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Abstract

DNA damage is a well-recognized factor in the development and progression of cancer.
Numerous studies on genetic changes associated with cancer or the DNA repair pathway have been
conducted, however, there is still a need for additional research on their function. The establishment of
patient-derived xenografts or organoids for the purpose of testing functional genomic approaches is the
subject of ongoing research. According to model-specific characteristics, it is not fully understood how
these attempts to simulate patient cancer differ from original cancer. To comprehend the distinction
between genuine patient cancer and these patient-derived disease models in more depth, multi-omics
analysis is required to comprehend the overall genotypes, phenotypes, and environmental variables.
Depending on the characteristics of each disease model, distinct omics analysis approaches and factors
must be considered. In addition, care must be taken to avoid technical errors when integrating omics
data generated by different sequencing equipment. There is currently no golden rule for data integration,

but several approaches are being developed.

It is crucial to determine the function of genes linked with the DNA repair pathway because
these genes contribute to the induction or prevention of cancer. In chapter 1, I identified the interaction
between MRE11 and TRIP13 through proximity labeling combined with the SILAC method which is
quantitative proteomics using metabolic labeling. TRIP13 depletion doesn’t affect the nuclease activity
and conformation of the MRN complex but directly inhibits the interaction of MDC1 with MRN
complex and MDC1 recruitment on the DNA damage site. TRIP13 degradation with mirin treatment
shows additive effects on ATM signaling activation. In conclusion, TRIP13 regulates immediate-early

DNA damage sensing through MRE11 and ATM signaling independently of mirin.

When assessing the functional genomic approach using patient-derived disease models, it is
essential to determine which aspects of the models' correlation to actual cancer should be properly
considered. In chapter 2, I found there are a few overlapped deleterious somatic mutations of the PDX
model and their original tumor. I suspected novel mutagen exposure during PDX establishment or
sample contamination. However, germline mutations of PDX models are well conserved from original
tumors, and their mutational signatures of PDX also mimic that of their tumor. Though the number of
overlapped mutations between the PDX model and their tumor was few, brain tumor-specific mutations
are found in PDX samples. Especially, histone methylation- and cilia-related gene mutations are
enriched in PDX samples. While it suggested these mutated genes are needed for maintaining the
stemness of brain tumor PDX model or PDX model would be more appropriate for the samples with

high heterogeneity, I have presented precautions and considerations in PDX model genome analysis.

Multi-omics analysis that takes into consideration genetic, expressive, and clinical aspects can
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provide important information for the study of diseases with complicated etiologies, such as cancer, and
can contribute to the development of diagnosis and treatment. To utilize colorectal cancer organoids for
Companion Diagnostics (CDx), in chapter 3, I characterized patient-derived colorectal cancer (CRC)
organoids through well-known genomic markers such as Tumor mutation burden (TMB), Microsatellite
instability (MSI) and propose a novel grouping method using sharing same mutation site. The
classification of CRC patients was more detailed combined with consensus molecular subtype (CMS)
classifications. Additionally, I extract the expression features of the patients who experience recurrence
or metastasis after first-line chemotherapy treatment with reference to clinical data. Drug response of
CRC organoids by patient group and knockdown of the extracted features in the selected organoids
would be validated in further study.

In summary, with this dissertation, I conducted functional research on the DNA repair pathway
of cancer-related genes, as well as the genetic analysis between patient-derived xenograft and original
tumors, and introduced a novel perspective on the diagnosis and treatment of colorectal cancer patients

using patient-derived organoids through multi-omics analysis.
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Introduction

DNA damage causes mutations, which, when they accumulate, become malignant tumors.
Genomics has been extensively applied to the study of cancer, but the function of the mutations is still
unknown. Attempts are being made to conduct this type of research using patient-derived disease model
such as xenografts or organoids. However, it is unknown how this environment affects cancer in actual
patients. Using the multi-omics method in conjunction with other omics data in addition to genomics,
it will be able to distinguish between real patient cancer and this model in deeper level. After the Human
Genome Project (HGP) in 2003, large-scale consortiums emerged to provide a huge amount of data,
build a database of accumulated information, and develop necessary analysis tools. Large-scale
sequencing data was available in less time and at lower cost with the advent of next-generation
sequencing in 2008, and omics analysis began to be applied to clinical practice. Advances in omics
technologies such as genomics, epigenomics, transcriptomics, proteomics, and metabolomics have
made patient-specific medicine possible at a molecular level. While a single '-omics' analysis
technology has limited information to access the problem from one side, multi-omics analysis is a large
number of '-body' information, so there is much more information to be gained. These integrated omics
studies provide important information for the study of complicated causes such as cancer and can
contribute more to the development of diagnosis or treatment. An important task given to us now is to
apply multi-omics in clinical practice through medical and hospital systems. It is to predict and prevent
patients' diseases based on vast and complex omics data, increase the treatment rate by early detection,

or provide the most suitable treatment for patients for diseases found.

For multi-omics analysis, it is also important to select a disease model according to the
characteristics of each disease model. In the study of diseases such as cancer, access to human samples
is very limited, and samples with sufficient quantity and quality required for multi-omics analysis are
not common. To overcome these limitations, an analysis of animal models is suggested as an alternative.
The multi-omics data obtained through accurately controlled and repeated experiments in animal
models can be compared and analyzed with data from limited human samples, providing broader and
more accurate research results. Animal testing models differ in terms of human body, genetic, and
biological characteristics, so the reliability of drug test responses is limited. Alternatively, patient-
derived disease models such as xenograft and organoid have been used in cancer research. In the 2D
cell line culture method, it is difficult to reproduce the inherent properties of the cell-derived location
and the characteristics of the tissue unit. A patient-derived xenograft derived from cancer patients could

be used, but it is not suitable for large-scale drug screening.
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Recently, organoids have attracted attention as a new drug screening platform to supplement
existing problems. Organoid technology shows a variety of potential applications, including patient
organoid bio-banking, various disease modeling, regeneration therapy through fusion of genomic
correction technologies, customized therapy and precision therapy linked to patient genomic

information.

With interest in the function of gene in DNA damage repair pathways, I discovered the novel
role of TRIP13 in DNA double strand breaks sensing and ATM signaling pathway through identifying
MREI11 as a novel interacting partner of TRIP13 using quantitative proteomics in 2D cell culture.
TRIP13 is an enzyme that uses ATP to cause structural changes in the substrate, so it is difficult to find
new interaction partners with traditional immunoprecipitation or affinity precipitation because it does
not maintain strong bonds with the substrate. I labeled the candidate substrates of TRIP13 using
proximity labeling and discovered novel candidate substrates of TRIP13 using quantitative proteomics
through metabolic labeling. Next, I analyzed the mutations in the xenograft model derived from brain
cancer patients. I found that there are PDX model-specific mutations through whole exome sequencing
analysis comparing brain tumor patient-derived xenograft models with their original tumor samples,
even though there are few of the overlapped mutations. and giving caution in the analysis of the results.
Based on the experience of this omics analysis, I performed the multi-omics analysis that
comprehensively analyzes and integrate whole genome sequencing, RNAseq, and clinical information
in patient-derived colorectal cancer organoids. I suggested a novel classifying method of colorectal
cancer organoids and separating patient group by genomic, transcriptomic and clinical characteristics.
Additionally, I extracted the expression features of the patients related to recurrence and metastasis to

validated in further study.
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1. TRIP13 participates in immediate-early sensing of DNA strand breaks
and ATM signaling amplification through MRE11

1.1. Introduction

Initially, the HORMA domain was recognized as a highly conserved peptide sequence present
in three yeast proteins that maintain genome stability through distinct processes: Hopl (HORMADI1 in
humans) is involved in meiotic recombination and chromosomal segregation, Rev7 (MAD2L2) is
involved in recombination choice during DNA double-strand break (DSB) repair, and MAD2 is
involved in the spindle assembly checkpoint'™. Recent investigations have discovered this domain in
proteins that serve as signal mediators, such as MAD2L1BP (also known as p31(comet)) for spindle
assembly complex signaling and ATG13 and ATG101 for autophagy signaling”. To modulate signaling
pathways, these proteins generate physical protein-protein interactions via their HORMA domain;

consequently, it is crucial to comprehend their protein interaction partners.

Thyroid hormone receptor-interacting protein 13 (TRIP13, also known as Pch2 in yeast), a
typical AAA+ ATPase, is a multiple-context binding partner of members of the HORMA domain protein
family. TRIP13 is concentrated in the nucleolus and actively participates in the removal of HORMADI1
from yeast and mammalian chromosomes during meiotic G2/prophase’. Moreover, TRIP13, in
conjunction with the MAD2-binding protein MAD2L1BP, promotes the deactivation of the spindle
assembly checkpoint by dismantling the mitotic checkpoint complex®. This checkpoint system
guarantees accurate chromosomal segregation by delaying anaphase until the correct bipolar attachment
of chromatids to the mitotic spindle has occurred. Due to its crucial function in genomic stability,
TRIP13 mutations are strongly linked to malignancies like Wilms tumor °, glioblastoma’, and head and

neck cancer®.

TRIP13 plays a function in double-strand break (DSB) repair by selecting between the
homology-directed repair (HDR) and nonhomologous end-joining (NHEJ) pathways®’. MAD2L2
(Rev7) is a component of the Shieldin complex that shields double-strand breaks and promotes their
end-joining. As a component of the Pol- complex, it is also involved in DNA translesion synthesis.
Using a high-throughput yeast two-hybrid screen, researchers previously reported the interaction
between TRIP13 and MAD2L2 (Rev7). In addition, according to two studies, this interaction modifies
the conformation of MAD2L2 (Rev7), which influences the DNA repair route used”.
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Despite the fact that TRIP13 interacts with proteins that include a HORMA domain, it has also
been reported to interact with proteins that lack this domain'®"'. According to a yeast two-hybrid assay,
the TRIP13 homologue in S. cerevisiae, Pch2, interacts with Xrs2 (the ortholog of human NBS1)".
Interaction disruption between Pch2 and Xrs2 results in checkpoint and recombination problems
comparable to those observed in Pch2-deficient cells'®. Pch2 and Xrs2 are both conserved in mammals,

although the interaction between their human orthologs TRIP13 and NBS1 has not been reported.

A proximity labeling-based quantitative proteomics technique was utilized to identify 279
proteins as TRIP13 interaction partners. Numerous of these proteins, such as MRE11 of the MRN
complex, were associated with the DNA damage response. This prompted us to hypothesize that
TRIP13 and other HORMA domain-containing proteins play a function in the DNA damage response.
TRIP13 contributes to the detection of immediate-early DNA damage and modulates ATM signaling
independently of the MRN complex.
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1.2. Materials & Methods

1.2.1. Cell culture

The fluorescent microscope was used to acquire images (BX53; Olympus). At least 35
metaphase cells were selected at random from each condition. Dr. Tanya Paull generously provided the
ER-AsiSI U-2-OS cells (The University of Texas at Austin, USA)'%. Previously, DLD-1 cells with an
auxin-inducible degron on both TRIP13 alleles (DLD1-TRIP13-AID) were documented'®. DLD-1 and
U-2-0OS cells were cultured in Dulbecco's Modified Eagle's Medium (11965092; Thermo Fisher
Scientific, Waltham, MA, USA) with 10% fetal bovine serum (TMS-013-BKR; Merck) and 1%
antibiotic-antimycotic solution (15240112; Invitrogen, Waltham, MA, USA).

1.2.2. Sister Chromatid Exchange

For 48 hours, cells were grown in a medium containing BrdU at a final concentration of
25 png/ml. 0.2 pg/mL of colcemid was added during the final four hours. Then, metaphase cells were
collected by trypsinization. The cells were then swelled in 0.075M KCIl for 15 minutes at 37 °C and
fixed twice with a 3:2 mixture of methanol and acetic acid. On glass microscope slides, cells were

placed and stained with a 5% Giemsa solution.

1.2.3. Plasmids

Bio-ID2 (from #74224, Addgene) was introduced into pcDNAS5-Myc-TRIP13 plasmid that had
been previously created"?. Inserting the 2xStrep tag from the pDSG-IBA103 vector (5-5105-001; IBA,
Gottingen, Germany) into the pcDNAS5-Myc-TRIP13 vector yielded the pcDNAS-2xStrep-TRIP13

plasmid. Gibson assembly cloning was used to replace each NBS1 domain deletion series (FHA for 1—

109 aa, BRCT for 110-327 aa, and C-term for 328—754 aa) with full-length NBS1 using the pcDNAS5-
Myc-BiolD2-NBS1 vector. Addgene's pENTR-GFP-MDC1 plasmid (#26284) was purchased for
microirradiation. The designated MRE11 fragment was cloned using Gibson assembly cloning and put
into the pcDNAS5 3xFLAG vector for in vitro pulldown experiment. For the MRN nuclease activity
experiment, full-length TRIP13 was obtained from OriGene Technologies (Rockville, Maryland, United
States) and site-directed mutagenesis was used to generate mutant versions (K185A and E253Q). Wild-
type TRIP13 and its two variant forms (K185A and E253Q) were introduced into the cloning vector
pET-His6-Sumo-TEV-LIC (#29659, Addgene).
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1.2.4. siRNA knockdown
TRIP13 mRNA-specific-sense siRNA sequence; GCA AAU CAC UGG GUU CUAC

TRIP13 mRNA-specific-antisense siRNA sequence; G UAG AAC CCA GUG AUU UGC

GL2 (Negative control) siRNA sequence

5’-CGUACGCGGAAUACUUCGA=UU-3’, 5’>-UCGAAGUAUUCCGCGUACG=UU-3’

1.2.5. Antibodies

A list of antibodies used in this study is provided in Table 1.

Target Species D(l{;l]tl;(;n Dl:?é;on Company Cat#
MRE11 Rabbit 1:2000 - Abcam ab3621
GAPDH Rabbit 1:5000 - Abcam ab181603
Myc Mouse 1:1000 - Santa Cruz sc-40
TRIP13 Rabbit 1:1000 - Bethyl A303-605A
Strep Rabbit 1:1000 - Abcam ab76949
ATM Rabbit 1:1000 - Bethyl A300-299A
NBS1 Mouse 1:1000 - GeneTex GTX70222
RADS0 Mouse 1:1000 - GeneTex GTX70228
CtIP Goat 1:1000 - Santa Cruz sc5970
Tubulin Mouse 1:10000 - Sigma T-5168
MDCI1 Rabbit 1:1000 1:200 Abcam abl11171
H3 Rabbit 1:1000 - Santa Cruz sc-8654R
YH2AX Rabbit 1:1000 1:200 GeneTex GTX127340
pATM (S1981) Rabbit 1:1000 - Abcam ab81292
pKAP1 Mouse 1:1000 - Bethyl A300-767A
KAP1 Mouse 1:1000 - Bethyl A300-274A
pRPA32 (54/8) Rabbit 1:1000 - Bethyl A300-245A
pRPA32 (S33) Rabbit 1:1000 - Bethyl A300-246A
RPA32 Rabbit 1:1000 - Bethyl A300-244A
pNBSI1 Rabbit 1:1000 - Cell Signaling 3002S

Table 1. A list of the antibodies used in this study

IF, immunofluorescence; WB, western blotting.
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1.2.6. Regulation of MRE11 exonuclease activity and TRIP13 expression

As previously disclosed, DLD1-TRIP13-AID cells were treated with 500 M IAA (1003530010;
Merck Millipore, Burlington, MA, USA) for 14 hours to deplete TRIP13". To inhibit MRE11
exonuclease activity, treatment with 100 M mirin (J67462.MA; Thermo Fisher Scientific, Waltham,
MA, USA) was also conducted.

1.2.7. DSB induction

10 Gy IR with SkyScan 1176 was used to produce DSBs in cultured cells (SKYSCAN, Kontich
Belgium). For microirradiation, cells in fresh media were pretreated with Hoechst 33342 (62249,
Thermo Fisher Scientific) for 5 min at 37°C and then irradiated with a 405 nm laser for 10 iterations in
a region of interest (ROI) using an LSM 880 confocal microscope (Carl Zeiss AG, Oberkochen,
Germany). After microirradiation, every 5 seconds of time-lapse photos were captured using an LSM

880 confocal microscope. Using the ZEN blue application, ROI intensities were assessed (Carl Zeiss

AG).

1.2.8. Immunofluorescence imaging

10 minutes was spent treating cells with 1 mL of ice-cold permeabilization solution (CSK
buffer; 10 mM PIPES, 100 mM NacCl, 300 mM sucrose, 3 mM MgClz, and 1 mM EGTA with 0.5%
Triton X-100). The cells were then rinsed twice with 1 mL of ice-cold phosphate-buffered saline (PBS)
and fixed for 15 minutes at room temperature with 500 L of PBS containing 4% paraformaldehyde. The
cells were then treated with 1 mL of -20°C-chilled 100% methanol for 10 minutes, washed twice with
1 mL PBS, then incubated with 500 L blocking solution (PBS containing 10% FBS) for 30 minutes.
After removing the blocking solution, a primary antibody was administered for one hour. The cells were
rinsed with PBS containing 0.05% Triton X-100 for 5 minutes, incubated with a secondary antibody at
room temperature in the dark for 30 minutes, then washed thrice with PBS containing 0.05% Triton X-
100 for 5 minutes. The surrounding chamber was removed from the slide after a further washing phase
with PBS and distilled water. Each sample was given a drop of mounting reagent (H-1200; Vector
Laboratories) and the slide was covered with a cover glass. The slides were totally dry and sealed. The
LSM 880 confocal microscope and ZEN software were used to detect and visualize protein foci.
Statistical analysis was carried by utilizing Prism5 software (Version 5.01; GraphPad, San Diego, CA,
USA).
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1.2.9. Proteomics experiments with SILAC

Cell lysates were mixed at a 1:1 ratio and processed by in-gel digestion, as previously
described 293 AD cells (Cell BioLabs, Inc., San Diego, CA, USA) grown in light isotope-labeled lysine
and arginine (88429 and 89989, Thermo Fisher Scientific) and heavy isotope-labeled lysine and arginine
(88209 and 89990, Thermo Fisher Scientific) were transfected with Myc-BiolD2-TRIP13 and Myc-
BioID2 Cell lysates were combined at a ratio of 1:1 and digested in-gel as previously described'*.20 mg
of protein was reduced with 25 mM DTT, alkylated with 25 mM iodoacetamide, and digested at 37°C
for 12 hours with trypsin. The answer was acidified with 0.1% trifluoroacetic acid and desalted using
C18 tips (87784, Thermo Fisher Scientific). Orbitrap Fusion Lumos was used to examine samples
(Thermo Fisher Scientific). Using Proteome Discoverer (Thermo Fisher Scientific) and Scaffold

software, proteins were identified (Version 4.11.0; Proteome Software, Portland, OR, USA).

1.2.10. Western blot analysis

In RIPA buffer (150 mM NaCl, 1% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris (pH 8.0), 10 mM NaF, 1 mM Na3VOs, and protease inhibitors (Roche, Basel,
Switzerland)), the cells were lysed. At 95°C, lysates were cooked three times for 5 minutes. Table 2:

Antibodies used for western blotting. Using the Odyssey Imaging System, images were quantitatively
evaluated (Li-COR Biosciences, Lincoln, NE, USA).

1.2.11. In vitro pulldown assay

Purified proteins were treated in a buffer (50 mM Tris-HCL, 50 mM NaCl, 1 mM DTT, 2 mM
MgCl2, and 0.1% Triton X-100) containing 10 M ATPS at 4°C for 1 hour (11162306001, Roche).
Purified proteins were treated for 1 hour at 4°C with MagStrep type 3 XT beads or 3xFLAG agarose
beads. In BXT buffer or Tris-buffered saline (50 mM Tris-HCI pH 7.5 containing 150 mM NaCl)
containing 100 g/ml 3xFLAG peptide, samples were eluted.

1.2.12. Colony formation assay

5x10% cells were sown onto a 35 mm dish, cultured overnight, and then treated with the
specified chemicals and IR. Then, 500 cells were dispersed in a 35 mm plate, cultured for 14 days,
rinsed with 5 mL. PBS, and stained for 5 minutes at room temperature with 0.5 mL of 1% methylene
blue produced in 70% ethanol. After removing methylene blue, stained cells were rinsed three times
each with distilled water and PBS. After 24 hours of drying at room temperature, colonies were
photographed. Using Image] (Version 1.51), the number of colonies was determined'”. Prism5 software

was used to conduct statistical analyses (Version 5.01, GraphPad).
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1.2.13. DNA end resection assay

Trypsinized, collected, and resuspended at 37°C in PBS (BE17-517Q; Lonza, Basel,
Switzerland) containing 0.6% low-gelling point agarose (1613111; Bio-Rad, Hercules, CA, USA) were
ER-AsiSI U-2-0S cells. Then, 50 pL of the cell suspension was deposited on parafilm to form an agar
ball, which was transferred to a 1.5 mL tube. The agar ball was treated with 1 mL ESP buffer (0.5 M
EDTA, 2% N-lauroylsarcosine, 1 mg/mL proteinase K, and 1 mM CaCl2, pH 8.0) for 20 hours at 16
degrees Celsius with rotation, followed by 1 mL HS buffer (1.85 M NaCl, 0.15 M KCI, 5 mM MgCla,
2 mM EDTA, 4 After six washes of 1 mL phosphate buffer (§ mM Na2HPOa4, 1.5 mM KH2POg4, 133
mM KCI, and 0.8 mM MgClz, pH 7.4) at 4°C with rotation for 1 h each, the agar ball was melted by
immersing the tube in a 70°C heat block for 10 minutes. The molten sample was diluted 15-fold with

distilled water at 70°C, combined with a 10x NEB restriction enzyme buffer, and kept at 4°C.

gPCR was used to assess the level of resection adjacent to specific DSBs. The primer and
probe sequences for qPCR are supplied in Table 1. In total, 20 L of genomic DNA was overnight
digested at 37°C using 20 units of restriction enzymes (BsrGI and HindIII-HF; New England Biolabs,
Ipswich, MA, USA) or mock enzymes. Then, 3 pL of digested or fake digested samples were used as
templates in a 25 pL qPCR reaction including 12.5 pL of 2xTaqMan Universal PCR Master Mix
(4304437, Thermo Fisher), 0.5 mM of each primer, and 0.2 mM of the probe on a ViiATM 7 Real-Time
PCR System (Thermo Fisher). As previously reported, the percentage of ssDNA (ssDNA%) generated
by resection was calculated using the following equation'’: ssDNA% = 1 / (2 (ACt-1)+0.5) x 100.
Using Prism5 software, the percentage of ssDNA in each sample was evaluated (Version 5.01,

GraphPad).
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Primer name Primer sequence
DSBI1- Primer FW 5’-GAATCGGATGTATGCGACTGATC-3’
335 bp Primer REV | 5>-TTCCAAAGTTATTCCAACCCGAT-3’
Probe 5’-6FAM-CACAGCTTGCCCATCCTTGCAAACC-TAMRA-3’
DSBI1- Primer FW 5’-TGAGGAGGTGACATTAGAACTCAGA-3’
1618 bp Primer REV | 5>~ AGGACTCACTTACACGGCCTTT-3’
Probe 5’-6FAM-TTGCAAGGCTGCTTCCTTACCATTCAA-TAMRA-
3
DSBI1- Primer FW 5’-TCCTAGCCAGATAATAATAGCTATACAAACA-3’
3500 bp Primer REV | 5>-TGAATAGACAGACAACAGATAAATGAGACA-3’
Probe 5’-6FAM-ACCCTGATCAGCCTTTCCATGGGTTAAG-
TAMRA-3’
No DSB Primer FW 5’-ATTGGGTATCTGCGTCTAGTGAGG-3’
Primer REV | 5>-GACTCAATTACATCCCTGCAGCT-3’
Probe 5’-6FAM-TCTCTGCACAGACCGGCTTCCCTTC-TAMRA-3’

Table 1. A list of the primers and probes used in this study
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1.2.14. MRN endonuclease activity assay
As previously stated, wild-type TRIP13 and its mutant forms (K185A and E253Q) were
purified"®. The activity assay utilized a previously reported technique, which included purification of

components of the MRN complex and other related proteins'®.
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1.3. Results

1.3.1. TRIP13 participates in the DNA damage response

Previous research suggested that TRIP13 controls the selection of DSB repair pathways via
MAD2L2 (Rev7)3,9. However, these studies solely examined TRIP13's effect on the HDR pathway. To
determine if TRIP13 plays additional roles in DSB repair pathways, we conducted an I-Scel-based GFP-
reporter experiment following TRIP13 knockdown'’. Consistent with earlier observations, depletion of
TRIP13 impacted the HDR and single-strand annealing (SSA) pathways (Fig 1.1A)3,9. However, no
modification of the NHEJ and alternative NHEJ (alt-NHEJ) pathways was seen (Fig 1.1A). These
findings imply that TRIP13 is essential for DSB repair, particularly when DNA end resection is required.

Next, a laser microirradiation experiment was conducted to determine when TRIP13 is
recruited to DSBs. Proteins that are recruited to DNA lesions may be damage sensors, chromatin
remodelers/signal amplifiers, and lesion repair selection/repair proteins. Their recruitment kinetics vary
based on their respective functions'®. If TRIP13 is only involved in the selection of the DSB pathway,
it may not be recruited to lesions at an early stage for damage sensing and signal amplification. TRIP13
hydrolyzes ATP to alter the structures of its interaction partners; hence, we employed ATPS, a non-
hydrolyzable ATP analog, to sustain the contacts between TRIP13 and its partners. TRIP13 was
unexpectedly recruited to the DNA damage site as soon as a DSB was produced (Fig 1.1B). Therefore,
we hypothesized that TRIP13 may be involved in the early detection of DNA damage and signal

amplification.

To more precisely regulate TRIP13 expression, we employed the auxin-inducible degron (AID)
system, which facilitates the quick and efficient degradation of target proteins'®. Using the AID system
to deplete TRIP13 sensitized cells to DSB induction by ionizing radiation (IR) or hydroxyurea (HU)
(Fig 1.1C). These findings revealed that TRIP13 participates in the immediate-early response to DSBs.
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Figure 1.1. TRIP13 is necessary for DSB maintenance. (A) Using [-Scel-based GFP-reporter
experiments, the contributions of mammalian chromosomal double-strand break repair mechanisms
were quantified following TRIP13 knockdown. TRIP13 knockdown inhibited selectively the HDR and
SSA processes, but not the NHEJ pathway. HDR, SSA, classical NHEJ, and alternative NHEJ were
measured with DR-GFP, SA-GFP, EJ5-GFP, and EJ2-GFP, respectively'’. (B) UV laser microirradiation
rapidly recruited TRIP13 tagged with GFP to DNA damage sites. A colony formation test demonstrated
that A A-induced degradation of TRIP13 altered cellular responses to DNA damage generated by IR or
HU treatment. To determine significance, a two-tailed unpaired T-test was used (**p 0.01; n.s., not
significant).
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1.3.2. MREI11 is a novel TRIP13 interaction partner, however this connection is
independent of the MRN complex's conformation and nuclease activity.

Highly dynamic interactions between TRIP13 and its partners make it challenging to discover
using traditional immunoprecipitation techniques. Therefore, we conducted quantitative proteomics
with proximity tagging to detect nearby proteins, including TRIP13's interaction partners. First, a U-2-
OS cell line expressing BiolD2-tagged TRIP13 was developed®. Afterward, these cells were
metabolically labeled for stable isotope labeling using amino acids in cell culture (SILAC)*"*% As a
negative control, we used solely U-2-OS cells expressing BiolD2 as a source of BiolD2. Finally, we
captured biotin-labeled proteins abundant in BiolD2-tagged TRIP13-expressing cells, which may be in
close proximity to TRIP13 in vivo. TRIP13 is rapidly recruited to regions of DNA damage, thus we
reasoned that identifying its intrinsic interaction partners in the absence of DNA damage would be
instructive for understanding its function. Thus, we conducted this experiment without causing DNA

damage.

TRIP13 had the highest rank among enriched proteins. We focused on proteins associated with
the DNA repair pathway from the 279 identified proteins (the complete list of enriched proteins is
presented in Supplemental Table 1). MRE11, a component of the MRN complex, was among the most
promising candidates for a TRIP13 interaction partner (Fig 1.2A). Using the known TRIP13-interacting
proteins (p3 1comet, MAD2, and CDC20), the proximal localization of BioID2-TRIP13 was confirmed
by western blotting after biotin pulldown (Fig 1.2B). Furthermore, affinity precipitation utilizing
2xStrep-tagged TRIP13, which interacted with both endogenous MREI11 (Fig. 1.2C) and purified
3xFLAG-tagged MRE11, revealed the direct contact between MRE11 and TRIP13 (Fig 1.2D).
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Figure 1.2. MREI11 is a new TRIP13 interaction partner. (A) A BiolD2-tagged TRIP13 proteomics
experiment identified 279 potential interaction partners. (B) BiolD2-TRIP13 labeled well-known
substrates of TRIP13 (p31comet, MAD2, and CDC20). (C) Strep-AP detected endogenous MRE11
utilizing Strep-tagged TRIP13. (D) Purified 3xFLAG-tagged MRE11 was identified in vitro utilizing
purified Strep-tagged TRIP13. Biotin pulldown assays of the MRN complex and cofactors (CtIP and
ATM) using BiolD2-tagged TRIP13-overexpressing U-2-OS cells exposed to (E) IR or (F) CPT.
MRE11 immunoprecipitation verified the connections of MRN complex components with MRE11. The
absence of TRIP13 or treatment with mirin had no effect on these interactions. In vitro MRN
endonuclease experiments demonstrated that the presence of TRIP13 had no effect on the endonuclease
activity of the MRN complex (WT: wild-type, KA: ATP-binding domain mutant, and EQ: ATP
hydrolysis mutant). The red arrow represents the main product when DNA-PKcs and Ku are present.
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Previously, it was found that NBS1, an additional component of the MRN complex, is a
potential interaction partner of TRIP13'. Therefore, we examined the interaction between TRIP13 and
other components of the MRN complex following irradiation-induced DNA strand breaks (Fig. 1.2E)
and camptothecin (CPT) treatment (Fig. 1.2F), which inhibits topoisomerase I during DNA replication.
The link between TRIP13 and the MRN complex was seen both with and without DNA damage.
Therefore, we hypothesized that TRIP13 may have a role in the control of MRE11 even in the absence
of DNA damage.

In addition to MRE11 and RAD50, which are components of the MRN complex, BiolD2 fused
with TRIP13 was utilized to label ATM and CtIP, which are cofactors of the MRN complex. However,
we did not find any NBS1 peptides; hence, BiolD2 labeled with TRIP13 may not label NBS1. Therefore,
we concluded that TRIP13 interacts with MRE11 in the MRN complex, but not with NBS1.

To determine which domain in MREI11 is responsible for TRIP13 interaction, 3xFLAG-
TRIP13 IP was carried out with a Myc-MRE11 domain deletion series that was overexpressed (Fig 1.2F)
We separated the MRE11 do-main into the nuclease domain, the Capping domain, and the C-terminal
domain containing the Glycine-Arginine domain (GAR) and the DNA binding domain. The deletion of
the capping domain or the C-terminal domain did not appear to affect the interaction with TRIP13.
Therefore, we hypothesize that the nuclease domain is responsible for the TRIP13 interaction, though

additional research is required.

Next, we examined whether TRIP13 affects the MRN complex's stability, which is necessary
for its physical interactions. Surprisingly, the connections between Mrell and other components of the
MRN complex remained unchanged whether irradiation and TRIP13 were present or absent (Fig 1.2G).
Additionally, an in vitro MRN endonuclease experiment with TRIP13 wild-type, KA mutant (ATP-
binding mutant), and EQ mutant (ATP hydrolysis mutant) revealed that TRIP13 did not influence the
endonuclease activity of the MRN complex (Fig 1.2H). These findings indicate that TRIP13 contributes
to the DNA damage response independently of the endo/exonuclease activity of the MRN complex.
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1.3.3. TRIP13 depletion inhibits the physical interaction of MDC1 with MRE11 and
reduces the recruitment of MDC1 to DNA damage sites

DSBs are detected by the MRN complex, which binds directly to DSB sites* . The MRN
complex recruits and activates ATM kinase, which phosphorylates histone H2AX (H2AX) at double-
strand break (DSB) sites, thereby providing a binding site for MDC1%. MDC1 at DSB sites attracts
more MRN-ATM complex to regions around DSB sites, resulting in H2ZAX-MDC1 dissemination and
amplification of ATM signaling on adjacent chromatin®®. We predicted that TRIP13 plays a role in
recruiting MDCI1 to regions of DNA damage.

IR-induced DNA damage increased the chromatin-bound fraction of MDC1, whereas indole-
3-acetic acid (IAA)-induced TRIP13 degradation decreased it (Fig 1.3A). MDC1 connects directly to
the MRN complex via phosphorylated SDTD motifs***"*?; Consequently, we hypothesized that this
interaction is governed by TRIP13. MRE11l immunoprecipitation confirmed the direct connection
between MDC1 and the MREI11 complex (Fig 1.3B). The interaction between MDC1 and MREI11 was
unaffected by TRIP13 in the absence of DNA damage but was greatly diminished in the absence of
TRIP13 in the presence of DNA damage (Fig 1.3B).

To determine how TRIP13 depletion impacts MDC1 chromatin loading, the development of
H2AX and MDCI1 foci was studied (Fig 1.3C). TRIP13 removal alone dramatically reduced the number
of MDC foci. To validate the role of TRIP13 in the recruitment of MDC1 to DNA damage sites, GFP-
tagged MDCl1-expressing cells were laser micro-irradiated. When TRIP13 was demolished, MDC1
recruitment was not only diminished but also delayed (Fig 1.3D). MDC1 directly interacts with the C-
terminal region of H2AX?***®, MDC]1 foci depend on H2AX foci for their existence®'. Surprisingly,
TRIP13 reduction had little effect on H2AX foci (Fig 1.3C). Similarly, treatment with 100 M mirin,
which inhibits MRE11 nuclease activity, decreased the amount of MDC1 foci but not H2AX foci.
However, the combination of mirin and TRIP13 depletion prevented the development of MDC1 and
H2AX foci (Fig 1.3C). Our findings imply that both mirin and TRIP13 regulate H2AX phosphorylation,
but TRIP13 is required for MDC1 recruitment to DNA damage sites. It is unclear if TRIP13 regulates
ATM signaling pathway independently of mirin because mirin treatment at high dose (above 500 M)
has been found to inhibit ATM activity’>. By modulating the physical contact between the MRN
complex and MDC1, TRIP13 collectively enhances recruitment of MDC1 to DNA damage sites.
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Figure 1.3. TRIP13 depletion affects MDC1 recruitment to DNA damage sites via reducing the
MRN complex's physical contact with MDC1. (A) TRIP13 depletion affects MDCI1 recruitment to
DNA damage sites via reducing the MRN complex's physical contact with MDC1. (B) When TRIP13
was degraded by IAA, the chromatin-bound fraction of MDC1 was diminished. (C) Upon TRIP13
degradation and mirin treatment, the formation of phosphor-ATM (S1981) foci was analyzed. (D) When
TRIP13 was depleted, the interaction between MDC1 and MRE11 was diminished upon IR exposure.
The significance was determined using a two-way ANOVA (n.s, not significant; ****p <0.001). (E)
The formation of MDC1 foci was studied when TRIP13 was degraded, and mirin was applied. To
evaluate significance, a two-tailed unpaired T-test was done (**p 0.01; ***p 0.001). TRIP13 inhibition
slowed the recruitment of MDC1 to DNA damage sites. The red lines represent radioactive areas.
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1.3.4. TRIP13 promotes DNA resection and homologous recombination via modulating
ATM-mediated downstream signaling.

TRIP13 governs MDCI1 recruitment to DNA damage sites via the MRN complex; thus, we
studied which downstream signaling pathways are controlled by these interactions. The phosphorylated
forms of ATM kinase substrates, including ATM, NBS1, KAP1, and RPA32 (S4/8), were not completely
inhibited by mirin treatment or [AA-induced TRIP13 depletion, but they were markedly downregulated
by mirin-induced TRIP13 depletion (Fig 1.4A). Interestingly, TRIP13 removal had no effect on ATR
kinase-phosphorylated RPA32(S33). Although inhibiting the MRN complex with mirin affects both the
ATM and ATR pathways, inhibiting TRIP13 solely impacts the ATM route. In addition, TRIP13
depletion and MRN complex inhibition by mirin treatment had an additive inhibitory effect on ATM

downstream proteins, indicating that TRIP13 regulates DSB signaling proteins independently of mirin.

TRIP13 removal decreased RPA32(S4/S8) phosphorylation. Therefore, we conducted an ER-
AsiSI-based DNA resection test to assess the effect of TRIP13 knockdown on DNA resection (Fig 4B).
ER-AsiSI quantified DNA resection at 335, 1618, and 3500 bp from the DSB*. Even in the control
group, the DSB did not undergo long-range resection (3500 bp) according to our experimental schedule.
TRIP13 depletion or mirin therapy decreased short- and intermediate-range resection by 335 and 1618
base pairs, respectively. Similar to the effects on ATM signaling (Fig. 1.3C and 1.4A), the combination
of TRIP13-targeting siRNA and mirin reduced both short- and intermediate-range resection additively.

The frequency of sister chromatid exchange (SCE) is an indicator of homologous
recombination®*°, We examined the function of TRIP13 in SCE. As anticipated, TRIP13 depletion or
mirin therapy decreased the frequency of SCEs, and their effects were cumulative (Fig 4C). Using the
GFP-reporter system, we also evaluated the influence of TRIP13 on the HDR and SSA frequencies.
Similar to the effect of RADS51 knockdown, both TRIP13 depletion and mirin therapy inhibited the
HDR pathway (Fig 1.4D). Moreover, TRIP13 depletion and mirin therapy blocked the SSA pathway in
a manner comparable to that of RAD52 knockdown (Fig 4E). TRIP13 is implicated in ATM signaling
and the HDR pathway via its direct contact with MRE11, which modulates connections between MDC1

and the MRN complex, as revealed by our data.
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Figure 1.4. Independent of MRE11 exonuclease activity, TRIP13 promotes HR by modulating
ATM downstream signaling and DNA end resection. (A) Upon TRIP13 degradation with mirin
treatment, IR-induced ATM downstream signaling pathways were downregulated. Using the ER-AsiSI
system, a quantitative DNA resection experiment revealed that TRIP13 knockdown and mirin
administration hindered DNA end resection. (C) Mirin therapy with TRIP13 depletion decreased the
production of SCE. (D-E) GFP-reporter experiments revealed that TRIP13 knockdown and mirin
administration have cumulative effects on HDR and SSA. The significance was determined using the
two-tailed unpaired T-test (*p 0.05; **p 0.01; ***p 0.001; n.s., not significant).
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1.4. Discussion

Recent classification by Kieffer and Lowndes of the DSB repair procedure into three phases®’.
The 'immediate-early step' response is to detect the formation of the DSB area. The 'early phase' reaction
involves chromatin modifications and ATM signaling through the recruitment of critical enzymes in
order to safeguard the damage and prepare for repair. The 'late step' reaction entails selecting the
appropriate repair pathway based on the circumstance. TRIP13's participation in the DNA damage
response has only been documented in the "late step" reaction, which controls the selection between
HDR and NHEJ3,9. TRIP13 is recruited to a DNA damage site within a few seconds, indicating that
reduction of TRIP13 does not improve NHEJ. In addition, TRIP13 depletion reduces the amplification
of DNA damage signaling and the recruitment of its downstream signaling proteins, which corresponds
to an "early step" response. These findings show that TRIP13 participates in both the 'late step' and

'immediate-early step' responses to DNA damage.

We found interacting partners of TRIP13 implicated in the "intermediate-early phase" response
to DNA damage using a quantitative proteomics technique with proximity-labeling. MRE11 was
selected from various DNA repair-related proteins because the MRN complex initiates DNA strand
break sensing and ATM activation®**’. We confirmed that TRIP13 interacts directly with MRE11 and
RADS50, but not with NBS1, when DNA damage is induced (Fig 1.2E). The inability of proximity-
labeling proteomics and traditional immunoprecipitation to detect the interaction between TRIP13 and
NBS1 (Fig 1.2E, 1.2F) leads us to hypothesize the existence of an MRN complex containing just
MREI11 and RADS50, but not NBS1. In actuality, overexpression of the yeast ATM ortholog TELI
sustains DSB repair and telomere preservation in the absence of NBS1*'. In addition, the database of
protein complexes is based on a large co-elution profile (hu.MAP v2)* reported a complex with only
MREI11 and RAD50 (HUMAP2 02474; p-value 1.98¢-04) and a complex with all known MRN complex
components (MRE11, NBN (NBS1), RAD50, FAM219A, and HEATR1; HUMAP2 01080; p-value
4.96e-04). To confirm the specificity of the interaction between TRIP13 and the MRE11-RADS50

complex, additional research is required.

TRIP13 appears to interact with MRE11 even in the absence of DNA damage, which is
intriguing. MRE11 was discovered as a TRIP13 interaction partner through the SILAC approach in the
absence of DNA damage, and this interaction was not affected by DNA damage (Fig 1.2A).
Consequently, TRIP13 may interact with MRE11 in the absence of DNA damage. Another theory is that
TRIP13 interacts with MREI11 in the initial DNA damage response. Within seconds of UV exposure,
TRIP13 was recruited to DNA damage sites. Therefore, TRIP13 is able to interact with MRE11 even in
the absence of DNA damage and swiftly responds to spontaneous DNA damage. Further studies should

investigate these hypotheses.
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Upon TRIP13 depletion, recruitment of MDC1 to DNA damage sites and physical interaction
of MDC1 with the MRN complex were drastically diminished. Two motifs, Walker A (for ATP binding)
and Walker B (for ATP hydrolysis), are essential for this activity”’. Moreover, TRIP13 dissociates a
substrate from a protein complex by causing a conformational shift in the substrate®***. Nevertheless,
our findings indicate that TRIP13 facilitates the interaction between MRE11 and MDCI1, as opposed to
causing the release of MREI11 from the MRN complex or MDCI1. In the future, it would be intriguing
to completely understand how TRIP13 governs the interaction between MDC1 and the MRN complex.
TRIP13 modulates ATM signaling amplification and influences the connection between MDC1 and the
MRN complex by interacting directly with MRE11.

ATM phosphorylates TQXF motifs within MDCI1, thereby generating docking sites for the
ubiquitin E3 ligase RNF8*. This stimulates the recruitment of another E3 ligase, RNF168, by
ubiquitylating histone H1 or L3MBTL2*%". RNF168 sequentially ubiquitylates histone H2A and
induces the recruitment of DNA damage response factors, including 53BP1 and its downstream proteins,
RIF1*7° PTIP*', and the Shieldin complex™. MAD2L2 (Rev?7) is a component of the Shieldin complex,
which shields double-strand breaks (DSBs) and supports the NHEJ pathway>***. Previous research has
suggested that TRIP13 improves the HDR pathway upon DSB induction by freeing MAD2L2(Rev7)
from the Shieldin complex3,9. In these investigations, TRIP13 knockdown had an effect on the HDR
pathway and not the NHEJ pathway. Using the I-Scel-based GFP-reporter experiment, we confirmed
that reduction of TRIP13 hindered the SSA and HDR pathways, but had no effect on NHEJ and alt-
NHEJ. TRIP13 appears to regulate DNA end resection at double-strand breaks (DSBs) to allow HDR
and SSA, which are essential for intermediate- and long-range resection. It is unknown why TRIP13
depletion had no effect on alt-NHEJ, which necessitates a short-range resection. Importantly, even in
wild-type cells, the frequency of alt-NHEJ in the reporter assay was rather low, therefore we were
unable to detect a minor change in alt-NHEJ with our experimental design. Alternately, TRIP13 may
interact with a different partner protein that induces alt-NHEJ. Despite the fact that TRIP13 promotes
DNA end resection, an extra partner that increases alt-NHEJ with TRIP13 may be necessary for proper
alt-NHEJ.

In conclusion, TRIP13 plays a function in ATM activation through its interaction with MRE11,
in addition to influencing the selection of the DSB repair route. Our findings indicate that TRIP13
participates upstream of the ATM signaling system, which corresponds to an "immediate-early"
response in DNA damage sensing, hence boosting HDR and NHEJ. in accordance with prior results3,9,

Our findings indicate that TRIP13 is an essential regulator of DSB repair at several stages.
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2. Enrichment of deleterious mutated genes involved in ciliary function and
histone modification in brain cancer patient-derived xenograft models

2.1. Introduction

Brain tumors are among the most difficult to treat, with a 5-year overall survival rate of less
than 35% despite the development of numerous tailored therapy alternatives™. In 2016, the World
Health Organization (WHO) began combining traditional histology with genetic biomarkers to classify
central nervous system (CNS) tumor types>®. Since then, the diagnostic significance of molecular
biomarkers in the classification of CNS tumors has increased. For instance, the fifth edition of the WHO
Classification of Tumors of the Central Nervous System (CNS5) combines molecular factors with

clinicopathologic phenotypes for the most precise classification of CNS tumors®’.

Large-scale genomic analyses, such as The Cancer Genome Atlas, provide information
regarding molecular markers to classify glioblastoma multiforme (GBM) into at least four subtypes
based on genetic, epigenetic, and transcriptional changes™ . More recently, cIMPACT-NOW (the
Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy) has updated
practical suggestions on recent categorization advancements for CNS tumors® . Emerging importance
of molecular biomarkers for CNS cancers is hampered by the high intra- and inter-tumor heterogeneity

of several progressive brain tumor types, such as GBM®"%*,

Patient-derived xenograft (PDX) models are regarded as a viable platform for customized
cancer research due to their ability to replicate the genomic and epigenetic traits and
microenvironmental interactions that occur throughout the growth of a brain tumor. Using whole-exome
sequencing, the Mayo Clinic Brain Tumor PDX National Resource team evaluated the genetic changes
in 83 PDX samples from 24 patient tumors®. According to the researchers, PDX samples were able to
capture common and uncommon mutations of TERT, EGFR, PTEN, TP53, BRAF, and IDH similar to
glioblastoma tissue samples. Despite the fact that tumor driver mutations and their expression profiles
were identical between tumors and xenografts, the complete list of genetic alterations found in each

circumstance was not disclosed.

Based on whole-genome sequencing, a prior study found discordance in the comprehensive
mutation profile between xenograft and patient tumors, ranging from 12% to 64% of common
mutations®’. According to a separate study, certain tumor-PDX couples did not share as many somatic
mutation patterns as anticipated, most likely due to their hypermutability capacity’®. Although we
hypothesized that the variety of somatic tumor mutations could lead to genetic incompatibility, host-

specific development of xenograft tissues was also a possibility’".
Recent analysis of 15 trios of tumor-BTIC (brain tumor-initiating cell)-xenograft samples
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revealed that some mutations were common among the trio samples, while others were discovered only
in the xenograft model®. Further characterization of mutations detected solely in the xenograft model
revealed that they were situated in genes involved in ciliary or flagellar movement, sensory organ
development, and synaptic control. These data show that cancer genomic investigations employing

PDX models should include special selection in the unexplored xenograft environment.

To gain a better understanding of these xenograft-specific mutation patterns, we investigated
genome-wide mutations in many brain tumor-PDX models along with their respective primary tumors.
Surprisingly, although their histological properties were identical, only a few detrimental somatic
mutations were shared by the PDX samples and the primary tumors. By evaluating the PDX-specific
enriched mutations, as was done in the prior research, we were able to determine the genetic basis of
the disease®”, we found mutations in genes associated with cilium mobility, microtubule
depolymerization, and histone methylation. Although it is necessary to elucidate the relationship
between these functions and brain tumors and whether rare tumor mutations are enriched or tumor-
unrelated mutations are selected in the PDX model, our study may require further consideration of the

model-specific genetic selection properties of PDX models.

2.2. Materials and methods
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2.2.1. Tumor samples from patients with brain tumors.

Between September 2015 and April 2017, eleven individuals with brain tumors provided tissue
samples. This study was authorized by the Institutional Review Board of Seoul National University
Hospital (permission number H-1507-145-696), and informed consent was obtained from all patients.
Figure 1 depicts the clinical diagnoses of the examined patients alongside sample histology images. In
addition, clinical data such as age, gender, smoking status, stage, tumor size, preoperative chemotherapy,
differentiation, vascular invasion, perineural invasion, lymphatic invasion, pleural invasion, recurrence,
and survival were extracted from the medical records of the patients. The duration between histological
diagnosis and death or the last follow-up was regarded as overall survival. Survival without relapse was
defined as the time between histological diagnosis and the first progression or recurrence, disease-

related death, or the last follow-up.

2.2.2. Establishment of brain tumor-PDX models.

To construct PDX models, patient tumor tissues were transplanted subcutaneously into the
flanks of NSG mice (Jackson Laboratory, Sacramento, CA, USA). After surgical excision, patient tumor
tissue was collected within two hours. Tissue from the tumor was implanted as soon as possible after
harvesting. The tumor was stored in an appropriate medium (RPMI1 1640) at 4°C before implantation.
In the cabinet, an anesthetic chamber was installed, and an oxygen/isoflurane mixture was created. Then,
we placed fresh patient tissue in a culture dish and rinsed it twice with serum-free RPMI1640 medium.
Using a sharp blade, the viable component of the tumor was diced into 1 mm® pieces. The operating
table and equipment were sterilized with 70% ethanol, and the surgical instruments (scissors, forceps,
and cotton swabs) were sterilized in an autoclave. Mice were placed in the anesthetic chamber
containing a mixture of oxygen and isoflurane. Using a plunger, tumor pieces were engrafted, and the
needle was gently withdrawn while the engrafted tumor was held with forceps. The mouse's skin was
cleansed with alcohol, then it was placed on a heated pad and observed until it regained consciousness.
Once the tumor's volume reached 60 mmn?’, its size was assessed twice per week using a caliper. The
volume of the tumor was computed as 0.5 x (length) x (width)?. Mice were slaughtered when the tumor
volume reached 600-800 mm?, and tumors were taken for further research, such as consecutive
passaging and next-generation sequencing analyses. The excised tissues were used to make formalin-
fixed paraffin-embedded blocks, while the remaining tissues were kept as snap-frozen fragments of
tumor. The Biomedical Research Institute at Seoul National University Hospital approved all animal

care and studies (approval number: IACUC 14-0016-C0AO(1)).
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2.2.3. Histopathological analysis.

The thickness of fresh patient and PDX tissue slices was 4 um. Following the manufacturer's
instructions, hematoxylin and eosin staining was performed using a Symphony system (Ventana
Medical Systems, Inc., Basel, Switzerland). A ScanScope® XT scanner was used for image analysis

(Aperio, Leica Biosystems, Newcastle, UK).

2.2.4. Mutational analysis.

Using a TruSeq DNA Exome kit, a sample exon capture library was constructed and sequenced
on an Illumina HiSeq 2000. Adapter sequences were cut with trimmomatic (version 0.39)* and bwa
was used to align the sequences to the human-mouse combined reference genome (hg38 and mm10)
(version 0.7.12)”. To exclude readings from the mouse host in xenograft samples, the human (hg38)
and mouse (mml(0) genomes were combined and reads that mapped preferentially to mouse
chromosomes were deleted. For uniformity, the same approach was applied to human-only tumor tissue
and blood data. Using strelka2, somatic and germline variations were identified (version 2.9.10)"* with
the '--exome' option and examined passed variations for further study. The Variant Effect Predictor (VEP)
of EnsEMBL (version 101)” was used to predict the effect of somatic mutations, and genes with
mutations predicted to have a significant impact on proteins were studied extensively. From the
COSMIC database, cancer census genes and other genes related with brain tumors were extracted

(version 94)".

2.2.5. Mutational signature analysis.

Each sample's somatic mutations were evaluated using the COSMIC MutSig reference
database’’ and the SigProfiler program for single base substitution (SBS), double base substitution
(DBS), and insertion-deletion (ID) signatures (version 3.2 - March 2021) and SigProfiler software
(version 3.2 - March 2021)™,

2.2.6. Gene Ontology (GO) term enrichment analysis.

The number of tumor or PDX samples in which harmful mutations were found was used to
sort genes with deleterious mutations. Using PANTHER Gene List Analysis tools’’ and the PANTHER
GO-slim biological process database, an enrichment analysis of GO terms was conducted. We chose

enriched phrases with an enrichment score larger than 3 and a false discovery rate lower than 0.05
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2.3. Results

2.3.1. Deleterious somatic mutations are discordant between original tumors and
xenograft tissues.

Ten brain cancer patients' tumor samples were used to create 13 PDX models, and the
histological characteristics of the brain tumors and their generated xenograft tissues were confirmed
(Fig. 2.1). All PDX models were evaluated in vivo first passage, with the exception of SNPDX-045,
which was analyzed in the second passage. SNPDX-010 and SNPDX-011 were additionally analyzed
in the second passage. Then, we performed whole-exome sequencing on these tissues and each patient's
blood in order to discover somatic mutations accumulated in brain tumors and investigate their
conservation in xenograft tissues. To focus on mutations that contribute to the development of brain
tumors, we chose deleterious mutations having a substantial influence on protein activities, such as
peptide truncation and loss of function generated by non-synonymous mutations, as predicted by the

EnsEMBL VEP”,

Surprisingly, the overlap of deleteriously altered genes between tumors and generated
xenograft tissues was substantially lower than anticipated (6.0-36.7%) because fewer deleteriously
mutant genes were present in either sample (Fig. 2.2). Moreover, even for two cases whose xenograft
tissues experienced a second passage (SNPDX-010 and SNPDX-011), the two xenograft tissues did not
share significantly modified genes (at most, 18.4% of total mutant genes were shared by all three
samples in SNPDX-011). When we evaluated direct mutation sites as opposed to mutant genes, the
overlap was much lower (Supplementary Fig. 2.1), being less than 3% in eight out of eleven instances.
Even for samples with 21.2% overlap (SNPDX-037), overlap fell to 5.2% when 2,067 mutant genes
detected in xenograft tissue were examined. Therefore, we unexpectedly concluded that the precise

somatic mutation patterns are not retained between the original tumors and the xenograft tissues.
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Figure 2.1. Histological analysis of brain tumor-PDX tissue sources and origins. We confirmed that

the type of brain tumor was preserved in the xenograft state.
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Figure 2.2. Genes containing deleterious mutations are present in both primary and PDX tumor
model. EnsEMBL VEP assessed the number of genes with deleterious somatic mutations based on
mutations with a significant impact. To calculate the percentage of overlapping genes between PDX
samples and tumors, the total number of overlapping genes was divided by the total number of genes in
the original tumor. The proportion of overlapping genes between PDX0 and PDX1 was calculated by
dividing the number of overlapping genes by the total number of genes in the initial PDX sample

(PDX0).
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Supplementary Figure 2.1. Overlap deleterious mutations in both original tumor tissues and PDX.
EnsEMBL VEP evaluated the number of genes with deleterious somatic mutations based on mutations
with a substantial effect. To determine the proportion of overlapping genes between PDX samples and
tumors, the total number of overlapping mutations was divided by the total number of mutations in the
original tumor. The percentage of overlapping mutations between PDX0 and PDX1 was determined by
dividing the number of overlapping genes by the total number of genes in the initial PDX sample

(PDX0).
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2.3.2. Both primary cancers and xenograft tissues share identical germline mutations.
Before assessing the specifics of genetic selection in the host, we attempted to confirm that
samples shared common global genetic characteristics. If samples are acquired from the same individual,
there should be a high degree of germline variation overlap. Therefore, we compared the germline
variation of PDX samples to that of tumor and blood samples from each individual. To reduce the effect
of the variant calling algorithm and sequencing errors, we solely included homozygous germline

variants in this research.

Each sample included an average of 36,240 homozygous variations, and more than 90% of
these variants were shared by the blood, tumor, and PDX samples from the same individual (Fig. 2.3).
Due to the fact that SNPDX-037 and SNPDX-038 were generated from two different tumor locations
in the same patient, their germline variants overlapped substantially. In contrast, the overlapped
proportion of homozygous variants among samples from different persons did not surpass 60%,
regardless of sample type, with the exception of PDX samples obtained from SNPDX-011, for which
the overlap was 62-66%. These findings suggest that these PDX samples retained the genetic

background of their matched tumor source and originated from the same tumor source.
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Figure 2.3. Heatmap showing prevalent germline homozygous variations. When comparing sample
variations, only homozygous germline variants were considered. To validate the concordance between
tumors and xenograft samples, we utilized the number of germline mutations in a tumor sample as a
reference baseline rather than a normal sample. By dividing the number of germline mutations in

xenograft samples by the number of germline mutations in tumor samples from each patient, the



2.3.3. Mutational signatures are highly preserved between tumors and xenografts, and
they reveal the mutational origin.

Other global genetic characteristics evaluated were mutational signatures, which can be used
to infer the origin of somatic mutations in a variety of cancer types’’. We investigated if mutational
changes happened during the creation of PDX. Although the PDX models were well-established from
the same tumor source as mentioned above, exposure to a novel mutagen during PDX establishment
would result in somatic mutational alterations. To examine the mutational process in the PDX model
and original tumor, we compared the mutational signatures of the PDX model and its corresponding

original tumor using COSMIC.

Except for SNPDX-037 and SNPDX-038, all samples displayed comparable mutational
patterns that are highly related to the SBS 18 mutational signature that was previously identified as likely
being harmed by reactive oxygen species (Fig. 2.4)""%*%! In addition, DBS and ID mutational signatures
were shared between PDX samples and their corresponding malignancies. While somatic mutation
patterns of PDX samples and original tumors were widely discordant, PDX samples maintained the
mutational signatures of their matched tumor samples. These findings indicate that PDX models can

retain both the genetic background and the in vivo mutational process of the original tumor.

As stated previously, SNPDX-038 and SNPDX-037 were acquired from the same patient, and
their mutational signatures were similar and most similar to the SBS11 signature, which was found to
be the temozolomide (TMZ)-related mutation signature (Fig. 2.4)"%*% . Before surgery, the patient who
provided SNPDX-037 and SNPDX-038 had received eight cycles of TMZ treatment over the course of
eight months. These data indicate that PDX samples preserve the mutational signatures of the original

tumors, from which we can estimate the mutation's cause, such as chemotherapy history.
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Figure 2.4. SBS mutational signature analysis. Mutational signatures were highly conserved between
tumor and xenograft tissues. mutational signatures obtained from tumor and PDX samples were
subjected to a COSMIC SBS signature analysis (see Methods for de-tails). The SBS mutational
signatures of 96 tumor subtypes (left) and PDX samples (right) are shown (right). Additionally, the
picture labels the mutational patterns of a xenograft with a second passage (PDX1) in three patients
(SNPDX-010, SNPDX-011, and SNPDX-045).
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2.3.4. Mutations related with brain tumors are enriched in PDX samples.

Although PDX samples retained the mutational fingerprints and germline variants of the
original tumors, their dissimilar somatic mutation profiles were perplexing. We hypothesized that this
difference was produced by a combination of tumor heterogeneity and clonal evolution inside the host.
Therefore, we investigated genes and their associated biological processes that were concordant or

discordant across tumor and PDX samples.

First, we analyzed the somatic mutation patterns of genes related with brain cancer as
published in the COSMIC database (Fig. 2.5)°. In the original tumor or PDX sample, five genes (ARTX,
IDH1, IDH2, BRAF, and MGMT) harbored mutations with moderate or high impact on protein
functions. However, even in these oncogenes associated with brain cancers, we detected divergent
mutation patterns between tumors and PDX samples, comparable to total somatic mutations. For
instance, we identified IDH1 mutations in three tumor samples from two individuals (SNPDX-012 and
SNPDX-037/038), whereas six PDX samples showed moderate- or high-impact IDH1 mutations.
Although the mutation profiles did not overlap, PDX samples showed more mutations in these genes

than tumors, showing that PDX samples are enriched for mutations linked with brain cancers.

In addition, we examined genes with somatic mutations that were enriched in PDX samples or
primary tumors. First, we analyzed 723 COSMIC cancer census genes often associated with a variety
of cancers (Fig. 2.6a and 2.6b) and determined the top 30 genes enriched in each sample type. Compared
to mutant cancer census genes enriched in tumors, a surprising number of PDX-enriched mutated genes
were shared in PDX samples. We expanded this to all altered genes and detected 217 mutations in
tumor-enriched genes and 1,610 mutations in PDX-enriched genes. We reasoned that tumor-associated
mutations are enriched in PDX samples because not only was the number of genetic alterations but also

the overlap between samples greater in PDX samples than in tumors.

We identified 409 genes with high-impact mutations (e.g., protein truncation, frameshift
mutation) and examined whether these mutations were enriched in tumors or PDX samples by
subtracting the number of tumor samples with the modified genes from the number of PDX samples
with the same mutated genes (Fig. 2.6¢). These mutations were more prevalent in PDX samples than in
malignancies. We selected these genes according to the number of mutant samples and analyzed
whether PDX samples contained more mutations associated with cancer (Fig. 2.6f). Based on the
number of samples in each category, we anticipated that thirteen of the twenty-three samples with
specified mutations would be PDX samples (yellow line in Fig. 2.6f). In most instances, PDX samples
had more shared mutations than original tumors, and four of these genes (MUC16, NF1, LRP1B, and
CSMD3) were classified as COSMIC census genes. We concluded that cancer-associated somatic

mutations are enriched in PDX samples despite their absence in the original tumors.
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Figure 2.5. Mutation profile of previously known genes linked to the development of brain tumors.

The list of genes was acquired from the COSMIC database, and the EnsEMBL VEP projected that
detrimental somatic mutations would have a ' MODERATE' or 'HIGH' effect. Genes with mutations that

have a HIGH impact are highlighted in a deeper color.
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Figure 2.6. The 30 most often mutated genes found in tumors and PDX samples. We only
examined harmful mutations with a significant effect on protein function meodification. (a)
COSMIC census genes that are overrepresented in cancers. (b) COSMIC census genes enriched in PDX
samples. (c¢) The top 30 ranked mutant genes out of 217 tumor-enriched mutated genes, (d) The top 30
ranked mutated genes out of 1,610 PDX-enriched mutated genes. (¢) We identified 409 genes with high-
impact mutations that were enriched in PDX samples (blue) or primary tumors (yellow) and displayed
the number of samples with these mutant genes using a bar graph. Cancer genes with deleterious
mutations were frequently found in tumors and PDX samples. The yellow line indicates the expected
number of PDX samples. This amount is less than the actual number of PDX samples containing mutant
genes (blue region), showing that these genes are overrepresented in PDX samples. List of genes altered

in more than 10 samples (red box). Genes that have been annotated as COSMIC census genes are




2.3.5. Gene mutations associated with histone methylation and cilium are likely
enriched in PDX samples.

If brain tumor-specific mutations are enriched in PDX samples, we hypothesized that tumor-
associated gene mutations not found in the original tumor would also be enriched in the PDX sample.
To examine enriched mutant gene sets in tumor and PDX samples, we compiled a list of enriched gene
sets for each sample type. Probably as a result of the heterogeneity of tumor samples, there was a greater

variety of genes with harmful mutations.

While 761 genes were identified as tumor-enriched, the GO term analysis of the enriched
mutant gene set of original tumors revealed no meaningful terms. This was likely due to the low
sensitivity of the assay, which was caused by tumor heterogeneity. GO keywords associated to histone
methylation, cilium movement, and microtubule depolymerization were significantly overrepresented
among the 1,610 genes enriched in PDX samples (Fig. 2.7). These genes corresponded to those found
in a recent study involving genes implicated in ciliary or flagellar motility 69. These PDX-specific
alterations involving histone methylation, cilium movement, and microtubule depolymerization were
not discovered in the original tumors and may only be advantageous in the PDX environment. However,
as mentioned previously, cancer-related genes have more mutations in PDX samples than in the original
tumors; hence, it is also possible that rare mutations associated with malignancies are enriched in PDX
samples. However, additional research is necessary to determine if this is genuinely connected to the

pathophysiology of brain tumors or to preferred mutation in the PDX environment.
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Figure 2.7. Genes associated with histone methylation and cilia are abundant in PDX samples. (a)

Profile of genes with detrimental mutations in the COSMIC cancer gene census. We only considered

genes associated with GBM and CNS malignancies. Among PDX-specific enriched mutant genes, (b)

histone methylation (GO:0016571), (c) microtubule depolymerization (GO:0007019), and (d) cilium

movement (GO:0003341) genes were highly enriched.
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Meninges COSMIC
Tumor sample CNS re.lated relategd annotated
mutations mutations mutations
SNPDX_010 1 0 151 (6.4%)
SNPDX_011 9 0 191 (6.6%)
SNPDX_012 4 0 189 (6.5%)
SNPDX 018 7 2 165 (6.6%)
SNPDX_021 10 0 206 (5.7%)
SNPDX_023 6 0 205 (5.7%)
SNPDX_028 11 1 250 (5.8%)
SNPDX_031 5 0 123 (6.3%)
SNPDX_037 19 1 398 (9.1%)
SNPDX_038 14 2 348 (8.1%)
SNPDX_045 12 0 338 (5.9%)
b
Meninges COSMIC
Tumor sample | PDX CNS related relatgd annotated
mutations . .
mutations mutations
SNPDX 010 PDX0 6 0 173 (6.0%)
- PDX1 8 1 326 (5.7%)
SNPDX_011 PDX0 14 0 308 (7.2%)
PDX1 12 0 337 (7.4%)
SNPDX_012 PDX0 13 2 369 (7.0%)
SNPDX_018 PDX0 10 1 261 (6.7%)
SNPDX_021 PDX0 21 1 529 (6.2%)
SNPDX_023 PDX0 9 2 323 (5.6%)
SNPDX_028 PDX0 10 0 272 (5.5%)
SNPDX_031 PDX0 14 0 253 (6.4%)
SNPDX_037 PDX0 54 2 1476 (8.5%)
SNPDX_038 PDX0 30 2 1139 (8.5%)
SNPDX_045 PDX1 23 3 488 (7.3%)

Table 2.1. COSMIC database annotated mutations in primary tumor and PDX model. (a) Central
nervous system (CNS), Meninges, all type of cancer related mutations in each original tumor and (b) in

PDX model.
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Tumor sample TP53 mutation PDX TP53 mutation
PDX0 -
NPDX_01 -
S -010 PDX1 G108V
SNPDX_011 R273G PDX0 R273C
- PDX1 R273G ,P359S
SNPDX_012 - PDX0 C238F
SNPDX_018 - PDX0 -
SNPDX_021 - PDXO0 L206F
SNPDX_023 G59C PDX0 -
SNPDX 028 Spll(_:e_acceptor_vanar_\t & PDX0 i
- Coding_sequence_variant
SNPDX_031 E28D PDX0 L29I
SNPDX_037 P316S, R175H PDX0 E3K, R175H, K386N
SNPDX=038 R175H PDX0 | R175H, R306L, A347T
SNPDX_045 - PDX1 -
Tumor sample EGFR mutation PDX | EGFR mutation
SNPDX_010 S1042R PDX0 -
- PDX1 B
SNPDX_011 Splice_acceptor_variant PDX0 R8325
PDX1 B
SNPDX_012 E102K, S655Y PDX0| G131R, P694H
SNPDX_018 G627* PDX0 -
SNPDX_021 - PDX0 S437Y
SNPDX_023 E160* PDX0 C555*
SNPDX_028 Q188K PDX0 T354K, R836S
SNPDX_031 P596L PDX0 P596L
SNPDX_037 H233Y PDX0 D770N
SNPDX_038 C251* PDX0 S286N, R999S
SNPDX_045 S286R PDX1 -

Table 2.2. TP53 and EGFR status in original tumor and PDX model. (a) TP53 mutations in each

original tumor and PDX model. (b) EGFR mutations in each original tumor and PDX model.
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2.4. Discussion

Because they can imitate the in vivo environment in which cancers grow, PDX models have
been widely utilized to study malignancies. Rapid multiplication of tumor cells can enrich cancers in
this environment, which can aid in identifying mutations associated with malignancies and studying
their properties. However, despite claims that important driver somatic mutations were highly
conserved across the original tumors and PDX samples, a systematic investigation of somatic mutations

across genomes was not conducted.

Here, the somatic mutation profiles of 13 PDX models derived from ten brain tumor patients
and their primary tumors were examined. Even with this small sample size, the discordance of somatic
mutations between the original tumors and the PDX samples that were produced from them
demonstrated that established PDX models may not replicate the genetic properties of the original
tumors. Alternately, inadequate genetic data may have been collected due to the heterogeneity of brain
tumors. Therefore, it may be difficult to identify all somatic mutations in both sample types. Recent
research indicates that patient-generated explants and glioma sphere lines produced from glioblastoma
share genetic similarities®®. Since the in vitro culture selection conditions can alter the heterogeneous
tumor population, this method cannot guarantee that the enriched cell population accurately represents

the heterogeneous tumor population in vivo.

This study may be limited by the small number of total cases and low success rates of PDX
models derived from primary brain tumors. In addition, because we utilized a heterotropic PDX model
in the mouse flank rather than an orthotropic model in a comparable anatomical location of the brain,
our model may not be suitable for simulating the physiological properties of real tumors. Nonetheless,
we established pathological histological concordance (Fig. 2.1), matched germline mutations (Fig. 2.3)
and somatic mutational signatures (Fig. 2.4) between tumor and PDX tissues; therefore, these resources

would be useful for understanding genetic modification in the PDX model.

When we evaluated somatic mutations of genes linked to brain tumor growth, such as ARTX,
IDH1, IDH2, BRAF, and MGMT, we discovered that PDX samples contained more mutations than the
original tumors (Fig. 5 and Fig. 7a). Moreover, when we evaluated the most frequently altered genes in
each group, we found more consistent mutation patterns in PDX samples than in primary tumors (Fig.
6). In addition, the total number of somatic mutations in each sample was compared to the cancer-
related mutations listed in the COSMIC database. We discovered that roughly 6% of mutations in each
original tumor and PDX sample overlapped with previously identified mutations in the tumor
(Supplementary Table 2.1 and Supplementary Figure 2.2). Notwithstanding, the mutation associated
with the central nervous system is observed marginally more frequently in the PDX model than in the

original tumor, which may support our claim regarding the enrichment of tumor cells in the PDX model.
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We hypothesized that PDX samples contained a higher concentration of tumor cells, which
would explain why we found more tumor-related somatic mutations in these samples than in the original
tumors. Due to the limited sequencing depth and small sample size of this study, however, we were

unable to confirm this hypothesis.

We examined the somatic mutations of TP53 * and EGFR *¢, Two genes undergo frequent
mutations in glioma (Supplementary Table 2.2). TP53 is a well-known tumor suppressor that plays a
key role in cellular stress signaling and is the most prevalent human cancer suppressor®’. TP53 mutation
is characteristic of the early development of low-grade astrocytic glioma in particular®. With the
exception of two samples in this study (SNPDX-018 and SNPDX-045), TP53 mutations are observed
in the majority of original tumors and PDX samples (Supplementary Table 2.2). The mutations R273G
in SNPDX-011 and R175H in SNPDX-037/038 were observed in both the original tumor and the PDX.
On the other hand, the EGFR mutation patterns of the original tumor and the PDX were quite distinct
(Supplementary Table 2.2). 0.39 percent of all WHO grade III glioma patients and 0.25 percent of all
glioblastoma patients carry the P568L mutation®” that was observed both primary tumor and PDX
present in SNPDX-031. Although known tumor-related mutations are enriched in the PDX, putative
driver mutation patterns on TP53 and EGFR were not identical between the original tumor and the PDX.
It is unclear, however, whether this is due to the limited detectability of rare mutations in this study due

to low sequencing depth or clonal selection of these mutations in the heterotropic PDX model.

Previous research demonstrated the similarity of genome-wide functional characteristics, such
as copy number variations and patterns of gene expression, between PDX samples and the original
tumors. In addition, we confirmed that the mutational signatures of each PDX sample matched those of
their respective primary tumors. Moreover, two samples (SNPDX-037 and SNPDX-038) retained the
mutational signatures resulting from TMZ treatment. According to our records (Supplementary Table
1), patients SNPDX-028 and SNPDX-045 had also been treated with TMZ, but we did not observe the
SBS11 signature in these samples. These patients had not been treated with TMZ within a year prior to
biopsy, so we hypothesized that the SBS11 signature associated with TMZ therapy was diminished.

This indicates that our PDX models can be utilized to replicate the mutational process of primary tumors.
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PDX samples were enriched with gene mutations associated with histone methylation and
ciliary function. Recent research revealed that glioma stem cells (GSCs) derived from a GBM patient
suppressed ciliogenesis, resulting”’. GSCs began to differentiate and escaped the self-renewal process
following the restoration of cilia. Therefore, the deleterious mutations associated with ciliogenesis
found in our PDX samples may be advantageous for tumor cells by inhibiting differentiation and
promoting self-renewal for proliferation. Another study found that glioblastoma-initiating cells (GICs)
exhibited stem cell-like chromatin characteristics and a loss of H3K9me3°’'. Histone demethylase
knockdown increased the H3K9me3 level, which induced apoptosis in GICs but not in differentiated
cells. These results suggest that the deleterious mutations associated with histone methylation in PDX

samples may aid in the maintenance of GICs during the establishment of PDX.

Although our study demonstrated that a subpopulation of tumor cells may increase in our PDX
models due to in vivo growth-promoting properties, additional research is necessary to determine
whether the mutations enriched in PDXs are significant in the original brain tumors due to their
associations with tumor-initiating cells or tumor stem cells. Alternately, these mutations may enhance
cellular fitness in the xenograft environment, regardless of their roles in tumor progression. Analysis of
additional PDX models, paired primary tumor cell models, and single-cell level data will clarify how

to utilize and interpret the genetic characteristics of PDX tumor models.
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3. Characterization and integrative omics analysis of patient-
derived colorectal cancer organoids

3.1. Introduction

Colorectal cancer (CRC) which could be called colon cancer and rectal cancer is the third most
common and second most common cause of cancer death in the world®?. Numerous mutations occur on
genes such as WNT, RAS/MAPK, PI3K, TGF-B, altering the WNT pathway and mTOR signaling, as
well as on tumor suppressors such as FBXW7, PTEN, CTNNB1, SMAD4, ARID1A, FAM123B, DCC,
RET and TGFBR2%*. Epigenetic alterations, such as DNA methylation and histone modifications,
play a role in the initiation and progression of colorectal cancer”. Several CRC tumors exhibit
microsatellite instability (MSI) as a result of the deficiency of essential enzymes of the DNA mismatch
repair (MMR) system (i.e. MLH1, MSH2, MSH6 and PMS2)*. Due to the high heterogeneity of CRC,
numerous studies exploring novel potential biomarkers with prognostic and predictive value for this
disease have been conducted in recent years. In this context, genes associated with cell survival and
DNA repair pathways have also been linked to CRC susceptibility. In addition to high penetrance
mutations of genes involved in hereditary colon cancer, such as APC, MUTYH, and those encoding
proteins of the MMR, TP53, and MDM2 families, polymorphisms could be considered potential CRC

risk factors”’.

In 2017, the Food and Drug Administration (FDA) approved the first immune checkpoint
inhibitor (ICI) (nivolumab) for colorectal cancer’®. Patients with stage IV colorectal cancer (deficient
mismatch repair) can now be considered with ICIs even if the tumor develops after standard
chemotherapy. Deficient mismatch repair (IMMR)/microsatellite instability (MSI) can be used as a
biomarker to identify patients who may benefit from immunotherapy, according to a number of
studies”'”. However, only 5% of metastatic CRC patients are IMMR/MSI-High, and a portion of these
patients do not respond to immunotherapy'®'. To expand the population of CRC patients who respond
to immunotherapy, it is necessary to search for more effective biomarkers. While researchers have

identified a number of biomarkers'?*'%°

, such as programmed cell death ligand 1 (PD-L1) expression,
tumor infiltrating lymphocytes (TILs), POLE mutation, and tumor mutation burden (TMB), companion

diagnostics using these biomarker has not yet been refined.

Long ago, cell lines were used to increase our understanding of the origin of CRC and to
investigate new treatments for the disease. However, the translation to humans, such as drug response,
is frequently limited due to the fact that cell lines do not accurately represent the original tumor
characteristics: clinical tumors lack the heterogeneity observed in cell lines'®. In contrast to in vivo
conditions, cell lines are isolated from the tumor microenvironment (TME) in which cancer originates

and develops, and 2D-cultured cells lose their polarity and have equal access to various compounds in
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the medium'"’

. Although the use of animal models has helped overcome some of these limitations, the
failure rate of new cancer drugs in clinical trials continues to be extremely high'® probably because
animal models do not accurately represent human physiology'®. In contrast, patient-derived xenografts
in animal models have attracted increased interest because they are typically accompanied by their TME
and more closely resemble the original tumor in terms of growth, progression, and metastatic
potential''’. In distinct, accumulating evidence demonstrated that patient-derived colon organoids
(PDCOs) exhibited the similar genomic and transcriptomic features as their primary tumors can be used
for high-throughput drug screening to predict response to therapy'''''*. Therefore, it can be applied to

the companion diagnosis of colorectal cancer patients such as identifying the novel biomarkers or

predicting response to certain drug by characterizing the features of CRC patient derived organoids.

Here, I characterized the CRC patient-derived organoids based on integrated multi-omics using
genomic, transcriptomic features and clinical information to group CRC patients according to their
tumor characteristics. Existing biomarkers related to hypermutation, or drug response of several
organoids were identified using the genomic characteristic, and colorectal cancer patients were
classified into six groups based on whether they shared the same mutation. In the same way, CRC cell
lines matching each group were identified, and the reported drug response of cell lines allowed for the
prediction of the cell lines' reactivity with other drugs. CMS classification was able to identify the CMS
subtype for 17 out of 21 organoids using gene expression, allowing similar organoids to be distinguished
from other organoids within the same group. Through examining the difference in drug response
between organoids with similar characteristics and other organoids, it will be possible to aid in patient-
specific drug selection. In addition, XGboost model, a machine learning technique, was used to identify
genes related to drug response or metastasis by classifying four pairs of organoids with recurrent or
metastasis after being treated first-line therapy in clinical data from the rest of the organoids. These

genes would be verified in further drug response experiments using the CRC organoids.
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3.2. Materials and methods

3.2.1. Organoid culture

The matched human colorectal normal and tumor tissues were obtained from each patient who
underwent surgery at the Asan hospital (IRB protocol number:XXX). Organoid establishment and
culture were performed by Hye-jin Jeong from mTEN lab (Prof. Tae-Eun Park) in UNIST. To generate
human colorectal normal organoids (CNOs), human colorectal normal tissues were washed in
Dulbecco's phosphate-buffered saline (DPBS, Welgene) with 1X P/S antibiotics (Penicillin
Streptomycin, Gibco) and pinned on Polydimethylsiloxane (PDMS)-coated plates. From whole tissue,
the mucosa containing colonic crypts was dissected. After repining the colon with the lumen facing up,
the mucus layer was scraped away with curved forceps. To isolate colonic normal crypts containing
colonic stem cells from the tissue, the mucosa was treated for 20 minutes at 4°C with 0.5 mM EDTA
chelation buffer (2% D-sorbitol, 1% Sucrose, 1% Bovine serum albumin, and 1X P/S in DPBS). The
mucosa was washed with ice-chelation buffer without EDTA and the crypts were removed from the
tissue using curved forceps. The isolated colonic crypts were placed in advanced DMEM/F12 basal
media supplemented with 5% fetal bovine serum (FBS, Merck) and centrifuged at 250 x g for 5 minutes
at 4°C. The colonic crypts were suspended in Matrigel (Corning), which was then gelatinized for 30
min at 37°C and filled by culture media. The human colorectal tumor tissues were then vigorously
washed in DPBS with additional antibiotics (Primocin and Plasmocin, InvivoGen) and P/S to generate
human colorectal tumor organoids (CTOs). These fragments were suspended in the digestion buffer (1.5
mg/ml collagenase type Il and 20 g/ml Hyaluronidase in advanced DMEM/F12 with 1X P/S) for one
hour. To terminate the enzymatic reaction, the digestion buffer containing tumor fragments was mixed
with 5% FBS and pipetted vigorously with a serological pipette tip coated with chelation buffer. The
isolated clusters of tumor stem cells were encapsulated in Matrigel and cultured in media for CTO

generation. In Table 3.1, information on media components is provided.
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No. Components Manufacturer CNO CTO
1 Advanced DMEM/F12 Gibco + +
2 Primocin (100 pg/ml) InvivoGen + +
3 Plasmocin (5 pg/ml) InvivoGen + +
4 GlutaMAX (2 mM) Gibco + +
5 HEPES (10 mM) Welgene + +
6 Nicotinamide (10 mM) Sigma + +
7 N-acetyl-L-cysteine (1.25 mM) Sigma + +
8 B27 supplement (1X) Gibco + +
9 EGF (50 ng/ml) Peprotech + +
10 A83-01 (500 nM) Biogems + +
11 SB202190 (10 uM) Biogems + +
12 Gastrin (10 nM) Sigma + +
13 Prostaglandin E2 (10 nM) Peprotech + +
14 Y27632 (10 uM) TOCRIS + +
15 L-WRN conditioned media (50%) Lab-made + -
16 FBS (5%) Merck - +
17 Noggin (100 ng/ml) Peprotech - +
18 R-spondinl conditioned media (10%) Lab-made - +

Table 3.1. The elements list of organoid culture media.
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3.2.2. Whole Genome Sequencing (WGS)

Genomic DNA was extracted using Quick-RNA Mini-prep Kit (Zymo Research). The Variant
Effect Predictor (VEP) of EnsEMBL (version 101)” was applied to predict the impact of somatic
mutations, and genes whose mutations were predicted to have a significant effect on proteins were

extensively studied. Cancer census genes and other genes associated with CRC tumors were extracted

from the COSMIC database (version 94)°.

3.2.3. Mutational signature analysis.

The somatic mutations of each sample were analyzed utilizing the COSMIC MutSig reference
database’’ and the SigProfiler software for single base substitution (SBS), double base substitution

(DBS), and insertion-deletion (ID) signatures (version 3.2 - March 2021)",

3.2.4. RNA-seq
Total RNA from crypts and organoids was isolated using Quick-RNA Mini-prep Kit (Zymo

Research). For Pearson correlation analysis and plotting the expression, counts per million mapped

reads (CPM) was used.

3.2.5. CMS classification
CMS classification was performed using CMScaller (v0.9.2) R/Bioconductor packages.
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3.3. Results

3.3.1. Four of colorectal cancer organoids shows high tumor mutational burden

The human colorectal tumor and normal tissues from CRC patients were obtained from Asan
hospital. Among them, twenty-three pairs of tumor and normal organoid derived from colorectal cancer
patients were established by Hye-jin Jeong in UNIST. Among them, I performed whole-genome
sequencing of these Twenty-three CRC organoid pairs and the gene expression of twenty-one pairs of
CRC organoids was analyzed using RNAseq. There are four CRC patients with no adjuvant
chemotherapy (adj CTx) record in clinical information and five CRC patients who experience the
recurrence or metastasis (Table 3.1). To test that the normal and tumor organoids were well established
from each patient, the germline mutation of twenty-three pairs of normal and tumor organoids was
compared. We included only homozygous germline variations in this study to decrease the impact of
variant calling technique and sequencing errors. It was observed that the germline mutation of normal
and cancer organoids obtained in the same patient was 95% or more consistent, and the results were

approximately 60% consistent with other patients (Supplementary Fig 3.1).

Next, I checked the number of somatic mutations, the deleterious mutations, the corresponding
genes and the COSMIC annotated genes as colorectal cancer related genes (Table 3.2). It was confirmed
that CC-27, CC-38, CC-41 and CC-50 have 100 times more mutations than other CRC samples. Tumor
mutation burden (TMB) refers to the number of nonsynonymous mutations in cancer cells, which can
be determined using next-generation sequencing (NGS) or whole-exome sequencing (WES). The
greater the TMB, the greater the type and quantity of neoantigens produced by tumor cells, and the
greater the likelihood of immune recognition''®. Recent study exploring the TCGA database showed
that CRC cases carrying mutations in one of the 13 most frequently mutated DNA repair genes (ATM,
MRCA2, MSH6, MLH1, LIG1, POLE, BRCA1, MSH2, SLX4, FANCM and FANCD?2) exhibited high
tumor mutational burden''’. There is growing evidence that tumors with a high mutational burden may
be more responsive to immune checkpoint inhibitor''®, So, I grouped the four hypermutated patients
into tumor mutation burden high (TMB-H) group and other 19 patients into tumor mutation burden low

(TMB-L) group.
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Patient
Code

Whole Genome
Sequencing

RNAseq

Clinical note

CC-02

O

CC-06

No adj CTx

CC-07

CC-08

No adj CTx

CC-09

Liver metastasis

CC-13

CC-16

Lung metastasis

CC-27

CC-28

O[O|O0(O|O0|0O|O|0O]|O

CC-33

Liver metastasis

CC-35

O

CC-36

CC-37

No adj CTx

CC-38

CC-39

CcC-41

No adj CTx

CC-42

Recurrence

CC-43

CC-44

Lung metastasis

CC-46

CC-47

CC-48

CC-30

O|O(O|O(O|O[O|O|0|0|O(O|O0|0|O0|0|(0 |00 |0|0]|0

O|O0|O|O|O|O|O|O|0|O|O] !

Table 3.2. A table of CRC organoid samples used in integrative multi-omics.
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Normal

Supplementary Figure 3.1. The overlap proportion of germline mutations between normal

organoids and tumor organoids.
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Patient Somatic Deleterious # of CRC related
Code mutations mutations mutated genes genes

CC-02 60,141 252 201 3
CC-06 31,240 146 134 4
CC-07 52,188 236 215 5
CC-08 60,356 286 255 4
CC-09 42,097 215 184 4
CC-13 43,607 193 179 6
CC-16 22,773 151 108 5
CC-27 1,745,917 2,518 2,148 1
CC-28 24,634 111 100 2
CC-35 32,120 173 146 7
CC-37 38,541 202 171 5
CC-38 1,128,956 2,900 2,447 18
CC-39 14,989 17z 91 1
CcC-41 1,459,157 1,756 1,552 9
CC-42 29,149 159 140 3
CC-43 54,123 271 231l 6
CC-44 27,465 176 161 3
CC-46 40,658 164 147 4
CC-47 56,297 263 240 3
CC-48 36,524 181 158 6
CC-50 1,497,666 6,677 4,690 23

Table 3.3. The number of somatic mutations represent high tumor mutation burden (TMB-H).

The CRC organoid samples that show high tumor mutation burden were highlighted on red.
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Figure 3.1. Top-ranked genes with high mutational frequency among our CRC organoid samples.
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3.3.2. COSMIC SBS mutational signature analysis reveals POLE exonuclease domain
mutation in CC-50.

To analyze patient-specific mutant causes and mutational patterns in the mutation process of
CRC organoids, COSMIC mutational signature analysis using somatic mutations of CRC organoids
was performed (Fig 3.2). While similar mutation patterns were observed in most organoids on SBS
mutational signatures, but the three tumor organoids (CC-27, CC-38, CC-41) in TMB-H group except
CC-50 showed dominant SBS44 signature unlike the other tumor organoids in TMB-L group. Because
SBS44 signature was one of the signatures related to defective mismatch repair, the main cause of
hypermutated feature of these three tumor organoids was considered as mismatch repair defects. The
most exposed signatures in CC-50 tumor organoid were SBS28 and SBS10a signatures. The mutational
cause about SBS28 was still unknown but the SBS10a signature has been observed to generate a high
number of somatic mutations (>100 mutations per millions of base pairs), and samples with this
signature have been called hypermutators. Even, the polymerase epsilon (POLE) exonuclease domain
mutations were reported as main mutational cause of SBS10a signature. I found that CC-50 have a
POLE P286R mutation that would attributed to a hypermutating phenotype independently of mismatch
repair deficiency'". It is observed that other 3 CRC organoids (CC-27, CC-38, CC-41) of TBM-H group
shows higher exposure on seven types of SBS mutational signatures related to mismatch repair defect
than other CRC organoids. In conclusion, CC-50 organoid was considered to be hypermutated due to
the POLE P286R mutation as the main driver mutation and the mutational cause of other three organoids

(CC-27, CC-38, CC-41) in TMB-H group was seen as the mismatch repair defects.
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3.3.3. CRC tumor organoids and CRC cell lines were subdivided by shared deleterious
mutations.

While the mutational frequency of genes except TP53, APC, KRAS, FBXW?7 was not enough
high to group the CRC patient through mutated gene profiles, I hypothesize that the colorectal cancers
who have same mutation site would share similar mutational process and phenotype such as drug
response. Based on the hypothesis, CRC tumor organoids were divided by five groups according to
their mutations shared with each other (Fig 3.3). Interestingly, the TMB-H group except CC-50 that
have a POLE exonuclease domain mutation was well separated from other organoids (annotated as D
group). Even though the CC-50 organoid shares the APC R1114* truncation mutation with some of
CRC organoids in A group, it would be classified as the A-1 group because the POLE P286R mutation
was considered as the main driver mutations in mutational signature analysis. Five of CRC cell lines
(HCT116, SNU1040, SNU81, SW620, SW480) were also classified into each organoid group in the
same way, which can be used to predict the drug reactivity of organoids based on the drug reactivity of

the reported cell lines (Fig 3.3).
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Figure 3.2. Representative SBS mutational patterns in CRC tumor organoids. (A) SBS mutational
signatures in TMB-H groups except CC-50. (B) SBS mutational signature of CC-50 organoid that have
POLE exonuclease domain mutation in TMB-H group. (C) SBS mutational signature of most CRC
organoids in TMB-L group. (D) SBS mutational signature of CC-28 organoid differ from that of other

organoids in TMB-L groups.
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3.3.4. Colorectal cancer organoid classification with gene expression.

In addition to genomic analysis, transcriptional analysis of 21 pairs of organoids was also
performed. The expression level was normalized by counts per million (CPM). To compare the gene
expression profiles of CRC tumor and normal organoids, the relationship between each normal and
tumor organoid was presented using Pearson correlation coefficient on heatmap (Supplementary Fig
3.2). While the expression levels of normal organoid highly correlated with each other, the profile of
gene expression in tumor organoids was heterogeneous. The consensus molecular subtypes (CMS) is a
conventional classification system that combines six classifications based on the comprehensive gene

120-125 Twenty one CRC organoids were grouped through the

expression levels of stage I-IV CRCs
consensus molecular subtype (CMS) classification using CMScaller'?®. Four organoids of CMS1, seven
organoids of CMS2, three organoids of CMS3, three organoids of CMS4 and four organoids were not
classified (Fig 3.4B). It can be used to distinguish similar organoids from other organoids within the
same group of genetic feature-based classification (Fig 3.4D), and it will be used to select and interpret

organoids to be used in the drug response test.
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Figure 3.3. A novel CRC organoids classification using shared deleterious mutations. (A) CRC

organoids were subdivided by five groups using shared mutated sites. (B) A table of CRC patients

grouped according to their genetic characteristics.
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Figure 3.4. CMS classification and feature extraction using gene expression of CRC organoids.

(A) A table of CRC organoids classified by CMS classification. (B) CMS marker gene and related-

pathway expression profiles of CRC organoids (C) Genetic classification was further subdivided in

combination with CMS classification. (D) Top eight genes that have high feature importance when

differentiating between patients with recurrence or metastasis and the others using XGboost model. (F)

Four CRC organoids that established from the patients who had recurrence or metastasis have relatively

high expression of Clorfl15.
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3.3.5. Feature selection in the fold change of expression compared to normal reveals
Clorfl15, MKRN2.

Through clinical data, it was confirmed that recurrent or metastasis occurred after the treatment
of first-line therapy in four patients. To interpret the clinical information and transcriptomic data jointly,
the XGboost model was used to calculate the feature importance for classifying the four organoids with
recurrent or metastatic disease from the remaining organoids, using gene expression level as a feature.
When the expression value of the CRC tumor organoid is set to feature, eight genes have been found to
contribute to distinguish the four CRC organoids originated from the patients who experienced the
recurrence or metastasis from other CRC organoids. Clorfll5, which regulates drug efflux by
physically interacting with the major drug exporter ABCB1/MDR1'?, ranked as the most important
gene for a given gene expression level of tumor organoid (Fig 3.4D). It is necessary to determine
whether the drug response of organoids differs when Clorf115 is inhibited. Next, changes in the gene
expression level of CRC organoids compared to normal organoids can also be the feature of CRC cancer.
I set the fold change that was calculated from the expression level of tumor organoid divided by the
expression level of normal organoid as a feature, nine genes were ranked with high feature importance.
Among them, MKRN2, which prevents migration and invasion of non-small-cell lung cancer
(NSCLC)'® and controls the proliferation and migration of human neuroblastoma'?, was the most

highly ranked gene (Supplementary Figure 3.3).
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Supplementary Figure 3.2. Heatmap shows the gene expression profiles of normal and CRC
organoids.
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3.4. Discussion

Colorectal cancer (CRC) is the prototypical cancer caused by aberrant WNT signaling
activation in humans®*'**, Wnt3a is a vital morphogen in organoid cultures because WNT signaling is
essential for maintaining organoid stemness; however, because WNT is hyperactive in the majority of
CRCs, the normal organoid culture media contains WNT, whereas the tumor organoid culture media
does not contain WNT to filter out normal cells. To determine whether there was a difference in gene
expression based on media condition, we compared the gene expression in media containing WNT to

that in media without WNT, but we observed no significant difference whether WNT was added or not.

Most case of SBS mutational signature analysis, three CRC organoids except CC-50 of TMB-
H group have the similar signature and eighteen organoids except CC-28 of TMB-L group shows similar
patterns. In the case of CC-28, there was a clear difference from other organoids in SBS mutational
signature, but the mutational cause could not be identified yet. BRAF, CTNNBI mutations. Among the
four organoids (CC-28, CC-36, CC-39, CC-46) in E group that did not share mutation with other
organoids, CC-39 was found to have mutation in GLI1. While it is reported that Hedgehog-GLI
signaling promotes chemoresistance in colorectal cancer cells by regulating ABC transporters'', It was

anticipated that the CC-39 organoid would respond sensitively to the drug.

Hypermutated CRC was well characterized by well-known biomarkers such as Microsatellite
instability (MSI), Tumor mutational burden (TMB) and POLE exonuclease domain mutation., but more
studies are still needed to subdivide non-hypermutated CRC into existing biomarkers. I was able to
subdivide TMB-L group more than when I used existing biomarkers based on whether to share the

mutation site, but it is needed to verify with a future study what this method means.

Feature importance should be careful because it obtains biased information from the given data.
When N numbers are limited, such as organoids, the results may not be representative for CRC tumor,
but at least information about a given CRC patient can be obtained. Some organoids did not expand
well, so genomic results were obtained, but the gene expression level could not be determined.
Particularly, the CC-33 patient had metastasis, but no gene expression information was obtained.
However, I found that CC-33 has a PIK3CA E545K mutation, and there was a study that PIK3CA exon
9 and exon 20 mutations would be resistance to the first-line therapy'**. Since CC-08 was found to have
the same PIK3CA E545K mutation, CC-08 did not have clinical information because it did not receive

the surgery, but it could be predicted that CC-08 would also have a resistance to the first-line therapy.
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Based on the clinical information, the characteristics extracted by the expression amount of
cancer organoids that have recurrence or metastasis are RABGGTB, RPL15, RPS16P1, VHL, SP140L,
ELOVL7, ARAP1 among other genes besides Clorfll5, and no reports related to recurrence or
metastasis in CRC yet. In the same way, the genes found in the difference in expression between normal
organoids and cancer organoids are MKRN2, SNRPDI1 (pseudogene), RPS10 (pseudogene), DUSP23,
BCL10-AS1, ZRANB2, LINC02773, RWDD3-DT, EML6. Except for MKRN2, there are no reports
related to drug response or metastasis. These genes are characteristics found in organoids with limited
sample numbers, but the highest ranked genes have been identified in studies pertaining to drug

response or metastasis, so it appears that additional research of the remaining genes is required.
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Conclusion

In this dissertation, I identified a novel function on the DNA repair pathway of TRIP13 which
is related to cancer by identifying a novel interaction partner through proteome analysis. I also proposed
the interpretations and suggestions regarding the genomic analysis of patient-derived xenograft and
introduced a novel perspective on the diagnosis and treatment of colorectal cancer patients by using

patient-derived organoids through multi-omics analysis.

Accumulation of DNA damage caused by mutagens or DNA damage repair defects is a well-
recognized factor in cancer development and progression. To investigate the function on DNA damage
repair pathway of TRIP13 that is cancer related gene, BiolD2 proximity labeling method combined with
SILAC quantitative proteomic approach was applied for identifying a novel interaction partner MRE11.
There are several evidences that TRIP13 participate in DNA double strand break repair pathway>*’ in
the perspective of the determining repair pathway step. However, I discovered that TRIP13 recruits to
DNA damage sites in an early immediate response that MRE11 is also involved. Although the
mechanisms by which TRIP13 regulates MRE11 have not been determined, it has been observed that
the absence of TRIP13 inhibits the binding between MRE11 and MDC1 and regulates the ATM pathway
independently of Mirin. In the result, I revealed that a novel function of TRIP13 in DNA double stand

break sensing step.

Next, I attempted to analyze the function of somatic mutations in brain cancers using patient-
derived xenograft model. To confirm whether established PDX models could mimic the genetic
characteristic of their original tumor, I compared the deleterious mutations of PDX models and their
primary tumors. While the deleterious mutations are not well matched between tumor and PDX model,
I checked the germline mutations to confirm PDX samples are established from the same patients. It is
observed that germline mutations of tumor were well conserved in its PDX model. To examine the
possibility that mutagenesis occurs by exposure to novel mutagen during PDX model establishment,
the mutational signatures of the PDX model and its corresponding original tumor were compared. The
mutational signatures of PDX model and their corresponding tumor were also highly preserved.
Therefore, the discordant of somatic mutation between original tumor and PDX model may be caused
by high heterogeneity of brain tumors. Then, I investigated the differences of somatic mutation profiles
between tumor and xenograft model. It is observed that PDX models shared relatively more somatic
deleterious mutations with each other than cancer tissues. The shared mutated genes in PDX samples
were associated with histone methylation and cilia. This observation suggested that PDX-specific genes
may only be favorable in the PDX environment, or that PDX samples are enriched with rare mutations

associated with cancer.
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lastly, cancer is a complex disease involving a series of gene-environment interactions in a
cumulative process which could occur with impairment in various systems, including DNA repair,
apoptotic, and immune functions. Individual cancer patient shows different responses to chemotherapy
depending on their genomic and other environmental characteristics. To address the drug response
depending on the features of colorectal cancer (CRC) patient, I characterized the CRC organoids by the
genetic, transcriptomic, and clinical information using comprehensive multi-omics analysis. First, four
of twenty-three CRC organoids have extremely higher number of somatic mutations than other nineteen
CRC organoids. The four hypermutated CRC organoids were into high tumor mutational burden (TMB-
H) group and other organoids were into low tumor mutational burden (TMB-L) group. Mutational
signature analysis revealed the mutational cause of CC-50 organoids in TMB-H group is polymerase
epsilon (POLE) exonuclease domain mutation. About half of total exposure of other three organoids in
TMB-H group related to mismatch repair defects. It was difficult to subdivide 19 organoids of the TMB-
L group using existing biomarkers. Therefore, I tried to subdivide the CRC organoids based on the
hypothesis that the CRC organoids would experience similar mutagenesis and show phenotypes like
drug response if they share same mutations. The classification succeeded in distinguishing three
organoids (CC-27, CC-38, CC41) in the TMB-H group from other organoids. Several CRC cell lines
were subdivided in same way. The CRC cell lines were used to predict the phenotypes of CRC organoids
in same group. With the genomic analysis, gene expressions of CRC organoids were used to consensus
molecular subtypes (CMS) classifications. This CMS group would combine to our genetic classification.
In addition, four CRC patients were experienced recurrence or metastasis after first-line chemotherapy
treatment. | set gene expression of tumor organoids as the feature to classify this tumor organoids from
other CRC organoids. Using XGboost model that is one of tree-based machine learning methods, feature
importance was calculated and Clorfl15 was top-ranked. It is reported that Clorfl15 regulates the
major drug exporter ABCBI/MDRI1 to influence drug efflux. The Clorfl15 expression level of four
CRC organoids relatively higher than that of other CRC organoids. Drug response of the CRC organoids
under knockdown of Clorfl15 would be performed in further study. When I set the fold change of
expression of tumor organoid compared to its normal organoid as the feature, MKRN2 was top-ranked
in feature importance. MKRN2 gene was reported as inhibiting cell migration and invasion in several

cancer cell line.

In summary, I investigated the DNA repair pathway in relation to cancer, analyzed brain cancer
genomics via genetic analysis in patient-derived xenografts, and presented a novel perspective on
colorectal cancer patient classification methods and candidate biomarkers via comprehensive multi-

omics analysis.
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