sgRNA. Next, the U6 pro-
moter and sgRNAs targeting NfI, Nf2, Tsc2, Cdkn2a, or Rbl
were sequentially PCR-amplified and inserted into px458
encoding sgRNAs targeting 7p53 and Pten. All primers used
for cloning are listed in Supplementary Table 1.

Generation of Mouse Liver Tumor Using CRISPR/Cas9

The CRISPR/Cas9 construct was delivered to the liver of adult
C57BL/6 mice using hydrodynamic tail vein injection, which
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can deliver DNA to hepatocytes for transient expression.?’
Plasmid constructs were extracted using the NucleoBond Xtra
Maxi-EF kit (MN). The plasmids (60 pg) were prepared and
diluted in 2 mL saline. The solution was hydrodynamically
injected through the lateral tail vein using a 31-gauge syringe
in 5-7s.2' Plasmids with Tp53+ Pten, Tp53 + Pten+ NfI,
Tp53 + Pten+ Nf2, Tp53 + Pten + Tsc2, Tp53 + Pten + Cdkn2a,
or Tp53 + Pten+ Rb1 sgRNAs were injected into 9-10 mice in
each group. Mice were raised in a clean room to observe the
development of liver tumors. The number of mice required in
each experimental group was determined in a small-scale prelim-
inary study and was based on the number of animals that died
during the experiment and the minimum number of groups
required to obtain the research data. Alfaxalone (60 mg/kg
bodyweight) and xylazine (10 mg/kg bodyweight) were used
as anesthetics for pain relief during euthanization. After the intra-
peritoneal injection, euthanasia was performed via asphyxiation
using carbon dioxide gas.*

Survival Analysis for the Cancer Genome Atlas (TCGA)
Data

Survival analysis and graph preparations were performed using
the R (version 4.2.1) package “survival.”?*2* Mice with Tp53
+ Pten, Tp53+ Pten+ Nfl, Tp53 + Pten+ Nf2, Tp53 + Pten+
Tsc2, Tp53 + Pten+ Cdkn2a, or Tp53+ Pten+ RbI mutations
were subjected to survival analysis. Clinical information on all
tumor types was collected from TCGA. The retrieved informa-
tion was filtered according to 7P53 and PTEN double mutation.
The data on the expression levels of NF1, NF2, TSC2, CDKN2A,
and RBI were collected from the cBioportal database. Survival
analysis was performed according to each target gene by filtering
only clinical information under low expression conditions.

Histological Evaluation and Immunohistochemistry

To perform histological analysis, all the tumor tissues were
fixed with 4% phosphate-buffered formalin, embedded into par-
affin, and sectioned into 4-pum thick sections. The sections were
stained with hematoxylin and eosin and imaged using a light
microscope (Nikon Eclipse 80i; Nikon Corporation; Tokyo,
Japan). The images were analyzed using J program software
(NIH, Bethesda, MD, USA).

To perform immunohistochemical analyses, the tumor tissues
were embedded in paraffin and sectioned into 4-pm thick sec-
tions. The tissue sections were blocked with goat serum for 1 h
and incubated overnight with primary monoclonal antibodies
against Tp53 (1:100, Santa Cruz Biotechnology, CA,
#SC-126), Pten (1:200, Santa Cruz Biotechnology, #SC-7974),
Nf2 (1:150; Santa Cruz Biotechnology, #SC-331), or Yapl
(1:50; Abcam, Cambridge, MA, #ab52771). Next, the sections
were incubated with horseradish peroxidase-conjugated second-
ary antibodies using a diaminobenzidine substrate kit (Dako,
Glostrup, Denmark). All sections were counterstained with
Mayer’s hematoxylin. The histological characteristics of the

tumor tissues were examined using an optical microscope
(Nikon Eclipse 80i; Nikon Corporation, Tokyo, Japan).

Organoid Culture

For each liver sample, biopsies were obtained from non-
tumorous or tumor tissues. The non-tumorous and tumor
tissues were washed with Hank’s balanced salt solution
(HBSS; STEMCELL Technologies) and minced using sterile
scalpel blades. The minced tissues were transferred into 50-mL
conical tubes containing 30 mL of HBSS, inverted 10 times,
and centrifuged at 350 g for 5 min (this step was repeated
twice for washing). The tissues were resuspended in 8§ mL of
digestion buffer (7.2 mL HBSS, 800 pL collagenase P, and
80 uL DNAse I) at 230 rpm and 37 °C for 40 min. The digestion
was stopped with the addition of 10 mL HBSS. The samples
were then centrifuged at 350 g for 5 min. The dissociated
tissues were resuspended with 10 mL of HBSS and passed
through a 70-um cell strainer (Corning). Dissociated cell clusters
(small pieces of tissues) were centrifuged. The pellet was resus-
pended in 100% Matrigel (Corning) and plated in a 120 pL drop
in the middle of one well of a pre-coated 12-well plate (Corning).
To allow solidification, the drop was incubated at 37 °C and 5%
CO, for 2 min. Next, 1 mL of the organoid culture isolation
medium was added to the well for the initial 3—4 days, and the
medium was replaced with the organoid culture expansion
medium. During culture, the medium was replaced once every
3 days. Organoids were passaged at a split ratio of 1:3 every
7-10 days. The organoid isolation medium comprises
AdDMEM/F12 (Thermo Scientific, with 10 mM HEPES, 1x
GlutaMax, and 1X penicillin-streptomycin) plus 2 nM Wnt sur-
rogate—Fc Fusion protein (ImmunoPrecise), 25 ng/mL hNoggin
(Peprotech), 5% RSPOI conditioned medium (home-made),
Ix B27, 50 ng/mL epidermal growth factor (Peprotech),
I mM N-acetylcysteine (Sigma), 10 nM gastrin (Sigma),
50 ng/mL hepatocyte growth factor (Peprotech), 100 ng/mL
FGF10 (Peprotech), 10 mM nicotinamide (Sigma), and
10 mM Rho inhibitor g-27632 (Calbiochem). After expansion,
organoid isolation medium without 2 nM Wnt surrogate—Fc
fusion protein (ImmunoPrecise) and 25 ng/mL hNoggin
(Peprotech) was used. For tumoroid culture, the organoid expan-
sion medium with 2 pM Nutlin-3 (Sigma) was used.

Targeted Deep Sequencing

Targeted deep sequencing was performed as previously
described.”” Briefly, genomic DNA from mouse liver organoids
was isolated using the Wizard® genomic DNA purification kit
(Promega). Genomic DNA was PCR-amplified using Phusion
polymerase (New England Biolabs) with primers spanning the
target sequence from approximately 75 bp upstream to 75 bp
downstream of the cleavage site of CRISPR-Cas9. For the first
round of PCR amplification, 100 ng of genomic DNA from each
sample was used as a template. Meanwhile, for the second round
of PCR amplification, 20 ng of purified PCR products from the
first round of PCR amplification were annealed with both
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[lumina adapter and barcode sequences. The primers used for PCR
are listed in Supplementary Table S1. The resulting products were
isolated, purified, mixed, and subjected to 150 paired-end sequenc-
ing using the HiSeq system (Illumina). Deep sequencing data were
sorted and analyzed with a reference wild-type sequence (no indel)
using Cas-Analyzer*® (http:/www.rgenome.net/cas-analyzer) with
the comparison range (R) parameter, minimum frequency (n),
and wild-type (WT) marker range (r) set to 50, 1, and 5, respec-
tively. To increase accuracy, the extracted data were filtered
based on the read number. The read numbers of WT sequences
(same target sequence but in different contexts because of sequenc-
ing errors) were combined as a single WT sequence.

Cell Viability Assay After Irradiation

The dome organoid was embedded and dislodged by pipetting
with 1 mL organoid harvest solution (R&D Systems). The con-
tents of the wells were transferred to a 15-mL tube and incubated
on ice for 30 min. The samples were incubated with the same
volume of phosphate-buffered saline and centrifuged at
1200 rpm for 5 min. The supernatant was aspirated and resus-
pended in pre-warmed TrypLE for 5 min with gentle pipetting
to obtain a single-cell suspension. The single-cell suspension
was transferred to microtubes (five groups for irradiation with 0,
1, 2, 4, and 8 Gy). Irradiation was performed using an electron
beam from a 6 MeV C-band linear accelerator.”” The irradiated
cells were centrifuged, and the supernatant was aspirated. The
pellets were mixed with Matrigel and plated in a 120 pL drop in
the middle of one well of a pre-coated 12-well plate (Corning)
with organoid expansion media with or without Nutlin-3 for 7
days. Cell viability was assayed using CellTiter-Glo 3D
(Promega), following the manufacturer’s instructions, after 7
days of irradiation. Data analyses were performed using the
GraphPad Prism 8 software.

Statistical Analyses

Data are presented as mean + standard error. Cell viability assay
data were analyzed using multiple t-tests to examine the effect of
each radiation dose without assuming a consistent standard devi-
ation. Statistical analyses were performed using GraphPad Prism
8 software. Differences were considered significant at P<0.05.

Results

Generation of Mouse Liver Tumor Model

To investigate the effects of gene mutations, additional gene
mutations were introduced in the 7p53 and Pfen double muta-
tion background. 7p53 and Pten double mutation is reported
to induce liver tumors in approximately 4 months.” In this
study, five known tumor suppressor genes (NfI, Nf2, Tsc2,
Cdkn2a, and RbI) were selected.”®*® NfI, Nf2, and Tsc2
were selected as they have been identified as liver tumor sup-
pressor genes through genome-wide ex vivo CRISPR screening
in the 7p53~"~ and Myc overexpression genetic background.®
Cdin2a and RbI, which are frequently mutated in human

cancer, were selected as CDKN2A and RBI mutations
co-occur with 7P53 mutation in human hepatocellular carci-
noma (HCC) and/or bile duct cancer.”® To simultaneously
introduce mutations in three genes, one vector system express-
ing three sgRNAs (sgTp53, sgPten, and sgRNA against target
gene) was generated (Fig. 1A). The CRISPR-Cas9 construct
was delivered into mice via hydrodynamic injection. After the
generation of the liver tumor mouse model, liver tumor organo-
ids were cultured and used for irradiation experiments to eval-
uate radiation sensitivity (Fig. 1B).

Survival Analysis for Mouse Model and Human Clinical
Data

The mouse survival period varied depending on the mutated
genes in the Tp53 and Pten double mutation background.
Most mice with 7p53 and Pten double mutation survived for
6 months post-hydrodynamic injection, whereas mice with
Tp53, Pten, and Nf2 triple mutation began to die 3 months post-
hydrodynamic injection. Meanwhile, mice with 7p53, Pten, and
Tsc2 triple mutation began to die 4 months post-hydrodynamic
injection (Fig. 2A).

Human Data Correlation

To determine if the effects of mutations in five target genes (Nf1,
N2, Tsc2, Cdkn2a, and RbI) on tumor formation in mice are
similar to those in humans, human clinical data were analyzed.
In total, 10967 human clinical datasets with 7P53 and PTEN muta-
tions were retrieved from TCGA database. In the 7P53 and PTEN
mutation genetic background, the number of samples with muta-
tions in five genes (NF1, NF2, TSC2, CDKN2A, and RBI) was
not sufficient for statistical analysis. Hence, the transcriptional
data of the five genes were analyzed. The number of samples
with downregulated expression of NF1, NF2, TSC2, CDKN24,
and RBI were 203, 174, 203, 123, and 206, respectively. As
shown in Fig. 2B, the survival rate in the groups with low NF2
or TSC2 expression was lower than that in other groups. These
findings indicate a concordance in survival rates between mouse
models and human clinical data.

Tumor Phenotype and Immunohistochemical Staining
According to Liver and Lung Metastases

Mice, including those with lung metastases in the group in which
liver tumors were established, were subjected to gross morphology
and tissue analyses. Tumor formation was observed in all groups.
This is consistent with the results of previous studies, which
reported that 7p53 and Pten double mutation induces liver
tumors in approximately 4 months.”® N2 or Tsc2 mutation accel-
erated tumor formation in the 7p53 and Pten double mutation back-
ground (Fig. 2A). Therefore, liver tumor formation was further
investigated in these two groups. The phenotypes of mouse liver
and lung metastatic tumors (scale; 1 cm) according to each gene
mutation (Ip53+ Pten, Tp53+ Pten+Nf2, and Ip53+ Pten+
Tsc2) are shown in Fig. 3A-B. The differential histological
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Figure 1. DNA constructs and overview of the experimental setup. (A) Schematic map of the plasmid expressing three single-guide RNAs
(sgRNAs) simultaneously. The sgRNA is expressed under the control of the U6 promoter, while the expression of spCas9 and enhanced green
fluorescent protein is driven by the CBh (chicken beta-actin hybrid) promoter. A third sgRNA was introduced to target Nf1, Nf2, Tsc2, Cdkn2a, or
Rb1 along with the first and second sgRNAs to target 7p53 and Pten, respectively. P2A, 2A self-cleaving peptide; pA; poly A signal. (B)
Schematic representation of the experimental setup. After the establishment of the mouse tumor model through hydrodynamic tail vein injection
of'the clustered regularly interspaced short palindromic repeat-caspase 9 (CRISPR-Cas9) constructs, organoids were prepared from the generated

mouse liver tumor to analyze their sensitivity to radiation.

characteristics between the tumor and the surrounding non-tumor
tissues were evaluated by subjecting the tissue sections (scale;
200 pm) to hematoxylin and eosin staining. The tumor tissue exhib-
ited irregular infiltration in an undifferentiated state. Nf2 can regu-
late the Hippo pathway and modulate the expression level of
YAPI. Hence, this study examined Nf2 mutation using immuno-
histochemical staining. Immunohistochemical staining revealed
that the tumor exhibited an Nf2-negative phenotype when com-
pared with the surrounding healthy liver stromal tissue (Fig. 3C).

Establishment of Clonal Tp53 + Pten and Tp53 + Pten
+ Nf2 Knockout Mouse Liver Organoid Lines

Tissue samples were obtained from surgically resected and histo-
logically diagnosed non-tumorous and tumorous liver tissues. The
culture was initiated using the same organoid medium for 4 days.
After several days, the cultures were exposed to Nutlin-3 to select
organoids with the mutant 7p53 + Pten and Tp53 + Pten + Nf2
phenotypes. Figure 4A shows the representative images of non-
tumorous and 7p53+Pten and Tp53 + Pten+ Nf2 mutant

organoids. These organoid lines exhibited differential morpholog-
ical phenotypes. Non-tumorous and Pten + Tp53 mutant organo-
ids exhibited a cystic structure, whereas 7p53 + Pten+ Nf2
mutant organoids exhibited a compact morphology with no
lumen. Targeted deep sequencing was performed to analyze the
indel frequencies of candidate genes using CRISPR-Cas9 in
single-cell-mediated mouse liver organoids. The CRISPR-Cas9
construct was highly mutated near the cut site of the spacer
(average 99.27% mutation). Consistently, DNA sequencing con-
firmed that organoids with Nf2 mutation were well established,
whereas organoids with 7sc2 mutation were not well established.

Organoids with Mutation Exhibited Differential
Sensitivity to Radiation

To evaluate the response of the organoids to radiation, the orga-
noids were irradiated with the indicated doses for 7 days. The
cell survival rate was examined using CellTiter-Glo reagent.
As shown in the bright-field images and cell survival rate
results (Fig. 5A-B), radiation dose-dependently exerted
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Figure 2. Survival rates of mouse models and human cohort from the
cancer genome atlas (TCGA) datasets. (A) Survival plots of mouse
models with Nf1, Nf2, Tsc2, Cdkn2a, or Rb1 mutations in the 7p53 and
Pten double mutation background. Significant differences in the
survival rates between the six groups were examined using the log-rank
test (P=0.00042). Survival rate was significantly low in the 7p53 +
Pten + Nf2 (n=10) and Tp53 + Pten + Tsc2 (n= 10) groups. The Tp53
+Pten (n=9), Tp53+Pten+Nfl (n=10), Tp53 + Pten+ Cdkn2a
(n=10), and Tp53 + Pten+ RbI (n=10) groups exhibited the same
survival rate with overlapping survival curves. (B) Survival plots for
human clinical data with low expression levels of five genes (NF1,
NF2, TSC2, CDKN2A, or RBI) in the cohort with TP53 and PTEN
double mutation background retrieved from TCGA database.
Significance differences in the survival rates between the six groups
were assessed using the log-rank test (P =0.024, PTEN + TP53 group
not shown).

cytotoxic effects on non-tumorous organoids. In contrast, radi-
ation did not exert cytotoxic effects on Tp53+ Pten Tp53+
Pten + Nf2 mutant organoids at all tested doses, except at 8
Gy. These data indicated that patients with 7p53/Pten/Nf2
mutation exhibit resistance to radiation therapy. In the non-
irradiated group, organoid formation rate and size in the 7p53

+ Pten + Nf2 group were lower than those in the 7p53 + Pten
group.

Discussion

Tumor organoids are an important model for optimizing treat-
ment strategies and examining the therapeutic mechanisms
against cancer resistance. This is because mutated models can
be generated using tumor organoids by focusing on a subset
of the genetic characteristics of cancer.”’ In this study, mouse
liver cancer and its organoids were generated by introducing
driver mutations in specific genes using the CRISPR/Cas9 gene
editing system. Additionally, the effect of these mutations on radi-
ation resistance was investigated.”® Cell viability assay revealed
that the tumor organoid model with Nf2 mutation in the 7p53
and Pten double knockout background exhibited enhanced
radiation resistance. This may be because the morphology of
the N2~ cancer organoid was more compact than that of
other organoids. The compact shape may be one of the factors
contributing to the differential response to radiation.

Pten and Tp53 suppress stress factors associated with the
tumorigenesis of liver cancer through distinct mechanisms.
The simultaneous loss of both nuclear PTEN and TP53 pro-
motes oxidative stress in hepatocytes, leading to the develop-
ment of HCC and intrahepatic cholangiocarcinoma.’!
Additionally, the deletion of Nf2 in mouse HCC is known to
modulate EGFR signaling and Hippo-dependent pathways
and is functionally associated with the development of HCC.*?

As HCC exhibits extremely diverse molecular characteristics,
models with specific gene mutations can serve as research
models that can consistently predict treatment responses. In partic-
ular, the comparative analysis of radiation resistance of cancer
organoid models with and without Nf2 mutation can aid in predict-
ing radiation resistance by introducing additional mutations in a
specific gene, as well as in determining optimal treatment.
Identifying genetic mutations through tissue and genomic analysis
of HCC can aid in establishing various personalized treatment
strategies, including radiation therapy.>

The effects of mutated tumor suppressor genes may
vary depending on the genetic background. 7p53~'~;
Myc-overexpressing cells form tumors slowly but the inactiva-
tion of additional tumor suppressors accelerates tumor forma-
tion.® In the 7p53~~; Myc overexpression genetic background,
CRISPR-Cas9 screening revealed that NfI, Nf2, Tsc2, and
other genes accelerate tumor formation. Additionally, the find-
ings of experiments with the 7p53~~; Myc overexpression;
NfI™"~ mouse model, which was established via hydrodynamic
injection, confirmed significant acceleration of liver tumor forma-
tion in mice.® However, in this study, liver tumor formation was
accelerated in mice with Nf2 and Tsc2 mutations but not in those
with NfI mutation in the Tp53~'~; Pten™~ genetic background.
This may be attributed to the epistatic network of interacting
tumor suppressor genes. Zhao et al reported that TP53 cooperated
with NF2 and/or PTEN synergistically in breast cancer.” TCGA
clinical dataset analysis indicated that NF2 mutation in the
TP537"; PTEN™~ genetic background accelerated tumor
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A Tp53 + Pten Tp53 + Pten + Nf2 Tp53 + Pten + Tsc2

Figure 3. Representative images of tumors with different gene mutations. (A) Gross morphology, nodule phenotypes, and hematoxylin and eosin
staining of tumors with 7p53 + Pten, Tp53 + Pten + Nf2, and Tp53 + Pten + Tsc2 mutations. (B) Gross morphology, nodule phenotypes, and
hematoxylin and eosin staining of metastatic tumors with 7p53 + Pfen and Tp53 + Pten + Tsc2 mutations. (C) Immunohistochemical analyses of
Tp53, Pten, Nf2, and Yapl. Staining of other stromal cells in the liver served as a positive control.
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Del CTTGGCGTCAT------ TCCAGG

Tp53 + Pten + Nf2

99.1%

99.2%

99.06%

99.49%

99.51%

Figure 4. Representative images of organoids. (A) Mouse liver organoids with 7p53 + Pten and Tp53 + Pten + Nf2 mutations after plating. Scale
bar: 20 um (B) Sequence analysis of representative indel patterns induced by clustered regularly interspaced short palindromic repeat-caspase 9
(CRISPR-Cas9) constructs. For each gene, the wild-type sequence is shown at the top containing the context sequence (indicated with gray text)
and target sites (indicated with black text and highlighted in orange line). The PAM sequence is highlighted with a blue line. Deletions are shown
as black dashes. The arrow indicates the cut site of the CRISPR-Cas9 construct. The mutation frequencies are shown on the right.

formation and affected overall survival. A combination of mouse
model and human clinical data analysis is useful for studying the
effects of tumor suppressor genes on tumor formation in different
genetic backgrounds.

A recent study treated a rare type of primary HCC using
patient-derived tumor organoids. The case was classified as
HCC-neuroendocrine carcinoma and the best anticancer treatment
option was suggested based on the establishment of organoids
from the patient-derived tissues within 3 weeks after performing
tissue and genetic analysis of HCC.** Additionally, one study

examined hepatitis B virus (HBV)-induced HCC using a liver
organoid model. Customized and precise treatment was possible
through analysis of genetic variations associated with the occur-
rence of liver cancer in HBV-infected patients.>’

The establishment of non-tumorous liver organoids and tumor-
oids from biopsies is advantageous because the models can be
established at diagnosis, during treatment, and at the time of
recurrence from minute amounts of biopsy material. The in
vitro sensitivity of tumors to radiation was assayed in this
study (Figs. 4 and 5). These assays could provide a rationale



Jeon et al

Control

Pten+Tp53

Pten+Tp53+Nf2

B -e- Control
1.25
-& Tp53+Pten
-0+ Tp53+Pten+Nf2
1.00
9
® 0.75- 4u
©
2
€ 0.50
(7]
ek
0.25
0.00

T T T
0 2 4 6

Irradiation [Gy]

Figure 5. Organoids exhibit differential sensitivity to radiation. (A) Representative bright-field images of the organoids exposed to radiation at
the indicated doses for 7 days are shown. Scale bar: 20 um (B) Cell survival rate was recorded at day 7 post-irradiation. This experiment was
repeated two times in triplicate. The results are expressed as mean + standard error. **P <0.01, ***P <0.001 (control vs Tp53 + Pten or Tp53 +
Pten+Nf2) and #P<0.01 (Ip53 + Pten vs Tp53 + Pten + Nf2). This experiment was repeated two times in triplicate.

for testing new therapies that are demonstrated to be effective
in vitro and in vivo using the tumor tissue of the patient as an
embedded source of information. Further studies are needed to
establish the usefulness of this approach, including a prospec-
tive evaluation of the concordance between patient and tumor
responses to standard therapies, including chemotherapy and
radiation therapy. Additionally, after confirmation with a
large sample size, an ex vivo radiation platform could be
used to assess patient responses before initiating radiation
treatment, which will potentially avoid the toxic side effects
of radiation in patients with radiation-resistant tumors.*®

Accumulation of these data will contribute to devising
various drug treatments, including immunotherapy targeting
specific genes, through the elucidation of signaling pathways
involved in the pathogenesis of HCC. The concept used in
this study will aid in the elucidation of factors related to the dif-
ferential intrinsic radiation sensitivity of individual tumors.

This study is associated with some limitations. First, this
study involved a mouse tumor model and a small sample
size. Hence, the applicability of the findings of mouse studies
to human cancer models is limited. Additionally, the tumor
organoids generated in this study were confirmed using DNA



10

Technology in Cancer Research & Treatment

sequencing. The NF2 mutant organoids exhibited good growth.
However, the 7SC2 mutant organoid model could not be estab-
lished and hence its sensitivity to irradiation could not be
determined.

Conclusions

In this study, mouse liver tumors were generated using the
CRISPR/Cas9 gene editing system. Additionally, the effects
of individual tumor suppressor gene mutations on the radiation
sensitivity of tumors were examined. The results of this study
will aid in determining patient-specific optimal treatment by
examining the response to radiation, as well as in identifying
the optimal drug treatment, in the future.
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