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Introduction

1 Introduction

1.1 Cancer

With almost 10 million cancer-related deaths in 2020 worldwide!, this class of diseases is
the second leading cause of deaths and has become a major health problem?.

On a molecular level, primary tumors are of monoclonal origin and develop when a cell
accumulates genetic defects that allows it to proliferate uncontrollably?. In 2000, Hanahan
and Weinberg compiled six hallmarks of cancer that are necessary for tumor development
and maintenance*. These include a sustained tumor cell intrinsic proliferate signaling,
resistance against cell death, and activation of invasion and metastasis promoting features®.
A decade later, Hanahan and Weinberg updated their groundbreaking review and added two
more hallmarks, the deregulation of cellular energetics and the avoidance of the immune
destruction, as well as two “enabling characteristics” that allow the generation of the
hallmarks: genomic instability and tumor promoting inflammation®. Together, these ten

characteristics of cancers build the fundament for tumor growth and progression (Figure 1).

Sustaining Evading
proliferative growth
signaling suppressors

Resisting Enabling
cell replicative -
death immortality
Genome Tumor-
instability & _ promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 1: The hallmarks of cancer
Hanahan and Weinberg described the hallmarks of cancers that enable the development and

maintenance of tumors. Figure is taken and adjusted from Hanahan and Weinberg?®.
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1.2 Colorectal cancer

Even though the treatment of colorectal cancer (CRC) has improved considerably in the last
decade, it remains a major health issue as therapy resistance and metastasis formation limit
the success of therapy>®. It was the cancer with the third-highest number of new cases
(Figure 2A) and the second-highest cause of cancer-related deaths worldwide in 2020!
(Figure 2B). Incidence and mortality are higher in males than females'.

With 70 — 80 % of cases, the majority of CRCs develop sporadically, which signifies that
they do not have a hereditary component but develop spontaneously. In addition,
approximately 2 % develop as a consequence of inflammatory bowel disease’. The
remaining 20 — 30 % of CRCs are hereditary forms, partly due to Lynch syndrome (also
known as hereditary non-polyposis colorectal cancer syndrome) or familial adenomatous
polyposis, making a family history of CRC a major risk factor®. Other risk factors for the
development of CRC include age’ as well as lifestyle and dietary choices such as alcohol

abuse!?, obesity!!, and the consumption of red meat!%!?,

New cases in 2020 Deaths in 2020
Other cancers Breast Other cancers Lung
8275743 (42.9 %) 2261419 (11.7 %) 3557 464 (35.7 %) 1796 144 (18 %)

Lun

2206 771 (11.4 %)
Colorectum
935 173 (9.4 %)
Colorectum
1931590 (10 %) Liver

P 830 180 (8.3 %)
a5 rostate
1414 259 (7.3 % P

flaed 375 304 (3.8 %) Stomach

Oesophagt.is Stomach 768 793 (7.7 %)
604 100 (3.1 %) 1089 103 (6.5 %) Pancreas Breast
Liver 466 003 (4.7 %) 684 996 (6.9 %)

Cervix uteri 905677 (4.7 %)

604 127 (3.1 %) Oesophagus

544 076 (5.5 %)

Total: 19 292 789 new cases Total: 9 958 133 deaths

Figure 2: New cancer cases and deaths in 2020

New cancer cases and cancer deaths according to tumor entities in 2020, worldwide. Numbers are
taken from Sung et al." based on the GLOBOCAN estimates produced by the International Agency
for Research on Cancer / World Health Organization.
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1.2.1 Stages of colorectal cancer

Abnormal growth of colorectal cells can be divided into the precursor lesion carcinoma in
situ and four stages of CRC!*.

The carcinoma in situ is sometimes also referred to as stage 0, where cancer cells accumulate
in the innermost layer of the colorectum, the mucosa. Stage I CRCs are restricted to the
submucosa or the underlying muscle layer of the colorectal wall but have not spread to lymph
nodes or any other organs. Stage II CRCs are characterized by growth through the colorectal
wall and potentially into neighboring organs. If the CRC has spread to nearby lymph nodes,
it is classified as stage III. Stage IV CRCs have metastasized to distant organs, most

commonly the liver and lung'“.

Spread to other organs

Figure 3: Stages of colorectal cancer

The stages of colorectal cancer (CRC). Stage O: restriction to the mucosa of the colorectum, stage
I: restriction to the submucosa or underlying muscle layer, stage II: colorectal wall and neighboring
organs are affected, stage lll: spread to local lymph nodes, stage IV: metastasis to distant organs.

Figure was derived from Sinkovics'S.

1.3 The human intestine

The human intestine extends from the pyloric sphincter of the stomach to the anus and can
be divided into the small intestine (upper intestine) and the large intestine (lower intestine)'¢.
The small intestine consists of the duodenum, jejunum, and ileum while the large intestine

is made up of the caecum, colon, rectum, and anal canal'®,
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The main tasks of the intestine are the digestion and absorption of nutrients and water as
well as the production of mucus and antimicrobial substances'®. Mammalian evolution has
selected a set of strategies that increase the surface of the intestine for more efficient nutrient
uptake. One is the formation of invaginations of the columnar epithelium into the underlying
lamina propria, which leads to the formation of crypts. These are also called crypts of
Lieberkiihn, after their discoverer Johann Lieberkiihn (1711 — 1756). Besides the crypts, the
small intestine also contains villi, which are protrusions of the epithelium and the lamina
propria into the intestinal lumen (Figure 4)'¢.

At the bottom of the crypts reside self-renewing, multipotent stem cells that constantly
repopulate the upper crypt compartments and thereby renew them every four to five days.
The stem cells divide to give rise to transit amplifying cells, which are localized in the
compartment above the stem cells and proliferate faster. They divide four to five times to
spawn daughter cells that terminally differentiate into the specialized cell types of the
intestine while moving up the crypt. Once these cells reach the lumen of the intestine, they
undergo apoptosis and are shed into the lumen of the intestine!”!8.

The most common cell of the intestinal epithelium is the enterocyte, which is responsible for
the uptake of nutrients (glucose, amino acids, and fatty acids) and water. Interspersed are
goblet cells that produce mucins and at a lower frequency enteroendocrine cells for the
secretion of hormones such as serotonin'®.

Besides the presence or absence of villi, there is one other major difference between the
small and large intestine, which are otherwise very similar in their architecture: in the small
intestine, a second population of cells is interspersed between the stem cells at the bottom of
the crypts, the so-called Paneth cells. These cells play an important role in the innate immune
system since they secrete antimicrobial enzymes such as lysozyme and o-defensine!®.
Moreover, they are in direct contact with the stem cells and help to maintain their stem cell
properties by producing niche factors such as epidermal growth factor (EGF), transforming
growth factor alpha (TGF-a), WNT3, and the NOTCH ligand DLL4 (delta like canonical
Notch ligand 4)".

High Wnt signaling in the base of the crypts maintains the stem cell phenotype and drives
proliferation. For instance, inhibition of the Wnt pathway by homozygous deletion of the T
cell factor 4 (Tcf4) in mice®, the depletion of the B-catenin gene Ctnnbl in the epithelium
of the small intestine?!, or adenoviral expression of the Wnt inhibitor Dickkopf-1%2 leads to
no or reduced proliferation. In contrast, hyperactivation of the Wnt pathway by transgenic

expression of the Wnt agonist R-Spondin-1 induces hyperproliferation of intestinal crypts>>.

4



Introduction

Moving upwards the crypt, the Wnt signaling activity decreases, which allows the
differentiation of progenitors into the other specialized cell types'’. One exception are the

Paneth cells that differentiate upon the high Wnt signaling in the crypt base**.

A B

Figure 4: Schematic of the intestinal epithelium
A) Crypt and villus of the small intestine. B) Crypt of the large intestine. A, B) ISC: intestinal stem
cell, TA: transit amplifying cell, EE: enteroendocrine cell. Images are derived and adapted from

Santos et al.?®

1.4 Colorectal cancers develop via the adenoma-carcinoma sequence

In 1990, Fearon and Vogelstein suggested the adenoma-carcinoma sequence: CRCs develop
from normal epithelium via pre-cancerous adenomas by the acquisition of sequential
mutations in pathways that regulate DNA repair and cell proliferation®. Since then, this
model has been confirmed and refined®”-?® (Figure 5). Normal intestinal cells move upwards
along the vertical crypt axis towards the intestinal lumen, where they undergo apoptosis and
are shed into the lumen of the intestine. If the terminal differentiation and apoptosis, which
limit the life cycle of crypt cells to 3 — 5 days, are disrupted due to oncogenic mutations, an
adenoma can form: The Wnt pathway is aberrantly activated in more than 90 % of CRCs,

mostly by inactivation of both adenomatous polyposis coli (4PC) alleles or activating
5
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mutations in CTNNBI, the gene encoding B-catenin®’. The resulting hyperactivation of the
Whnt pathway is considered the initiating event in classic adenomas®’*!. The gain of further
mutations is necessary for the malignant transformation of an adenoma into a carcinoma in
situ and at a later stage a carcinoma capable of local or distant metastasis formation.
Typically, these driver mutations occur in KRAS (Kirsten rat sarcoma), SMAD4, and TP53

(tumor protein p53)%%-2.

In the Wnt pathway’s “off”-status, B-catenin is bound by a destruction complex composed
of AXIN, APC, GSK3a/p (glycogen synthase kinase 3a/B), and CK1a/6 (casein kinase 1a/3),
leading to its proteasomal destruction®**4. The Wnt pathway in normal cells is activated
when Wnt ligands bind to their heterodimeric receptor of FZD (Frizzled) and LRP5/6 (low
density lipoprotein receptor related protein 5/6 ) on the cell surface which recruits AXIN to
the receptor’>>. This inhibits the proper functionality of the destruction complex, which

37

leads to the reduced degradation of B-catenin’’. Instead, B-catenin accumulates and

translocates into the nucleus where it activates transcription of Wnt target genes via DNA-

bound TCF transcription factors*®#!

. In particular, B-catenin switches TCF from a
transcriptional repressor into an activator by complex formation on the chromatin and by
relieving TCF of its interaction with the repressing Groucho proteins®’. Wnt target genes
include LGRS, AXIN2, and MYC and enhance the proliferative and non-differentiated
progenitor phenotype*>*.

The Wnt target gene MYC is often aberrantly expressed in human cancers, including CRC*,
It is also called cellular MYC (c-MYC) because it was first described as the cellular homolog
of the retroviral v-myc, which was known to induce tumorigenesis in infected cells®. Later,
the two other family members MYCN and MYCL were identified***’. MYC is a central
transcription factor that regulates a wide range of cellular processes, including proliferation,
apoptosis, and DNA damage repair**.

Another commonly mutated gene in CRC is KRAS, which in its oncogenic form leads to the
aberrant activation of the mitogen-activated protein kinase (MAPK) pathway?’. This
clinically relevant pathway is described below in more detail.

Additionally, the loss of chromosome 18q is a frequent aberration in CRC and occurs in
approximately 70 % of the cases?****°. This chromosomal arm contains the SMAD4 gene, a
component of the TGF-f and BMP signaling pathway. It regulates a plethora of cellular
functions, including proliferation, differentiation, and apoptosis. In CRCs, the TGF-$

pathway is frequently deregulated not only due to the absence of SMAD proteins but also
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due to a mutation of the TGF-B receptor 2 (TGFBR?2) gene®*>!. SMAD4 mutations have also
been associated with metastasis formation and chemotherapy resistance in CRC>>3,

The tumor suppressor p53 is called the “guardian of the genome”, a term coined by David
Lane in 19924, As a transcription factor, it regulates the DNA damage checkpoint and can
halt the cell cycle progression for DNA repair or induce senescence or apoptosis in case of
irreparable DNA damage® . It is frequently lost in CRCs due to inactivating mutations or

loss of its locus on chromosome 17p%.

Genomic MAPK
Wnt pathway instability pathway TGF-B pathway p53 pathway
APC / KRAS SMAD4 TP53 Other changes

Normal 5| Early .| Intermediate Late g -
epithelium » adenoma *| adenoma *| adenoma Carcinoma Metastasis

Figure 5: The adenoma-carcinoma sequence of colorectal cancer

Genetic model of colorectal cancer development. Frequently affected pathways are shown in blue
with commonly mutated proteins of these pathways below. The figure was adapted from Fearon and

Vogelstein?® as well as Pinto and Clevers?’.

1.5 The EGFR-MAPK pathway

One of the therapeutically most relevant pathways, which are frequently activated in CRC,
is the EGFR-MAPK pathway (Figure 6). This signaling cascade is activated upon binding
of growth factors of the EGF family to their receptors on the cell surface, the ERBB family
(erythroblastic oncogene B) of receptor tyrosine kinases. The ERBB family consists of four
members, ERBB-1 to ERBB-4 (which are also called HER1 to HER4, short for human
epidermal growth factor receptor). ERBB-1 is also known as EGFR (EGF receptor) and is
activated by binding of EGF or TGF-a®,

Binding of a ligand leads to EGFR dimerization and subsequent autophosphorylation of its
cytoplasmic tail. Downstream signaling activates RAS proteins®®. This family of small
GTPases consists of KRAS, NRAS, and HRAS. Activation of RAS proteins can trigger a
plethora of different pathways, regulating many different cellular processes>**°. Examples
for downstream signaling of RAS include the MAPK pathway and the phosphatidyl-inositol
3 kinase (PI3K) pathway®. Due to considerable crosstalk, the PI3K pathway can also be
directly activated by EGFR®.
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Very recently, computational models predicted that in the colonic epithelium, RAF proteins
(rapidly accelerated fibrosarcoma) are the most common interaction partner of RAS for
downstream signaling®'. The RAF family of serine/threonine kinases comprises RAF]I,
BRAF, and ARAF proteins and is part of the MAPK pathway>>%: This three-tiered pathway
is initiated when a RAS family member activates a RAF protein — classically KRAS and
BRAF. In the next step, RAF phosphorylates the mitogen-activated protein kinase kinase
(MAPKK, also known as MEK). Downstream of MEK, the extracellular-signal regulated
kinase (ERK, also known as MAPK) activates several cytoplasmic and nuclear substrates by
phosphorylation and thereby regulates proliferation, metabolism, and survival>*.

Several proteins of these pathways can be affected in cancer. Most importantly, KRAS is
mutated in 40 % of CRCs, typically in codons 12 or 13. These mutations, the most prominent
being KRASS!?P, constitutively activate the KRAS protein by locking it in its activated GTP-
bound state®. In addition, EGFR, BRAF, and PIK3CA (phosphatidyl-inositol 3 kinase
catalytic subunit o) mutations can drive colorectal tumorigenesis®?. While mutations in R4S
and PIK3CA often occur in the same tumor cell, BRAF and KRAS mutations are mutually
exclusive®.

Targeted inhibitors against several pathway members were developed. For instance, EGFR
can be inhibited with the clinically approved antibodies Cetuximab (Cmab) and
Panitumumab or the small molecule inhibitor Afatinib, which is currently evaluated in
clinical trials®*%*. In addition, the MEK inhibitor Selumetinib has also entered clinical

testing®,
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Figure 6: EGFR-MAPK signaling
Binding of epidermal growth factor (EGF) to its receptor (EGFR) can activate RAS proteins and the

downstream mitogen-activated protein kinase (MAPK) pathway with its three-tiered kinase activation
of RAF, MEK, and ERK proteins. Transcription of target genes leads to proliferation and survival.
Alternatively, EGFR and RAS proteins can also activate the phosphatidyl-inositol 3 kinase (PI3K)
pathway. Inhibitors of EGFR (Cetuximab and Afatinib) and MEK (Selumetinib) are indicated. RAS:
rat sarcoma, RAF: rapidly accelerated fibrosarcoma, MEK: mitogen-activated protein kinase kinase,

ERK: extracellular-signal regulated kinase, mTOR: mechanistic target of rapamycin.

1.6 Genomic instability in colorectal cancer

Hanahan and Weinberg described the acquisition of genome instability as an “enabling
characteristic” that might be a prerequisite for the generation of the hallmarks of cancer’.
Mutations in several pathways are necessary for the formation of a tumor but the probability
of these specific mutations to occur sporadically is very low due to the efficient DNA
damage repair machinery. Therefore, Hanahan and Weinberg suggested that tumor cells
acquire random mutations at a higher rate than normal cells via deregulated damage repair

or genomic instability?.
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In CRC, two major pathways lead to the acquisition of genome instability: Chromosomal
instability (CIN) and microsatellite instability (MSI). While CIN CRCs show gross
chromosomal changes and lower numbers of base pair mutations (non-hypermutated, fewer
than 8.24 mutations per million bases), microsatellite instable CRCs are hypermutated (more
than 12 mutations per million bases)®’. In general, MSI tumors show approximately ten times
more somatic mutations than microsatellite stable (MSS) tumors?®-63-6¢,

Approximately 65 — 84 % of sporadic CRCs are chromosomally instable, which is
characterized by gross chromosomal changes such as aneuploidy and structural changes,
including deletions, gains, and translocations. These changes lead to somatic copy number
alterations rather than an increase in single base pair mutations®*2. The CIN tumors arise
via the classical adenoma-carcinoma sequence with a hyperactivation of the Wnt signaling
pathway in combination with 7P53-inactivating mutations, activating mutations of the
oncogenes KRAS and / or PIK3CA, and LOH at chromosome 18q, which contains the
SMAD4 gene?62’.

Approximately 15 % of sporadic CRCs develop MSI as their mechanism of genomic
instability®’. These tumors are hypermutated due to faults in mismatch repair (MMR) genes:
most cases have methylated and therefore inactivated MLH (mutL. homolog 1) promoters
but other MMR genes such as mutS homolog (MSH) 2, MSH6, PMS2, or the MSH2-
regulating EPCAM can also be affected®®%768  Inactivation of these genes causes single
base mismatches and a compromised replication at DNA microsatellites, which consist of
one to four base pair tandem repeats. The malfunctioning MMR causes further mutations in
oncogenes and tumor suppressor genes, giving the tumors an advantage. Promoters of MLH1
and other genes can be methylated in the CpG island methylator phenotype (CIMP) which
is associated with MSI tumors®%2. In contrast to CIN CRCs, sporadic MSI tumors are often
wild type in TP53%. Furthermore, APC mutations are present in only 35 to 50 % of MSI

FV60F mutation, which is

tumors, but 80 to 90 % show an oncogenic activating BRA
considered an alternative initiating event of MSI tumor formation?*%>%. Other common
mutations include TGFBR2, which contains nucleotide repeat sequences, and other genes
that regulate proliferation, cell cycle arrest, apoptosis, and DNA repair®*%.

MSI tumors cannot only develop sporadically but also as a consequence of the Lynch
syndrome which is caused by a germline mutation in one of the MMR genes, mostly MSH?2
or MLHI™*"'. Loss of the second allele during the lifetime of the patient by mutation or

promoter methylation leads to a corrupted MMR, causing MSI and CRCs’?. In contrast to

10
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sporadic MSI tumors, CRCs that are caused by the Lynch syndrome do not carry mutations
in BRAF®.

More recently, The Cancer Genome Atlas project analyzed CRCs and normal epithelium of
276 patients”. Whole exome sequencing, somatic copy number alteration, promoter
methylation, mRNA, and miRNA analyses of these samples as well as whole genome
sequencing of 97 samples were performed. This study confirmed the stratification of CRCs
into hypermutated and non-hypermutated cases (Figure 7). Moreover, the consortium also
detected a rather small fraction (3 % of CRC cases) with mutations in polymerase € (POLE),

which coincided with an even higher mutational load and hence has been designated

ultramutated®’.
Oncogene
mutations
15% 3% Lynch syndrome CIMP  BRAF KRAS
—— MSI-H— Ml =
12% Sporadic
84% Sporadic | | B T H B
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Figure 7: Frequency of mutated oncogenic drivers in dependence of the mechanism of
genomic instability in colorectal cancer

Schematic showing the percentages of CRCs with the different types of genomic instability and the
associating characteristics. MSI-H: high level microsatellite instability, MSS: microsatellite stability,
MSI-L: low level microsatellite instability, FAP: familial adenomatous polyposis, CIMP: CpG-island

methylator phenotype. Figure is taken from Brenner et al.®

1.7 Therapy of colorectal cancer
1.7.1 Therapeutic agents and their mechanisms of action

The first chemotherapeutic agent successfully used in the treatment of CRC was 5-
fluorouracil (5-FU)”. Its metabolite fluorodeoxyuridine monophosphate (FAUMP) acts as
an inhibitor of the thymidylate synthase” ">, This enzyme is necessary for the de novo

11
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pyrimidine synthesis and its inhibition results in replication stress induced by an imbalance
in deoxynucleotides’®. The replication stress is exacerbated by the erroneous incorporation
of another metabolite of 5-FU (fluorodeoxyuridine triphosphate) into the DNA®. In addition,
RNA is destabilized by the incorporation of a third 5-FU derivative (fluorouridine
triphosphate)’” (Figure 8A, B). In the 1980s, studies showed that addition of Leucovorin
(folinic acid) induces the cytotoxicity of 5-FU by enhancing its inhibitory effect on the
thymidylate synthase’>78-80,

Topoisomerase I is another cellular component that can be targeted by chemotherapeutic
agents such as camptothecins, including Irinotecan (also known as CPT-11)""#!, The prodrug
Irinotecan is metabolized into its active derivative SN-38 by esterases in liver cells and
normal intestinal tissue®’. During normal DNA replication, the enzyme topoisomerase I
induces temporary single strand DNA breaks’’. This DNA break releases the pressure of the
DNA and allows unwinding of the DNA ahead of the replication fork. If topoisomerase I is
inhibited by SN-38, the pressure of the coiled DNA cannot be relieved by single strand
breaks. Instead, double strand DNA breaks occur when the replication fork and the
topoisomerase I complex collide. The DNA double strand breaks lead to cell death, either
by apoptosis or necrosis’’#>% (Figure 8C).

Subsequently, several studies examined the combination of different chemotherapeutic
agents, especially folinic acid/5-FU plus either Irinotecan (FOLFIRI) or plus Oxaliplatin
(FOLFOX), a platinum-containing cytotoxic agent’>86, FOLFIRI and FOLFOX achieved
similar improved progression-free and overall survival>¥.

In 2004, a phase III clinical trial showed that anti-angiogenic therapy can improve the
outcome of CRC when combined with FOLFIRI: addition of the monoclonal antibody
Bevacizumab, which targets the vascular endothelial growth factor (VEGF), led to a
prolonged progression-free and overall survival®®. Another protein that can be targeted for
therapy of CRC is EGFR. Two different inhibitory monoclonal antibodies are approved:
Cmab and Panitumumab’>%? (Figure 8A).

The FIRE-3 study compared FOLFIRI plus Bevacizumab with FOLFIRI plus Cmab in KRAS
wild type metastatic CRCs. It was shown that FOLFIRI plus Cmab was superior with regard
to overall survival, the percentage of patients with an objective response, as well as the
frequency of early tumor shrinkage’'. However, later analyses of the data revealed that this
benefit of Cmab compared to Bevacizumab was only seen in patients with a left-sided

primary tumor”?,

12



Introduction

FOLFOX and FOLFIRI: mCRC
L—_“!
5-FU Potentiation of Bolus 5-FU/LV vs. 5-FU: Bevacizumab, cetuximab,
5-FU by LV mCRC and panitumumab
& !,:‘a 5“ iﬁ;)
1
L 1 L L L L 1 1 L 1 Il
T L} T L T T T T T L T
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
I I
) &
5-FUILV: Capecitabine: mMCRC
adjuvant therapy
® &
5-FU with levamisole: FOLFOX: adjuvant therapy
adjuvant therapy

=~

4 ., N
e dNTP imbalances Irinotecan) —>» CSN-SB )
@ s — @ " |Increased dUTP N sl

e isomerase |

l

Topo-
isomerase |

Double strand breaks and cell death

Figure 8: Advances in the treatment of colorectal cancer patients

A) Timeline of chemotherapeutic developments of colorectal cancer therapy. B) Mechanism of action
of 5-FU. C) Mechanism of action of Irinotecan. A-C) 5-FU: 5-fluorouracil, LV: Leucovorin (folinic acid),
FOLFIRI: 5-FU/LV with Irinotecan, FOLFOX: 5-FU/LV with Oxaliplatin, mCRC: metastatic colorectal
cancer. FAUMP: fluorodeoxyuridine monophosphate, FAUTP: fluorodeoxyuridine triphosphate,
FUTP: fluorouridine triphosphate, dNTPs: deoxynucleotidetriphophates, dUTP: deoxyuridine
triphosphate. Figures were taken and adapted from A) Gustavsson et al.”3, B) Longley et al.%3, C)

Hsiang et al.84, and Warren and Eastman®.

1.7.2 Current approaches in the therapy of colorectal cancer

In Germany, the German Cancer Society, the German Cancer Aid, and the Association of
the Scientific Medical Societies in Germany specify the ideal treatment of CRCs in the “S3-
Guideline for Colorectal Cancer” as follows®}: Benign polyps, adenomas, and CRCs should

be surgically removed, if possible. From stage II to stage IV, the resection of the affected
13
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colonic segment (colectomy) is combined with other treatment options as soon as possible
after surgery. These options include radiation (mostly stages Il and III), chemotherapy
(stages I to IV), and targeted agents in combination with chemotherapy (stage IV). Common
chemotherapeutics include 5-FU (or its prodrug Capecitabine) plus its adjuvant Leucovorin,
Irinotecan, Oxaliplatin, or combinations of these. Targeted agents include the anti-VEGF

antibody Bevacizumab or the EGFR-targeted antibodies Cmab or Panitumumab®® (Table 1).

Table 1: Approved and investigational therapeutics for the treatment of colorectal cancer

Chemical compound Trade name Mechanism of action Approved
for CRC
5-FU/Leucovorin Several Thymidylate synthase inhibitor First-line
Irinotecan Several Topoisomerase | inhibitor First-line
Oxaliplatin Eloxatin® DNA crosslinking First-line
Cetuximab Erbitux® EGFR inhibiting antibody First-line
Panitumumab Vectibix® EGFR inhibiting antibody First-line
Bevacizumab Avastin™ VEGF inhibiting antibody First-line
Regorafenib Several Multikinase inhibitor Later lines
Trifluridine/tipiracil Lonsurf® Nucleoside analogue, thymidine Later lines
(TAS-102) phosphorylase inhibitor
Afatinib Giotrif® EGFR/HER2 inhibitor No
Selumetinib Koselugo™ MEK inhibitor No
Alisertib None AURKA inhibitor No

In case of liver metastatic CRC, the resection of the primary CRC and the metastases in
combination with an adjuvant therapy is aimed at if the physical condition of the patient
allows it. This first-line therapy can consist of a chemotherapy plus anti-VEGF or plus anti-
EGFR agents. The chemotherapy should be comprised of combinations including 5-FU such
as FOLFIRI. The choice between anti-VEGF and anti-EGFR depends on factors such as the
RAS and BRAF mutational status and the localization of the primary tumor in the
colorectum®. Activating mutations in KRAS, NRAS, or BRAF confer resistance to EGFR-
targeted therapeutics such as Cmab because they elicit signaling downstream of EGFR?>°,
For this reason, KRAS mutant liver metastatic CRC is currently treated with chemotherapy
plus Bevacizumab®.

Second-line therapy can include first-line therapeutics that were not already used in the

patient during initial treatment, such as Bevacizumab in patients previously treated with

Cmab. Later lines of therapy include the chemotherapeutic TAS-102 (trifluridine/tipiracil)
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and the multikinase inhibitor Regorafenib®. However, these therapeutic regimen lead to
more adverse events than the first-line therapeutics and second- and later line therapies are
usually less effective than first-line therapy®®’. Therefore, intensive research to find new

treatment options is of the utmost importance.

1.7.3 Therapy resistance

Even though the treatment options of CRC have improved during the last decade, resistance
towards chemotherapy and targeted drugs drives relapse and thereby still limits the success
of therapy®®. Several different mechanisms to acquire resistance are well described,
especially those affecting the efficacy of targeted drugs such as EGFR/MAPK pathway
targeting inhibitors.

For instance, alternative activation of the EGFR and MAPK pathways can drive the
resistance via diverse mechanisms: First, the targeted protein itself can be amplified or

RT790M

mutated, rendering it irresponsive to the inhibiting agent. EGF mutations are

commonly detected in tumors that relapsed from Erlotinib treatment in lung cancer’®?.
Second, mutations in downstream signaling can confer resistance. For instance, activating
mutations in RAS or BRAF, but also PIK3CA lead to a reduced sensitivity towards EGFR-

95,96

inhibiting agents Third, feedback mechanisms can restore MAPK signaling,

independent of known mutations!'%1,

Moreover, other compensatory signaling pathways can be activated and can render cells
irresponsive to the treatment. MEK inhibition can lead to the activation of the related PI3K
pathway in breast cancer cell lines or Yap/Tead2 (TEA domain transcription factor 2)
signaling can compensate for the loss of Kras-mediated Mapk signaling in a murine
pancreatic ductal adenocarcinoma model'%!-192,

Treatment with targeted inhibitors can induce the emergence of a drug tolerant
subpopulation, so-called drug persister cells. These are characterized by global epigenetic
and transcriptional alterations rather than mutational changes'®*~'%. Liau et al. showed that
treatment with the multikinase inhibitor Dasatinib kills most glioblastoma stem cells in vitro,
while a small subpopulation of cells remains viable!'*®. These cells proliferate only slowly
under drug treatment and adapt their gene expression profile in a way that leads to an

increased drug tolerance!®

. Moreover, even single cell-derived clones showed the evolution
of a drug tolerant persister subpopulation during targeted treatment in this study while the
majority of the cells died'®. This observation stands against a genetically predetermined,

rigid division of cells into a majority of treatment sensitive and a minority of pre-existing
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drug tolerant cells. Instead, these observations suggest a treatment-induced switch towards
a drug persister phenotype in a small fraction of cancer cells'®.

Drug persister cells can eventually acquire mutations in clinically relevant genes during
prolonged selection pressure by the treatment'. These mutations could then confer a
complete resistance towards treatment followed by the selection and expansion of the

mutated cells, ultimately resulting in the regrowth of a completely resistant tumor.

1.7.4 Drugging the undruggable: KRAS and MYC

Both KRAS and MYC are frequently mutated or upregulated in human cancers,
respectively?”. However, the development of direct inhibitors of these proteins has been
challenging.

The structure of KRAS does not contain unique binding pockets that can be used for the
development of small molecule inhibitors**!?7. Nevertheless, recent studies have described
inhibitors that specifically target KRAS®!?C by forming a covalent disulfide bridge with the
cysteine at position 12 of the mutated KRAS protein'®. Some of these KRASS!%C inhibitors
have already entered clinical trials'*!'1°,

Without the possibility of direct targeting, other mechanisms to inhibit these proteins
indirectly need to be established. One possibility is to inhibit one or more proteins in the
same pathway of the undruggable protein. While targeting of MEK alone in KR4S mutant
tumors showed no effect, the combined treatment with MEK plus EGFR inhibitors seems to

1 However, other studies reported

be more efficient in some models of KRAS mutant CRCs
that this treatment combination achieves efficient eradication only of tumor organoids of
KRAS wild type but not mutated CRC cells!!2,

Another possibility is to target compensatory pathways or proteins that are upregulated in
response to the undruggable protein itself or to inhibitors of these pathways. For instance,
MEK inhibitors cannot only be combined with EGFR inhibitors but also with inhibitors of
the closely related PI3K pathway'?!. Moreover, Kras tumors have been shown to be
dependent on Yapl/Tead2 signaling, especially when acquiring RAS-independence after
targeted deletion of the oncogenically activated Kras variant in a murine pancreatic ductal
adenocarcinoma model'*.

However, so far, these treatment combinations have suffered from great toxicity in clinical
trials, which strongly limits their application in patients and underlines the need for further

research!'3114,
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Targeting MYC has also been problematic: Since it is localized in the nucleus it is less
accessible compared to kinases or receptors in the cytoplasm or at the cell surface''®. In

5 Moreover, since MYC is not

addition, it plays a role in essential physiological processes
an enzyme, it does not have an active site that could be inhibited. Instead, targeting its
functionality is limited to either downmodulating its expression levels (e.g. impairing MYC
transcription or translation, or to augment its degradation) or to prevent its dimerization with
MAX or the binding of this heterodimer to the target DNA. The latter approach recently
entered clinical trials: A dominant negative MYC peptide, called Omomyc, can block the
binding of MYC to its target DNA''>!1, This Omomyc peptide has shown great anti-tumor
effects in various cancer entities in vivo'!711?. In 2021, the first phase I/II clinical trial with

this peptide was initiated in different tumor entities, including RAS mutant CRC

(NCTO04808362, clinicaltrials.gov, accessed on May 26, 2021)!1°.

1.8 Aurora kinase A

Errors in mitosis can lead to aneuploidy, which in turn can result in malignant transformation
of the cell. Therefore, mitosis needs to be tightly controlled by mitotic kinases'?°. One of the
major mitotic kinase families is the Aurora kinase family, consisting of Aurora kinase A
(AURKA), Aurora kinase B (AURKB), and Aurora kinase C (AURKC) !?!. While AURKA
plays an important role in the regulation of the G2/M transition, AURKB is active in later
phases of mitosis (metaphase to cytokinesis), and AURKC functions in meiosis'?!.

Starting in the late S phase and peaking at the G2/M transition, AURKA accumulates in the
cell via transcriptional activation'??. In the different stages during the G2/M phases, AURKA
activates different co-factors (including BORA'?*, AJUBA!?* and TPX2!%) which in turn
mediate and maintain autophosphorylation at threonine 288 in the kinase domain of
AURKA. This allows a conformational change of AURKA and triggers additional
phosphorylations, leading to its full activation!?6-'2®, AURKA has many different tasks in
the regulation of G2/M phases of the cell cycle, such as the regulation of the mitotic entry,
centrosome maturation, and the mitotic spindle formation'?!. At the end of mitosis and the
beginning of the G1 phase, AURKA is ubiquitinated and subsequently degraded by the E3
ligase anaphase promoting complex/cyclosome (APC/C)!?%130,

The transcription of Aurka has been shown to be activated by MYC in the murine fibroblast
line Balb/c-3T3!3!, This was also confirmed in the human hepatocellular carcinoma cell lines
HepG2 and BEL-7402: MYC activates the transcription of AURKA by binding to the CpG-
islands in the promoter region of the AURKA gene'*?. Interestingly, AURKA was also
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described to activate MYC transcription as a transcriptional cofactor. Moreover, the
overexpression of AURKA was partially able to rescue the detrimental effects of MYC
knockdown on colony formation. Simultaneously, MY C overexpression rescued the reduced
colony formation evoked by AURKA knockdown'%2,

Intriguingly, Dauch et al. showed that Myc and Aurka form a complex that prevents
proteasomal degradation of Myc in a murine hepatocellular carcinoma model'**. Treatment
with Alisertib, a conformation changing inhibitor of Aurka, prevented the de novo generation
of this complex and led to the degradation of Myc. Subsequently, cell viability and tumor
growth of subcutaneously injected hepatocellular carcinoma cells was reduced!**. In thyroid
cancer, this complex of MYC and AURKA could be confirmed'**. Treatment with Alisertib
also reduced MYC levels and subcutaneous tumor growth of highly MYC expressing cell
lines!34.

Together, these data suggest a reciprocal transcriptional activation of AURKA and MYC and
a direct interaction of the AURKA and MYC proteins, which is important for MYC

functionality and stability in cancer cells.

1.8.1 Aurora kinase A in cancer

Overexpression of AURKA results in multipolar spindle formation, faulty chromosome
segregation, and aneuploidy, which can favor tumor development. This is supported by the
frequent amplification of chromosome 20q13.2, which contains the AURKA gene, or other
mechanisms that culminate in the overexpression of AURKA in different tumor entities,
including CRC'>13  Increased levels of AURKA are also associated with poor prognosis
in cancers'**"'*2. However, also the pharmacologic inhibition of AURKA can lead to
aneuploidy because of defective spindle formation, which indicates that balanced levels of
AURKA are necessary for successful G2/M progression'®,

Interestingly, genomic instability does not seem to be the only phenotype AURKA
overexpression confers to a tumor cell: AURKA also crosstalks with other signaling
pathways and interacts with proteins that are frequently deregulated in various tumor entities
such as p53'41% MYC'¥, and Wnt'*!47 and MAPK'* signaling.

For instance, AURKA disrupts the B-catenin destruction complex by direct phosphorylation
of GSK3p in gastric cancer cells and by binding to AXIN in glioma cells. The resulting
stabilization and hence accumulation of B-catenin activates the Wnt pathway!46148,
Moreover, the genomic instability caused by AURKA would normally trigger a mitotic DNA

damage checkpoint and eventually lead to apoptosis of the cell. In cancer cells with loss of
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p53, this checkpoint is abolished, which results in the progression of the cell cycle instead
of apoptosis, emphasizing the cooperation of p53 loss and AURKA!**!30 Furthermore,
AURKA phosphorylates p53 at Ser215 and Ser315, which leads to the inactivation of its
transcriptional activity or its ubiquitination and subsequent degradation, respectively!#!4°,

Conversely, p53 has also been reported to inhibit AURKA activity!>'.

1.8.2 Targeting of Aurora kinase A

Since AURKA is amplified or overexpressed in different tumor entities and plays a role in
regulating oncogenic pathways, it would be of great interest to pharmacologically inhibit the
AURKA protein. Several AURKA isoform-specific and pan-Aurora kinase inhibitors are in
development and certain candidate drugs have already entered clinical testing!2.

One of these AURKA-specific inhibitors is Alisertib (MLN-8237). It is an ATP-competitive
small molecule inhibitor that binds AURKA, changes its conformation, and prevents its
phosphorylation at Thr288'3*1% It has a 150-fold stronger specificity for AURKA than
AURKB'*,

It was and currently is evaluated in several clinical trials: ClinicalTrials.gov lists sixty-two
studies for MLLN-8237 (as of April 10, 2021). Forty-two of these have been completed, nine
are still active or recruiting, and six have been terminated (plus one with the status “no longer
available”, one suspended, and three withdrawn). Except for one clinical phase III study, all
other studies are in phase I, II, or I/II.

In general, Alisertib is well tolerated. Most observed toxicities were hematologic or affected
the gastrointestinal tract. Grade 3 (severe) and 4 (potentially life-threatening) adverse events
included neutropenia, anaemia, and diarrhea'**'%’. Different phase II clinical trials have
reported that Alisertib alone or in combination with chemotherapy is efficient at feasible
drug doses in different tumor entities and the respective phase III clinical studies are planned
or already initiated!>®%!>3-16! The only completed phase III trial showed similar progression-
free survival of Alisertib- and comparator-treated patients, while Alisertib was better
tolerated than the comparators'>’. These clinical trials support the feasibility of Alisertib

treatment of patients and encourage further research with this inhibitor.

1.9 The patient-derived tumor organoid model in cancer research

To find new vulnerabilities of tumors, classical cancer cell lines and mouse models have
been the gold standard for a long time. In recent years, the use of patient-derived tumor

organoids (PDTOs) has been increasingly recognized as a valuable alternative because they
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recapitulate the disease characteristics and heterogeneity of different cancer entities very
wel]162:163

Moreover, ex vivo disease modeling using PDTOs recapitulates the spatial interactions
between the tumor cells better than classical cell lines in two-dimensional culture. Especially
oncogenic signaling pathways whose activation state strongly depends on the stiffness of the
extracellular matrix and the diverse interactions of tumor cells with its components are
represented better by PDTO cultures. For instance, Hippo pathway and Integrin-dependent
signaling might exert their physiological effects on tumor growth only in this three-
dimensional cancer model'%,

In contrast to mouse models, the PDTOs are less expensive, less time-consuming, and easier
scalable. Another advantage is that normal tissue and tumors of the same patient can be used
to derive organoids, which makes the development of personalized therapy more feasible.
Furthermore, state-of-the art laboratory methods such as CRISPR/Cas9-mediated (clustered
regularly interspaced short palindromic repeats/CRISPR-associated protein 9) genome
editing have been successfully established in organoid cultures to analyze the impact of a
specific set of cancer- or organ-specific mutations in isogeneic wild type-mutant pairs of
cancer organoids or benign organoid lines, respectively!'®>~'%’. For several different tumor
types, PDTO models and biobanking libraries have been successfully established, including
CRC!%2163 breast cancer!®®!, and pancreatic ductal adenocarcinoma'”’.

However, one disadvantage of classical cancer stem cell- or adult stem cell-derived organoid
models is the lack of interaction with other cell types like immune cells, stromal cells, and
blood vessels. Therefore, a lot of work is being done to establish PDTO models that combine
the cancer cells with these tumor-adjacent or -infiltrating cell types!”!!72.

One important application of organoids is drug testing of new therapies for cancer treatment.
A prerequisite for drug screens is that the response of the organoids correlates with that of
the patient from whom the organoids were derived. For CRC, Ooft et al. demonstrated that
PDTOs indeed can be used to predict the response of patients to Irinotecan-based
chemotherapeutics'”®, such as FOLFIRI. In contrast, there was no correlation between the
response of the patient and the PDTOs to Oxaliplatin-based therapies, such as FOLFOX.
This might be due to the lack of other cell types, especially immune and stromal cells, the in
vitro culture conditions such as the specific composition of the cell culture medium or the
extracellular matrix surrounding the PDTOs. Therefore, the ability to predict therapy
sensitivity might be limited to specific treatment regimen, such as Irinotecan-based

chemotherapy'”>.
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2 Aims

Metastatic spread and therapy resistance still diminish the treatment success in a large
fraction of CRC patients. Therefore, our first aim was to model chemotherapy tolerance
towards first-line combination therapy with FOLFIRI/Cmab in liver metastatic CRCs ex vivo
by performing a long-term treatment of PDTOs. In a second step, we set out to characterize
the parental and the chemotherapy tolerant PDTOs using next generation gene panel
sequencing and RNA sequencing.

Subsequently, we used CRISPR/Cas9-mediated genome editing to introduce a KRASS!2P
mutation into the tolerant PDTOs because this mutation can confer resistance to anti-EGFR
targeting with Cmab. Based on the gene expression peculiarities of chemotherapy tolerant
PDTOs, we aimed at establishing a second-line therapy able to overcome treatment
tolerance. For FOLFIRI/Cmab tolerant PDTOs with a modelled KRASY'?P mutation, we
applied combinations of clinically tested small molecule drugs, which act as targeted
inhibitors against the signaling pathways of our interest. This approach consisted of a dual
targeting of EGFR and MEK in combination with AURKA inhibition.

Since the PDTOs were derived directly from liver metastases of CRC or from a primary
tumor with liver metastasis, we further assessed the AURKA protein levels in a cohort of

matched non-metastatic, exclusive liver metastatic, and exclusive lung metastatic CRCs.
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3 Materials

3.1 Chemicals and reagents

Application

Chemical compound

Supplier

Cell culture

Western blotting

Antibiotic-Antimycotic, 100x

Cell Recovery Solution

Collagenase IV

Dimethylsulfoxide (DMSO)

Dispase

Dithiothreitol (DTT)

Dulbecco's phosphate-buffered saline
(PBS)

Ethylenediaminetetraacetic acid
(EDTA) Disodium Salt Dihydrate
Matrigel® Basement Membrane Matrix,
phenol red-free

Opti-MEM™ Reduced Serum Medium
TrypLE Select Enzyme

Trypsin-EDTA, 0.0 5%

Ammonium persulfate

Bromophenol blue

DTT

Glycerol

Glycine

Immobilon Western horseradish

peroxidase (HRP) Substrate

Invitrogen, Karlsruhe,
Germany

Corning, New York, NY,
USA

Biochrom AG, Berlin,
Germany

Sigma, Darmstadt,
Germany

Stem Cell Technologies,
Vancouver, BC, Canada
Sigma

Invitrogen

VWR International,
Radnor, PA, USA

Corning

Invitrogen

Invitrogen

Invitrogen
AppliChem, Darmstadt,
Germany

Th. Geyer, Renningen,
Germany

Sigma

Th. Geyer

Sigma

Merck, Darmstadt,

Germany
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Immobilon-P PVDF, 0.45um Membrane Merck
Methanol Carl Roth

PageRuler ™ Prestained Protein Ladder Invitrogen

Phosphatase inhibitor cocktail 2 Sigma
Phosphatase inhibitor cocktail 3 Sigma
Polysorbate 20 (Tween20) Th. Geyer
RIPA buffer, including protease Sigma

inhibitor cocktail, phenylmethylsulfonyl
fluoride (PMSF), NaVOs

SDS Carl Roth
Skim milk powder Sigma
Sodium chloride, NaCl Sigma

SuperSignal™ West Femto Maximum Thermo Scientific,
Sensitivity Substrate Waltham, MA, USA
Tetramethylethylenediamine (TEMED)  Carl Roth

Tris(hydroxymethyl)aminomethane Sigma
(Tris)
Tris-Bis Acrylamide (30 %) Carl Roth
Cloning Ampicillin sodium salt AppliChem
LB agar (powder mix) Carl Roth
LB medium (powder mix) Carl Roth
Hematoxylin- Eosin Carl Roth
eosin stain Ethanol Carl Roth
Hematoxylin Sigma
Xylene Carl Roth
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3.2 Kits
Application Kit Supplier
DNA isolation GenElute Mammalian Genomic Sigma
DNA Miniprep Kit
RNA isolation High Pure RNA Isolation Kit Roche, Penzberg,

DNA concentration
RNA concentration

cDNA Transcription

qRT-PCR

Genotyping

Plasmid purification

Mycoplasma detection

Cell viability

Cell cycle distribution

Protein concentration

Immunohistochemistry

Transfection of

ribonucleoproteins (RNPs)

Qubit ds DNA HS Assay

Qubit RNA HS Assay
High-Capacity cDNA Reverse
Transcription Kit
primaQUANT 2x qPCR SYBR
Green Master Mix

CloneJET PCR Cloning Kit
Phusion High Fidelity PCR
Master Mix

NucleoSpin Plasmid EasyPure

LookOut Mycoplasma PCR
detection Kit
CellTiter-Glo® 2.0

CellTiter-Glo® 3D

Click-iT™ EdU Alexa Fluor™
488 Flow Cytometry Assay Kit
FxCycle™ Far Red Stain

Micro BCA™ Protein Assay Kit
Ventana UltraView DAB THC
Detection Kit,

Cell Conditioning Solution
Alt-R CRISPR-Cas9 CRISPR
RNA (crRNA)

Germany

Invitrogen

Invitrogen

Applied Biosystems,
Foster City, CA, USA
Steinbrenner,
Wiesenbach, Germany
Thermo Scientific
Life Technologies,
Carlsbad, CA, USA
Macherey Nagel
GmbH, Diiren,
Germany

Sigma

Promega, Madison,
USA
Promega

Invitrogen

Invitrogen
Thermo Scientific

Roche

Roche
IDT, Coralville, IA,
USA
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Next generation gene

panel sequencing

Next generation whole
exome sequencing

RNA sequencing

Alt-R CRISPR-Cas9 trans-
activating crRNA (tractrRNA)

Oncomine Comprehensive Assay

Plus

Ion AmpliSeq Library Kit
IonXpress Bacrode Adapter Kit
Ion Library Equalizer Kit

Ion 550 Chip

Experion™ RNA Std Sens
Analysis Kit

SureSelectXT Human All Exon
Vo6

Maxima RT polymerase
Nextera XT DNA Library

Preparation Kit

IDT

Thermo Scientific

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

Bio-Rad Laboratories

Agilent Technologies,
Santa Clara, CA, USA
Thermo Scientific
[llumina, San Diego,

CA, USA

3.3 Cytostatic compounds and small molecule inhibitors

Compound CAS number Supplier

5-FU 51-21-8 AppliChem

Afatinib (BIBW2992) 439081-18-2 TargetMol, Boston, MA, USA
Alisertib (MLN8237) 1028486-01-2 Selleckchem, Houston, TX, USA
Cetuximab (Erbitux®) 205923-56-4 Merck

Folinic acid 1492-18-8 Merck

Irinotecan 100286-90-6 Sigma

Selumetinib (AZD6244) 606143-52-6 TargetMol

SN-38 86639-52-3 TargetMol
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3.4 Antibodies

3.4.1 Antibodies for immunoblot analysis

Target Supplier Order ID Origin Dilution
PARP Cell Signaling Technology, 9542 Rabbit 1:1000
Danvers, MA, USA
Cleaved caspase 3 Cell Signaling Technology 9661 Rabbit 1:1000
MYC Proteintech, IL, USA 10828-1-AP  Rabbit 1:1000
Beta-actin Sigma A2066 Rabbit 1:2000
Alpha-tubulin Sigma T9026 Mouse 1:2000
Anti-mouse HRP  Dianova, Hamburg, 715-035-150  donkey 1:10000
Germany
Anti-rabbit HRP ~ Dianova 711-035-152  donkey 1:10000
All antibodies were diluted in 5 % milk in TBS-T. HRP: horse radish peroxidase
3.4.2 Antibodies for immunohistochemical staining
Target Supplier Order ID Origin Dilution
AURKA Cell Signaling Technology 91590 Rabbit 1:100
3.5 Oligonucleotides
3.5.1 CRISPR/Cas9 genetical engineering of KRAS
KRASG12P 5’- CATTATTTTTATTATAAGGCCTGCTGAAAATGACTGAAT

ATAAACTTGTCGTCGTTGGAGCTGATGGCGTAGGCAAGAG

TGCCTTGACGATACAGCTAATTCAGAATCATTTTGT -3’
Electroporation 5’- TTAGCTCTGTTTACGTCCCAGCGGGCATGAGAGTAACA
enhancer AGAGGGTGTGGTAATATTACGGTACCGAGCACTATCGATA

CAATATGTGTCATACGGACACG -3’

3.5.2 PCR amplification and sequencing of KRAS

KRAS fw 5’- ACGATACACGTCTGCAGTCAA -3’
KRAS v 5’- TGTCACAATACCAAGAAACCCAT -3’
T7 5’- TAATACGACTCACTATAGGG -3’
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3.5.3 gRT-PCR

AURKA fw
AURKA rv
B2M fw
B2M rv
CDCA7 fw
CDCA7 rv
GAPDH fw
GAPDH rv
MTIG rv
MTIG tw
NDRGI tw
NDRGI rv
OLFM4 fw
OLFM4 rv
PPIA fw
PPIA tv
SLC29A41 tw
SLC29A41 tv
SULT2A1 tw
SULT2AI rv
TBX2 tw
TBX2 rv
TMEMI71 tw
TMEM171 rv

5’- GTCTACCTAATTCTGGAATATGC -3’
5’- AGTTCTCTGGCTTAATGTCT -3’
5’- TCCATCCGACATTGAAGTTG -3’
5’- ACACGGCAGGCATACTCAT -3’
5’- AGGCTCCGACTCACAATCAA -3°
5’- CATGGGTAGAGCGTCAAGGG -3’
5’- GACAGTCAGCCGCATCTTCT -3’
5’- GCGCCCAATACGACCAAATC -3’
5’- TCCTGCAAGAAGAGCTGCTG -3°
5’- TTTGTACTTGGGAGCAGGGC -3’
5’- CCCACCTTTTTGGGAAGGAAG -3’
5’- GGTCGCTCAATCTCCAGGTC -3’
5’- AGGTTCTGTGTCCCAGTTGT -3’
5’- CAAGCGTTCCACTCTGTCCA -3’
5’- AGCATGTGGTGTTTGGCAAA -3’
5’- TCGAGTTGTCCACAGTCAGC -3’
5’- GCTGTATTCATGTGGCCTGG -3’
5’- ATCGTGCTCGAAGACCACAG -3’
5’- TCAGTTCCAAGGCCAAGGTGA -3’
5’- GGGCATCCAGCCATGAATGT -3°
5’- GCACGGCTTCACCATCCTAA -3°
5’- TTGGCAAACGGGTTGTTGTC -3’
5’- GCCCTTGATTGTGCTTGTGG -3’

5’- ATTATTACCGAGTCACCTACAGTG -3’
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3.6 Solutions and buffers
3.6.1 Immunoblot analysis

Lower tris buffer

1.5 M Tris, pH 8.8
0.2 % SDS

Upper tris buffer

1.0 M Tris, pH 6.8
0.2 % SDS

Stacking gel, 10 mL
6.8 mL ddH20
1.7 mL 30 % acrylamide solution
1.25 mL upper tris buffer
0.1 mL 10 % SDS
0.1 mL 10 % ammonium persulfate

0.01 mL TEMED

Resolving gel, 12 %, 10 mL
3.3 mL ddH20
4 mL 30 % acrylamide solution
2.5 mL lower tris buffer
0.1 mL 10 % SDS
0.1 mL 10 % ammonium persulfate

0.004 mL TEMED

Laemmli buffer, 2x
125 mM tris/HCI, pH 6.8
4 % SDS
20 % glycerol
0.05 % bromophenol blue
2% DTT
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Tris-glycine gel running buffer for SDS-PAGE, 10x
30 g tris
140 g glycine
100 mL 10 % SDS
Ad 1L ddH20

Transfer buffer, 10x
30 g tris
140 g glycine
Ad 1 L ddH20

Transfer buffer, 1x
100 mL 10x transfer buffer
200 mL methanol
700 mL ddH20

Tris-buffered saline (TBS) buffer, 10x

24.2 g tris base
80 g NaCl

Ad 1L ddH20
pH: 7.6

TBS-T buffer, 1x
1x TBS
0.2 % Tween20
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3.7 Cell culture media

3.7.1 SW620 cell culture medium

Component Concentration Supplier

Dulbecco’s modified eagle medium Invitrogen

(DMEM) High Glucose, GlutaMAX

Fetal bovine serum (FBS) 10 % Invitrogen

Penicillin-Streptomycin 100 U/mL Invitrogen

3.7.2 PDTO cell culture medium

Component Concentration Supplier

Advanced DMEM/F12 Invitrogen

HEPES 10 mM Invitrogen

GlutaMAX 10 mM Invitrogen

Normocin 50 pg/mL Invitrogen

B27 Retinoic acid free supplement Ix Invitrogen

N-Acetylcysteine 1 mM Sigma

Prostaglandin E2 15 oM Sigma

Noggin 25 ng/mL Peprotech, Hamburg,
Germany

LY2157299 500 nM Selleckchem

EGF 50 ng/mL Peprotech

SB202190 7.5 uM Selleckchem

Y27632, 10 uM Biozol Diagnostics,

for 48 hours after seeding

Eching, Germany
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3.7.3 Patient-derived organoids (PDOs), WREN medium

Component Concentration Supplier
Advanced DMEM/F12 50 % Invitrogen
Wnt3a, R-Spo3, and Noggin- 50 %

conditioned Advanced DMEM/F12

HEPES 10 mM Invitrogen
GlutaMAX 10 mM Invitrogen
Normocin 50 pg/mL Invitrogen
N-2 Supplement 1x Invitrogen
B27 Retinoic acid free supplement 1x Invitrogen
N-Acetylcysteine 1 mM Sigma
LY2157299 500 nM Selleckchem
EGF 50 ng/mL Peprotech
SB202190 7.5 UM Selleckchem
Y27632, 10 uM Biozol Diagnostics

for 48 hours after seeding

3.7.4 Patient-derived organoids, EN medium

Component Concentration Supplier
Advanced DMEM/F12 Invitrogen
HEPES 10 mM Invitrogen
GlutaMAX 10 mM Invitrogen
Normocin 50 pg/mL Invitrogen
N-2 Supplement 1x Invitrogen
B27 Retinoic acid free supplement Ix Invitrogen
Noggin 25 ng/mL Peprotech
N-Acetylcysteine 1 mM Sigma
LY2157299 500 nM Selleckchem
EGF 50 ng/mL Peprotech
SB202190 7.5 UM Selleckchem
Y27632, 10 uM Biozol Diagnostics

for 48 hours after seeding

31



Materials

3.8 Laboratory equipment

Device

Supplier

BD LSRFortessa™

Berthold Orion II Microplate Luminometer
Binder Incubator

Experion™ Automated Electrophoresis
System

Experion™ Vortex Station

Experion™ Priming Station

GeneAmp® PCR System 9700

Heraeus Megafuge 1.0R
HTU Sonil30 Sonicator

Ion Torrent GeneStudio S5 Prime
Li-COR Odyssey Fc

LightCycler480

Mini Trans-Blot™ Cell
Mini-PROTEAN Tetra Vertical
Electrophoresis Cell

AZ100 Multizoom Microscope

ND 1000 NanoDrop Spectrophotometer

NEPAZ21 Electroporator

Neubauer Counting Chamber

NextSeq 500

Qubit 3.0 Fluorometer

T100™ Thermal Cycler

Varioskan" Multimode Microplate Reader
VectraPolaris'™

Ventana Benchmark

Becton Dickinson, Franklin Lakes, NJ,
USA

Titertek-Berthold, Pfortzheim, Germany
Binder, Tuttlingen, Germany

Bio-Rad Laboratories, Munich, Germany

Bio-Rad Laboratories

Bio-Rad Laboratories

Applied Biosystems, Foster City, CA,
USA

ThermoFisher Scientific

G. Heinemann, Schwibisch Gmiind,
Germany

Thermo Scientific

Li-COR, Lincoln, NE, USA

Roche

Bio-Rad Laboratories

Bio-Rad Laboratories

Nikon, Amsterdam, Netherlands
NanoDrop Products, Wilmington, DE,
USA

Nepagene, Chiba, Japan

Carl Roth

[Mlumina

ThermoFisher Scientific

Bio-Rad Laboratories, Munich, Germany
Thermo Scientific

Perkin Elmer, Waltham, MA, USA
Ventana Medical Systems, Oro Valley,
AZ,USA

32



Materials

xCELLigence Real-Time Cell Analyzer Agilent
(RTCA)
3.9 Software
Software Supplier
Affinity Designer 1.9.0.932 Serif (Europe) Ltd, Nottingham, UK
Affinity Publisher 1.9.0.932 Serif (Europe) Ltd

BD FACSDiva Software Version 6.2
Experion™ Software version 3.20
FlowJo v10.7.1

GraphPad Prism 7.01

Image Studio Ver 5.2.5

Integrated Genomics Viewer

Ion Reporter System v5.16
Microsoft Office 2016

BD Biosciences, San Diego, CA, USA
Bio-Rad Laboratories

FlowJo LLC, Ashland, OR, USA
GraphPad Software Inc., La Jolla, CA, USA
Li-COR, Lincoln, NE, USA

Broad Institute of MIT and Harvard,
Cambridge, MA, USA

Thermo Scientific

Microsoft, Redmond, WA, USA

NIS Elements D Imaging Software, Version Nikon Instruments Inc., Melville, NY, USA

5.00.00
Phenochart 1.0.8

RTCA Software Lite
Simplicity 4.20

Akoya Biosciences, Marlborough, MA,
USA

Agilent

Titertek-Berthold

Skanlt Software 2.4.3 Research Edition Thermo Scientific

Varioskan
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4 Methods

4.1 Patient-derived tissues for organoid culture and FFPE tissues

Fresh samples of normal colorectal epithelium and of tumor tissues were taken from patients
in the context of curative colectomy or partial hepatectomy at the University Hospital
GroBhadern at the Ludwig-Maximilians-University (LMU) Munich, Germany in
collaboration with Prof. Dr. Neumann and Prof. Dr. Kirchner. Samples were collected from
remaining resected tissue by a pathologist and were not needed for diagnosis. The samples
were irreversibly anonymized. The ethical committee of the LMU Munich classified this
procedure as uncritical and specifically approved our projects (project numbers 591-16-UE
and 17-771-UE).

Anonymized colorectal cancer specimens (formalin-fixed and paraffin embedded (FFPE)
tissues of the MO/M1 cohort used for immunohistochemical staining of AURKA) from
patients that underwent surgical resection at the LMU Munich between 1994 and 2017 were
obtained from the archives of the Institute of Pathology. Follow-up data were recorded
prospectively by the Munich Cancer Registry (data provided by J. Neumann, LMU Munich,
Germany). Specimens were anonymized, and the study was approved by the institutional

ethics committee of the Medical Faculty of the LMU (approval number 18-105-UE).

4.2 Stainings
4.2.1 Hematoxylin-eosin stain

For hematoxylin-eosin (HE) stain, 2 um whole tissue sections of FFPE tumor samples were
stained. The slides were incubated twice in xylene for 5 minutes each, followed by
descending ethanol concentrations for 2 minutes each (2% 100 %, 1x 95 %). After a wash in
water for 2 minutes, the slides were transferred to hematoxylin for 3 minutes and washed
again in water, 3 times for 1 minute each. After an incubation in 95 % ethanol for 1 minute,
the slides were stained in eosin solution for 45 seconds and again transferred to 95 % ethanol
for 1 minute. Two incubation steps in 100 % ethanol for 1 minute each were followed by

two steps in xylene for 2 minutes each.

4.2.2 |HC staining of AURKA

For immunohistochemistry (IHC), 2 um whole tissue sections of FFPE tumor samples were
stained using a Ventana Benchmark according to the manufacturer’s instructions. Cell

Conditioning Solution was used as a pretreatment and antibody binding was visualized using
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the Ventana UltraView DAB IHC Detection Kit. The antibody directed against AURKA was
used at a dilution of 1:100. For quantification of AURKA expression, the previously
published H-score was used!’. In short, each area of the section showing epithelial CRC
tissue was assigned an intensity score from 0 to 3 (0 indicates no staining, 1 a weak staining
intensity, 2 a moderate staining intensity, and 3 a strong staining intensity), and the
proportion of tumor cells staining for that intensity was evaluated in 5 % increments (range
from 0 to 100). The final H-score, ranging from 0 to 300, was then retrieved by adding the

sum of scores obtained for each intensity and proportion of tumor areas stained.

4.3 Bacterial cell culture

For transformation of bacteria, the Escherichia coli strain Stbl3 was incubated with the
plasmid vector on ice for 30 minutes before a heat shock for 45 seconds at 42 °C. The
competent cells were then placed on ice for 2 minutes and subsequently 500 uL of LB
medium without any antibiotics was added. The cell suspension was incubated for 60
minutes at 37 °C while shaking. The competent cells were grown overnight on LB plates
with the appropriate antibiotic. Single colonies were cultured overnight in 5 mL LB medium
supplemented with the appropriate antibiotic. The plasmid DNA was isolated and purified
using the NucleoSpin Plasmid EasyPure Kit.

4.4 Mammalian cell culture

The SW620 cell line, PDTOs, and patient-derived organoids of human colonic mucosa
(PDOs) were grown under standard cell culture conditions in a humidified incubator at 37 °C

and 5 % COa.

4.4.1 Cell line culture

The SW620 cell line was purchased from ATCC (Wesel, Germany). The cells were cultured
in DMEM, supplemented with 10 % FBS and 100 U/mL penicillin and 100 pg/mL
streptomycin, which was exchanged every two to three days. For serial passaging when the
cells reached a confluence of 70 — 80 %, the cells were incubated in 0.05 % trypsin for 5
minutes at 37 °C, then washed in culture medium and transferred to a new flask at a ratio of
1:3 to 1:10.

For cryo-preservation, the cells were incubated in trypsin and washed as for serial passaging
(see above), resuspended in 50 % DMEM, 40 % FBS, and 10 % DMSO, slowly cooled to -

80 °C, and then transferred to liquid nitrogen for long-term storage.
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Cells were regularly tested negative for mycoplasma contamination using the LookOut

Mycoplasma PCR Detection Kit.

4.4.2 Culture of patient-derived tumor organoids

PDTOs were isolated and propagated as described previously!>!173,

In short, the fresh tissue piece of primary CRC or liver metastasis was cut into pieces and
incubated with Normocin and Antibiotic-Antimycotics for 15 minutes at room temperature.
Afterwards, the tumor pieces were washed with PBS, minced with a scalpel, and incubated
for 30 minutes at 37 °C in disaggregation solution, which consisted of Advanced
DMEM/F12, supplemented with 5 U/mL dispase II, 75 U/mL collagenase 1V, and 10 uM
Y-27632. The cell suspension was then passed through a 1.2 mm needle with a syringe,
washed in PBS, and passed through a 70 um cell strainer. The cell suspension was
subsequently incubated in ammonium chloride buffer for 5 minutes at room temperature,
washed once in PBS and then in Advanced DMEM/F12 medium. The cells were embedded
in Matrigel® and left to solidify for 15 minutes before the addition of PDTO medium (section
3.7.2). The PDTO medium was replaced every two to three days.

For serial passaging, PDTOs and the surrounding Matrigel® were incubated in 0.025 %
Trypsin in PBS at 37 °C for 7 minutes, passed through a 0.8 mm needle with a syringe to
dissociate the organoids, and washed twice in Advanced DMEM/F12. 5000 to 15000 cells
were embedded in 50 uL Matrigel® drops and left to solidify for 15 minutes before the
addition of PDTO medium.

Cryo-preservation was performed 4 — 6 days after seeding to ensure a small size of organoids.
The Matrigel® was dismantled using Cell Recovery Solution for 30 minutes on ice, the
organoids were then washed twice, resuspended in 50 % Advanced DMEM/F12, 40 % FBS,
and 10 % DMSO, slowly cooled to -80 °C, and then transferred to liquid nitrogen for long-
term storage.

Cells were regularly tested negative for mycoplasma contamination using the LookOut

Mycoplasma PCR Detection Kit.

4.4.3 Generation of patient-derived organoids of human colonic mucosa

PDOs of human colonic mucosa were isolated and propagated by Dr. Cira Garcia de
Durango as described previously!”®.
In short, the fresh tissue sample was cut into pieces and incubated in Antibiotics-

Antimycotics for 15 minutes at room temperature. The tissue was then washed with PBS and
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subsequently incubated in 10 mM DTT in PBS for 10 minutes at room temperature. The
samples were transferred to 8 mM EDTA in PBS and incubated on ice for 1 hour.
Afterwards, the supernatant was replaced with fresh, cold PBS and the tube was shaken
vigorously to yield a supernatant enriched in colonic crypts. FBS was added to the sample
to a final concentration of 5 % before centrifugation at 40 xg for 5 minutes at 4 °C. The
supernatant was replaced with Advanced DMEM/F12 supplemented with 2 mM GlutaMAX,
10 mM HEPES, and 5 % FBS. This washing step was repeated three times. Approximately
300 isolated crypts were seeded per 50 pL Matrigel® drop and left to solidify for 15 minutes
before the addition of PDO medium (section 3.7.3). The PDO medium was replaced every
two days.

For serial passaging, Matrigel® drops were washed with PBS, and incubated in TrypLE
Select Enzyme for 10 — 15 minutes at 37 °C. The samples were then washed with Advanced
DMEM/F12 medium, passed through a 0.8 mm needle with a syringe to dissociate the
organoids, and washed again in Advanced DMEM/F12. 5000 to 10000 cells were embedded
in 50 uL Matrigel drops and left to solidify for 15 minutes before the addition of PDO
medium.

For ex vivo multi-lineage differentiation of human colonic organoids, the Wnt, R-spondin,
EGF, and noggin-containing medium (WREN medium, section 3.7.3) was replaced with
EGF and noggin-containing medium (EN medium, section 3.7.4), which lacks Wnt3a and
RSPO-1, for at least 72 hours.

For cryo-preservation, the Matrigel® was dismantled using Cell Recovery Solution for 30
minutes on ice, the organoids were then washed twice, resuspended in 50 % Advanced
DMEM/F12, 40 % FBS, and 10 % DMSO, slowly cooled to -80 °C, and then transferred to
liquid nitrogen for long-term storage.

The cells were regularly tested negative for mycoplasma contamination using the LookOut

Mycoplasma PCR Detection Kit.

4.4.4 Generation of chemotherapy tolerant PDTOs and cytostatic chemicals

Two days after seeding, the parental PDTO1, 2, and 5 were treated with 156 nM folinic acid,
625 nM 5-FU, 0.5 nM SN-38, and 10 pg/mL Cmab. To increase the effects of Cmab, the
EGF concentration was reduced to 12.5 ng/mL. The treatment-containing PDTO medium
was exchanged every two to three days. Serial passaging was performed as described above.
For cell viability assays and immunoblot detections, the same FOLFIRI concentrations as

for the generation of long-term chemotherapy tolerant PDTOs were used (see above), with
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the following exceptions: For initial testing of the short-term response to FOLFIRI (Figure
10), the concentrations were 625 nM folinic acid, 2.5 uM 5’-FU, and 2 nM SN-38. To show
that the chemotherapy tolerant PDTOs (CT-PDTOs) are more tolerant towards
FOLFIRI/Cmab compared to parental PDTOs under short-term exposure via cell viability
(Figure 12), the FOLFIRI concentration was increased to 312.5 nM folinic acid, 1.25 uM
5’-FU, and 1 nM SN-38. For cell cycle analysis and immunoblots showing comparisons
between parental PDTOs and CT-PDTOs not involving AfaSel/Alisertib (Figure 13, Figure
14, Figure 21), the concentration was increased to 1250 nM folinic acid, 5 uM 5’-FU, 4 nM

SN-38. The Cmab concentration was 10 pg/mL for all experiments.

4.4.5 Electroporation of PDTOs and genetic engineering of KRAS¢120

Single cells were obtained from CT-PDTOs as described above for serial passaging (section
4.4.2). Subsequently, the cells were electroporated with DNA-free ribonucleoproteins
(RNPs), consisting of the single guide RNA and the Cas9 enzyme, plus an oligonucleotide
containing the KRAS locus of interest with the KRASS!?P-encoding mutation for homology
directed repair. The RNPs were assembled according to IDT’s guide “Homology-directed
repair using Alt-R CRISPR-Cas9 System and Ultramer Oligo”. CT-PDTOs were transfected
using NEPA21-electroporation as described by the manufacturer. In brief, the 10° single CT-
PDTO cells were resuspended in 100 pL suspension of the RNP complexes in OptiMEM,
supplemented with 10 uM of the Rho kinase inhibitor Y-27632. Final concentrations of the
RNP complex components were: 738 nM crRNA, 738 nM tracrRNA, 369 nM Alt-R Cas9
Nuclease V3, 2.66 uM electroporation enhancer, and 2.66 uyM KRASGI12D HDR
oligonucleotide. The cell suspension with the RNPs was transferred to a NEPA
electroporation cuvette and electroporated with the following settings: two 5 ms poring
pulses at 150 V with a pulse interval of 50 ms followed by five 50 ms transfer pulses at 20 V
with an interval of 50 ms. After electroporation, 300 pL OptiMEM plus 10 uM Rho kinase
inhibitor Y-27632 was added to the cell suspension and incubated for 30 minutes at room
temperature. Subsequently, the cells were embedded in Matrigel® and left to solidify for
15 minutes before the addition of PDTO medium. Selection of successfully transfected cells
was initiated three days after electroporation by reducing the EGF concentration in the

PDTO medium to 12.5 ng/mL and adding 10 pg/mL Cmab.
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4.5 Cell viability assay
4.51 SW620 cell line

For the assessment of the cell viability, SW620 cells were seeded in 80 uL cell culture
medium at a density of 3000 cells/well of a flat-bottom 96-well plate. The next day, the cells
were treated with 20 uL of DMSO- or drug-containing cell culture medium. Three days after
treatment start, the cell viability was measured using CellTiter-Glo® according to the
manufacturer’s instructions. In short, the plate with the cells was incubated at room
temperature for 30 minutes before 100 puL of CellTiter-Glo® was added. The plate was then
incubated for at room temperature 2 minutes on a shaker, followed by 10 minutes without
the use of a shaker. Luminescence was measured on a Berthold Orio II Microplate
Luminometer. The cell viability was calculated as the percentage of each sample, normalized
to the DMSO-treated control. Replicate numbers (n) are indicated in the respective figure

legends.

4.5.2 PDTOs

2500 — 4000 single cells were seeded in 20 pL Matrigel® droplets in a flat-bottom 48-well
plate and overlaid with 500 L. PDTO medium. Two or three days after seeding, treatment
was started by exchanging the PDTO medium with DMSO- or drug-containing PDTO
medium. The treatment duration is indicated in the respective figure legends and lasted from
4 to 18 days. On the day of the viability measurements, the PDTO medium was removed
and replaced with 35 pL Advanced DMEM/F12. The Matrigel® droplets were disaggregated
with a pipette and 85 pL of CellTiter-Glo® 3D was added. After 5 minutes on a shaker, the
suspension was disaggregated further by pipetting up and down and then shaken for another
20 minutes. 100 pL of the suspension was transferred into a white 96-well plate. The
luminescence was measured on a Berthold Orio II Microplate Luminometer. The cell
viability was calculated as the percentage of each sample, normalized to the DMSO-treated

control. Replicate numbers (n) are indicated in the respective figure legends.

4.6 Protein analysis
4.6.1 Protein lysate preparation and protein concentration determination

For SW620 cell, the sub-confluent cells were washed with PBS and lysed in RIPA
(radioimmunoprecipitation assay) buffer (supplemented with proteinase inhibitor, PMSF,

NaVOs3, phosphatase inhibitor cocktails 2 and 3) for 30 minutes on ice.
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For PDTOs, the Matrigel® was dismantled using Cell Recovery Solution for 30 minutes on
ice and subsequently washed twice in PBS. The cell pellet was resuspended in RIPA buffer
(supplemented with proteinase inhibitor, PMSF, NaVOs, phosphatase inhibitor cocktails 2
and 3) for 30 minutes on ice.

After incubation on ice, the SW620 or PDTO lysates were sonicated 3 times for 5 seconds
each at 75 % amplitude using the HTU Sonil30 Sonicator and centrifuged at 12,000 g for
20 minutes at 4 °C. The protein concentration of the supernatant was measured on a
Varioskan = multimode microplate reader using the Micro BCA™ Protein Assay Kit as

described by the manufacturer.

4.6.2 Immunoblot analysis

For immunoblot analysis, 30 pg of each whole cell lysate was boiled in Laemmli buffer for
5 minutes at 95 °C, quick spun, and analyzed on a 12 % SDS-acrylamide gel via SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis) in 1% tris-glycine gel running
buffer. A wet transfer in 1x transfer buffer for 90 minutes at 100 V, with a maximum current
of 350 mA transferred the proteins onto a PVDF membrane. Unspecific binding of the
antibodies was prevented by blocking the membranes in 5 % milk in TBS before adding the
specific primary antibody (section 3.4.1), which was diluted in 5 % milk in TBS-T. The
membrane was incubated in the diluted antibody overnight at 4 °C while shaking. The
membrane was then washed in TBS-T four times, 10 minutes each, on a vertical shaker.
Subsequent incubation in HRP-coupled secondary antibody occurred at room temperature
for 60 minutes. The membrane was then washed again as before, but with TBS without
Tween20 detergent for the last washing step because Tween20 has been reported to react
with enhanced chemiluminescence reagent, which can lead to higher background staining!”’.
Imaging was performed on a Li-COR Odyssey Fc using Immobilon Western HRP Substrate
(for actin, tubulin, and PARP (poly-(ADP-ribose)-polymerase)) or SuperSignal™ West

Femto Maximum Sensitivity Substrate (for cleaved caspase 3 and MYC) for detection.

4.7 Cell cycle analysis

Cell cycle analysis was performed using the Click-iT™ EdU Alexa Fluor™ 488 Flow
Cytometry Assay Kit in combination with the FxCycle™ Far Red Stain for fluorescence-
activated cell sorting analysis (FACS). Established PDTOs were treated for 48 h with
FOLFIRI/Cmab. Then, 5-ethynyl-2'-deoxyuridine (EdU) was added to the drug-containing
PDTO medium to a final concentration of 10 pM for 2 h at 37 °C. The Matrigel® was
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dismantled and the organoids were dissociated using 0.025 % trypsin in PBS for 7 minutes
at 37 °C and subsequent passage through a 0.8 mm needle with a syringe. After washing the
cell suspension in Advanced DMEM/F12, the samples were handled according to the
manufacturer’s instruction. For DNA content staining, the cells were resuspended in 400 puL
of 200 nM FxCycle stain, diluted in 1 x Click-iT™ saponin-based permeabilization and
wash reagent and supplemented with 100 pg/mL RNase A. The samples were measured on

a BD LRS Fortessa™.,

4.8 PCR amplification and sequencing of KRAS locus

To confirm the KRASY!?P mutation via PCR amplification and sequencing of the KRAS
locus, genomic DNA of CT-PDTO eKRAS organoids was extracted using the GenElute
Mammalian Genomic DNA Miniprep Kit. 50 ng genomic DNA was used as a template to
amplify the region of interest with KRAS primers (section 3.5.2) using Phusion High Fidelity
PCR Master Mix, according to manufacturer’s instructions (PCR cycler program: 98 °C,
30 seconds; [35 cycles: 98 °C, 30 seconds; 63.5 °C, 10 seconds; 72 °C, 35 seconds]; 72°C, 1
minute; 16°C, hold). The PCR product was ligated into CloneJET PCR Cloning Kit vector
according to manufacturer’s instructions and transformed into the Escherichia coli Stbl3 strain
as described above (section 4.3). Plasmid DNA was extracted and purified using the NucleoSpin
Miniprep Kit. Sanger sequencing was performed using the T7 primer at Eurofins Genomics,

Ebersberg, Germany.

4.9 Panel-guided next generation sequencing

Genomic DNA was extracted from PDTOs using the GenElute Mammalian Genomic DNA
Miniprep Kit. Targeted next generation sequencing was performed by the Diagnostics
Department of the Institute of Pathology, LMU Munich, with the Oncomine Comprehensive
Assay Plus screening for genetic alterations in 500+ cancer-asssociated genes at the levels
of DNA (SNV, MNV, indels, TMB status, MSI status). Briefly, libraries were generated
using the Oncomine Comprehensive Assay Plus and Ion AmpliSeq Library-, lonXpress
Barcode Adapter-, lon Library Equalizer-kits together with Ion 550 Chip kits according to
the manufacturer’s instructions. The libraries were sequenced on an lon Torrent GeneStudio
S5 Prime next generation sequencing machine. Analysis of the results was performed with
the Ion Reporter System (v5.16) followed by further variant and quality interpretation using
a home-made excel tool and python-script filtering for clinically relevant mutations.

Alterations were confirmed with the Integrated Genomics Viewer (Broad Institute).
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Mutations were judged as relevant on the basis of the interpretation criteria utilized in
ClinVar!”. Only likely pathogenic and pathogenic mutations as well as VUS (variant of
unknown significance or not evaluated in ClinVar with a prediction trend of being likely
pathogenic — majorly frameshift or truncating variants) with allele frequencies >3% were

reported.

4.10 Next generation whole exome sequencing (WES)

Genomic DNA from PDTOs was prepared using the GenElute Mammalian Genomic DNA
Miniprep Kit. Subsequent steps were performed by the Genomics and Proteomics Core
Facility of the German Cancer Research Center (DKFZ Heidelberg, Germany). WES
libraries were prepared using Agilent SureSelectXT Human All Exon V6 (Agilent
technologies) and 200 ng of input DNA according to the manufacturer’s protocol. The final
libraries were quality controlled by Agilent 4200 TapeStation System (Agilent technologies)
and Qubit ds DNA HS Assay kit (Life Technologies-Invitrogen). Based on Qubit
quantification and sizing analysis, sequencing libraries were normalized, pooled and
clustered on the cBot (Illumina) with a final concentration of 250 pM (spiked with 1% PhiX
control v3). 100 bp paired-read sequencing was performed on the Illumina HiSeq 4000
instrument using standard Illumina protocols at the Genomics and Proteomics Core Facility
of the DKFZ Heidelberg.

Raw sequence data was trimmed based on base calling quality (min 13) at both ends while
reads with length <50 nt after trimming were discarded, as well as reads containing “N”
bases. Reads were mapped to the hgl9 Human reference genome using BWA-aln 0.7.10
with default parameters. Mapped reads were filtered based on mapping quality (min 13) and
reads not mapping to annotated protein coding regions were discarded. PCR duplicates were
removed using samtools rmdup. Sequencing reads were realigned around insertions and
deletions using GATK IndelRealigner. Sequence variants were detected using samtools
mpileup and VarScan 2.3.7. Copy number alterations were detected as described before!”
based on the optimalCaptureSegmentation R package'®’. The minimum size of copy number
alterations (CNAs) was set to 5 Mb, with 2 exons minimum per segment, allowing up to 10

segments per chromosome.

4.11 RNA isolation, cDNA transcription, and qRT-PCR

Total RNA was isolated using High Pure RNA Isolation Kit according to the manufacturer’s
instructions. Subsequently, complementary DNA (cDNA) was prepared from the RNA using
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the High-Capacity cDNA Reverse Transcription Kit according to the manufacturer’s
protocols. Quantitative real-time PCR (qQRT-PCR) was performed using the Fast SYBR
Green Master Mix on a LightCycler480 as described by the manufacturer. Relative
expression values were normalized to PPI4 and B2M or PPIA and GAPDH expression as
indicated in the figure legends and calculated using the AACt method. Melting curves were
assessed for each experiment to confirm the generation of specific PCR products. For primer

sequences, see section 3.5.3.

4.12 cDNA library preparation, RNA sequencing analysis, and gene set

enrichment analysis

For next generation RNA sequencing, the parental and chemotherapy tolerant PDTO lines
were seeded in control or FOLFIRI/Cmab-containing cell culture medium, respectively, in
three independent replicates for each parental / chemotherapy tolerant PDTO pair. In
addition, the RNA sequencing run was performed in technical duplicates. Quality of the
isolated RNA was confirmed using the Experion™ RNA Std Sens Analysis Kit on a BioRad
Experion™ Automated Electrophoresis System, according to the manufacturer’s protocols.
The following steps of the RNA sequencing were performed by Dr. Rupert Ollinger, Thomas
Engleitner, and Prof. Dr. Roland Rad (Technical University Munich). Library preparation
for bulk 3’-sequencing of poly(A)-RNA was done as described previously'®!. Briefly,
barcoded cDNA of each sample was generated with a Maxima RT polymerase (Thermo
Fisher) using oligo-dT primer containing barcodes, unique molecular identifiers (UMIs) and
an adapter. 5’ ends of the cDNAs were extended by a template switch oligo (TSO) and after
pooling of all samples full-length cDNA was amplified with primers binding to the TSO-
site and the adapter. cDNA was tagmented with the Nextera XT DNA Library Preparation
Kit and 3’-end-fragments finally amplified using primers with Illumina P5 and P7
overhangs. In comparison to Parekh et al.'8!, the P5 and P7 sites were exchanged to allow
sequencing of the cDNA in readl and barcodes and UMIs in read2 to achieve a better cluster
recognition. The library was sequenced on a NextSeq 500 (Illumina) with 63 cycles for the
cDNA in readl and 16 cycles for the barcodes and UMIs in read2.

Gencode gene annotations version 24 (version 28) and the human reference genome
GRCh38 were derived from the Gencode homepage (EMBL-EBI). The Dropseq tools
v1.12'%2 was used for mapping raw sequencing data to the reference genome. The resulting
UMI filtered count matrix was imported into R v3.4.4. To estimate the effect of treatment

on parental and chemotherapy tolerant tumors, a dummy variable describing treatment and
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tumor type was used for downstream differential expression analysis with DESeq2
v1.18.1'8, Dispersion of the data was estimated with a parametric fit using the described
dummy as parameter. The Wald test was used for determining differentially regulated genes
between conditions. Shrunken log2 fold changes were calculated afterwards. A gene was
determined to be differentially regulated if the absolute apeglm shrunken log2 fold change
was at least 1 and the adjusted p-value was below 0.05. Rlog transformation of the data was
performed for visualization and further downstream analysis. GSEA v4.0.3 was used to
perform gene set enrichment analysis in the preranked mode using the apeglm shrunken log2
fold changes as ranking metric. A pathway was considered to be significantly associated

with an experimental condition if the FDR was below 0.25.

4.13 Publicly available gene expression data

Gene expression data of COAD (colorectal adenocarcinoma) and READ (rectal
adenocarcinoma) used for the comparison of AURKA gene expression between cancerous
and normal tissues (Figure 26) were obtained from the National Cancer Institute's Genomic
Data Commons The Cancer Genome Atlas (GDC-TCGA) datasets available via the UCSC
Xena Browser (https://xenabrowser.net/)!3*. The GSE numbers of publicly available gene
expression data of non-metastatic and metastatic primary CRCs as well as of normal colon,
primary CRCs, and liver metastases of CRC used for the comparison of AURKA gene
expression (Figure 38) are shown in the figure or figure legend and were derived from the

NIH Gene Expression Omnibus.

4.14 Imaging

Processed slides from immunohistochemical analysis were scanned using the quantitative
slide scanner Vectra Polaris™. Scanning was performed using the highest possible
instrument setting (40-fold scan resolution). Snapshots of these scans were taken with the
Phenochart 1.0.8 software.

PDTOs images were generated using an AZ100 Multizoom Microscope and NIS Elements
D Imaging Software.

4.15 Statistical analysis

GraphPad Prism software (v7.01) was used for statistical analyses. For calculation of
significant differences between two groups of biological replicates, a Student’s t-test

(unpaired, two-tailed, Holm-Sidak method, with alpha level = 0.05) was applied. For the
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comparison of three or more groups, a multiple comparison one-way ANOVA test was
applied. In case of paired data (M0-M1 CRC cohort), a repeated measures ANOVA test
combined with a Tukey’s multiple comparison test was performed. For unpaired data, one-
way ANOVA in combination with a Tukey’s multiple comparisons test was performed. For
comparison of data with two different parameters, a two-way ANOV A with either a Tukey’s
(when all samples were compared with each other) or Sidak’s (when only certain treatments
were compared with each other) multiple comparison test was performed. For calculation of
correlation coefficients, Pearson's correlation analysis was applied. Statistical significance

is indicated by asterisks in the figures and elucidated in the figure legends.
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5 Results

5.1 Establishment of a colorectal cancer “living biobank”

We established a “living biobank” of PDTOs of primary CRCs and liver metastases of CRC.
The tumor samples were derived from the Institute of Pathology of the LMU Munich in
collaboration with Prof. Dr. Jens Neumann and Prof. Dr. Thomas Kirchner. Single cells were
embedded in a three-dimensional basement membrane matrix mainly containing the
extracellular matrix proteins laminin and collagen IV (Matrigel®). The embedded CRC cells
were overlaid with a chemically defined and adjustable cell culture medium as described
previously'®?. These PDTOs can be propagated ex vivo and kept in liquid nitrogen for long-
term storage. A part of each primary tumor sample was also formalin-fixed and paraffin
embedded for subsequent histological staining and characterization.

To study the effects of long-term treatment with chemotherapy, we chose the three PDTO
lines 1, 2, and 5. They reflect the prototypic CRC that is capable of distant metastatic spread
and is susceptible to first-line treatment with the chemotherapeutic regimen FOLFIRI plus
the clinically approved anti-EGFR antibody Cmab. As summarized in Table 2, they

displayed the following characteristics:

1. Derivative of liver metastatic CRC. While PDTO1 was derived from a liver
metastatic primary CRC, PDTO2 and 5 were derived from liver metastases of CRC

2. Tumor grade 2 (moderately differentiated) as determined by HE staining (Figure 9)

3. Microsatellite stability (MSS)

4. Negativity for oncogenic mutations in KRAS, NRAS, BRAF, and PIK3CA according
to pyrosequencing because mutations in these oncogenes would render the tumors
tolerant towards Cmab treatment®>-%®

5. A similar mutational pattern in CRC driver genes, according to next generation gene

panel sequencing, especially the loss of TP53 and truncating mutations in APC

These five features reflect typical hallmarks of CRCs, which are prone to metastasis

formation and are eligible for treatment with FOLFIRI/Cmab.
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Table 2: Characteristics of PDTO lines used in this study
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PDTO1 Primary tumor wt wt mut  mut  wt MSS 2
(liver metastatic)
PDTO2 Liver metastasis wt wt mut mut wt MSS 2
PDTO5 Liver metastasis wit wt mut mut wt MSS 2

PDTO4 Primary tumor KRAS®'?D  wt  mut mut SMAD2mut MSS N.A.
PDTO17  Primary tumor KRAS®™2R  wt  N.A. NA. NA. MSS N.A.

PDTO: patient-derived tumor organoid, wt: wild type, mut: mutant, MSI: microsatellite instable, MSS:
microsatellite stable, N.A.: not available. PDTO1, 2, and 5 were used for the generation of

FOLFIRI/Cmab tolerance.
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Figure 9: HE staining on FFPE tissue sections derived from CRC1, 2, 5
CRCs, from which the respective PDTO lines were generated. CRC1: primary tumor of a liver

metastatic CRC, CRC2 and 5: liver metastases of CRC. Scale bars represent 50 um.

5.2 Ex vivo chemotherapy tolerance modeling

We first analyzed the sensitivity of PDTOI1 towards FOLFIRI. This chemotherapeutic
regimen consists of folinic acid, 5-FU, and Irinotecan. Irinotecan is a prodrug that is
metabolized into its active derivative SN-38 by esterases in liver cells and normal intestinal
tissue®2. Since these enzymes are not expected to be expressed at a sufficient level in our
tumor organoid culture system, we compared the activity of Irinotecan and SN-38 in
combination with 5-FU and folinic acid (FOLF), the two other components of FOLFIRI. As
anticipated, FOLF alone decreased the cell viability (Figure 10A). However, the addition of
1 uM Irinotecan had no effect. In contrast, substitution of Irinotecan with equimolar amounts
of SN-38 decreased the cell viability by an additional 61.5 % (Figure 10A). This confirms
that Irinotecan cannot be sufficiently metabolized by the carcinoma cells of our PDTO lines

and therefore does not affect the cell viability, but the active Irinotecan metabolite SN-38 is
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able to decrease the viability substantially. Therefore, for all subsequent experiments we
used the active metabolite SN-38 instead of Irinotecan in the FOLFIRI regimen.

Next, we examined the responsiveness of the three lines PDTO1, 2, and 5 to FOLFIRI/Cmab.
The cell viability decreased in all three PDTO lines upon treatment with FOLFIRI, Cmab,
or their combination (Figure 10B).

As a proof-of-concept that the sensitivity towards Cmab is reduced by an oncogenic mutation
in KRAS, we included the KRAS®!?P mutated PDTO4 in this experiment. Indeed, PDTO4
hardly responded to Cmab, which was in stark contrast to the other KRAS wild type PDTO
lines (Figure 10B). However, the combination of FOLFIRI and Cmab still decreased the
viability to 82.3 %.
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Figure 10: SN38 but not Irinotecan reduces the cell viability of PDTOs

A) Cell viability of PDTO1 was determined after 4 days of treatment with the indicated
chemotherapeutics. FOLF: folinic acid plus 5-fluorouracil (5-FU); FOLF/Iri: folinic acid, 5-FU, and
Irinotecan; FOLF/SN-38: folinic acid, 5-FU, and SN-38. Statistical significance was assessed by a
one-way ANOVA in combination with Tukey’s multiple comparisons test and is indicated by asterisks
(***: p-value £ 0.001, ****: p-value < 0.0001, ns: p-value > 0.05). Mean + SD, n = 3. B) Cell viability
of PDTOs after 4 days of treatment with the indicated drugs. PDTO1, 2, and 5 are KRAS wild type
while PDTO4 carries a KRAS®'?P mutation. Mean, n = 3.

After we confirmed the responsiveness of the PDTOs towards FOLFIRI/Cmab, we
performed a long-term treatment of the PDTOs with FOLFIRI/Cmab. The drug doses were
adjusted to be partially sublethal, which achieved an equilibrium between cell killing and
survival of drug persister cells over several PDTO passages. The concentrations were as
follows: 625 nM 5-FU, 125 nM folinic acid, 0.5 nM SN-38, and 10 pg/mL Cmab. Notably,
several pharmacokinetic studies have reported the plasma concentration of SN-38 of patients

treated with 150 — 300 mg/m? Irinotecan to range between 1 and 10 nM3%185186 Qimilarly,
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the used doses of 5-FU and Cmab are in the range of the plasma concentrations of treated
patients'®-188 Therefore, the drug concentrations used here are similar to the therapeutic
concentrations determined in the plasma of chemotherapy-exposed patients, which
emphasizes the translational character and clinical relevance of our study.

Figure 11 shows the morphologic changes during the long-term treatment of the PDTOs.
The evolution of tolerance development could be divided into three phases: In the first phase,
treatment led to increased cell death as well as reduced cell viability and reseeding capacity
within the first passages (approximately five weeks) in all PDTO lines, resulting in lower
cell numbers than at the treatment start. Next, the treatment-exposed PDTO cultures entered
a phase of stable equilibrium between cell death and growth, which resulted in stable, but
low cell numbers. The third phase was marked by a recovery from the treatment and this was
accompanied by increasing CRC cell yields up to a level sufficient for further analyses. This
phase occurred at different time points after treatment start: For PDTO1 at approximately 4

months, for PDTO2 at 6 months and for PDTOS at 5 months.
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Figure 11: Morphologic changes of PDTOs during FOLFIRI/Cmab treatment
Microscopic images of PDTOs during chemotherapy tolerance generation. PDTOs were treated with
FOLFIRI/Cmab for up to 9 months. The scale bar in the bottom right picture indicates 500 yum and is

representative for all images.
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5.3 PDTOs can acquire FOLFIRI/Cmab tolerance in the absence of mutations
in KRAS, NRAS, BRAF, and PIK3CA

We aimed to show that the long-term treatment with FOLFIRI/Cmab led to the generation
of chemotherapy tolerant PDTOs (CT-PDTOs) that are less sensitive to this drug regimen
compared to their parental counterparts. Indeed, the cell viability, as assessed by the ATP-
based CellTiter-Glo® 3D assay, was substantially more reduced in parental PDTOs by
FOLFIRI/Cmab treatment than in the respective CT-PDTO derivatives. Notably,
FOLFIRI/Cmab treatment led to a decrease in cell viability also in the treatment-adapted

CT-PDTOs, which indicates an increased, but incomplete resistance towards this therapy.
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Figure 12: Cell viability is decreased further by FOLFIRI/Cmab in parental PDTOs than CT-
PDTOs

Cell viability after 6 days (PDTO2 and 5) or 18 days (PDTO1, cells were passaged after 9 days) of
treatment with FOLFIRI/Cmab. Statistical significance between all samples was assessed by a two-
way ANOVA plus Tukey’s multiple comparisons test and is indicated by asterisks (*: p-value < 0.05,
**: p-value <0.01, ***: p-value < 0.001, ns: p-value > 0.05). Mean + SD, n = 2 for PDTO1, n = 3 for
PDTO2 and 5.

To elucidate the effect of the FOLFIRI/Cmab treatment on the cell cycle behaviour, we
pulsed CT-PDTO2 and its parental counterpart with the nucleoside analogue EdU and
employed a whole DNA content stain (FxCycle) for FACS analysis (Figure 13). Both the
parental PDTO2 and the CT-PDTO2 under control treatment showed the expected cell cycle
distribution with cell populations in G1 (FxCycle low and EdU negative), S (EdU positive),
and G2/M phases (FxCycle high and EdU negative) (Figure 13A).

When PDTO2 and CT-PDTO2 were both cultured in the absence of chemotherapy, we
detected approximately 16.1 and 35.8 % of cells in S phase, respectively (Figure 13B). This
increased percentage of cells in S phase in the CT-PDTO2 population are in accordance to
our observation that these cells proliferate faster than the parental PDTO2 when removing

the chemotherapeutic regimen.
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In parental PDTOs, FOLFIRI/Cmab treatment mostly led to a strongly compromised
incorporation of EdU into the DNA, which indicates a typical chemotherapy-induced S
phase arrest (28.6 %), and an increased fraction of cells in G2/M phase. Only a small fraction
of cells was EdU high, representative of a normal, active S phase. In contrast, CT-PDTO2
was less affected by the FOLFIRI/Cmab treatment: 27.4 % of cells were in normal S phase
while only 10.8 % of cells were arrested in S phase. Compared to the untreated CT-PDTO2,

an increased percentage of cells was also in G2/M phase (Figure 13B).
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Figure 13: PDTO2 but not CT-PDTO2 shows an S phase arrest upon FOLFIRI/Cmab treatment
Established organoids were treated with FOLFIRI/Cmab for 48 h and subsequently pulsed with
10 uM EdU for 2 h and the DNA content was stained with FxCycle A) FACS plots of one
representative experiment. B) Stacked bar graph of the FACS data. Note the discrimination between

cells in normal S phase (middle blue) and cells arrested in S phase (red). Mean + SD, n = 3.
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After we showed that CT-PDTO2 respond with higher viability and more cells in normal S
phase to FOLFIRI/Cmab than the parental PDTO2, we inquired if this treatment would also
provoke less apoptosis in the CT-PDTOs relative to their chemosensitive precursor organoid
populations. To address this question, we performed immunoblot analyses of the three
parental PDTO and CT-PDTO pairs with antibodies against the well-established apoptotic
markers cleaved PARP and cleaved caspase 3. The parental PDTOs responded to
FOLFIRI/Cmab with the expected PARP and caspase 3 cleavage. In contrast, the CT-PDTOs
did not or to a lower extent respond with apoptosis to FOLFIRI/Cmab exposure (Figure 14).
In summary, parental PDTOs but not the chemotherapy tolerant counterparts exhibited
strongly reduced viability, an S phase arrest, and apoptosis upon FOLFIRI/Cmab treatment.
Therefore, our analyses with different experimental approaches confirmed that the CT-

PDTOs were more tolerant towards this first-line therapy regimen.
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Figure 14: FOLFIRI/Cmab induces apoptosis in parental but not CT-PDTOs

Established organoids of parental PDTOs and their chemotolerant CT-PDTO counterparts were
treated with FOLFIRI/Cmab for 48 h or left untreated, as indicated. Immunoblots of these samples
were performed against whole and cleaved PARP as well as cleaved caspase 3. Cleavage of PARP

and caspase 3 are markers for apoptosis. Alpha-tubulin was used as a loading control.
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Mutations in key oncogenic drivers such as KRAS, NRAS, BRAF, or PIK3CA can lead to a
partial or complete resistance towards FOLFIRI/Cmab®>®. Therefore, we compared the
mutational status of these and other clinically relevant cancer driver genes before and after
chemotherapy tolerance acquisition in our PDTO models. The Diagnostics Department of
the Institute of Pathology of the LMU in collaboration with Dr. Jorg Kumbrink and Prof. Dr.
Thomas Kirchner analyzed the mutational spectrum of PDTOs and CT-PDTOs via next
generation panel sequencing with the Oncomine Comprehensive Assay Plus panel. This
approach examines more than 500 genes relevant for today’s precision oncology, including
hotspot mutations, gene fusions, and copy number variations.

TP53 and APC were mutated in all parental PDTOs and CT-PDTOs (Table 3). In PDTO/CT-
PDTO pairs 1 and 5, we detected five and four additional mutations, respectively, that were
present in both the parental and the CT-PDTOs (Table 3).

Mutations in known resistance-conferring genes such as KRAS, NRAS, BRAF, or PIK3CA
were not detected in any of the six PDTO lines. Only very few <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>