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ABSTRACT

The Cancer Genome Atlas (TCGA) project identified four molecular subgroups of gastric carcinomas
(GCs) by the use of high-throughput technologies and comprehensive genome-wide analysis.
Correspondingly, the tumors were classified as Epstein-Barr virus positive (EBV+), microsatellite
unstable (MSI), genomically stable (GS) and chromosomally unstable (CIN). However, the clinical
significance of these molecular subgroups for patients with GCs still remains unclear. For this reason,
the aim of this doctoral thesis was to categorize a large GC cohort according to the TCGA classification
and to clarify the predictive and prognostic implications of the molecular subgroups in the context of
preoperative platinum/5-fluoroacil based chemotherapy (CTx). Comprehensive analysis was performed
for a total of 759 GCs consisting of tumor biopsies before CTx and resected tumors without or after
preoperative CTx. As the EBV- and MSI-status can be easily and reliably determined using standard
methods, no generally diagnostic method was available for the detection of CIN in gastric cancer until
then. Moreover, CIN-tumors represent a very heterogeneous group and no consistent definition exists

in the literature.

In the present doctoral thesis, the detection of allelic imbalance (AI) by microsatellite based multiplex
PCR assays was used as surrogate for chromosomal instability (CIN). Microsatellite analysis was
compared to the genome-wide single nucleotide polymorphism (SNP)-based OncoScan method on a
subset of the tumors to define a classification of CIN based on both methods. A concordance of 84%
was found between the two methods regarding the individual microsatellite regions. The genome-wide
extent of alterations was determined in analogy to the definition of TCGA and a positive correlation of
both methods was shown (r = 0.88). A CIN classification based on both methods was defined according
to TCGA and the tumors were categorized into CIN and GS. The microsatellite based multiplex test was
performed on a total of 759 GCs to determine the CIN-status. Besides, the CIN-assay was analyzed in
relation to intra-tumor heterogeneity and revealed that in 93% of the tumors a concordant CIN
classification in all tumor areas per patient were found. The limit of detection of CIN by the
microsatellite-based assay was determined by dilution experiments using corresponding non-tumorous

and tumorous DNA. A stable CIN classification was given at a minimal tumor cell content of 10%.

Analogous to the molecular classification in the four original TCGA subgroups, 4% of the patients with
resected tumors before or after CTx were classified as EBV (+), 10% as MSI-H, 9% as GS and 77% as
CIN. A prognostic relevance of the TCGA classification was found in the resected patient cohort
(p = 0.021). Thereby, patients with EBV (+) and MSI-H tumors showed the best survival and those with
CIN-associated tumors the worst. No significant association was shown regarding response to

preoperative CTx.

A more detailed modified classification system based on TCGA was developed as part of this doctoral
thesis and GCs were categorized into the following five subgroups: EBV (+), MSI-H, low MSI (MSI-L),
high CIN-medium (-M) and remaining CIN-groups. Thereby, the CIN classification was based on the
calculation of quartiles of the Al ratios irrespectively of the definition of TCGA.



Accordingly, 4% of the patients with resected tumors before or after CTx were classified as EBV (+),
10% as MSI-H, 4% as MSI-L, 25% as high CIN-M and 58% of the tumors were summarized in the
remaining CIN-groups. The modified classification system proposed in this study revealed significant
associations with prognosis and prediction. Considering overall survival of patients with resected tumors
before or after preoperative CTx concerning the modified subgroups, demonstrated that high CIN-M
was associated with worse survival, which was particularly evident for patients after preoperative CTx
(» =0.043). In contrast, MSI-L was significantly associated with worse prognosis of resected patients
without CTx (p = 0.022). The two subgroups MSI-L and CIN-H were significantly associated with
response to preoperative CTx (p = 0.016).

Tumor cell plasticity was determined by comparing paired tumor biopsies before and resected tumors
after preoperative CTx with regard to the modified CIN classification. The analysis revealed that 50%
of the tumors were initially classified in a higher CIN group and after receiving CTx in a lower group.
This may reflect that tumor cells harboring increased Al were mainly eliminated by chemotherapeutic
agents compared to those with lower Al. In contrast, the EBV- and MSI-status was the same for all

corresponding tumors.

Through additional analysis of a subset of the tumors by next-generation sequencing, the most frequent
mutations were detected in 7P53, CDHI and TGFBR2 using a GC related gene panel. Mutations in
CDH] and RHOA were primarily detected in genomically stable tumors and were associated with the
non-intestinal subtype. TP53 mutations occurred more frequently in the high CIN-M subtype and
correlated with proximal tumor localization. Mutations in genes which are involved in PI3K/AKT

signaling and in cell cycle processes were also detected more frequently in the high CIN-M group.

In conclusion, high CIN-M and MSI-L were identified as two new molecular subgroups with potential
predictive and prognostic impact in the context of preoperative CTx through comprehensive analysis of
a large cohort of GCs and adenocarcinomas of the esophageal junction. This may be of great relevance
for alternative therapy strategies and for the application of new therapeutic approaches especially for

patients with tumors harboring these subtypes.



ZUSAMMENFASSUNG

Durch die Entwicklung von Hochdurchsatztechnologien und umfassenden genomweiten Analysen von
Magenkarzinomen ist es dem Cancer Genome Atlas (TCGA) Projekt gelungen vier molekulare
Subgruppen zu identifizieren. Tumoren wurden entsprechend in Epstein-Barr Virus positiv (EBV+),
mikrosatelliteninstabil (MSI), genomisch stabil (GS) und chromosomal instabil (CIN) eingeteilt. Die
klinische Bedeutung dieser molekularen Subgruppen fiir Patienten mit Magenkarzinomen ist jedoch
bisher noch weitgehend unklar. Aus diesem Grund war das Ziel dieser Doktorarbeit eine grofBe
Magenkarzinomkohorte entsprechend der TCGA-Klassifikation zu kategorisieren und die préadiktive
und prognostische Relevanz der molekularen Subgruppen in Hinblick auf eine prédoperative
Platin/5-Fluoracil basierte Chemotherapie (CTx) zu iliberpriifen. Dazu wurden umfassende Analysen an
insgesamt 759 Magenkarzinomen bestehend aus Tumorbiopsien vor einer CTx und Resektaten ohne
und nach einer praoperativen CTx durchgefiihrt. Wahrend sich der EBV- und MSI-Status relativ einfach
und zuverlédssig mit Standardmethoden bestimmen ldsst, gab es bis dato keine allgemein diagnostische
Methode fiir die Detektion von CIN in Magenkarzinomen. Zudem stellen die Karzinome mit CIN eine

sehr heterogene Gruppe dar und es existiert keine einheitliche Definition in der Literatur.

In der hier vorliegenden Doktorarbeit wurde die Detektion von allelischen Imbalanzen (Al) anhand eines
mikrosatelliten-basierten multiplex Tests als Surrogat fiir CIN verwendet. Die Mikrosatellitenanalyse
wurde mit der genomweiten Einzelnukleotid-Polymorphismus (SNP)-basierten OncoScan-Methode an
einer Teilmenge von Magenkarzinomen verglichen, um eine Klassifikation von CIN auf der Grundlage
beider Methoden zu definieren. Bei Betrachtung der einzelnen Mikrosatellitenregionen wurde eine
Ubereinstimmung von 84% der beiden Methoden gefunden. Das genomweite Ausmaf der Alterationen
wurde in Analogie zur Definition nach TCGA bestimmt und eine positive Korrelation wurde beim
Vergleich der beiden Methoden aufgezeigt (r = 0.88). Eine CIN Klassifikation basierend auf beiden
Methoden wurde entsprechend der Einteilung nach TCGA definiert und die Tumoren als CIN und GS
klassifiziert. Zur Bestimmung des CIN-Status wurde der mikrosatelliten-basierte multiplex Test
insgesamt an 759 Magenkarzinomen angewandt. Der CIN-Test wurde zudem in Hinblick auf
intra-tumorale Heterogenitit analysiert und ergab, dass in 93% der Fille eine Ubereinstimmung der
CIN-Klassifikation innerhalb der verschiedenen Tumorareale pro Fall bestand. Das Detektionslimit von
CIN des mikrosatelliten-basierten Tests wurde iiber Mischungsversuche von korrespondierender
Normal- und Tumor-DNA bestimmt. Eine stabile CIN-Klassifikation konnte bei einem minimalen

Tumorzellgehalt von 10% erreicht werden.

Entsprechend der molekularen Einteilung in die vier klassischen TCGA Subgruppen wurden 4% der
Patienten mit resezierten Tumoren vor oder nach einer CTx als EBV(+) klassifiziert, 10% als MSI-H,
9% als GS und 77% als CIN. Eine prognostische Relevanz der TCGA-Klassifikation wurde bei der
resezierten Patientenkohorte gezeigt (p = 0.021). Patienten mit EBV(+) und MSI-H Tumoren zeigten
dabei das beste Uberleben und diejenigen mit CIN-assoziierten Tumoren das schlechteste. Hinsichtlich

dem Ansprechen auf eine praoperative CTx konnte keine signifikante Assoziation gezeigt werden.



Ein detaillierteres modifiziertes Klassifikationssystem in Anlehnung an TCGA wurde im Rahmen dieser
Doktorarbeit entwickelt und die Magenkarzinome wurden in folgende fiinf Subgruppen unterteilt:
EBV(+), MSI-H, niedriggradig MSI (MSI-L), high CIN-medium (-M) und zusammengefasste restliche
CIN-Gruppen. Die CIN-Klassifikation basierte dabei auf der Berechnung von Quartilen der Al-Ratios
unabhingig von der Definition von TCGA. Entsprechend wurden 4% der Patienten mit resezierten
Tumoren vor oder nach einer CTx als EBV(+) klassifiziert, 10% als MSI-H, 4% als MSI-L, 25% als
high CIN-M und 58% der Tumoren wurden in die restliche CIN-Gruppen zusammengefasst. In Hinblick
auf Prognose und Pridiktion wurden in dem hier vorgeschlagenen modifizierten System signifikante
Korrelationen gefunden. Bei Betrachtung des Gesamtiiberlebens der Patienten mit resezierten Tumoren
vor oder nach einer praoperativen CTx hinsichtlich der modifizierten Subgruppen wurde gezeigt, dass
high CIN M mit einem schlechten Uberleben assoziiert war, was sich vor allem in Patienten nach einer
préoperativen CTx zeigte (p = 0.043). MSI-L hingegen war signifikant mit einer schlechten Prognose
in resezierten Patienten ohne einer CTx assoziiert (p =0.022). Die beiden Subgruppen MSI-L und

CIN-H waren zudem signifikant mit dem Ansprechen auf eine praoperative CTx assoziiert (p = 0.016).

Die Tumorzellplastizitdt wurde anhand von korrespondierenden Tumorbiopsien vor und Resektaten
nach einer CTx in Hinblick auf die modifizierte CIN-Klassifikation untersucht und ergab, dass 50% der
Tumoren zundchst in eine hohere CIN-Gruppe klassifiziert wurden und nach einer CTx in eine
niedrigere Gruppe. Dies kdnnte moglicherweise widerspiegeln, dass Tumorzellen mit hoher allelischer
Imbalanz hauptséchlich von den Chemotherapeutika eliminiert werden im Vergleich zu denjenigen mit
niedrigeren Al-Raten. Im Gegensatz dazu war der EBV- und MSI-Status bei allen korrespondierenden

Tumoren gleich.

Durch begleitende Analysen mit massiver paralleler Gensequenzierung einer Subgruppe der Tumoren
unter Verwendung eines Magenkarzinom-spezifischen Genpanels wurden die hdufigsten Mutationen in
TP53, CDHI und TGFBR2 detektiert. In genomisch stabilen Tumoren wurden vor allem CDHI und
RHOA Mutationen detektiert, die mit dem nicht-intestinalen Subtyp assoziiert waren. 7P53 Mutationen
traten gehduft im Aigh CIN-M Subtyp auf und waren mit einer proximalen Tumorlokalisation assoziiert.
Mutationen in Genen, die im PI3K/AKT Signalweg und im Zellzyklus beteiligt sind, wurden ebenfalls
haufiger in der high CIN-M Gruppe nachgewiesen.

Zusammenfassend ist zu sagen, dass high CIN-M und MSI-L in dieser Studie als zwei neue molekulare
Subgruppen mit potenzieller pradiktiver und prognostischer Bedeutung im Kontext einer praoperativen
CTx durch umfassende Analysen von Magenkarzinomen und Adenokarzinomen des Osophagealen
Ubergangs identifiziert wurden. Dies kdénnte von groBer Bedeutung fiir alternative Therapiestrategien

und fiir die Anwendung neuer Therapieansitze speziell bei Patienten mit Tumoren dieser Subtypen sein.



1. INTRODUCTION

1.1. Gastric cancer

1.1.1. Anatomy and histology of the stomach

The human stomach is a muscular and hollow organ of the gastro-intestinal tract which is found in the
upper left area of the abdominal cavity. The stomach is involved in the digestive system by temporary
storage of assimilated food, partial chemical and mechanical digestion by muscle contracting and

transfer of the chyme in portions to the following digestive organs (Patten and Thibodeau 2016).

The stomach is located between the anterior esophagus and the duodenum and is divided into the
following five main regions: cardia, fundus, body/corpus, antrum and pylorus (Kugler 2017). The cardia
is directly connected to the esophagus and is followed by the corpus, which is the large central portion
of the stomach containing the fundus and antrum (Figure 1). The junction between the distal esophagus

and the proximal cardia region is called gastro-esophageal junction (GEJ) (Fried et al. 2013).

The wall of the stomach is comprised of four layers and is divided in the luminal located mucous
membrane (Tunica mucosa) followed by the submucosa, muscularis propria and a serosa delimiting it
to the abdomen (Figure 1). In the inner epithelium, numerous gastric pits are formed by invagination of
the surface and are connected to gastric glands which secrete gastric juice containing enzymes as pepsin
and muriatic acid for chemical food digestion. The secretory cells are especially located in glands of the
fundus and body of the stomach. A mucinous secrete is mainly produced by the surface mucous cells of
pyloric and cardiac glands to prevent self-digestion of the stomach wall (Fried et al. 2013, Patten and
Thibodeau 2016).
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Figure 1: Anatomy of the stomach and layers of the stomach wall
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1.1.2. Epidemiology of stomach cancer

Stomach cancer, also known as gastric cancer, is the fifth most common malignancy worldwide in both
sexes with more than 1 million new cases in 2018, which represented 5.7% of all new cancer cases and
the third leading cause of cancer-related mortality with an estimated number of 783.000 deaths in 2018
(Figure 2). Gastric carcinomas (GCs) are more prevalent in men and incidence rates are nearly 2-fold
higher in men (7.2% of all new cancer cases) than in women (4.1% of all new cancer cases).
Furthermore, 9.5% of all cancer deaths in men are attributable to GC compared to 6.5% in women (Bray

et al. 2018).
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Figure 2: Incidence and mortality of the most common cancers worldwide for both sexes and all ages
The estimated numbers of new cases (A) and of deaths (B) in 2018 are shown according to GLOBOCAN 2018
(Global Cancer Observatory, https://gco.iarc.fr/).

According to the GLOBOCAN data, gastric cancer was the tenth most frequently diagnosed cancer in
Germany in both sexes in 2018 with an estimated number of around 14.000 new cases which represented
2.3% of all new cancer cases. Despite steadily decline in incidence rates, gastric cancer is the sixth
leading cause of cancer-related death in Germany with a mortality rate of 3.8% in both sexes with an
estimated number of 9.480 deaths in 2018 (Bray et al. 2018). In 2016, the median age at diagnosis for
men was 72 years compared to 76 years for women. The prognosis of patients with GC is still
unfavorable with a 5-year survival rate of all stages for both sexes between 32% and 34% (Cancer in

Germany 2015/2016, RKI).

The incidence of gastric cancer varies geographically worldwide. The highest incidence rates were
mainly recorded in eastern and central Asia and Latin America, whereas the rates were rather lower in
northern America, Europe and the African regions. The Republic of Korea reached the highest rates
worldwide in both sexes with an average incidence of 57.8 per 100.000 new cases among men and
23.5 per 100.000 among women. In several western Asian nations, gastric cancer is the leading

oncological cause of death among men (Bray et al. 2018, Rawla and Barsouk 2019).



1.1.3. Etiology and risk factors

Different combinations of environmental and infectious risk factors and hereditary genetic
predisposition can cause the pathogenesis of gastric cancer. The consumption of smoked meat with high
nitrate content and salt-preserved or strongly salted foods are potential risk factors for the development
of GC whereas a healthy dictary and lifestyle including high-intake of fresh foods and vegetables reduce
the risk (Kono and Hirohata 1996, Wang et al. 2009, Bertuccio et al. 2013, Massarrat and Stolte 2014).
Smoking tobacco and high alcohol consumption can also predispose to GC (Nishino et al. 2006,
Ladeiras-Lopes et al. 2008, Ma et al. 2017). There is also strong evidence that obesity is associated with
cardia subtypes (Lagergren et al. 1999, Lin et al. 2014). Through improved food conservation, dietary
and lifestyle changes and the eradication of Helicobacter pylori (H. pylori), the incidence of stomach

cancer steadily declines (Balakrishnan et al. 2017).

The most significant risk factor for stomach cancer is an infection with the bacterium H. pylori which
induces chronical inflammation of the gastric mucosa and can lead to gastritis (Warren and Marshall
1983, Forman et al. 1991, Stolte and Meining 1998). According to the Correa-hypothesis, the first step
of the multifactorial pathogenesis of GC is an acute inflammation of the gastric mucosa by H. pylori
infection also depending on different environmental factors which can lead via an atrophic gastritis and
intestinal metaplasia up to intestinal GC (Correa 1992). Not only environmental factors and infection
with H. pylori play a crucial role in the pathogenesis of GC, also various molecular genetic events are
associated (Figure 3). The World Health Organization (WHO) identified H. pylori as a definite (class I)
carcinogen (WHO 1994). Around 60% of the world population has an infection with H. pylori, but only
1%-2% of the infected people will develop GC due to cytotoxin-associated gene A (CagA) positive
H. pylori strains (Peleteiro et al. 2014). However, infected patients with H. pylori have a 3- to 6-fold
increased risk of developing GC (Stolte and Meining 1998). Distal located (non-cardia) tumors of the
stomach are strongly associated with chronic H. pylori infection (Mukaisho et al. 2015). The decline of
the incidence of this GC subtype is attributable to successful prevalence and treatment strategies of
H. pylori infections (Balakrishnan et al. 2017). In contrast, incidence rates of the cardia GC have an
increasing tendency (Marqués-Lespier et al. 2016, Rawla and Barsouk 2019). An infection with
H. pylori and interaction with polymorphisms of pro-inflammatory interleukin genes are associated with

an increased risk of developing GC especially in Asian populations (Qinghai et al. 2014).

Infection with the human herpes virus, Epstein-Barr virus (EBV), is also associated with an increased
risk of developing GC (lizasa et al. 2012). EBV-associated GCs are found in a range between 5%-10%
and are predominantly associated with male patients and younger age (Nishikawa et al. 2014).
EBYV positive tumors can be seen as own subtype of gastric cancer, due to good prognosis and distinct

clinical-pathological characteristics (van Beek et al. 2004, TCGA 2014).
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Figure 3: Pathogenesis of intestinal gastric carcinoma including environmental and genetic factors
(Tan and Yeoh 2015)

1.1.4. Hereditary syndromes of gastric carcinoma

Although the majority of GCs arose sporadically, hereditary genetic predisposition is also a potential
risk factor for developing gastric cancer. First-degree relatives of a patient with stomach cancer have a
2-to 3-fold increased risk to develop GC (Foschi et al. 2008, Moechler et al. 2011). The hereditary diffuse
gastric carcinoma (HDGC) is an autosomal dominant disorder and occurs very rarely among all
GCs (~1%). HDGC is associated with germline mutations of the tumor suppressor gene CDHI, which
encodes E-cadherin a protein involved in cell-cell adhesion (Oliveira et al. 2009, Fitzgerald et al. 2010).
The lifetime risk of patients carrying inherited CDHI mutations to develop diffuse GC is 56%-70% by
age 80 years and woman have additionally a higher risk (40%-50%) for the development of lobular
breast cancer (Pharoah et al. 2001, Kaurah et al. 2007, van der Post et al. 2015). Patients harboring an
identified CDHI germline mutation are recommended for prophylactic gastrectomy (Huntsman et al.

2001, Moehler et al. 2011).

Patients with hereditary non-polyposis colorectal cancer (HNPCC), also known as Lynch syndrome,
have a higher risk for the development of GC. HNPCC is associated with microsatellite instability (MSI)
which is caused by mutations in one of the mismatch repair genes (Velho et al. 2014). The most frequent
alterations occur in the genes human mutS homolog 2 (AMSH?2) and human mutL homolog 1 (:MLH]1)
(Mitchell et al. 2002). Furthermore, GC is also associated with a range of other hereditary cancer
syndromes such as familial adenomatous polyposis (FAP) which is caused by APC germline mutation,

Li-Fraumeni or Peutz-Jeghers syndrome (Keller 2002, Oliveira et al. 2015).



1.1.5. Staging and histological classification

The most common malignancies of the stomach are gastric adenocarcinomas (~90%) which originate
from the epithelial gastric mucosa (Brenner et al. 2009). The remaining malignant tumors of the stomach
include rare types like primary lymphomas, gastrointestinal stromal tumors (GIST), gastrointestinal
neuroendocrine neoplasms (carcinoid tumors) or mixed adenoneuroendocrine carcinomas (MANEC).

Gastric lymphomas often arose in the context of chronical H. pylori gastritis (Juarez-Salcedo et al. 2018).

Gastric cancer is a heterogeneous disease which exhibits multiple morphological and genetic phenotypes
and therefore a variety of different classification systems exist (Cisto et al. 2018). Adenocarcinomas of
the stomach are primarily classified according to the latest TNM-staging system (UICC 2017,
8t edition). Thereby, the size and extent of the primary tumor (T-category), the involvement of regional
lymph nodes (N-category) and the occurrence of distant metastasis (M-category) are recorded. The
clinical staging determines the pretreatment extend of a tumor and the pathological staging system
supplements detailed information after surgical treatment. The staging is a crucial factor for prognosis

of a patient and the decision for treatment strategies (Amin et al. 2017).

Gastric adenocarcinomas are additionally described according to their proximal or distal localization in
the stomach. Proximal tumors are located at the junction between the esophagus and cardia region of
the stomach and are usually called cardia carcinomas whereas distal located tumors were found in the
antrum region of the stomach and are called non-cardia carcinomas (Hu et al. 2012, Rawla and Barsouk
2019). Adenocarcinomas of the esophageal junction (AEG) are classified into the three subtypes AEG I,
AEG Il and AEG III according to the Siewert-classification (Siewert and Stein 1998). Type I tumors are
classified as adenocarcinomas of the distal esophagus (or Barrett carcinoma) and type II tumors as cardia
carcinomas. The type III tumors infiltrate the esophageal junction as well as the distal esophagus and
are classified as GCs whereas AEG I and AEG II are assigned and treated like esophageal carcinoma

(German S3-guidelines 2019).

The growth behavior of tumor cells is determined histologically according to the Laurén classification
which divides tumors into intestinal, diffuse and indeterminate subtypes (Lauren 1965). The intestinal
subtype is the most frequent type of GC and is histopathologically characterized by a high grade of
glandular differentiation and expansive growth pattern. Furthermore, the intestinal subtype occurs more
frequently in European countries and is more often associated with distal located tumors (Sitarz et al.
2018). The progression of intestinal GC is preceded by a cascade of multistep precancerous lesions
(Correa 1992). Various genetic factors as overexpression of CDX2 can induce intestinal metaplasia and
mutations in several driver genes (APC, TP53, KRAS) and MLH1 promoter methylation can promote
the formation of intestinal adenocarcinomas (Figure 3) (Correa 1992, Yuasa 2003, Marqués-Lespier et

al. 2016).



In contrast, the diffuse subtype has a more aggressive growth pattern with cells showing no cohesiveness
and poor differentiation. This subtype is usually diagnosed in younger individuals and overall has a
worse prognosis. The development of diffuse GC differs from the intestinal subtype and is more based
on hereditary and genetic factors lacking defined precursor lesions (Marqués-Lespier et al. 2016, Cisto

et al. 2018).

Alternatively, GCs are classified into more detailed histological subtypes by the WHO in papillary,
mucinous, tubular, mixed tumors and uncommon variants with minor clinical relevance (WHO 2019).
The WHO classification is the most detailed method of classifying GC and includes gastric
adenocarcinomas as well as less common gastric tumors such as the very rare MANEC and the signet
ring cell carcinomas (SRCC) (Gurzu et al. 2015). Tubular, papillary and mucinous carcinomas are
comparable with the intestinal histological subtype according to Laurén whereas SRCC are poorly

cohesive and are more likely classified as diffuse type tumors (Berlth et al. 2014).

1.1.6. Diagnostic and multimodal treatment

After precise tumor staging and histopathological diagnosis, an individual therapy concept follows
depending on the degree of tumor spread and the physical condition of the patient (Meyer and Wilke
2011). Endoscopic examination of the esophagus and stomach is the standard procedure for the detection
of precursor lesions and intraepithelial neoplasia. Endoscopic resection is performed as curative intent
according to the Japanese treatment guidelines in very early staged GC in which the tumor invasion is
limited to the mucosa and clinically diagnosed as T1a (Takahashi et al. 2013, Japanese Gastric Cancer
Association 2017). Population-based endoscopic screening is only common in high-risk areas such as

Japan or Korea and for now not provided in Germany (German S3-guidelines 2019).

Most of the GCs are often diagnosed at an advanced tumor stage mostly with metastasis disease due to
late or unspecific development of physical symptoms. Thus, the late medical outcome is associated with
a poor prognosis (Moehler et al. 2011). The standard therapy for patients with advanced GC in European
countries is preoperative CTx followed by surgical resection, which depicted the only curative treatment
option (Smyth et al. 2016). Depending on the tumor stage and localization, subtotal or partial
gastrectomy is performed including abdominal D2 lymphadenectomy (German S3-guidelines 2019). To
shrink the tumor mass prior to the surgical resection, usually preoperative (or neoadjuvant)
chemotherapy (CTx) is necessary. Patients with inoperable or recurrent tumors and advanced metastatic

spread were treated with palliative CTx regimens to improve survival and obtain livability.

According to the recommendations of the German S3-guidelines (2019), patients with GC with
advanced clinical tumor stage ¢T3 and cT4 should undergo perioperative CTx whereas for patients with
cT2 categorized tumors only a “can” recommendation is provided. A perioperative multimodal

treatment consists of neoadjuvant CTx given prior to surgery and continued in an adjuvant setting.
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A first randomized phase III study (MAGIC study) demonstrated benefits of perioperative CTx in
patients with advanced gastric cancer and the CTx regimen containing epirubicin, cisplatin and
S-fluorouracil (ECF) was proposed as therapy standard (Cunningham et al. 2006). According to the
latest German S3-guidelines published in 2019, the platinum/5-fluorouracil (5-FU) based CTx regimens
were replaced by a new triplet combination consisting of fluorouracil plus leucovorin, oxaliplatin and

docetaxel (FLOT) due to the findings of the FLOT4-study (Al-Batran et al. 2016, Al-Batran et al. 2019).

Patients with human epidermal growth factor receptor 2 (HER2)-positive advanced GCs can
additionally be targeted with the monoclonal antibody Trastuzumab in combination with standard CTx
regimens (Bang et al. 2010). Overexpression or gene amplification of HER2 is detected in around
13%-20% of stomach cancer and acts a negative prognostic factor (Gravalos and Jimeno 2008, Bang et
al. 2010, Park and Chun 2013). Immune checkpoint inhibition is another new possibility for targeted
therapy especially in metastatic GC with high MSI (MSI-H) and positive programmed cell
death-ligand 1 (PD-L1) expression (Kelderman et al. 2015, Le et al. 2015, Ma et al. 2016). The
monoclonal antibody Pembrolizumab inhibits the activity of the programmed cell death-1 (PD-1)
receptor and is already accepted in first line therapy in non-small lung cell lung carcinomas (NSCLC)
(Brar and Shah 2019). Currently, various immune checkpoint inhibitors are tested in clinical trials for

targeted therapy in GCs (Fontana and Smyth 2016, Goode and Smyth 2016, Smyth and Moehler 2019).

Tumor regression is not yet evaluated consistently worldwide in gastrointestinal carcinomas after
neoadjuvant treatment and various classification systems exist (Thies and Langer 2013, Langer and
Becker 2018). In Germany, the response to preoperative CTx is usually determined histopathologically
according to the Becker-classification and categorized into three tumor regression grades (TRG) (Becker
et al. 2011). The grading is based on the percentage of residual tumor tissue in relation to the
macroscopically identifiable tumor bed after neoadjuvant CTx (Becker et al. 2011, Thies and Langer
2013). Accordingly, patients with tumors showing complete and subtotal regression (TRG1) were
classified as responders whereas patients with tumors showing partial, minimal or no regression
(TRG2/3) as non-responders. The prognostic relevance of this classification system has been
demonstrated in several studies in GCs and esophagogastric adenocarcinomas (Becker et al. 2011,

Lorenzen et al. 2013, Schmidt et al. 2014).
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1.2. Molecular classification systems of gastric carcinomas

Improvements in high-throughput technologies enable the determination and characterization of
comprehensive genetic profiles of GC. Based on this, two international consortia, the Cancer Genome
Atlas (TCGA) project and the Asian Cancer Research Group (ACRG) identified distinct molecular
subgroups of GC which revealed correlations with clinical-pathological characteristics (TCGA 2014,
Cristescu et al. 2015).

1.2.1. TCGA classification and characteristics of molecular subgroups

In the context of the TCGA study a comprehensive genome-wide analysis of 295 gastric
adenocarcinomas of patients treated without pre-therapeutic CTx or radiotherapy was performed on
genetic and protein level and the following four distinct molecular subtypes were identified:
Epstein-Barr virus positive (EBV+), microsatellite unstable (MSI), genomically stable (GS) and
chromosomally unstable (CIN) tumors (TCGA 2014). According to their classification algorithm, 9% of
the tumors were categorized as EBV(+) and 22% as MSI. The remaining tumors were classified

according to the degree of their aneuploidy into 20% as GS and 50% as CIN tumors (Figure 5A).

The EBV(+) subtype was mainly localized in the fundus or body of the stomach and more frequently
found in male patients (Figure 4). All EBV(+) tumors exhibited the CpG island methylator phenotype
(CIMP) which is usually characterized by hypermethylation of promoter island sites rich with CpG
dinucleotides (Nazemalhosseini Mojarad et al. 2013). Especially CDKN2A promoter hypermethylation
occurred in the EBV positive subtype. The main characteristics of the MSI subtype were high mutation
rates and hypermethylation of the promoter of MLH1. Furthermore, MSI tumors were associated with

older age.

The remaining carcinomas, microsatellite stable (MSS) and EBV negative (-), were further classified
according to their status of somatic copy-number aberrations (SCNA). The GS tumors were associated
with the diffuse histological subtype whereas the CIN subgroup was more frequently found in intestinal
type tumors and in tumors localized in the gastric cardia or gastroesophageal junction (Figure 4). The
chromosomally unstable tumors with a high number of copy alterations showed deletions and
amplifications of specific chromosomal regions targeting oncogenes and tumor suppressor genes. The
regions 17q12 (ERBB2), 19q12 (CCNEI), 12p12.1 (KRAS), 8q24.21 (MYC), 7q21.1 (CDK®6),
8p23.1 (GATA4), and 7pl2 (EGFR) were frequently amplified whereas focal deletions were identified
at the chromosomal regions of tumor suppressors such as 18q21.2 (SMAD4), 9p21 (CDKN24),
10923.3 (PTEN), and 1p35.3 (ARIDIA). They also identified a recurrent amplification at 9p24.1
containing CD274 and PDCDILG2 which encode for the immunosuppressant proteins PD-L1 and
PD-L2. These 9p amplifications were found in 15% of the EBV(+) tumors.
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Mutation profiling of non-hypermutated tumors was performed by whole-genome sequencing and
revealed that in EBV(+) tumors, mutations preferentially occurred in PIK3CA, ARID1A4, BCOR, whereas
TP53 mutations were rarely found. The MSI tumors showed hypermutation in genes encoding targetable
proteins such as PIK3CA, ERBB3, ERBB2 and EGFR. CDHI somatic mutations were most frequently
found in the GS subtype and RHOA mutations were enriched exclusively in this subgroup.
TP53 mutations were identified in 71% of the CIN tumors (TCGA 2014).

Survival analysis of the TCGA patient cohort revealed no discernible differences in prognosis among
the four molecular subgroups due to limited available follow-up data of the patients by the time of

analysis (TCGA 2014).

In another study, a prediction model based on gene expression has demonstrated a correlation between
the four molecular TCGA subgroups and clinical outcome of the patients in an adjuvant CTx setting
(Sohn et al. 2017). However the overall clinical relevance of this molecular classification is still poorly
characterized. An analysis of various GC cohorts encompassing considerably high number of patients
and addressing different clinically relevant questions is necessary to estimate the full potential value of

this “omics” based classification system.

CIN
« Intestinal histology
*7P53 mutation
« RTK-RAS activation

Cardia _—
G =

EBV
* PIK3CA mutation
= PD-L1/2 overexpression
* EBV-CIMP
s CDKINZA silencing
= Immune cell signalling

MSI
« Hypermutation
* Gastric-CIMP
* MLH1 sllencing
+ Mitotic pathways

GS
« Diffuse histology
«CDH1, RHOA mutations
+CLDN18-ARHGAP fusion
« Cell adhesion

Figure 4: Characteristics of the four gastric cancer subtypes according to the TCGA classification system
(TCGA 2014)

1.2.2. ACRG classification

Another molecular classification system was proposed by the Asian Cancer Research Group
(Cristescu et al. 2015). A total of 300 primary resected GCs from patients treated without neoadjuvant
CTx were analyzed by mRNA expression profiling, somatic copy number and targeted gene sequencing.
According to their generated expression signatures, a classification system with four molecular subtypes
was defined (Figure 5B). One aspect of the ACRG classification, which is different from the TCGA

study, is that the molecular subtypes correlate significantly with prognosis.
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MSI tumors with a loss of MLH1 expression and occurrence of a high number of mutations in KRAS,
ALK, ARID1A or genes involved in the PI3K-PTEN-mTOR pathway represented the first subgroup and
were clearly distinguished from the MSS tumors. The MSS tumors showed a typical gene expression
pattern for epithelial-to-mesenchymal transition (EMT) with a loss of CDHI expression and were
therefore classified as a second subtype. MSI tumors showed the best prognosis, whereas patients with
MSS/EMT tumors the worst. The remaining MSS tumors were further characterized according to their

status of 7P53 activation on the basis of a two-gene expression analysis of CDKNI1A4 and MDM?2.

Tumors with intact 7P53 activity were classified as MSS/TP53+ and those with a 7P53 functional loss
as MSS/TP53-. Patients with tumors of those two subgroups had an intermediate prognosis whereas the
TP53 active (wild type) subgroup showed better overall survival (OS). The highest prevalence of TP53
mutations were found in the MSS/TP53- subgroup and recurrent amplifications in ERBB2, EGFR,
CCNEI, CCNDI and MYC were enriched especially in this subgroup. An infection with EBV occurred
more frequently in the MSS/TP53+ subgroup (Cristescu et al. 2015).

TCGA classification ACRG classification
(TCGA, Nature 2014) (Cristescu et al. 2015)

ACRG gastric

208 300 tumors
EBV 269 MSI MSS

(EBV-CIMP) o \ 68 tumors 232 tumors
205 ““% ——

Msi o A, MSS/EMT MSS/epithelial
(hyparmutated) / Q:, & 46 tumors 186 tumors

MSS/TP53" MSS/TP53~
79 tumors 107 tumors

Figure 5: Molecular classification algorithms according to TCGA and ACRG

According to the TCGA classification, tumors were categorized as Epstein-Barr virus positive (EBV+),
microsatellite unstable (MSI), genomically stable (GS) and chromosomally unstable (CIN) (TCGA 2014) (A).
The ACRG group identified the following molecular subgroups: MSI; microsatellite stable (MSS) and epithelial-
to-mesenchymal transition (EMT) phenotype (MSS/EMT), MSS and intact TP53 activity (MSS/TP53+) and MSS
and TP53 functional loss (MSS/TP53-) (Cristescu et al. 2015) (B).
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1.3. Genomic instability in gastric carcinomas

Genomic instability is a hallmark of distinct subclasses of tumors with potential clinical relevance.
Genetic alterations in chromosomes and genetic instability are one of the main driving forces for cancer
development and progression (Saeki et al. 2011, Ryland et al. 2015). Most of the tumors cells harboring
genetic alterations show abnormalities in the number of chromosomes or structural changes of genes
(Jefford and Irminger-Finger 2006). Genomically unstable tumors can be characterized by high rates of

accumulating mutation events (Lengauer et al. 1998).

In general, genomic instability can be subdivided into MSI and CIN whereas both types of instability
indicate mutator phenotypes in tumors (Loeb 2001, Geigl et al. 2008). In the context of the TCGA
project, an integrative genomic analysis of GCs identified MSI and CIN as distinct molecular subgroups

(TCGA 2014).

1.3.1. Microsatellite instability

Microsatellites are short repeating DNA motifs widespread throughout the human genome. MSI is
mostly found in patients with Lynch syndrome and is associated with a defective mismatch repair
(MMR) system caused by germline mutations in one of the genes coding for MMR proteins (Velho et
al. 2014, Hause et al. 2016, Ratti et al. 2018, Yamamoto and Imai 2019). MSI occurred also sporadically
in 10%-22% of gastric cancer or other gastrointestinal tumors due to epigenetic silencing by methylation
of the DNA mismatch repair protein MLH1 (TCGA 2014, Ratti et al. 2018, Yamamoto and Imai 2019).
MSI leads to the accumulation of various deletions and insertions of nucleotides in the repetitive

microsatellite sequences and results in genomic hypermutability (Hause et al. 2016).

MSI can be detected by two standard methods, polymerase chain reaction (PCR) using panels of
microsatellite markers and immunohistochemistry (IHC) using antibodies against MMR proteins. New
approaches to detect MSI with next-generation sequencing (NGS) are currently under development
(Salipante et al. 2014, Baudrin et al. 2018, Vanderwalde et al. 2018, Yamamoto and Imai 2019). MSI is
a favorable prognostic and predictive marker in colorectal cancer (Goldstein et al. 2014, Ryan et al.
2017). However, the prognostic relevance of MSI in GC remains ambiguous (An et al. 2012, Fang et al.
2012, Smyth et al. 2017). Recent studies predict that patients with MMR deficient tumors and positive
PD-L1 expression have a benefit for treatment with immune checkpoint inhibitors (Le et al. 2015, Le et

al. 2017).

According to the National Cancer Institute (NCI) workshop in 1997, a marker panel of five microsatellite
repeats was recommended for the evaluation of MSI in patients with Lynch syndrome and the definition
of MSI was standardized (Boland et al. 1998). Accordingly, tumors were classified as having
high-frequency MSI (MSI-H) if at least two of the five markers showed instability and as having
low-frequency MSI (MSI-L) if only one of the five markers was unstable. Tumors without any instability

were classified as microsatellite stable.
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MSI-L tumors are usually not distinguished with MSS tumors and in contrast to the known clinical
relevance of the MSI-H phenotype; the biological significance of MSI-L remains unclear or is not

defined yet (Lee et al. 2015, Nazemalhosseini Mojarad et al. 2016).

1.3.2. Chromosomal instability

CIN is considered to be a main driving force for the observed aneuploidy in many tumor types, but the
term CIN is still controversially discussed and not clearly defined. CIN is suggested to describe a rate
of losses and gains of whole or parts of chromosomes whereas other studies defined CIN as
chromosomal rearrangements and frequent change in the chromosome number (Lengauer et al. 1998,
Geigl et al. 2008). In general, chromosomal alterations can be distinguished between numerical and
structural CIN (Figure 6). While partial deletions, amplifications, inversions or translocations of a single
gene locus or chromosomal arms lead to structural CIN, numerical CIN includes gains and losses of

whole chromosomes which can lead to a polyploid karyotype (Lepage et al. 2019).

CIN associated tumors express a very heterogeneous phenotype due to the occurrence of various and
complex karyotypes in different parts of the tumor (Maleki and Rocken 2017). CIN can be detected by
many techniques like comparative genomic hybridization (CGH), microsatellite-based PCR assays,
fluorescence in situ hybridization (FISH) or single nucleotide polymorphisms (SNP) arrays (Geigl et al.
2008, Lepage et al. 2019). However, to date no consistent method exists for the reliable detection of
CIN. Chromosomal instability in the TCGA study of GCs and also of esophageal adenocarcinomas
(EAC) refers to the description of the extent of SCNA in the tumors mainly determined by genome-
wide SNP based microarray technology (TCGA 2014, TCGA 2017, Liu et al. 2018). According to
TCGA (2014), a chromosomal arm was considered to be altered if at least 66% of the arm was lost or
gained. A more precise classification of CIN tumors was given from the TCGA consortium in a further
molecular classification system of esophageal carcinoma (TCGA 2017). Accordingly, chromosomal
arms were considered to be altered if at least 80% of the arm was lost, gained or demonstrated Al
Tumors were classified as having high chromosomal instability (SCNA-High), if they showed at least
one altered chromosomal arm, except for chromosome 18 and 21q, which were altered recurrently in
tumors with low and high CIN. Comparison of the molecular subgroups revealed that EAC and
chromosomal unstable GCs could be defined in one subgroup distinct from EBV(+), MSI and GS tumors
(TCGA 2014, TCGA 2017).

Various altered genes were identified in the carcinogenesis of GC. However, a signature of genes which
were especially involved in the development of CIN are not yet defined and identification of molecular

markers is required to determine CIN consistently (Maleki and Rocken 2017).
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Figure 6: Examples of various karyotypes as results of numerical and structural CIN
(Lepage et al. 2019)

1.4. Mutational landscape and signaling pathways in gastric cancer

Massive parallel sequencing, also known as next-generation sequencing, enables the extensive
identification of recurrent and novel somatic alterations of gastric cancer related genes and dysregulated
signaling pathways to recognize potential therapeutic targets (Wang et al. 2014, Lin et al. 2015, Cai et
al. 2019). In addition, global tumor mutation burden (TMB) can be assessed by whole-exome
sequencing. Thereby, high TMB can be a potential biomarker of sensitivity to immune therapy (Cai et

al. 2019, Wang et al. 2019).

Sporadic events during carcinogenesis like somatic mutations, rearrangements of chromosomes or
hypermethylation of promoter regions can lead to inactivation of tumor suppressor genes by loss of
heterozygosity (LOH) or activation of oncogenes. In sporadic carcinogenesis both alleles of a tumor
suppressor gene have to be inactivated by recessive mutation events according to the Knudson’s two-hit
hypothesis. In hereditary carcinomas one allele is already inactivated through germline mutation and the
second one has to be inactivated sporadically (Knudson 1971). LOHs without affecting a reduction of
the copy number are defined as copy neutral LOHs (CN-LOH) and can occur through duplication of a
maternal or paternal chromosomal region and coincident deletion of the other allele or mitotic
recombination (O'Keefe et al. 2010, Saeki et al. 2011). In a systematic analysis of a large cohort of
tumors from various cancer types, CN-LOH was found in classical tumor suppressor genes such as

TP53, BRCAI, BRCA2 or PTEN (Kandoth et al. 2013).
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One of the most important driver genes which is involved in the progression of diverse types of cancer
and also of GC especially in highly chromosomal unstable tumors is the 7P53 gene encoding a tumor
suppressor protein localized on chromosome 17p13.1 (Fenoglio-Preiser et al. 2003, TCGA 2014).
TP53 plays a key role in the genome integrity, different cellular processes and associated signaling
pathways like control in cell proliferation, cell cycle, apoptosis, DNA repair and metabolism (Lane
1992). Germline mutations of 7P53 are associated with hereditary carcinomas such as the Li-Fraumeni
syndrome which predisposes to various early-onset tumors (Malkin et al. 1990, Petitjean et al. 2007).
According to the TP53 database of the International Agency for Research on Cancer (IARC) in 2019,
the prevalence of somatic 7P53 mutations is the highest in colorectal, head and neck and esophagus
carcinomas with a rate between 41%-43%. In stomach cancer, somatic 7P53 mutations occur in 32% of
the analyzed cases (Bouaoun et al. 2016). The most frequent alterations of 7P53 are missense
substitutions (73%) causing single amino acid changes at different positions which result in loss of
function of the protein (Olivier et al. 2010, Bouaoun et al. 2016). The single nucleotide substitutions
occur mostly at the DNA-binding domain in exons five to eight at well-known hotspot regions including

codons 175, 220, 245, 248, 273 and 282 (Bouaoun et al. 2016).

Different signaling pathways play a crucial role in cellular processes, development and homeostasis of
normal cells. In the pathogenesis of various cancer types and GCs, numerous genes and proteins which
were involved in complex signaling cascades are mutated or overexpressed causing deregulation of

cellular signal transduction (Harvey 2019).

The aberrant activation and overexpression of protein members of the ERBB-family such as the
epidermal growth factor receptor (EGFR) or HER2 promote tumor progression and metastasis of various
tumor entities including stomach cancer (Hynes and Lane 2005, Arienti et al. 2019). The activation of
the ERBB receptor tyrosine kinases (RTK) stimulates downstream components via the
phosphatidylinositol-3 kinase (PI3K)/AKT/mTOR pathway, Ras/mitogen-activated protein kinase
(MAPK) pathway or other complex intracellular signaling cascades (Scaltriti and Baselga 2006,
Moghbeli et al. 2019). Overexpression of the HER2 protein is used as biomarker for targeted therapy in
GC as described previously in paragraph 1.6 (Gravalos and Jimeno 2008, Bang et al. 2010, Dang et al.
2012).

Related genes of the RTK/Ras/MAPK signaling pathway like FGFR2, KRAS, EGFR, HER2 and MET
are often amplified in GC especially in highly chromosomal unstable tumor subtypes (Deng et al. 2012,
TCGA 2014). Alterations in genes involved in the PI3K/AKT/mTOR signaling pathway play a crucial
role in the pathogenesis of GC. The pathway acts as a regulator in cell growths, proliferation, metabolism
and angiogenesis and is frequently found to be activated in GC (Matsuoka and Yashiro 2014, Tapia et
al. 2014, Riquelme et al. 2015). Overexpression and activating mutations of related components of the
pathway like PIK3CA (phosphatidylinositol 3-kinase) or AKT (serine/threonine kinase) can trigger the
aberrant activation of the signal transduction (Cinti et al. 2008, Welker and Kulik 2013, Riquelme et al.
2015).

18



Cyclin dependent kinases (CDK4, CDK6) and genes of the cyclin family (CCNDI, CCNEI) which
function as regulators of CDK kinases are involved in different cell cycle processes and are often
activated or dysregulated in GC leading to cell cycle progression and tumor growth (Collins et al. 1997,
Foster 2008, Zhang et al. 2018). Alterations in genes related to stabilization of the cytoskeleton and cell
adhesion lead to progression of diffuse type GC. The two most prominent genes which were frequently
mutated in diffuse GC are CDH1 encoding the cell adhesion protein E-cadherin and RHOA, a member
of the Rho family of small GTP-binding proteins. Different studies identified recurrent somatic
mutations of CDHI between 32%-37% and of RHOA between 14%-23% in diffuse GC patients
(Kakiuchi et al. 2014, TCGA 2014, Wang et al. 2014).

Alterations of genes involved in the WNT/B-catenin pathway like APC or CTNNBI and transforming
growth factor (TGF-B) pathway like SMAD4 or SMAD? are also frequently found in GC (Clevers and
Nusse 2012, TCGA 2014, Luo et al. 2019). Further identified signaling cascades which are known to be
activated and deregulated in GC such as the Notch pathway and JAK/STAT pathway promote tumor
cell proliferation (Riquelme et al. 2015). Besides the identification of numerous genetic alterations, a
deeper understanding of molecular mechanisms of GC progression and development is necessary to

identify novel molecular agents for targeted therapy.
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1.5. Objectives and study design

The primary aim of this study was to categorize a large cohort of GCs into the four molecular subgroups
EBV(+), MSI, GS and CIN according to the classification system of TCGA (2014) and to analyze the
clinical relevance of these molecular subgroups in the context of platinum/5-FU based
preoperative CTx. Comprehensive molecular analysis of a study population encompassing three
different patient cohorts consisting of tumor biopsies before CTx, resected tumors of patients without

(non-CTx) and after neoadjuvant CTx was performed to address the following goals:

(A) The prognostic relevance should be clarified for non-CTx and CTx patients, (B) the predictive
impact for CTx patients should be determined using pre-therapeutic tumor biopsies before neoadjuvant
platinum/5-FU based CTx, (C) tumor cell plasticity should be analyzed by comparing corresponding
tumor biopsies before and resected tumors after neoadjuvant CTx and (D) additional genetic aspects and
characteristics of the molecular subgroups should be obtained by mutational profiling of a subset of the

tumors.

The following steps were performed to reach the goals and an overview about the study design is

summarized in Figure 7.

1. Assessment of EBV- and MSI-status:

The molecular TCGA subgroups, EBV(+) and MSI, were determined using standardized
methods applicable in routine diagnostic settings.

2. Determination of CIN-status:

CIN in the TCGA study (2014) refers to the genome-wide description of SCNA using a cost
intensive SNP based microarray technology, which is not suitable for the analysis of large GC
cohorts in routine diagnostics. In addition, to date no consistent method exists for the detection
of CIN. Therefore, a solid and reliable classification system of CIN should be implemented
using previously established microsatellite based multiplex PCR assays which represent a
simple and cost-efficient diagnostic tool for the analysis of large GC cohorts suitable in routine
diagnostic settings. Results of the multiplex PCR assays were compared to a genome-wide
analysis of chromosomal alterations in a subset of the tumors to define a reliable classification
of CIN based on both methods. Comprehensive analysis of the different patient cohorts was
performed to determine the CIN-status using the microsatellite based multiplex PCR assays and
to identify distinct CIN-subgroups.

3. Molecular classification systems and clinical relevance:

The tumors were classified into four molecular subgroups according to the TCGA classification
system (TCGA 2014). The prognostic and predictive relevance of the identified molecular
subgroups was clarified in the context of perioperative CTx for the different patient cohorts
including tumor biopsies before CTx. A detailed modified molecular classification system more

suitable for the patient cohorts used in this study was additionally proposed.
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4. Tumor cell plasticity:

For the determination of tumor cell plasticity, pre- and post-therapeutic alterations of the results
in corresponding tumor biopsies before and resected tumors after CTx were analyzed for allelic
imbalance (AI) and CIN.

5. Mutation profiling:

In addition, mutation profiling of a subset of the tumors was performed by next-generation
sequencing using a gastric cancer related gene panel to further characterize the molecular

subgroups.

Gastric carcinoma cohorts

Tumor biopsies Resected tumors Resected tumors
before CTx without CTx after CTx
n=143 n=291 n=325

Detection of EBV Microsatellite based
and MSI multiplex PCR assays Mutation profiling

Results published Determination of Al using next-generation

(Kohlruss, Grosser et and CIN seguencing and
al. 2019) S gastric cancer related
Classification in CIN gene panel

subgroups

Molecular TCGA classification

EBV(+) MSI-H GS

Characteristics of molecular subgroups

Prognostic and predictive relevance
Tumor cell plasticity

Figure 7: Study design and objectives of the study
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2. MATERIAL AND METHODS

2.1. Patients and tumor material

2.1.1. Patients

The study population comprised a total of 871 patients with gastric carcinomas consisting of 704 patients
with resected tumors without or after neoadjuvant CTx and 167 patients with tumor biopsies before
neoadjuvant CTx as described previously (Kohlruss et al. 2019). Tumorous and corresponding non-
tumorous tissue material from resected tumors from patients with gastric adenocarcinomas including
tumors of the gastroesophageal junction (GEJ) with AEG II and AEG III (Siewert and Stein 1998),
originated from two clinical institutions. The patients with resected tumors were treated between 2001
and 2013 at the Department of Surgery of the University of Heidelberg and between 2001 and 2012 at
the Department of Surgery, Klinikum rechts der Isar, of the Technical University of Munich. The
167 patients with tumor biopsies before CTx were treated between 1993 and 2013 at the Department of
Surgery of the Technical University of Munich. For the microsatellite analysis, corresponding non-
tumorous tissues for each tumor were required and only paired samples could be used for analysis. The
non-tumorous tissues comprised histologically normal mucosa of the stomach or tumor free lymph

nodes.

Criteria for inclusion in the molecular analysis was the availability of sufficient DNA or paraffin blocks
with tumor and non-tumorous tissues and tumor cell contents with at least 10%. Tumor biopsies of
24 patients and resected tumors from 88 patients had to be excluded consequently from the analysis.
The final cohorts consisted of 143 patients with tumor biopsies before CTx and 616 patients with
resected tumors comprising 291 tumors from patients treated with surgery alone (non-CTx group) and

of 325 tumors from patients after neoadjuvant CTx treatment (CTx group).

The clinical-pathological characteristics of the tumor biopsy cohort were determined within the scope
of a master thesis (Krenauer 2018) and published recently (Kohlruss et al. 2019). The clinical data of
the resected patient cohort were already described in a previous study (Bauer et al. 2018). The
clinical-pathological characteristics of the patient cohorts were summarized in the Results part in

Table 19.

The use and analysis of the tissue samples was approved by the local Institutional Review Boards at the
Technical University of Munich (reference: 502/15s) and at the University of Heidelberg
(reference: 301/2001).

22



2.1.2. Neoadjuvant chemotherapy and surgery

The patients receiving neoadjuvant CTx were treated with platinum (cis- or oxaliplatin) and 5-FU based
chemotherapeutic regimens as shown in detail in Supplementary Table 1. The resection of GCs and
tumors of the gastroesophageal junction were performed according to the tumor localization and
standard approaches (Ott et al. 2009, Blank et al. 2013, Schmidt et al. 2014). Total or subtotal distal
gastrectomy with D2 lymphadenectomy was performed for GCs and for tumors with AEG II and
AEG III gastrectomy with transhiatal distal abdominal oesophagectomy plus D2 lymphadenectomy was
performed as described previously (Kohlruss et al. 2019).

2.1.3. Response evaluation

The response to neoadjuvant CTx was determined histopathologically according to a standardized
protocol (Becker et al. 2011) and classified into three tumor regression grades (TRG).
TRGI corresponded to total (1a) or subtotal (1b) tumor regression with less than 10% residual tumor
cells in the tumor bed; TRG2 to partial tumor regression with 10 to 50% residual tumor cells in the
tumor bed and TRG3 to minimal or no tumor regression with more than 50% residual tumor cells in the
tumor bed. Patients with TRG1 were classified as responders and those with TRG2 and TRG3 as
non-responders. The prognostic relevance of this classification system in GCs was demonstrated in

previous studies (Becker et al. 2011, Schmidt et al. 2014).

All three tumor regression grades in the resected specimen were present among the 143 analyzed patients
with tumor biopsies before CTx and 45 patients showed TRGI1, 34 patients showed TRG2 and
64 patients showed TRG3. Among the 325 analyzed patients with resected tumors after CTx,
153 revealed tumors with TRG2 and 172 with TRG3. Tumors with TRG1 were not included among
resected tumors after CTx due to the total absence of residual tumor cells or very low tumor cell contents
(<10%) which makes an analysis of these samples impossible. An overview about the different patient

cohorts and the respective TRG classification is given in Table 1.

Table 1: Number of analyzed patients and respective TRG classification

Number of analyzed patients
n %
Tumor biopsies before CTx
TRG1 (Responder) 45 31
TRG2 (Non-responder) 34 24
TRG3 (Non-responder) 64 45
Total 143 100
Resected specimens
Without neoadjuvant CTx 291 47
After neoadjuvant CTx
TRG2 153 25
TRG3 172 28
Total 616 100
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2.1.4. Tumor cell plasticity

Corresponding tumor biopsies before and resected tumors after CTx of 42 patients were included in this
study to determine tumor cell plasticity. Pre- and post-therapeutic alterations of the results were analyzed

for Al and CIN.

2.1.5. Overall survival and follow-up time

The clinical endpoint of the study was overall survival (OS), which was defined as the time between the
date of operation and death by any cause. In the tumor biopsy cohort, two patients were not operated
and therefore the date of start of CTx was used. The follow-up period was calculated by the inverse

Kaplan-Meier method as described previously (Bauer et al. 2018).

2.2. Materials

2.2.1. Primer and microsatellite marker

All primer pairs were purchased from Eurofins Genomics (Ebersberg, Germany). The primers were
purified using high performance liquid chromatography with a synthesis scale of 0.01 pmol and were
dissolved in pure H>O according to the synthesis report of the manufacturer. The concentration of the
primer stock solutions was 50 uM or 100 pM. The forward primers were labeled fluorescently at the
5’-end with one of the three dyes HEX, FAM or ATO550. Primers for EBV analysis are shown in
Table 2, primers for MSI testing in Table 3 and Table 4 and primers for the preparation of length marker
for agarose gel electrophoresis in Table 5 and Table 6. The microsatellite markers included in the

multiplex PCR assays for the detection of Al and CIN are listed in Table 7.

2.2.1.1. Primer for EBV analysis
Table 2: Primer pairs for EBV analysis

Primer! Forward sequence (5'>3") Reverse sequence (5'>3") Size [bp]
BamHI-W  TCGGGCCAGAGGTAAGTGGACTTTAAT ACCGGTGCCTTCTTAGGAGCTGTC 126
BamHI-K  TCTCTTTTAGTGTGAATCATGTCTGACGA GCAGCCAATGCAACTTGGACG 264

'According to Huber et al. (2002)

A primer mix was prepared containing the two primer pairs each with 10 uM for a total volume of 100 ul

in RNase-free H20.
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2.2.1.2. Primer for MSI analysis
Table 3: Primer pairs for MSI analysis

Primer! Forward sequence (5'>3") Dye? Reverse sequence (5'>3") [Sl;:)e] range
Mononucleotide repeats

BAT25 TACCAGGTGGCAAAGGGCA FAM  TCTGCATTTTAACTATGGCTC 153
BAT26 TGACTACTTTTGACTTCAGCC HEX  AACCATTCAACATTTTTAACCC 116
Dinucleotide repeats

D2S123* AAACAGGATGCCTGCCTTTA FAM  GGACTTTCCACCTATGGGAC 197-2274
D5S346°  ACTCACTCTAGTGATAAATCGGG FAM  AGCAGATAAGACAGTATTACTAGTT 96-1224
D17S250° GGAAGAATCAAATAGACAAT HEX  GCTGGCCATATATATATTTAAACC 151-169*

'According to Boland et al. (1998); 2Forward primers were labeled fluorescently at the 5’-end; *Included for Al
and CIN analysis; *According to human genetic map (Broman et al. 1998)

The stock concentration of the primer pairs was 50 uM for the markers D5S346, D2S123, D17S250,
BAT25 and 100 uM for the marker BAT26. A primer mix was prepared containing the five primer pairs

each with different concentrations as listed in Table 4 for a total volume of 125 pl in RNase-free H>O.

Table 4: Primer mix for MSI analysis

Primer pairs Concentration [pM] Volume [pl]!
D2S1232 1 or 42 2.50r10
D5S346 0.4 1

D17S250 3.2 8

BAT25 1 2.5

BAT26 0.4 0.5

'Ad 125 ul RNase-free H,O; 2For DNA derived from highly degraded non-tumorous and tumorous FFPE tissues,
the concentration of the primer D2S123 was increased up to 4 uM due to weak amplification intensities

2.2.1.3. Primer for preparation of length marker for agarose gel electrophoresis

Table 5: Primer pairs for preparation of length marker for agarose gel electrophoresis

Primer! Forward sequence (5'2>3") Reverse sequence (5'>3") Size [bp]
100 GTTCCAATATGATTCCACCC CTCCTGGAAGATGGTGATGG 100
BRCA2 TCCTTTCGCCACACTGAGAAATA CTCTGCCGCCTAGTTTCAGAAG 140
200 AGGTGGAGCGAGGCTAGC TTTTGCGGTGGAAATGTCCT 200
Globin PC04/GH20 CCACTTCATCCACGTTCACC GAAGAGCCAAGGACAGGTAC 270

'According to Diaz-Cano and Brady (1997)

Table 6: PCR primer mix for the preparation of length marker for agarose gel electrophoresis

Primer pairs Concentration [uM]! Volume [ul]
100 4.4 9

BRCA2 4.4 9

200 6.4 13

Globin PC04/GH20 9.8 20

"Primer stock concentration: 100 pM; 2Ad 204 ul RNase-free H,O
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2.2.1.4. Microsatellite markers included in multiplex PCR assays for the detection of CIN

Table 7: Microsatellite markers included in multiplex PCR assays for the detection of CIN

Size

Marker Locus Forward sequence' (5'>3") Dye Reverse sequence' (5'>3") range
[bp]'

D4S423 4q22 TTGAGTAGTTCCTGAAGCAGC FAM CAAAGTCCTCCATCTTGAGTG 103-125
D5S624 5ql1 CTATGTAACAAACCTGCATGTTGTG HEX ATTTGCTGAACGAATGACCC 146-166
D6S1617 6p25 TGCAAAACAGGCACACATAC FAM TTAATCAATTTTCTGCAAAGATAAA  101-123
D7S492 7921 ATCTTGGATTTAGGGTTGGC FAM GGCTCTGCTCCATCTTCATA 145-155
D7S486 7q31 AAAGGCCAATGGTATATCCC ATTO550 GGGACTTTTTGAAGGTTTG 133-146
D8S552 8p23 AGGATTGTAATTTCCTTGC FAM GCCCAGGTGATTGATAGTGC 168-182
D8S1793 8q24 TGAGCCGAGTTCTTACCAC FAM AACAAGTCCAGCTTGATGAG 113-147
D8S1720 8q24 GTGCCACCTGCCTGAA FAM CCACTACCTATTTAGAGAGGCCA 130-144
D9S157 9p21 AGCAAGGCAAGCCACATTTC FAM TGGGGATGCCCAGATAACTATATC 133-149
D9S171 9p21 AGCTAAGTGAACCTCATCTCTGTCT FAM ACCCTAGCACTGATGGTATAGTCT 159-177
D12S1682  12p12  GGGACAAGAGTGAGACTTGG HEX CCTTTATTGAAGTAAACTGTGAAGC  133-151
D12S1631  12p12 TGGGCTCATCTGGAAA FAM GGAGGCAAACACTGATAACTTAC 161-185
D16S507 1623 GCAGGGGCTAGAAGGTG HEX TGTTCGCCTCTTGCAGT 175-195
D17S796 17p13 CAATGGAACCAAATGTGGTC HEX AGTCCGATAATGCCAGGATG 144-174
D17S1872 17q12 CCAACTCTAGGACTGGGG HEX AATTGGGTCCAGAGAGCA 108-140
D17S1861 17q12 AGGGGCAGCAGTCCTGTA FAM ACATCATCCTGAAATCTAATGGG 94-116
D18S487 18q21 ACAATCAGAAACCCGCCA HEX AGCTGACTTAGGTAGATTTTCCTCG  115-127
D18S1119  18q21 CCTATCGTACATGGTGAGTG FAM CTTGATTTGAACCTAATGACG 156-170
D19S875 19q12  TGGTTCTGTGATGACTACTACATGC HEX AACTTGGTTTATGATGTCTCTTGC 95-123

"Primer sequences and size ranges were obtained from the human genetic linkage map (Dib et al. 1996)

2.2.2. Commercial Kits

Agencourt™ AMPure XP Kit Beckman Coulter, Krefeld

#A63881

EBER1 DNP Probe Ventana, Roche, Basel, Switzerland

#760-1209

GeneScan™ 500 ROX™ dye Size Standard Applied Biosystems, Thermo Fisher Scientifics, Darmstadt
#401734

Ton 510™ & Ton 520™ & Ton 530™ Ion Torrent, Thermo Fisher Scientific, Darmstadt

Kit — Chef

Ion 520™, 530T™ or 540™ Chip Kit! Ion Torrent, Thermo Fisher Scientific, Darmstadt
#A27762, #A27764, #A27766

Ion AmpliSeq™ Library Kit 2.02 Ion Torrent, Thermo Fisher Scientifics, Darmstadt
#4475345

Ion Library TagMan™ Quantitation Kit Ion Torrent, Thermo Fisher Scientifics, Darmstadt
#4468802

Ion Xpress™ Barcode Adapters 1-963 Ion Torrent, Thermo Fisher Scientifics, Darmstadt
#4474517

iViEW Blue Plus Detection Kit Ventana, Roche, Basel, Switzerland

#760-097

Maxwell® RSC Blood DNA Kit Promega, Mannheim

#AS1610

QIAamp® DNA FFPE Tissue Kit Qiagen, Hilden

#56404

Qubit™ dsDNA HS Assay Kit Invitrogen, Thermo Fisher Scientifics, Darmstadt
#Q32854

TagMan™ RNase P Detection Reagents Kit Applied Biosystems, Thermo Fisher Scientifics, Darmstadt
#4316831

TagMan™ Universal PCR Master Mix Applied Biosystems, Thermo Fisher Scientifics, Darmstadt
#4324018

Type-it® Microsatellite PCR Kit * Qiagen, Hilden

#206243

"Number of million reads per chip: 3-6 (520 Chip), 15-20 (530 Chip), 60-80 (540 Chip)

2Kit contents: 5x Ton AmpliSeq™ HiFi Mix, FuPa Reagent, Switch Solution, DNA Ligase, Low TE buffer
3Kit contents: Ton Xpress™ P1 Adapter, Ion Xpress™ Barcode Adapters 1-96

“Kit contents: Type-it Multiplex PCR Master Mix (2x), HotStarTaq® Plus DNA Polymerase, Type-it
Microsatellite PCR Buffer with 6mM MgCl,, dNTPs

26



2.2.3. Instruments

20- and 30-well comb

Benchtop vortex mixer

Centrifuge 5417R

Centrifuge 5427R

DynaMag™-2 Magnet

DynaMag™-96 Side Magnet

Gel documentation instrument E-BOX VX2
Genetic Analyzer 3130, 4-capillary
Hybex microsample incubator
Incubator

Ion Chef instrument

Ion S5XL instrument

Laboratory scale

Magnetic stirrer with heating, IKAMAG Ret
Maxwell® RSC Instrument
MicroAmp® Adhesive Film Applicator
Microscope Labovert FS

Microscope M410

Microwave ME82V

Mini centrifuge

Minishaker MS1

PCR Plate Spinner

Pipettes (0.1-2.5ul, 2-20u1, 10-100ul,
20-2001, 100-1000p1)

Pipetting aid accu-jet® pro

Power Pac 300 Electrophoresis Power Supply

Qubit™ 3.0 Fluorometer

Repetitive pipette HandyStep® electronic
Spectrophotometer Nanodrop™ 2000c
StepOnePlus™ Real-Time PCR System
Sub-Cell GT UV-Transparent Gel Tray
Thermal Cycler Mastercycler® gradient
Thermal Cycler Mastercycler® nexus
Thermal cycler TRIO

Thermomixer compact

Wide Mini-Sub cell GT electrophoresis cell

Bio-Rad, Miinchen

VF2, IKA, Staufen

Eppendorf, Hamburg

Eppendorf, Hamburg

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Vilber, Eberhardzell

Applied Biosystems, Darmstadt
SciGene, Sunnyvale, USA

Memmert, Schwabach

Ion Torrent, Thermo Fisher Scientific, Darmstadt

Ion Torrent, Thermo Fisher Scientific, Darmstadt

Sartorius, Go6ttingen

IKA, Staufen

Promega, Mannheim

Thermo Fisher Scientific, Darmstadt
Leica, Wetzlar

Wild Heerbrugg, Heerbrugg, Switzerland
Samsung, Seoul, South Korea

Biozym, Oldendorf

IKA, Staufen

VWR, Radnor, USA

Research® plus, Eppendorf, Hamburg
Pipetman, Gilson, Middleton, USA

Brand, Wertheim

Bio-Rad, Miinchen

Thermo Fisher Scientific, Darmstadt
Brand, Wertheim

PeqLab Biotechnologie, Erlangen
Thermo Fisher Scientific, Darmstadt
Bio-Rad, Miinchen

Eppendorf, Hamburg

Eppendorf, Hamburg

Biometra, Gottingen

Eppendorf, Hamburg

Bio-Rad, Miinchen
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2.2.4. Chemicals and reagents

2’-Deoxythymidine 5’-Triphosphate (dTTPs, 100 mM)
AmpliTaq Gold® DNA Polymerase with Buffer I, #N8080244
Biozym LE Agarose, #840004

Bromphenol Blue Xylene Cyanole Dye, #B3269

Ethanol (70%, 96%, absolute)

Ethanol, absolute, molecular biology grade (>99.5%)
Ethylenediaminetetraacetic acid (EDTA) pH 8.0, 1 M

Gel Loading Dye, Purple 6x, # B7024S

Gelatin

GelRed™ Nucleic Acid Gel Stain, 10.000x in Water, #41003
Hi-Di™ Formamide, #4311320

Isopropyl alcohol (100%)

Magnesium chloride (MgCl,)

Methylene blue solution (Loffler’s)

Nuclease free H,O, #AM9937

PCR Nucleotide Mix Plus, # 11888412001

Polyethylene glycol sorbitan monolaurate (Tween®-20)
POP-7 polymer for DNA analyzers, #4363929

Potassium chloride (KCI)

Proteinase K (20 mg/ml)

RNase, 10 mg/ml

RNAse/DNAse free H,O

Rotiphorese® 50x TAE Buffer, #CL86.1

Running Buffer 10x with EDTA, #402824

Sodium dodecyl sulfate (SDS)
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI)
UltraPure 10x TBE Puffer, pH 8.4, #15581028

Water for chromatography (LC-MS Grade)

Xylene

2.2.5. Buffers and solutions

50x TAE running buffer for DNA electrophoresis

Tris 2M
Acetic acid 1M
EDTA 50 mM

in distilled deionized H>O, pH 8.5,
storage at 20°C

The electrophoresis chamber was filled with 1x TAE running buffer (20 ml 50x TAE buffer in a total

volume of 1 L distilled H,O).
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Thermo Fisher Scientific, Darmstadt
Applied Biosystems, Darmstadt
Biozym, Oldendorf

Sigma-Aldrich, Hamburg

Merck, Darmstadt

Thermo Fisher Scientific, Darmstadt
Sigma-Aldrich, Hamburg

New England Biolabs, Frankfurt a.M.
Merck, Darmstadt

Biotium, Hayward, USA

Thermo Fisher Scientific, Darmstadt
Merck, Darmstadt

Merck, Darmstadt

Merck, Darmstadt

Thermo Fisher Scientific, Darmstadt
Sigma-Aldrich, Hamburg
Sigma-Aldrich, Hamburg

Thermo Fisher Scientific, Darmstadt
Merck, Darmstadt

Roche, Basel, Switzerland
Sigma-Aldrich, Hamburg

Qiagen, Hilden

Carl Roth, Karlsruhe

Thermo Fisher Scientific, Darmstadt
Sigma-Aldrich, Hamburg

Merck, Darmstadt

Thermo Fisher Scientific, Darmstadt
Merck, Darmstadt

Merck, Darmstadt



10x DNA loading buffer for agarose gel electrophoresis

Formamid 80 % (v/v)
Bromphenolblau 0,05% (w/v)
Xylencyanol 0,5 % (v/v)

Proteinase K (PK) buffer for DNA isolation

Tris-HCI, pH 8.3 50 mmol/l
EDTA, pH 8.0 1 mmol/l
Tween-20 0.5%
Proteinase K 0.2 mg/ml

in distilled H,O, filtered sterile,
storage at room temperature

10x PCR buffer
Tris-HCI, pH 8.3 100 mM
KCl1 500 mM
Gelatin 0.1%
MgCl, 30 mM

in distilled H,O, storage at -20°C

2.2.6. Consumption materials

60-well Microtest Plate, #653190 Greiner bio-one, Kremsmiinster, Austria
Filtered pipette tips TipOne® Starlab, Hamburg

(10 pl, 20 pl, 100 pl, 200 pl, 1000 ul) Corning® DeckWorks, Wiesbaden
MicroAmp® Clear Adhesive Film, #4306311 Thermo Fisher Scientific, Darmstadt
MicroAmp® Optical 96-Well Reaction Plate, Thermo Fisher Scientific, Darmstadt
#4316813

Microcentrifuge tubes, DNA LoBind Eppendorf, Hamburg

(0.5 ml, 1.5 ml, 2.0 ml, 5.0 ml)

Microcentrifuge tubes, Safe-Lock PCR clean Eppendorf, Hamburg

(0.5 ml, 1.5 ml, 2.0 ml)

Microscope slides Superfrost Thermo Fisher Scientific, Darmstadt
PCR Tube Strip, 8 Wells, 0.2 ml, #4ti-0792 4titude, Wotton, UK

Precision wipes Kimtech Science Kimberley-Clark, Koblenz
Quali-PCR-plate, 96 well, for ABI 3100, Kisker Biotech, Steinfurt
#GO060/H/1E-OA

Qubit™ Assay Tubes, #Q32856 Thermo Fisher Scientific, Darmstadt
Scalpel blades, carbon steel Heinz Herenz, Hamburg

Septa mat for ABI 3100, #G060/S-3100 Kisker Biotech, Steinfurt

Serological pipettes, Sml Greiner bio-one, Kremsmiinster, Austria
TipOne® Repeat Dispenser Tips (0.5 ml, 1 ml) Starlab, Hamburg

#S4751-0050, #S4751-0100
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2.2.7. Software and programs

Adobe Illustrator CC 2018

Gene Mapper Software v5

Maxwell® RSC software

Microsoft Office 2010

Nanodrop 2000c

Nexus Express Software for OncoScan v3.1

Prism v8

Rv3.1.0

SPSS Statistics v23-25

StepOne™ Software v2.3

Torrent Suite Software v5.10.1
Build-in plugins:
Coverage Variant Caller v5.10.1.19
Coverage Analysis v5.10.0.3

2.2.8. Online platforms

1000 Genomes Project Consortium, The
International Genome Sample Resource, (IGSR)
ANNOVAR

Association of Population-based Cancer Registries
in Germany, Robert Koch Institute (RKI)
cBioPortal

COSMIC database

Genome browser Ensembl

Global Cancer Observatory

GLOBOCAN 2018, IARC, WHO

Human Gene Database GeneCards

IACR TP53 database

ICGC Data Portal 6.0.4

Integrative Genomics Viewer (IGV)

Ion AmpliSeq Designer for NGS panel design
NCBI Genome Data Viewer

NCBI Map Viewer

Single Nucleotide Polymorphism Database:

dbSNP (NCBI)

UCSC genome browser

Adobe Inc., San José, USA

Applied Biosystems, Waltham, USA
Promega, Mannheim

Microsoft Corporation, Redmond, USA
PeqLab Biotechnologie, Erlangen
Biodiscovery, El Segundo, USA
GraphPad Software, San Diego, USA

R Foundation for Statistical Computing, Vienna, Austria

IBM, Armonk, USA
Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt

http://www.internationalgenome.org/
(Auton et al. 2015)

http://www.openbioinformatics.org/annovar/
(Wang et al. 2010)

www.krebsdaten.de/english

http://www.cbioportal.org/
(Cerami et al. 2012, Gao et al. 2013)

https://cancer.sanger.ac.uk/cosmic
(Tate et al. 2019)

http://www.ensembl.org
(Zerbino et al. 2018)

https://gco.iarc.fr
(Bray et al. 2018)

http://www.genecards.org/
(Stelzer et al. 2016)

http://p53.iarc.fr/
(Bouaoun et al. 2016)

https://dcc.icgc.org/
(Hudson et al. 2010)

https://www.broadinstitute.org/
(Robinson et al. 2011, Robinson et al. 2017)

https://www.ampliseq.com
Thermo Fisher Scientific, Darmstadt

https://www.ncbi.nlm.nih.gov/genome/gdv/
NCBI, Bethesda, USA

http://www.ncbi.nlm.nih.gov/mapview/
NCBI, Bethesda, USA

https://www.ncbi.nlm.nih.gov/snp/
NCBI, Bethesda, USA

https://genome.ucsc.edu/
(Kent et al. 2002)
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2.3. Methods

2.3.1. DNA isolation and quantification from formalin-fixed paraffin-

embedded tissues

Corresponding tumorous and non-tumorous DNA was isolated from formalin-fixed paraffin-embedded
(FFPE) tissue sections. Therefore, tumorous and non-tumorous areas of each patient sample were
microscopically identified and the areas of interest were marked on hematoxylin-eosin (H&E) stained
slides. All cases were reviewed by a pathologist and the tumor cell content of each tumor sample was
estimated. According to the respective size of the tumorous or non-tumorous area, five to ten thin tissue

sections with 8 um thicknesses were prepared and dried at 60°C overnight on an objective slide.

The paraffin was solubilized of the unstained tissue sections by immersion in a xylene bath twice for
10 min and the deparaffinized tissues were washed for rehydration for 5 min in a series of alcohol
solutions with decreasing concentrations as follows: 100% isopropyl alcohol, 96% ethanol and
70% ethanol. The tissue sections were stained in methylene blue for 5 sec and were finally washed in a

water bath for 2 min to remove xylene and ethanol and kept there till manual microdissection.

In general, DNA isolation was performed using the Maxwell DNA purification system and the QIAamp
DNA FFPE Tissue Kit was used for selected cases. Tissue samples with only small amounts, like in the
tumor biopsies, were re-suspended after manual microdissection in 200 pl Proteinase K (PK) buffer and
were incubated for 3 h at 55°C. Proteinase K was inactivated by boiling for 10 min and 1:5 to 1:10
dilutions were directly used for PCR as described (Keller et al. 1995). Isolated DNA from 278 cases was
available from the cooperation partners in Heidelberg and also DNA from tumor biopsies and resected

tumors was partially available from previous studies (Ott et al. 2003, Bauer et al. 2018).

2.3.1.1 DNA isolation using the Maxwell DNA purification system

After deparaffinization the tissue sections were manually microdissected with a scalpel in incubation
and lysis buffer (each 100 pl) which were provided in the Maxwell RSC Blood DNA Kit. For protein
digestion, 30 ul proteinase K solution (20 mg/ml) was added to each sample tube, incubated in a heating
block at 56°C and shaken at 300 rpm overnight. If there was still tissue material left in the solution,
30 ul of proteinase K was added for complete digestion. After complete tissue lysis, DNA was isolated
using the Maxwell® RSC automated DNA purification system according to the instructions of the
manufacturer (Promega). In brief, the extraction method is based on MagnaCel™ particles and
cartridges prefilled with purification reagents. After sample addition, the DNA was bound to the
paramagnetic particles and processed further through multiple steps of washes before the DNA was
finally eluted. According to the amount of microdissected tumor or non-tumorous tissue areas, DNA
was eluted in 60-80 pl elution buffer. If there were still magnetic particles left in the elution tubes after
completion of the extraction, the samples were centrifuged for 4 min at 1300 rpm and the supernatant,

containing the eluted DNA, was transferred into a new PCR tube.
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2.3.1.2. DNA isolation using the QIAamp DNA FFPE Tissue Kit

DNA isolation using the QlIAamp DNA FFPE Tissue Kit was required for the genome-wide Oncoscan
analysis of 30 samples. The kit uses the QlAamp MinElute technology which is based on silica-based
membranes. After deparaffinization of the tissue samples and proteinase K digestion, the DNA was
bound to the membrane of the MiniElute column and contaminants were washed away by several
washing and centrifugation steps to the final elution of the bound DNA. For this extraction method, the
tissue sections were manually microdissected in 180 pul ATL tissue lysis buffer, mixed for 10 sec by
vortexing and incubated at 98°C for 15 min. After cooling down for 15 min at room temperature, the
samples were centrifuged and 20 pl proteinase K (20 mg/ml) was added for protein digestion.
The samples were incubated at 56°C while shaking till the tissue was completely lysed. If there was still
tissue material left in the solution, 20 ul of proteinase K was added for complete digestion. The
completely lysed samples were incubated at 90°C for 1 h to inactivate proteinase K. To obtain a
RNA-free solution, 2 pl RNase A (10 mg/ml) was added to each sample and incubated for 2 min at room
temperature. The samples were further processed according to the protocol of the QITAamp DNA FFPE
Tissue Kit (Qiagen). All centrifugation steps were carried out at room temperature and the bound DNA

was finally eluted in 50-100 pl ATE buffer.

2.3.1.3. Quantification of genomic DNA
The concentrations of the eluted DNA were determined by a spectrophotometer (Nanodrop 2000c) or a

fluorometer using the Qubit™ 3.0 DNA quantitation assay.

For the spectrophotometric measurement, 1.5 ul DNA of each sample was pipetted on the measurement
pedestal of the Nanodrop instrument and the adsorption was measured at 260 nm and 280 nm. The
spectrophotometer provided an assessment of nucleic acids purity and the 260/280 ratio of the adsorption
values exhibited the purity of a sample, at which a ratio of around 1.8 was accepted for pure DNA.
Absorbance at 230 nm was caused by different reagents used during DNA isolation as carbohydrates,
phenol or guanidine and therefore the 260/230 values were a second indicator for pure DNA when the

values were between 2.0-2.2 (Wilfinger et al. 1997).

The measurements on the benchtop fluorometer (Qubit® 3.0) were performed using the Qubit dsSDNA
HS Assay Kit and the samples were prepared according to the manufacturers protocol (Thermo Fisher
Scientific). The assay is highly selective for double-stranded DNA. For every new measurement of
samples concentration, two standards (0 ng/ul and 10 ng/ul in TE buffer) were prepared for calibrating
the fluorometer. Fluorescence versus concentration graphs were displayed and the data points of the two
standards were connected. The concentrations of each sample were generated based on the relationship
between the two standards using a curve-fitting algorithm and were calculated automatically by the
instrument in ng/ml. The concentration values measured with the fluorometer were usually lower than
those measured with the spectrophotometer, because specific fluorescence dyes were selectively used

for binding at double stranded DNA.
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For microsatellite analysis, the DNA stock solutions were diluted to a consistent concentration at
10-20 ng/ul according to the concentration values determined by the Nanodrop instrument and
according to Formula 1. For next-generation sequencing, the concentration values determined by the

Qubit 3.0 DNA quantitation assay were used.

Formula 1: Calculation of dilutions with known stock concentration

Cle]_:CZXVZ

ci: Concentration of DNA stock solution (ng/pl); Vi: Start volume of solution (pl); c2: Final concentration (ng/ul);
V2: Final volume of solution (pl)

2.3.2. Methods for determination of molecular classification

2.3.2.1. Detection of EBV

Screening for EBV positivity was performed in all tumors by a standardized PCR assay using primers
for amplification of EBV specific DNA in the BamHI-W and BamHI-K regions of the virus (Huber et
al. 2002). The respective forward and reverse sequences of the primer pairs are listed in Table 2. For the
performance of the PCR assay, a reaction mix was prepared according to Table 8. For each tumor
sample, the undiluted DNA stock solution and a 1:10 dilution with RNase-free H20 was added in a final
volume of 12.5 pl, respectively. DNA derived from an EBV associated tumor was used as a positive
control and RNase-free H,O as a negative control. PCR was performed in a thermal cycler using
following temperature steps: after an initial activating step for 10 min at 95°C, 37 cycles were performed
consisting of denaturation at 94°C, primer annealing at 65°C and elongation at 72°C each step for 1 min

and a final elongation step at 72°C for 7 min.

Table 8: PCR reaction mix for detection of EBV positivity

Reagents Volume per reaction [ul]
RNase-free HO 9

dUTPs/dTTPs' 0.625

10x PCR buffer (30 mM MgCl,) 1.25

Primer mix (each 10 pM) 0.5

Taq DNA polymerase 0.125

Tumorous DNA? 1

Total volume 12.5

"Nucleotide mix was composed of dTTPs (100 mM), dATPs, dCTPs, dGTPs (each 10 mM) and dUTPs (30 mM);
2Stock concentration of DNA and a 1:10 dilution with RNase-free H,O per tumor sample was added, respectively.

The PCR fragments were visualized on a GelRed stained 2% agarose gel using ultraviolet light. For
those tumors which revealed positive signals in the PCR assay, chromogenic in situ hybridization using
the EBV Early RNA Probe and the iVIEW Blue detection kit was additionally performed on an
automated system (Ventana Medical System, Roche) according to the instructions of the manufacturer.
The in situ hybridization was processed by a technical assistant in the routine-diagnostic laboratory of
the Institute of Pathology. Tumors were classified as EBV positive (+) when positive staining after in

situ hybridization was present in the nuclei of the tumor cells.
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2.3.2.2. Analysis for MSI

MSI was determined using the standardized Bethesda marker panel recommended by the National
Cancer Institute (Boland et al. 1998). Amplification of tumorous and corresponding non-tumorous DNA
was performed for two mononucleotide repeats BAT25 and BAT26 and three dinucleotide repeats
D17S5250, D2S123 and D5S346 using the Type-it Microsatellite PCR kit (Qiagen). The forward primers
were labelled at the 5’-end with the fluorescent dyes FAM or HEX. The respective forward and reverse

sequences are listed in Table 3 and the composition of the primer mix in Table 4.

A reaction mix was prepared according to Table 9 and 20 ng of tumorous or non-tumorous DNA of a
paired sample was added in a final volume of 25ul. RNase-free H.O was used as negative control. PCR
cycling was performed in a thermal cycler using following temperature steps: after an initial step of
95°C for 5 min, 32 cycles were performed consisting of denaturation at 95°C for 30 sec, annealing at
58°C for 90 sec and extension at 72°C for 30 sec and final extension at 60°C for 30 min. Amplification
control was performed by gel electrophoresis and the PCR products were separated and detected in

a capillary sequencer instrument.

Table 9: PCR reaction mix for MSI analysis

Reagents Volume per reaction [ul]
2x Type-it Multiplex PCR Master Mix 12.5

Primer mix! 2.5

RNase-free H,O 8

Non-tumorous or tumorous DNA

(10-20 ng/ul)

Total volume 25
"Preparation of primer mix for MSI analysis according to Table 4

2

Tumors with additional alleles at specific microsatellite markers compared to the corresponding normal
tissue were classified as MSI. According to a standardized definition, MSI-High (-H) was defined if at
least two of the five markers showed MSI and as MSI-Low (-L) if one of the five markers showed MSI
(Boland et al. 1998). Tumors without any MSI were classified as microsatellite stable (MSS). All MSI-L

cases were confirmed by a second independent PCR.
2.3.2.3. Analysis for Al and CIN using microsatellite based multiplex PCR assays

2.3.2.3.1. Study design of the multiplex PCR assays

Al was determined using the microsatellite based multiplex PCR assays established during my master
thesis at the Institute of Pathology at the Technical University of Munich (2016). The results of the
establishment of the multiplex PCR assays are part of the publication in Scientific Reports (Kohlruss et
al. 2018).

The assessment of the limit of detection of Al by the microsatellite based multiplex PCRs and the
comparison of the multiplex PCR assays with the genome-wide OncoScan analysis for the determination
of CIN were performed during this doctoral thesis and results were jointly published with the results of

the establishment of the multiplex PCR assays in Kohlruss et al. (2018).
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In the following, criteria for the selected microsatellite markers and the determination of individual
cut-off values are summarized in brief. Chromosomal regions which showed various frequencies of arm-
level copy number alterations in chromosomal unstable tumors were selected according to TCGA
(2014). The chromosomal loci were associated with genes which play a crucial role in various cellular
processes during carcinogenesis and were linked to tumor suppressor genes or oncogenes. The selected
chromosomal regions and an exemplary tumor-related gene which is located at the respective loci are
shown in Supplementary Table 2. Microsatellite markers were selected for each chromosomal locus and
multiplex PCR reactions were designed using the Multiplex Manager 1.2 (Holleley and Geerts 2009)
and optimized. By analyzing non-tumorous tissues, individual threshold values for every marker were

defined for the determination of Al essentially as described (Frigerio et al. 2007).

The multiplex PCR assays and the adaption for the determination of CIN provided a basis for this
doctoral thesis for an extensive analysis of Al and CIN and finally for the molecular classification of
large cohorts of GCs. Within the scope of this doctoral thesis, the performance of the multiplex PCR
assays were initially tested on a small subset of tumors treated with surgery alone and the results
determined with the multiplex PCR assays were then compared to a genome-wide analysis of
chromosomal alterations to define a classification of CIN based on both methods. Additionally, the
established PCR assays were analyzed in relation to tumor heterogeneity and the limit of detection was
assessed for reliable CIN detection in the context of the tumor cell content. The workflow of the

performance of the microsatellite based multiplex PCRs is shown in Figure 8.

Microsatellite based multiplex PCR assays for detection of Al and CIN

Assessment of
MSS tumours only ~ MSI in gastric
carcinoma

Comparison with
genome wide Definition of CIN
OncoScan analysis

Application on
gastric carcinoma

Tumor
heterogeneity

Limit of detection

Figure 8: Workflow for the detection of AI and CIN using microsatellite based multiplex PCR assays
(modified according to Kohlruss et al. (2018))
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2.3.2.3.2. Composition of the microsatellite based multiplex PCR assays

The multiplex PCR assays encompassed 19 microsatellite markers covering 14 chromosomal regions
and were combined in four multiplex PCR reactions. The composition of the four multiplex PCRs and
the covered chromosomal regions are summarized in Table 10. The chromosomal regions 8q24, 9p21,
12p12, 17q12 and 18q21 were covered with two microsatellite markers and Al was counted when at

least one of the both markers detected Al

Table 10: Composition of the multiplex PCR assays for the detection of AI and CIN

. Chromosomal Microsatellite Primer concentration
PCR reaction region marker [uM]
multiplex PCR 1 12p12! D12S1682 4
16q23 D16S507 6
8q24! D8S1793 4
9p21! D9S171 1
multiplex PCR 2 19q12 DI19S875 2
17p13 D17S796 2
4q22 D4S423 2
9p21! D9S157 2
18q21! D18S1119 8
multiplex PCR 3 18q21! D18S487 2
5qll D5S624 2
17q12! D17S1861 2
8q24! D8S1720 5
8p23 D8S552 2
7q31 D7S486 2
multiplex PCR 4 17q12! D17S1872 4
6p25 D6S1617 3
7q21 D7S5492 1
12p12! D12S1631 4

!Chromosomal regions covered with two microsatellite markers

2.3.2.3.3. Marker specific threshold values for definition of Al

DNA from non-tumorous tissues was amplified for the respective microsatellite markers to determine
individual cut-off values for the definition of Al as described previously (Kohlruss 2016, Kohlruss et al.
2018). The variation range of the amplification of the alleles of each marker was determined referring
to Frigerio et al. (2007). The marker specific cut-off values were estimated from the lower and upper
bounds of the bootstrapped two-sided 95% confidence intervals of the 2.5% and 97.5% quantiles,
respectively (Efron and Tibshirani 1994, Chernik 2008).

The three dinucleotide markers D2S123, D5S346 and D17S250 of the Bethesda panel used for the
analysis of MSI were included in the analysis of Al and individual threshold values were also
determined. Al-threshold values of a total of 21 microsatellite markers were calculated in the range
between 0.64 and 1.56. The upper and lower cut-offs for the definition of Al of the respective

microsatellite markers are listed in Table 11.
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Table 11: Marker specific threshold values for the definition of Al

Chromosomal Microsatellite Lower Upper
region marker threshold value? threshold value?
2p21 D2S123! <0.82 >1.29
4q22 D4S423 <0.77 >1.43
5ql1 D5S624 <0.67 >1.34
5921 D5S346! <0.67 >1.18
6p25 D6S1617 <0.81 >1.33
7921 D7S492 <0.68 >1.26
7q31 D75486 <0.65 >1.56
8p23 D8S552 <0.66 >1.24
8q24 D8S1793 <0.71 >1.43
8q24 D8S1720 <0.73 >1.34
9p21 D9S157 <0.88 >1.16
9p21 D9S171 <0.83 >1.18
12p12 D12S1682 <0.80 >1.17
12p12 D12S1631 <0.77 >1.26
16923 D16S507 <0.67 >1.39
17p13 D17S796 <0.69 >1.30
17q12 D17S1861 <0.78 >1.30
17q12 D17S1872 <0.80 >1.37
17921 D17S250! <0.64 >1.45
18q21 D18S487 <0.81 >1.20
18q21 D18S1119 <0.74 >1.38
19q12 D19S875 <0.75 >1.49

'Dinucleotide markers of the Bethesda panel used for MSI analysis (Boland et al. 1998); 2Lower and upper bounds
of the bootstrapped two-sided 95% confidence intervals of the 2.5% and 97.5% quantiles.

2.3.2.3.4. Microsatellite based multiplex PCRs

Amplification of the microsatellite markers was performed in a thermal cycler using the Type-it
Microsatellite PCR kit (Qiagen). A reaction mix was prepared per sample according to the protocol of
the manufacturer and as shown in Table 12. 20 ng of the template DNA was added to each PCR reaction

to a final volume of 25 ul. RNase-free H,O was used as negative control.

The cycle conditions for the amplification of the microsatellite markers were as follows: after an initial
activation step of 95°C for 5 min to activate the HotStar Taq Plus DNA Polymerase, 32 cycles were
performed consisting of denaturation at 95°C for 30 sec, primer annealing at 58°C for 90 sec and
extension at 72°C for 30 sec, followed by a final extension step at 60°C for 30 min. Amplification control
was performed by agarose gel electrophoresis and the PCR products were further analyzed using a

capillary sequencer instrument.

Table 12: Reaction mix for microsatellite based multiplex PCRs for AI and CIN analysis

Reagents Volume per reaction [pl] Concentration
2x. Type.:—it Multiplex PCR Master 125 1x

Mix (Qiagen)

Primer mix 2.5 Variable!
RNase-free H,O 8 -

Template DNA 2 20 ng

Total volume 25

"Primer concentrations per multiplex PCR reaction are listed in Table 10
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2.3.2.3.5. Detection and evaluation of Al

The microsatellite based multiplex PCR assays were utilized for the analysis of Al and CIN in the tumor
cohorts using DNA of matched non-tumorous and tumorous tissues from one patient. Allele ratios of
every heterozygous marker of the normal (N) and tumor DNA (T) were calculated per patient by
dividing the peak area of the shorter allele by the peak area of the longer allele (Figure 9). According to
Formula 2, Al-values were calculated by dividing the allele ratios of the normal DNA by the matched
tumor DNA as reported previously (Beckmann et al. 1996, Ott et al. 2003).

Shorter allele

Longer allele

Intensity

Length [in bp]

Figure 9: Calculation of allele ratios of a heterozygous marker

Formula 2: Determination of Al-values
Peak area (N, shorter allele) Peak area (T,longer allele)
Peak area (N, longer allele)  Peak area (T, shorter allele)

Al — value =

The frequency of Al at a respective chromosomal region and the Al ratio per tumor was determined

according to Formula 3 and Formula 4 as described previously (Foster et al. 2015, Kohlruss et al. 2018).

Formula 3: Determination of frequency of Al at a respective chromosomal region
Number of tumors with Al

F Al (%) = 100
requency of Al (%) Number of informative tumors
Formula 4: Definition of Al ratio per tumor
) Number of markers with Al
Al ratio = : :
Number of informative markers
2.3.2.3.6. Limit assessment of Al detection by microsatellite based multiplex PCR assays

Tumors are usually a mixture of normal and cancer cells which can affect the detection of Al. Therefore,
the limit of detection of the established multiplex PCR assays was determined by dilution experiments.
The initial tumor cell contents of four primary resected tumors were determined by a pathologist prior
to the analysis of Al and DNA from the tumors was mixed with the corresponding normal DNA in
11 dilution steps as shown in Figure 10. The resulting tumor cell contents of each mixture were
estimated. Amplification of the mixtures of normal and tumor DNA was performed for the microsatellite

markers and Al ratios were determined for every mixing ratio as described previously.
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Mixing ratios of normal and tumor DNA
[N:T]

normal DNA tumor DNA
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Figure 10: Dilution experiments to assess the limitation of Al detection by the multiplex PCR assays

2.3.2.4. Gel electrophoresis for PCR quality control

After PCR cycling, amplification control was performed by 2%-agarose gel electrophoresis. For the
preparation of the gel, agarose was dissolved in 1x concentrated TAE buffer by heating for 2-3 min and
5 ul of the nucleic acid dye GelRed was added to the solution while stirring the components. After
cooling down for 15 min, the solution was poured in a gel tray with two installed 20- or 30-well combs.
After 30 min the gel has set completely and the combs were removed. 4 ul of each PCR product was
mixed with 1 pl of 10x loading buffer and pipetted into the respective wells on the gel. To identify the
size of the separated DNA fragments, 5 pl of a DNA length marker with known fragments sizes was
added into the first well. The electrophoresis was run for 25 min at 130V. The PCR fragments were
visualized in a gel documentation instrument using ultraviolet light and were diluted with deionized
water according to the intensity of the amplification for further analysis using a capillary sequencer in

the range from 1:5 to 1:80.

The preparation of the length marker was performed using four primer pairs detecting fragments of
100 bp, 140 bp, 200 bp and 270 bp in a multiplex PCR. The respective forward and reverse sequences
of the primers are listed in Table 5. DNA from blood lymphocytes was amplified for the four primers
and a reaction mix was prepared according to Table 13. 20 ng DNA from blood lymphocytes was added
to each PCR reaction to a final volume of 25 pl. The cycling conditions are shown in Table 14. After
PCR cycling, the single reactions of amplificates (each 25 pl) were combined in one solution and 1 pl
of Gel Loading 6x Purple dye was added to every 5 ul of the amplificate. The PCR quality was reviewed
by gel electrophoresis.
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Table 13: PCR reaction mix for the preparation of length marker for agarose gel electrophoresis

Reagents Volume per reaction [pl]
RNase-free water 18

dUTPs/dTTPs' 1.25

10x PCR buffer (30 mM MgCl,) 2.5

Primer mix? 1

Taq DNA polymerase 0.25

DNA from blood lymphocytes (10 ng/pl) 2

Total volume 25

"Nucleotide mixture was composed of dTTPs (100 mM), dATPs, dCTPs, dGTPs (each 10 mM) and
dUTPs (30 mM); *Preparation of primer mix according to Table 5

Table 14: Cycling protocol for the preparation of length marker for agarose gel electrophoresis

Cycling step ?;%Tperature irl;l::le] Cycles
Activation 95 10

Denaturation 94 0.5

Annealing 56 0.5 37
Extension 72 0.5

Final extension 72 7

Cooling step 10 )

2.3.2.5. Fragment analysis by capillary electrophoresis

Separation and detection of the PCR products were performed in a capillary sequencer instrument
equipped with a 36 cm four-capillary array loaded with Pop-7 polymer. Four samples were
simultaneously injected into a capillary array. By applying a high voltage charge, the negatively charged
DNA fragments were separated by their size while wandering through the polymer in the capillary to
the positive electrode. The fluorescently labeled fragments were detected by a laser beam and the
fluorescent signals were transformed into electropherograms. Several chromosomal regions could be
detected simultaneously in one capillary injection, because each fluorescent dye emitted light at a
different wavelength. ROX-500 Genescan was used as size standard. The PCR products were diluted
with deionized water in the range of 1:5 to 1:80 according to their intensity of amplification visualized

on the agarose electrophoresis gel.

A mixture of formamid (15.25 pul) and size standard (0.25 ul) was prepared per sample and a total
volume of 15.5 ul was added per well into a 96-well plate. The diluted PCR products (5 ul) were added
to the respective wells and a denaturation step was performed for 2 min at 95°C in formamid. All

samples were analyzed with the GeneMapper Software v5.
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2.3.3. Genome-wide OncoScan analysis and CIN classification

2.3.3.1. OncoScan technology

A subset of tumors of 30 primary resected patients was analyzed for genome-wide copy number
variations (CNV) using the Affymetrix OncoScan® FFPE Assay, which also detects loss of
heterozygosity (LOH), Al and cancer-related mutations (Foster et al. 2015). The single nucleotide
polymorphism (SNP) based array technology is based on molecular inversion probes (MIP) which is
optimized for highly degraded FFPE samples with a probe interrogation site of 40 bp. The tumor samples
(80 ng input DNA) were processed by IMGM Laboratories GmbH (Martinsried) according to the
protocol of the manufacturer (Affymetrix) and as described previously (Kohlruss et al. 2018).

In brief, MIPs were hybridized to complementary DNA fragments leaving a gap at the SNP position of
interest (Figure 11). By addition of a gap filling enzyme, ligase and nucleotide complementary to the
locus being interrogated, the MIPs were circularized. This procedure was performed in two separate
reactions for A/T and G/C nucleotides. After digestion of linear DNA fragments, the circularized probes
underwent an intra-molecular rearrangement after cleavage by Haelll and were amplified by PCR using
common primers. The resulting probes were biotinylated and hybridized to separate microarrays for A/T
and G/C signals per sample as shown in Figure 11. The fluorescence intensity data were detected with
the GeneChip scanner (Affymetrix) and processed to intensity (.cel) files which were converted to

.OSCHP files using OncoScan Console 1.3 (Affymetrix).

1. Annealing: Probe
and gDNA hybridization

2. Gap filling with A/T or G/C
nucleotides

3. Exonuclease selection
for gap filled probes

4, Cleavage at site 1 for probe
opening and inversion

5. Probe amplification
and biotinylation

5. Cleavage at site 2 to
release the tag sequence

6. Array hybridization and
Phycoerythrin-Treptavidin

7. Array scanning

Figure 11: Molecular inversion probe technology of the Affymetrix OncoScan® FFPE Assay
(modified according to Jung et al. (2017))
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2.3.3.2. Analysis and evaluation of genome-wide copy number variants

A set of quality metric parameters, normalized log intensity ratios (sample/reference) and B-allele
frequencies (BAF) were generated. Copy number aberrations of the samples were analyzed based on the
log intensity ratio (log2R) using the SNP-FASST2 algorithm implemented in the Nexus Express
Software for OncoScan v3.1. The algorithm generates segmentation calls based on both the log2R and
BAF data. The significance threshold for segmentation was set according to Supplementary Table 3 and
as described previously (Hardiman et al. 2016). By default, each sample was centered to the median
log2R by the Nexus software automatically. Whole genome plots of all samples were visual inspected
and manual re-centering was performed if log2R indicates losses or gains but the BAF plot showed a

normal three band pattern.

The Nexus Express software displays copy numbers (CN) in log2R plots and allele frequencies in BAF
plots per chromosome and sample (Figure 12A). In the log2R plot each dot represents copy number
values which are calculated from signal intensities of a tumor sample compared to a normal reference
and the BAF plot generates allelic information at a respective SNP position (Jung et al. 2017). For more
detailed information, the software displays CN and BAF plots for each chromosomal arm (Figure 12B).
In tumor samples which show zero values in the log2R and a normal three band pattern in the BAF plot

at a specific chromosomal region, no Al and no CNV were indicated (Figure 12B and Figure 13A).

A Chromosomes B

Chromosome 7

log2R -
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CN gain and Al Normal

BAF
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i bkl ol e i ki

Figure 12: Analysis of copy number variants and Al using Nexus Express software

Whole genome plots (A) and detailed information at chromosome 7 (B) of copy numbers (log2R) and
allele frequencies (BAF) are displayed.

For the purpose of this study, copy number gains (CNG) and losses (CNL) were evaluated and allelic
calls were also included in the analysis due to the fact that Al can represent gains or losses which in
some cases could not be unequivocally identified by the OncoScan assay and which cannot be
distinguished per se by the microsatellite based multiplex PCR assays. BAF was calculated by dividing
the number of minor [B] alleles by the sum of major [A] and minor [B] alleles as shown in Figure 13

and as described previously (Alkan et al. 2011).
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Chromosomal regions with CNG or Al show a clear four-band pattern whereas regions with balanced
gains reveal a normal three-band pattern (Figure 13B, C). A two-band pattern indicates a CNL in a
sample with 100% tumor cells (Figure 13D). Due to the fact that tumors usually contain a mixture of

cells with different copy number states, mosaicism BAF plots occur more frequently (Figure 13E).

B CN Gain/Al C Balanced Gain
- BBB 3/(0+3)=1  — BBBB 4/(0+4)=1
- ABB 2/(1+2)=0.6
- AABB 2/(2+2)=0.5
A Nomal - AAB 1/(2+1)=0.3
1 - BB 2/(0+2)=1 - AAA 0/(3+0)=0 - AAAA 0/(4+0)=0
D CN Loss/LOH CN Loss/LOH
05 - AB 1/(1+1)=0.5 (100% tumor) (mosaicism)

B 1/(0+1)=1 - B 1/(0+1)=1
0 -1 AA 0/(2+0)=0 B B and AB
- Aand AB

A 0/(1+0)=0 - A 0/(1+0)=0

Figure 13: Determination of B-allele frequency

BAF is calculated by dividing the number of minor [B] alleles by the sum of major [A] and minor [B] alleles.
A normal chromosomal region (A), chromosomal region with copy number gain or Al (B), with balanced gain (C),
with copy number loss of 100% tumor cells (D) and with a mosaicism copy number loss (E) is shown (modified
according to the manufacturer Affymetrix).

First, Al and copy number gains and losses were estimated for every single chromosomal p- or q- arm
per tumor. The frequency of alterations per chromosomal arm was calculated by dividing the length of
the particular alteration of the p- or g-arm through the total length of the respective arm according to

Formula 5.

Formula 5: Calculation of frequency of alterations per chromosomal arm
Length of alteration [bp]
Total length [bp]

Frequency of alteration per chromosomal arm =

Next, the genome wide extent of alterations affecting all chromosomal arms was determined per tumor
as indicated in Formula 6. The occurrence of chromosomal alterations determined by the OncoScan
assay was compared to the results of Al at the respective microsatellite locus determined by the

microsatellite based multiplex PCR assays.

Formula 6: Ratio of chromosomal alterations per tumor
Number of altered chromosomal arms

Total number of chromosomal arms
(n=36)

Ratio of chromosomal alterations per tumor =
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2.3.3.3. OnoScan and TCGA based CIN classification system

A determination of CIN according to the definition of TCGA and based on the genome wide OncoScan
and microsatellite based multiplex PCR analysis was performed. In line with the TCGA data, a
chromosomal arm was considered to be altered if at least 80% of the arm demonstrated gains, losses or
Al (TCGA 2017). Tumors were classified as having high chromosomal instability (CIN-High) if they
showed at least one altered chromosomal arm, except for chromosome 18 and 21q (TCGA 2017).
Accordingly, the 30 tumors analyzed with the OncoScan assay were classified as CIN-Low or CIN-High
and a corresponding threshold value of the Al ratios determined with the microsatellite assays was

searched.

2.3.4. Assessment of intra-tumor heterogeneity

The performance and robustness of the microsatellite based CIN classification was analyzed in relation
to tumor heterogeneity. Therefore, four tumors of patients treated without CTx and five tumors of
patients after neoadjuvant CTx were used and the intra-tumor variability was assessed of five tumor
areas from each patient. Al ratios were determined by the microsatellite based multiplex PCR assays for
every tumor area as described previously. A crossing probability was calculated from a data set
comprising a total of 45 tumor areas according to Formula 8 shown in the part of statistical analysis.
The five areas of each tumor were selected in a previous study and represented central parts of the tumor
as well as areas located proximal, distal and/or lateral to the center near the respective tumor margins

(Bauer et al. 2018).

2.3.5. Next-generation sequencing

For mutation profiling and analysis of copy number variations, next-generation sequencing (NGS) using
the Ion Torrent platform (Thermos Fisher Scientific) was performed in a subset of the tumors. The
sequencing technology is based on the detection of released hydrogen ions (H") when a complementary
nucleotide is incorporated into a DNA strand while polymerization (Rothberg et al. 2011, Merriman and
Rothberg 2012). The semiconductor chips are flooded sequentially with deoxyribonucleoside
triphosphates (ANTPs) and an ion sensor detects the change of the pH of the solution when a ANTP is
complementary to the template strand and a proton is released. To perform sequencing, the DNA
templates were attached to a solid surface of a bead and amplified clonally by emulsion PCR (Garrido-

Cardenas et al. 2017).

2.3.5.1. Gastric cancer panel design for targeted sequencing

An Ion Ampliseq™ custom panel was designed specifically for targeted sequencing in gastric carcinoma
in close collaboration with Prof. W. Weichert, Dipl. Biol. N. Pfarr, Prof. G. Keller and Prof. B. Luber
at the Institute of Pathology of the Technical University of Munich.

First, literature research was performed for the selection of the most common gastric cancer related

genes on the basis of copy number alteration data.
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The data referred either to the respective original study or to the published data available on the online
platform cBio Portal (Cerami et al. 2012, Gao et al. 2013). A list of published studies which were
considered for the selection of the gastric cancer related genes is given in Supplementary Table 4. The
mutation rate of every single selected gene and the genes catalogued in the Cancer Gene Census in
gastric carcinoma were reviewed using the COSMIC (catalog of somatic mutations in cancer) database
(Sondka et al. 2018, Tate et al. 2019). Criteria for the selection of the gastric cancer related genes were
mutation rates above 3-5% in most cases, alterations of chromosomal regions covering distinguished
genes > 3% and applicability of drugs. In total, 58 gastric cancer related genes were selected for panel
design (Table 15). Next, relevant regions of the selected genes which exhibited mutations or
chromosomal alterations were selected using the platform c¢Bio Portal for validation and visualization.
Two data sets of different studies with a total of 395 analyzed samples with gastric adenocarcinomas
were used to review these regions and the respective amino acid position of the mutation was selected

(TCGA 2014, Wang et al. 2014).

Additionally, recurrent hotspot mutations were checked in the COSMIC database and included for the
selection. The positions of the chromosomal regions were exactly determined by the USCS browser
using the human reference genome assembly GRCh37/hg19 and the European server (Kent et al. 2002).
The whole region of an exon was selected due to the high number of mutations. If only one GC related
mutation or few mutations were found, this part of the exon was selected. Initially, 316 chromosomal
regions with an average length of 70-80 bp were selected for amplicon design. The gastric cancer panel
(GC-panel) was designed using the lon AmpliSeq™ Designer (Thermo Fisher Scientific) and consisted
of four primer pools encompassing a total of 525 amplicons of 58 gastric cancer related genes

(Table 15).

Table 15: Gastric cancer related genes included in the GC-panel

Frequency
Gene! Gene description’ Chr of genetic I:rl:lmll;ce(:r:)sf l\l}ue rfnslfgr
alterations [%]? P
ACVR24 Activin A Receptor Type 2A 2 5 6 NM 001616
AKTI V-Akt Murine Thymoma Viral 14 18 1 NM 005163
Oncogene Homolog 1 -
AKT? V-Akt Murine Thymoma Viral 19 5 5 NM 001616
Oncogene Homolog 2 -
AKT3 V-Akt Murine Thymoma Viral | 28 6 NM 005465
Oncogene Homolog 3 -
ALK Anaplgstlc Lymphoma Receptor 5 4 6 NM 004304
Tyrosine Kinase -
APC Adenomatous Polyposis Coli 5 14 10 NM 001127510
ARIDIA AT-Rich Interaction Domain 1A 1 29 17 NM_006015
ATM ATM Serine/Threonine Kinase 11 10 14 NM_000051
BRAF B-Raf Proto-Oncogene, 7 5 4 NM_004333
Serine/Threonine Kinase -
CCND1 Cyclin D1 11 5 5 NM_053056
CCNEI Cyclin El 19 9 4 NM_ 001238
CD274 CD274 Molecule, PDL-1 9 6 4 NM_014143
(PDL1) ’ -
CDHI Cadherin 1 16 12 42 NM_004360
CDK6 Cyclin-Dependent Kinase 6 7 7 3 NM 001259
Cyclin-Dependent Kinase Inhibitor 2A
CDKN2A4 (P16-INK4A) 9 26 5 NM_000077
CTNNAL Catenin Alpha 1 5 5 8 NM 001903
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CTNNBI Catenin Beta 1 3 7 6 NM_001904

EGFR Epidermal Growth Factor Receptor, 7 9 13 NM 005228
EGFR -

HER2 gré)f—g2 Receptor Tyrosine Kinase 2, 17 14 10 NM_ 004448
ERBB3 Erb-B2 Receptor Tyrosine Kinase 3 12 12 10 NM 001982
ERBB4 Erb-B2 Receptor Tyrosine Kinase 4 2 11 9 NM 005235
reywy | F-Box And WD Repeat Domain 4 10 10 NM_033632

Containing 7 -
FGFRI Fibroblast Growth Factor Receptor 1 8 5 4 NM 023110
FGFR2 Fibroblast Growth Factor Receptor 2 10 7 5 NM_000141
FGFR3 Fibroblast Growth Factor Receptor 3 4 3 10 NM 000142

FHIT Fragile Histidine Triad 3 7 4 NM 002012

KRAS Kirsten Rat Sarcoma Viral Oncogene 12 13 ] NM 033360
Homolog -

MAP2K7 Mltogen—Actlvated Protein Kinase 19 6 12 NM 145185
Kinase 7 -

MAP3KA Mltogen-Actlvated Protein Kinase 6 5 ] NM 005922
Kinase Kinase 4 -

MAP3K6 Mltogen-Actlvated Protein Kinase 1 3 ] NM 004672
Kinase Kinase 6 —

MDM?2 MDM?2 Proto-Oncogene 12 4 4 NM 002392

MET MET .Proto.-Oncogene, Receptor 7 5 9 NM 001127500
Tyrosine Kinase -

MTOR Mechanistic Target Of Rapamycin 1 8 21 NM 004958

MUC6 Mucin 6 11 10 25 NM_005961

MYC V-Myc Avian Myelocytomatosis Viral ] 11 7 NM 002467
Oncogene Homolog -

NRAS Neuroblastoma RAS Viral Oncogene | 28 3 NM 002524
Homolog -
Phosphatidylinositol-4,5-Bisphosphate

PIR3CA 3-Kinase Catalytic Subunit Alpha 3 18 16 NM_006218
PIK3R] Phosph01nos1t1de—3-Klnase Regulatory 5 5 7 NM 181523
Subunit 1 -
Phosphatidylinositol-3,4,5-
PREX2 Trisphosphate Dependent Rac Exchange 8 16 12 NM_ 024870
Factor 2

PTEN Phosphatase And Tensin Homolog 10 10 8 NM 000314

PTPRT ?g:1¥ Tyrosine Phosphatase, Receptor 20 12 10 NM_133170
RBI Retinoblastoma 1 13 6 6 NM_000321

RACI Rac Family Small GTPase | 7 4 2 NM 005908

RHOA Ras Homolog Family Member A 3 7 3 NM 001664

ROSI ROS lj“‘roto-'Oncogene 1, Receptor 6 7 9 NM 002944
Tyrosine Kinase -

SMAD?2 SMAD Family Member 2 18 4 6 NM_005901

SMAD4 SMAD Family Member 4 18 11 6 NM 005359
SWI/SNF Related, Matrix Associated,

SMARCA4 Actin Dependent Regulator Of 19 8 7 NM 001128849

Chromatin, Subfamily A, Member 4

SOX11 SRY-Box 11 2 2.3 3 NM_003108

SRC SRC Proto-anogene, Non-Receptor 20 28 4 NM 005417

Tyrosine Kinase -

STK3 Serine/Threonine Kinase 3 8 5 8 NM_006281

TGFBR2 Transforming Growth Factor Beta 3 ] 12 NM 001024847
Receptor 2 -
TLR4 Toll Like Receptor 4 9 8 11 NM 138554
TP53 Tumor Protein P53 17 49 22 NM_000546.5

VEGFA Vascular Endothelial Growth Factor A 6 5 5 NM 001171623

WIWOX WW Domain Containing 16 7 4 NM_016373
Oxidoreductase -

XIRP2 Xin Actin Binding Repeat Containing 2 2 15 8 NM 152381.5

RNF43 Ring Finger Protein 43 17 16 30 NM_017763

IThe gene symbols and descriptions were obtained from GeneCards, the human gene database (Stelzer et al. 2016);
2Two data sets of different studies with a total of 395 analyzed samples with gastric adenocarcinomas were
analyzed (TCGA 2014, Wang et al. 2014) using cBioPortal (Cerami et al. 2012, Gao et al. 2013). Mutations and
copy number variants were included.
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2.3.5.2. Massive parallel sequencing with 4-pool panel

2.3.5.2.1. Workflow for next-generation sequencing

Sequencing of 52 primarily resected tumors and 8 non-tumorous samples was performed using the
designed GC-panel consisting of four primer pools yielding 525 amplicons as described previously
(Pfarr et al. 2017a). The multiplex PCR based lon AmpliSeq™ targeted sequencing technology (Thermo
Fisher Scientific) was used for library construction. An overview of the workflow is shown in Figure 14.
A first quality check prior to the library preparation was performed using a quantitative real-time PCR
(qPCR) assay to quantify the amount of amplifiable DNA. After the amplification with the GC-panel,
the amplicons were partially digested using the FuPa reagent, followed by barcode and adapter ligation
and purification of the final libraries. A second quality check was performed for the quantification of
the final libraries by qPCR. Automated template preparation and chip loading was performed using the
Ion Chef System and libraries were further processed for sequencing using the semiconductor
technology of the Ion S5XL instrument. Data were interpreted and visualized using different analysis

tools and platforms.

Quantification of Quantification of
target DNA by qPCR libraries by gPCR
; ; Automated template Data analysis
Gastric cancer i Preparation of l .
) — I ——)»  preparationand ——— Sequencing — and
panel design DNA libraries chip loading interpretation
FuPa digestion lon Chef instrument _Ion S5XL
instrument

Barcode and
adapter ligation

Purification of
library

Figure 14: Next-generation sequencing workflow using the Ion Torrent technology

2.3.5.2.2. Quantification of amplifiable DNA by qPCR using RNase P Detection Assay

DNA derived from FFPE tissue material, as used in this study, is often highly degraded and therefore
the amount of amplifiable DNA was determined using a qPCR assay. This quality step was performed
prior to the preparation of the DNA libraries. The detection and quantitation of genomic copies of the
human RNase P gene was determined by qPCR with the TagMan™ RNase P Detection Assay.
A standard dilution series was prepared for the Human Genomic Control DNA (10 ng/ul), which was
included in the qPCR kit, with a final concentration of 2 ng and 0.4 ng. The diluted standards were stored
at -20°C for longer periods. The target DNA was freshly diluted with nuclease-free H,O to 1 ng/ul
according to the concentration values determined by the fluorometric measurement with the Qubit™

quantification assay.
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The DNA samples were run in duplicate and the three DNA standard dilutions and the negative template
control (H>O) in triplicate, respectively. A PCR reaction mix was prepared according to Table 16. 20 pl
of the reaction mix was added in wells of a MicroAmp™ Fast Optical 96-well reaction plate and 5 ul of
each standard dilutions and DNA samples was added to the appropriate well for a total volume of 25 pul.
The cycling conditions were as follows: Uracil-N glycosylase (UNG) incubation at 50°C for 2 min,
enzyme activation at 95°C for 10 min and 40 cycles were performed at 95°C for 15 sec and 60°C for
1 min. The qPCR was run on a StepOne™ Real-Time PCR System and analyzed using the StepOne™
Software v2.3. The ROX™ Reference Dye was selected as passive reference dye and FAM™ dye and
TAMRA as the TagMan® probe reporter and quencher, respectively.

Table 16: PCR reaction mix for quantification of amplifiable DNA by qPCR

Reagents Volume per reaction [pl]
2x Tagman™ Universal PCR Mix 12.5

20x RNase P Primer Probe 1.25

Nuclease-free H,O 6.25

Total volume 20

A standard curve plotting the threshold cycle (Cr) versus concentration (ng/ul) of the DNA standards
was generated by the StepOne software. The average concentration of the duplicates of each diluted
tumor sample was determined and multiplied by the respective dilution factor to obtain the amount of
amplifiable DNA of each sample. The DNA degradation index (DDI) was computed by dividing the
quantification of amplifiable DNA calculated by the RNase P assay by the concentration of the total
amount of DNA quantified with the Qubit dsDNA assay per tumor sample according to Formula 7.

If the calculated DDI-value was > 0.3, 10 ng DNA was added as input to the PCR reaction mixture and
if the DDI-value was between 0.2 and 0.3, 15 ng DNA was added. Tumors with DDI-values < 0.2 were

not used for sequencing.

Formula 7: Calculation of the DNA degradation index (DDI)

amplifiable DNA, RNAse P [ng/ul]
DNA concentration, Qubit [ng/ul]

DDI =
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2.3.5.2.3. Preparation of DNA libraries using a 4-pool GC-panel

After the quality check for amplifiable DNA, library preparation was performed using the Ion
AmpliSeq™ targeted sequencing technology. The target regions were amplified using the lon
AmpliSeq™ Library Kit v2.0 and the designed GC-panel consisting of four primer pools. An overview

about the workflow is given in Figure 15.

DNA derived from FFPE tissue material

Primer pairs Amplify targets
Amplicons

Partially digest amplicons

Barcode Adapters P)SI )oeo% Ligate adapters

X P1
YO00000C YO000!
POPODOOX x0000¢ Barcoded library

Quantification of libraries

Figure 15: Preparation of DNA libraries using the multiplex PCR based Ion AmpliSeq™ targeted
sequencing technology

Workflow modified according to the user’s guide provided by the manufacturer (Thermo Fisher Scientific)

According to the concentration quantified by qPCR and to the calculated DDI-value, 10 ng or 15 ng
DNA was added to the PCR reaction mixtures. For library preparation with a 4-pool primer panel, 2.5 ng
or 3.75 ng DNA was diluted freshly with nuclease-free H,O and added to each primer pool. A separate
PCR preparation mix was performed per primer pool according to Table 17 and all amplification

reactions were performed in 0.2 ml PCR reaction tubes.

Table 17: PCR reaction mix for DNA library preparation per primer pool

Reagents Volume per reaction and primer pool [ul]
Nuclease-free H,O 1-0

2.5 (or 3.75) ng DNA 0.5-1.5

2x Ion Ampli Seq Primer Pool 2.5

5x lon Ampli Seq Hifi Master Mix 1

Total volume 5

PCR cycling was performed in a thermal cycler using following temperature steps: after an initial step
at 99°C for 2 min to activate the enzyme, 21 cycles were performed consisting of denaturation at 99°C
for 15 sec, annealing and extension at 60°C for 4 min and infinite holding stage at 10°C. After
amplification, the four PCR reactions corresponding to one sample were combined in one reaction to a

total volume of 20 pl by pipetting up and down and processed further on as one reaction mixture.
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The combined amplicons were partially digested by adding 2 ul of FuPa reagent to a total volume of
22 pl. The samples were mixed thoroughly, centrifuged and loaded into a thermal cycler with following

conditions: 50°C for 10 min, 55°C for 10 min, 60°C for 20 min and held for 24 h at 10°C.

Due to the fact that multiple libraries were sequenced on a single chip, barcoded adapters were ligated
to the amplicons of each sample. A mixture of Ion P1 Adapter and lon Xpress™ Barcode was prepared
for each barcode at a final dilution of 1:4 and stored at -20°C. As a next step, the ligation reaction was
performed adding the following components to the digested amplicons. First, 4 pl of Switch Solution
was added followed by 2 pl of the diluted lon Xpress™ barcode adapter mix and 2 pl Ligase to a total
volume of 30 pl per sample. The cycle program was as follow: 22°C for 30 min, 68°C for 5 min, 72°C
for 5 min and held for up to 24 h at 10°C. Finally, the purification of the barcoded libraries was
performed using AMPure XP magnetic beads. Therefore, 45 pl of the beads were mixed thoroughly for
2 min and pipetted to low binding tubes. The respective libraries were added and the bead-library
mixture was incubated at room temperature for 5 min, then placed in a DynaMag™ magnet rack and
incubated for at least 2 min, till the magnet beads had adsorbed to the inner surface of the tube forming
a pellet. The tubes were opened individually and the supernatant was discarded without disturbing the

pellet.

For a washing step, 150 pul of freshly prepared 70% ethanol was added to each reaction tube, briefly
centrifuged and placed in the magnet rack for 2 min till the beads formed pellets. While incubating for
2 min, the tubes were rotated completely to wash and shift the beads. The supernatant was removed and
discarded without disturbing the pellet. The washing step with ethanol was repeated once. After the
second washing step, the supernatant was removed in two pipette steps (2x100 pl) to ensure that all
ethanol droplets were removed. The reaction tubes were kept in the magnet rack and the caps were
opened. The beads were air-dried at room temperature for a maximum of 5 min or alternatively dried in

a heating block at 37°C for a maximum of 2 min.

To disperse the beads, 50 ul Low TE buffer was added to the dried pellets, mixed thoroughly and briefly
centrifuged. The reaction tubes were placed in the magnetic rack and incubated for 2 min till the beads
had adsorbed completely to the wall of the tube. 40-45 pul of the supernatant, containing the purified
library, was transferred into a new PCR tube (0.2 ml) without touching the bead pellet and stored
at -20°C for longer periods.

2.3.5.2.4. Quantification of DNA libraries by qPCR using Ion Library TagMan Quantitation Kit
The libraries were quantified by qPCR using the lon Library TagMan™ Quantitation Kit running on a
StepOne™ Real-Time qPCR system. The kit contained a recombinant Taq DNA polymerase and a
Uracil DNA glycosylase (UDG) for prevention of re-amplification of carryover products between single
gPCR reactions. The sample libraries were processed according to the protocol of the manufacturer

(Thermo Fisher Scientific).
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A standard dilution series was prepared freshly for the E.coli DH10B Control Library (68 pM stock
concentration) at 0.68 pM and 0.068 pM. A 100-fold dilution was prepared for the libraries using
nuclease-free H2O. The DNA standard dilutions, diluted libraries and the negative template control
(H20) were run in triplicates, respectively. A PCR reaction mixture was prepared according to Table 18
and aliquots of 5.5 ul were dispensed into the appropriate wells of a 96-well reaction plate. For a total
reaction volume of 10 pl per well, 4.5 ul of the three standard dilutions, negative control and diluted
libraries were added, respectively. The plate was sealed with a MicroAmp™ Clear Adhesive Film,
mixed thoroughly and centrifuged briefly. The cycling conditions were as follows: UDG incubation at
50°C for 2 min, polymerase activation and template denaturation at 95°C for 20 sec and 40 cycles were

performed at 95°C for 1 sec and 60°C for 20 sec and infinite holding stage at 10°C.

Table 18: PCR reaction mix for quantification of DNA libraries by qPCR

Reagents Volume per reaction [pl]
2x Ion Library Taq Man qPCR Mix 5
20x Ion Library Taq Man Quantitation Assay 0.5

The ROX™ Reference Dye was selected as passive reference dye and FAM™ dye and NFQ-MGB as
the TagMan® probe reporter and quencher, respectively. The concentrations of the diluted sample
libraries were calculated from the standard curve generated from serial dilutions of the control library
by the StepOne™ Software v2.3. The average concentration of the triplicates of each diluted library was
determined and by multiplying the determined concentration values with qPCR by the library dilution
(1:100), the quantity of the undiluted library was calculated. Only those DNA samples were further
processed for sequencing which achieved a library concentration > 100 pM as previously defined (Pfarr

et al. 2016).

2.3.5.2.5. Automated template preparation and sequencing

Prior to sequencing, the DNA libraries were attached to a solid surface of a bead and amplified clonally
(templated) by emulsion PCR. Therefore, the libraries were diluted to a final concentration of 25 pmol
and the diluted libraries were combined in a barcoded Ion Chef Library sample tube. Automated
template preparation and semiconductor chip loading with the clonally amplified beads was performed
on an Ion Chef instrument according to the protocol of the manufacturer (Thermo Fisher Scientific).
Following this, the chips were loaded successively onto an Ion S5XL instrument and sequencing was
performed. The loading of the lon Chef Instrument and the start of sequencing runs were conducted by
a technical assistant and/or N. Pfarr in the routine-diagnostic laboratory of the Institute of Pathology.
Criteria after sequencing were loading of total reads per chip between 80-95%, coverage of each

amplicon at 2.000 and an average read value at least at 100.000.
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2.3.5.2.6. Data analysis of sequencing with GC-panel

The raw sequencing data were processed using the Torrent Suite Software (v5.10.1). Coverage data and
mutation analysis were generated by the two plugins Torrent Variant Caller and Coverage Analysis
according to Pfarr et al. (2017b).The software tool ANNOVAR was used to annotate single nucleotide
variants, insertions and deletions detected from human genome GRCh37/hgl19 (Wang et al. 2010). The
software performed a filter-based annotation to identify variants based on comparison to other variant
databases, for example if a variant is already reported in the database of single nucleotide
polymorphisms (dbSNP), in the 1000 Genome Project or Exome Aggregation Consortium (ExAC). The
software also calculated SIFT, PolyPhen, MutationTaster and FATHMM scores to predict the
probability that an amino acid substitution is damaging or affects protein function. The output files of
ANNOVAR contained multiple columns including chromosomal region, start and end position,

reference and observed nucleotides of a respective variant.

The sequencing reads were visualized by the Integrative Genomics Viewer (IGV) and tumorous and
non-tumorous (reference) tissues were compared to each other (Robinson et al. 2017). Identified
mutations were reviewed using the COSMIC database (Tate et al. 2019), Genome Browser Ensembl
(Zerbino et al. 2018) and cBioPortal (Cerami et al. 2012, Gao et al. 2013). The tumorous samples were

validated with eight non-tumorous tissues.

2.3.5.2.7. Prediction of copy number variations

Copy number variants (CNVs) were identified additionally by the Torrent Suite Software. Therefore,
the summary of the coverage data of each tumor sample and amplicons were used for prediction of
amplifications and deletions using a 4-step algorithm as previously reported (Endris et al. 2013, Pfarr et
al. 2017b). Accordingly, a gene amplification was considered to be true, if the normalized amplicon read
depth (NARD) of all amplicons differed by > 2 standard deviation (SD) from the median value and
deletions were considered to be true, if the SD of all amplicons covering one gene is < 0.5 (Pfarr et al.

2017b).

2.3.6. Statistical analysis

Comparison between the Al ratios determined by the microsatellite based multiplex PCR assays and the
ratio of chromosomal alterations of the OncoScan method was performed using the Pearson correlation
coefficient (). For statistical evaluation of the microsatellite based CIN classification in relation to
tumor heterogeneity, a crossing probability was calculated from a data set comprising 45 tumor areas
from nine patients. The probability that patients would be allocated to a different CIN classification due

to intra-tumor variability of Al was computed by Formula 8 as previously shown (Kohlruss et al. 2018).
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Formula 8: Assessment of crossing probability for intra-tumor variability

Crossing probability CP = P("patient changes CIN classification")

[ee)

f P("patient with Al ratio x changes CIN classification")dx

[ee)

= f P("patient changes CIN classification"|"Al ratio x") - P("Al ratio x")dx

Z (1 - (Li;}l)) 9 (* ) ax.

Here, ¢ and ® denote the density and cumulative distribution function of the standard normal

distribution. The parameters s,, and sy, refer to the empirical estimates of the standard deviation within
repeated measurements (= intra-tumor variability) and between the patients’ Al ratios (= inter-tumor
variability). The cut-off value (Al ratio > or < 0.2) of concern is denoted by c. The intra-tumor variability
decreases by a multiplicative factor equal to the inverse square root of the number of r (repeated
measurements) on a patient’s Al analysis when an average Al ratio is used for risk prediction. Thus, the
reliability of a prediction can be increased through the number of measurements made on the Al analysis

of a patient.

The following tests were used for the statistical analysis regarding OS and clinical characteristics of the
patients. Kaplan-Meier estimates of survival rates were compared by log rank tests. Relative risks were
estimated by hazard ratios (HRs) from univariable Cox proportional hazard models or from Firth's
corrected Cox-regression. Two-sided Chi-squared tests or Fisher's exact tests were used for hypothesis
testing of differences between the relative frequencies.

The Wilcoxon Signed-Rank test was used for the comparison of the matched samples with paired

biopsies before CTx and resected tumors after neoadjuvant CTx.

A multivariable Cox proportional hazard model was built by stepwise forward variable selection using
likelihood-ratio tests of pre-therapeutically and post-therapeutically available clinical factors. The
pre-therapeutically available factors were: gender, age (continuous variable), histological type according
to Laurén (intestinal versus non-intestinal), tumor localization (proximal, middle, distal, total) and
clinically determined tumor stage (¢T2 versus cT3/cT4). The post-therapeutically available factors were:
gender, age, histological type according to Laurén, tumor localization, depth of tumor invasion
(pT2 versus pT3/pT4), lymph node involvement (pNO versus pN+), metastasis status (M0 versus M+)

and resection category (RO versus R+).

Overall, exploratory 5% significance levels (two-tailed) were used for hypothesis testing. All statistical
analyses were performed using IBM SPSS Statistics 25 and R version 3.1.0 and were supported by the
statistician Dr. A. Hapfelmeier (Institute of Medical Informatics, Statistics and Epidemiology, Technical

University of Munich). All survival graphs were generated using GraphPad Prism 8.
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3. RESULTS

3.1. Study enrolment and patient characteristics

The patient cohorts were described recently in Kohlruss et al. (2019) and results are summarized below.

3.1.1. Study enrolment

The study population consisted of a total of 871 tumor specimens and was subdivided into two different
tumor cohorts. The biopsy cohort consisted of patients with tumor biopsies before neoadjuvant CTx
including responding patients with TRG1 and non-responding patients with TRG2 or TRG3. 167 tumor
biopsies were initially included in the study and were analyzed for Al and CIN within the scope of a
master thesis (Krenauer 2018). 24 tumor biopsies had to be excluded for the evaluation of the molecular
classification due to incomplete clinical data (n = 2), tumor cell contents < 10% (n = 21) or insufficient
tumor DNA quality (n = 1). The final dataset of the biopsy cohort comprised 143 tumor biopsies before
CTx encompassing 45 patients with TRG1, 34 with TRG2 and 64 with TRGS3.

The resected tumor cohort consisted of patients with tumors treated with surgery alone (non-CTx group)
and with tumors after neoadjuvant CTx (CTx group). 704 patients were initially included in the study
and 88 had to be excluded for analysis. Thereof, 11 tumors were reclassified as non-adenocarcinoma,
19 tumors showed an OS < 1 month or no OS data were available, 37 tumors had insufficient tumor or
normal tissue material, 13 tumors had insufficient DNA quality and eight patients revealed inconsistent
genotypes of normal and tumor DNA. Of the analyzed 616 resected tumors, 291 samples were from
patients treated with surgery alone and 325 from patients after treatment with neoadjuvant CTx.
Corresponding tumor biopsies before and resected tumors after neoadjuvant CTx of 42 patients were

included in this study.

An overview of the study enrolment with the respective exclusion criteria of the patients of the different

cohorts is shown in Figure 16.
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Figure 16: Flow chart diagram of patient’s inclusion for the analysis and evaluation of the molecular
classification

3.1.2. Patient characteristics

The clinical-pathological characteristics of the patients with 616 analyzed resected tumors and

143 analyzed tumor biopsies before CTx are summarized in Table 19.

The median survival of the patients with tumor biopsies was 48.1 months and of the patients treated
with surgery alone 85.0 months compared to 32.2 months of the patients who received preoperative
CTx. The median follow-up time for patients with tumor biopsies was 69.6 months and 57.9 months for

patients with resected tumors.

Overall, the patients had more frequently tumors with proximal tumor localization (69.9% in the biopsy
cohort and 48.7% in the resected tumor cohort). Differences between the patients treated with surgery
alone and treated with neoadjuvant CTx were primarily found regarding the tumor localization. Of the
291 primary resected patients, 97 (33.3%) had tumors with proximal and 92 (31.6%) with distal tumor
localization compared to 203 (62.5%) tumors with proximal and 39 (12%) with distal tumor localization
of the 325 patients treated with neoadjuvant CTx. In the biopsy cohort, the distribution of intestinal
(50.3%) and non-intestinal (49.7%) type tumors was balanced. In the resected cohort, 347 (56.3%)
tumors were classified as intestinal and 269 (43.7%) as non-intestinal. As preoperative CTx treatment
is recommended for patients with advanced tumor stages (cT3/cT4), the cohorts encompassed more

tumors with cT3/cT4 especially in the CTx patient group (95.1%).
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Table 19: Clinical-pathological characteristics of the patient cohorts

Resected specimens
Tumor Without After
biopsies before All neoadjuvant neoadjuvant
neoadjuvant CTx CTx CTx
Category Value n % n % n % n %
Cases Total 143 100 616 100 291 100 325 100
Age [yrs] Median 61.1 64.6 68.1 61.3
Range 23.1-78.0 28.3-90.9 32.1-90.9 28.3-81.2
Follow-up Median 69.6 57.9 58.8 56.7
period [mo] 95% CI 61.6-77.6 53.2-62.6 50.7-67.0 47.5-65.9
Overall Median 48.1! 44.6 85.0 322
survival [mo]  95% CI 26.2-70.0 30.2-59.0 51.7-118.3 24.1-40.3
Gender Male 109 76.2 452 73.4 193 66.3 259 79.7
Female 34 23.8 164 26.6 98 33.7 66 20.3
Tumor Proximal 100 69.9 300 48.7 97 333 203 62.5
localization Middle 23 16.1 153 24.8 84 289 69 21.2
Distal 14 9.80 131 213 92 31.6 39 12.0
Total/linitis 6 4.20 28 4.5 14 4.8 14 4.3
n/a - - 4 <1 4 1.4 - -
Laurén Intestinal 72 50.3 347 56.3 155 533 192 59.1
classification  Non intestinal 71 49.7 269 43.7 136 46.7 133 40.9
Tumor G1/2 33 23.1 125 20.3 80 275 45 13.8
grade G3/4 110 76.9 399 64.8 210 722 189 58.2
n/a - - 92 14.9 1 <1 91 28.0
Clinical cT2 8 5.6 144 23.4 129 443 15 4.6
tumor stage cT3/cT4 131 91.6 470 76.3 161 553 309 95.1
n/a 4 2.8 2 <1 1 <1 1 <1
y)pT? (y)pTO 9 6.3 - - - - - -
(y)pT1 12 8.4 56 9.1 42 144 14 4.3
(y)pT2 20 14.0 79 12.8 47 162 32 9.8
(y)pT3 81 56.6 328 533 139 478 189 58.2
(y)pT4 19 13.3 153 24.8 63 21.6 90 27.7
n/a 2 1.4 - - - - - -
(y)pN\? Negative 61 42.7 189 30.7 104 357 85 26.2
Positive 80 55.9 427 69.3 187 64.3 240 73.8
n/a 2 1.4 - - - - - -
Metastasis No 97 67.8 533 86.5 272 93.5 261 80.3
status Yes 44 30.8 83 13.5 19 6.5 64 19.7
n/a 2 1.4 - - - - - -
Resection RO 117 81.8 469 76.1 235 80.8 234 72.0
category R1 24 16.8 147 23.9 56 192 91 28.0
n/a 2 1.4 - - - - - -
Tumor TRGI1 45 314 - - - - - -
regression TRG2 34 23.8 1534 47.14 - - 153 47.1
grade TRG3 643 448 1724 52.94 - - 172 52.9
Response to Responder 45 31.5 0 0 - - 0 0
neoadjuvant (TRG1)
CTx Non- 983 68.5 325 100 - - 325 100
responder
(TRG2/3)

'0S was defined as time between the date of operation and death by any cause. For two patients who were not
operated, the date of start of CTx was used. 2TNM classification of malignant tumors according to 7" Edition
UICC. 3Two patients with tumor progression during CTx were not operated and classified as TRG3 and as
non-responders respectively. “Tumor regression grade corresponded only to patients with tumors treated with
neoadjuvant CTx.
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3.1.3. Response to neoadjuvant CTx

The association of response to neoadjuvant CTx and survival was analyzed in the 143 tumor biopsies
before CTx. The tumor regression grade was significantly associated with survival (p <0.001,
Figure 17A). Within the patients with TRG2 and TRG3 only little differences in OS were observed and
therefore both groups were classified as non-responders. Survival analysis of TRG1 (responder) in
comparison to TRG2/3 showed a statistically significant difference (p < 0.001, Figure 17B). The median
survival of the responding patients was not reached and the 5-years OS rate was 71% compared to a
median survival of 29.3 months (CI, 21.2-37.4) and a 5-years OS rate of 38% for the non-responding
patients (Supplementary Table 5).
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Figure 17: Response to neoadjuvant CTx and association with overall survival in the pre-therapeutic tumor
biopsy cohort

!p-values (overall) of log rank test

3.2. Microsatellite analysis and CIN classification

Al and CIN were determined using the microsatellite based multiplex PCR assays established previously
during my master thesis (Kohlruss 2016). Within the scope of this study, the multiplex assays were
further developed to determine CIN by comparing it with the genome-wide OncoScan method and to
define a reliable CIN classification according to TCGA. The multiplex PCR represents an adequate and
cost efficient diagnostic tool for the analysis of large GC cohorts suitable in routine diagnostic settings.
The performance of the microsatellite based multiplex PCR assays was initially tested on a subset of
100 tumors treated with surgery alone. In a preselection step, these tumors were analyzed for MSI
whereby 10 of the 100 tumors showed MSI and only the 90 microsatellite stable tumors were further
analyzed for Al and CIN. The results determined with the multiplex PCR assays were then compared to
a genome-wide analysis using the OncoScan assay of chromosomal alterations in a subset of these

tumors to define a classification of CIN.
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Additionally, the multiplex PCR assays were analyzed in relation to tumor heterogeneity and the limit
of detection was assessed for reliable CIN detection in the context of the tumor cell content (Figure 8,

Material and Methods).

Results of the determination of the microsatellite based CIN classification were recently published in
Scientific Reports (Kohlruss et al. 2018) and presented in the following paragraphs including Figures 18,
19, 20 and 22.

3.2.1. Comparison of multiplex PCR assays with genome-wide method

3.2.1.1. AI at single microsatellite loci

The OncoScan assay enabled a genome-wide analysis of copy number gains or losses and additionally
indicated regions of Al and loss of heterozygosity (LOH) including copy neutral LOH. A subset of
30 tumors, of the initially selected 100 tumors treated with surgery alone, was analyzed with the
OncoScan assay and the occurrence of chromosomal alterations at a single microsatellite locus was

determined.

In the 30 tumors, 190 measurements of Al of overall 527 informative measurements at the single
microsatellite loci were detected using the multiplex PCR assays. The occurrence of copy number gains,
losses and calls of Al determined by the OncoScan analysis were compared with the results for Al
determined by the multiplex PCR assays and overall 442 (84%) concordant measurements were
observed. The best concordance of both methods was found at microsatellite marker D12S1631 (12p12)
and D7S486 (7q31) with 96% respectively and the worst at marker D17S250 (17q21) with 52%. More
information about the concordance of both methods of every single microsatellite locus is given in

Supplementary Table 6.

Examples of Al detected with the OncoScan assay compared to Al detected with the multiplex PCR
assays are shown in Figure 18. The log2R and BAF graphs generated by the Nexus Express software
are displayed for every chromosomal arm. One of the tumors shows zero values in the log2R graph and
a normal three-band pattern in the BAF plot, which indicates no Al, copy number gain or loss at the
region of the microsatellite marker D8S1720 (Figure 18A). In addition, the relation of the allele intensity
of the shorter and longer allele of this respective microsatellite locus is not shifted (Figure 18C). In
contrast, the other tumor was positive for Al in the OncoScan and multiplex PCR analysis. The BAF
plots show a clear four-band pattern at the region of the microsatellite marker D7S486 (Figure 18B) and
a clear shift is shown in the allele intensities in the tumor in comparison to the non-tumorous tissue

(Figure 18D).
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Figure 18: Examples of tumors which are negative or positive for Al in the OncoSan and multiplex PCR
assays

In the log2R plot each dot represents copy number values which are calculated from signal intensities of a tumor
sample compared to a normal reference and the B-allele frequency (BAF) generates allelic information at each
SNP position. At the region of the microsatellite marker D8S1720 (A) the tumor has zero values in the log2R and
a normal three-band pattern in the BAF plot (arrows), which indicates no Al. At the region of the microsatellite
marker D7S486 (B) the BAF plots show a clear four band pattern (arrows), which indicates Al. The relation of the
allele intensity of the first and second allele of the respective microsatellite locus is not shifted at the microsatellite
marker D8S1720, which indicates no Al (C). At the marker D7S486 (D) a clear shift is shown in the allele
intensities in the tumor (asterisk) in comparison to the non-tumorous tissue (N), which indicates Al (modified
according to Kohlruss et al. 2018).

The 85 (16%) discrepant measurements of the two methods were considered more closely and
categorized in different types. The most frequent type of discrepancy was the occurrence of balanced
gains and copy neutral LOH (CN-LOH) detected only by the OncoScan method. Furthermore, 21 (25%)
measurements of chromosomal alterations were clearly detected by the OncoScan method and 6 (7%)
measurements of Al only by the multiplex PCR assays. Additionally, some of the discrepancies were
related to Al-values very close to the cut-off borderlines of the respective microsatellite marker or to
chromosomal positions of a respective marker nearby or between alteration events in the OncoScan

analysis. The different types of discrepancies are summarized in Table 20.
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Table 20: Types of discrepancy between the multiplex PCR assays and OncoScan analysis

Number of Frequency Detection by Detection by

Type of discrepancy discrepant of discrepancy multiplex OncoScan
results (%) PCR assays method

Balanced gain / CN-LOH 32 38 X
Cut-off borderline for Al
. . 8 9 X
in OncoScan analysis
Clear detection with OncoScan 21 25 X
Clear detection with multiplex PCR 6 7 X
assays
Cut-off borderline for Al 14 17 X

in multiplex PCR analysis
Chromosomal position borderline
of microsatellite marker in 4 5 X
OncoScan analysis

Total number of discrepant results 85 (16%)

Total number of concordant results 442 (84%)

3.2.1.2. Genome wide alterations of chromosomal arms

Next, the genome wide extent of alterations affecting all chromosomal arms was determined for the
30 tumors analyzed with the OncoScan method and compared to the Al ratios determined by the
multiplex PCR assays. A chromosomal arm was considered to be altered if at least 80% of one arm was
lost, gained or demonstrated Al, referring to the definition of TCGA (2017). Figure 19 shows the ratios
of chromosomal alterations detected by the OncoScan assay compared to the Al ratios determined by
the multiplex PCR assays per tumor. Al ratios were measured in the range from 0 to 0.78 and ratios of
chromosomal alterations detected by OncoScan in the range from 0 to 0.64. Detailed information about

the ratios of alterations of the 30 analyzed tumors is shown in Supplementary Table 7.

A strong correlation was found for the ratios of alterations detected by both methods (Pearson correlation

coefficient r = 0.88, Figure 20).

OncoScan assay
== Multiplex PCR assays

0.8
0.6

0.4

Ratio of alterations

0.2 4

0.0

56.039
56.003
58.046

$6.001
$6.008

Figure 19: Overview of the ratios of alterations in the 30 tumors detected with the OncoScan assay compared
to the multiplex PCR assays

60



0.8 -

(1]
c
L
-]
o
] 0.6 4 .
w T
T 5
E (o]
(=N =
28 0.4 +
EQ
28
=
P
°
]
g
0.0 T 1
0.0 0.2 0.4 086 08
Al ratio
Multiplex PCR assays

Figure 20: Correlation of the ratios of chromosomal alterations detected with the OncoScan assay compared
to the Al ratios determined with the multiplex PCR assays

Pearson correlation coefficient

3.2.2. Determination of CIN according to definition of TCGA based on

OncoScan and microsatellite based multiplex PCR analysis

The next step was to establish a classification of CIN based on both methods and according to the
definition of TCGA (2017). The 30 tumors were classified as having CIN according to their number of
altered chromosomal arms determined by the OncoScan assay and resulted in 23 (77%) tumors with

CIN-H and 7 (23%) with CIN-L as indicated in Table 21.

A genome-wide overview about the extent of copy number alterations and Al per tumor and
chromosome is shown in the heat maps in Figure 21. The tumors were arranged according to their
CIN-status and it is shown, that in the CIN-L tumors no chromosomal arm was altered for at least for

80%.
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Figure 21: Genome-wide OncoScan analysis of 30 tumors and OncoScan based CIN classification

Summarized frequencies of Al per chromosome (A) and copy number alterations (B) are shown. The heat maps
represent the occurrence of Al (purple), copy number gains (blue) and losses (red) per chromosome and tumor
sample.
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This OncoScan based CIN classification was set as a standard and a corresponding threshold value of
the Al ratios determined with the multiplex PCR assays was determined. A high concordance of 90%
for the CIN classification of both methods was observed for two possible cut-off values. Accordingly,
seven tumors with Al ratios < 0.11 were correctly classified as CIN-L and 20 tumors with Al ratios
> 0.24 were classified as CIN-H. As shown in Table 21, three tumors showed alterations at one or two
chromosomal arms detected by the OncoScan assay and were therefore classified as CIN-H. By contrast,
the Al ratios of these three tumors determined by the multiplex PCR assays were in the range of 0 to 0.10
and according to the cut-off value of an Al ratio < 0.11 they would be classified as CIN-L. This shows
that, a cut-off < 0.11 resulted in the false positive classification of 10% of the cases as CIN-H, whereas
a cut-off of <0.24 resulted in the false positive classification of 10% of the cases as CIN-L compared

to the OncoScan analysis (Table 21).

Table 21: Classification of CIN according to the definition of TCGA based on results of the OncoScan and
microsatellite based multiplex PCR analysis

OncoScan analysis Microsatellite based
multiplex PCR analysis
Tumors Number of alteredl CIN-status Al ratio CIN-status?
chromosomal arms

S6.008 23 0.56

S6.001 22 0.78

S6.046 19 0.67

S6.003 19 0.50

S6.038 18 0.59

S6.039 18 0.56

S6.009 16 0.43

S6.005 14 0.65

S6.007 13 0.56

S6.017 12 0.67

S6.047 10 0.69

S6.054 9 0.37

S6.052 8 0.37

S6.018 8 0.53

S6.013 7 CIN-H 0.47 CIN-H
S6.056 7 (n=23) 0.50 (n=20)
S6.033 6 0.41

S6.006 5 0.35

S6.024 4 0.39

S6.060 4 0.24

$6.055 . o false-positive
S6.044 1 0.06 —
$6.015 1 0.10 (n=3)
S6.011 0 0.07

S6.016 0 0.05

S6.023 0 0.05

S6.027 0 0.06

S6.034 0 CIN-L 0.05 CIN-L
S6.040 0 (n=7) 0.06 (n=7)
S6.061 0 0.11

"Number of chromosomal arms which possessed at least 80% a copy number gain, loss or Al; 2CIN-status
according to OncoScan based classification
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The multiplex PCR assays were applied on a cohort of 90 tumors and Al-ratio values in the range from
0to 0.78 were observed. 13 tumors demonstrated Al ratios <0.11, 62 tumors Al ratios > 0.24 and
15 remaining tumors demonstrated Al ratios between 0.12 and 0.22. The median Al ratio of these tumors
was 0.20 and a final cut-off value of > 0.2 for the classification of tumors as CIN-H and < 0.2 as CIN-L
using the microsatellite based multiplex PCR assays was proposed. Essentially in line with the definition
of the molecular subgroups of TCGA (2014), tumors which showed Al ratios > 0.2 were classified as
CIN and < 0.2 as genomic stable (GS) in further analysis.

3.2.3. Microsatellite based CIN classification and tumor heterogeneity

To analyze the performance of the established microsatellite based CIN categorization in relation to
tumor heterogeneity, we analyzed 45 tumor areas from nine patients for a variability of the CIN
classification between the single areas. Although some variation in the occurrence of Al at the single
markers in the various tumor areas was observed, a classification in CIN or GS respectively was
concordant in 42 of the overall 45 (93%) tumor areas. Seven of the nine analyzed tumors demonstrated
a concordant classification in all five areas, one tumor in four arecas and one tumor in three areas
(Figure 22). Detailed information about the occurrence of Al at a respective marker in the tumor areas

is shown in Supplementary Figure 1.

The probability that tumors would be allocated to a different CIN classification due to intra-tumor
variability of the Al ratios was assessed and for a single measurement (r=1) the crossing probability was
10.3%. Assuming an increased number of analyzed tumor areas per patient, the resulting crossing
probability showed that an average Al ratio reduces the crossing probability to 7.4% and 6.1% for the

analysis of two and three tumor areas as described previously (Kohlruss et al. 2018).
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Figure 22: Microsatellite based CIN classification and tumor heterogeneity

Al ratios were calculated for nine tumors each with five tumor areas (A-E).
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3.2.4. Limit of detection of microsatellite based multiplex PCR assays

Due to the fact that tumors are usually a mixture of normal and cancer cells, which could affect the
detection of Al the sensitivity of the established multiplex PCR assays were analyzed by dilution
experiments. DNA from four exemplarily selected tumors with intermediate and high Al ratios was
mixed with corresponding normal DNA in 11 dilution steps. The Al ratios of every chromosomal region

per mixing ratio of normal and tumor DNA were measured.

The initial tumor cell contents determined by a pathologist prior to the dilution experiments were
60% (S6.038), 70% (S6.005 and S6.017) and 90% (S6.001). Figure 23 shows that a stable classification
in CIN was possible when the tumor cell content was between 24% and 35%. All determined Al ratios

per mixing ratio of each tumor and the respective CIN classification are summarized in detail in

Supplementary Table 8.
1.0
-m—36.005
0.8| —e—S6.038
—+—S6.017
(=]
= 06| —+-56.001
©
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- '/'\v/ et
0.0
6:1 41 52 21 32 11 23 1.2 25 14 1.6 ,pure*
T-DNA
Mixing ratio of normal and tumor DNA
[N:T]
Calculated tumor cell contents:
$6.005 and S6.017: 10% 14% 20% 23% 28% 35% 42% 47% 50% 56% 60% 70%
S$6.038: 9% 12% 17% 20% 24% 30% 36% 40% 43% 48% 51% 60%
$6.001: 13% 18% 26% 30% 36% 45% 54% 60% 64% 72% 77% 90%

Figure 23: Results of dilution experiments to determine the detection limit of the multiplex PCR assays
Al ratios per mixing ratio of normal and tumorous DNA of each patient and the resulting tumor cell contents
are shown. The initial tumor cell contents determined by a pathologist are shown in bold.

As a stable classification in CIN-H was given at tumor cell contents between 24%-35% the correlation
of Al ratios and tumor cell contents was determined for all tumor specimens. Of the 532 resected
specimens included for CIN analysis, 55 samples had tumor cell contents between 10% and 20%. As
for these tumors Al ratios between 0.06 and 0.92 were measured and overall there was no linear
correlation between the tumor cell content and the Al ratios (r=0.27), these tumor samples were
included for CIN analysis (Figure 24). Therefore the limit of detection was set to a minimal tumor cell

content of 10%. Detailed results of Al and CIN are summarized in the following paragraph 3.3.

64



09 M :
0.8
0.7
0.6
0.5
0.4
0.3
0.2
01| r=0.z27

0.0

“ee &

Al ratio

L R B K 2. K 22 L 2 .2

* *

' s

10-25% 25-50% 50-75% 275%
(n=55) (n=210) (n=205) (n=62)

Tumor cell content
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3.3. Analysis of EBV, MSI and Al

The results of EBV and MSI, especially with a focus on the MSI-L. phenotype, have already been
published in the Journal of Pathology, Clinical Research (Kohlruss, Grosser et al. 2019) and are
summarized in brief in the following paragraphs. These results provided a basis for the determination of
Al and CIN and finally for the definition of molecular subgroups in gastric carcinoma. Data collection
of EBV and MSI of the resected tumor specimens were jointly collected by the working group and the
analysis of EBV, MSI and Al of the tumor biopsies before CTx were mainly performed during a master

thesis (Krenauer 2018).

3.3.1. Results of EBV and MSI analysis

3.3.1.1. Detection and frequency of EBV and MSI
143 tumor biopsies before CTx and 616 resected tumors were analyzed for EBV and MSI and classified
in the following four molecular subgroups: EBV(+), MSI-H, MSI-L and MSS/EBV(-).

Tumors with positive PCR signals (Figure 25A) and positive staining in the nuclei of the tumor cells
after in situ hybridization were scored as EBV(+) (Figure 25B). Results of the fragment analysis
representing different microsatellite patterns of MSS, MSI-H and MSI-L tumors are shown exemplarily
in Figure 26. MSS tumors showed no additional peaks at the microsatellite markers compared to the
corresponding normal tissue (Figure 26A). In contrast, tumors with MSI-H revealed additional alleles
and distinct shifts of alleles at specific microsatellite markers (Figure 26B) and tumors with MSI-L

revealed characteristically one additional peak at one of the respective markers (Figure 26C).

65



A

PCR assay B In situ
Length EBV(+) hybridization
marker tumor .
100bp 125 bp (BamHI-W)
140 bp
200bp 239 bp (BamHI-K )

Figure 25: Detection of an EBV-associated tumor using standardized methods

PCR based assay using primers of EBV specific DNA in BamHI-W and BamHI-K regions (A) and in situ
hybridization (B).
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Figure 26: Examples of microsatellite patterns using a multiplex PCR assay with two mononucleotide and
three dinucleotide markers

The five microsatellite markers were included in the Bethesda panel (Boland et al. 1998). A microsatellite stable
tumor is shown which revealed no additional peaks at none of the five markers compared to the normal tissue (A).
Three different MSI-H tumors with multiple additional alleles and distinct shifts at a specific marker are
shown (B). Three different MSI-L tumors with one additional peak (arrows) at a respective marker are shown (C).

The classification algorithm of EBV and MSI including the total number of EBV(+), MSI-H and MSI-L
tumors are shown in Figure 27. Results of EBV and MSI analysis revealed that 6 (4%) of the 143 tumors
were classified as EBV(+), 15 (11%) as MSI-H, 7 (5%) as MSI-L and the remaining 115 (80%) tumors
as MSS/EBV(-). In the resected tumor cohort, 24 (4%) of the total 616 tumors were classified as EBV(+),
59 (10%) as MSI-H, 28 (5%) as MSI-L and the remaining 505 (81%) tumors as MSS/EBV(-). All MSI-H

tumors were negative for EBV.
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One tumor biopsy and one resected tumor were positive for both, MSI-L and EBV. The EBV- and
MSI-status of the 42 paired tumor biopsies before CTx and resected tumors after CTx was the same in

all cases.

Tumor biopsies Resected tumors
before neoadjuvant CTx without or after neoadjuvant CTx

Figure 27: EBV and MSI classification of patients with tumor biopsies before CTx and resected tumors
without or after CTx

!One tumor biopsy and one resected tumor without CTx were positive for MSI-L and EBV.

3.3.1.2. Types of instability in MSI-H and MSI-L tumors

Frequencies of unstable markers which were used for MSI testing and types of instability were
characterized in MSI-H and MSI-L tumors. In the 74 tumors with MSI-H, the most frequent instability
occurred with 91% and 85% at the mononucleotide repeats BAT25 and BAT26 and at the dinucleotide
repeat D2S123 with 88% (Figure 28A). These repeats are included in the marker panel used for MSI
analysis (Boland et al. 1998). In comparison to that, 33 (94%) of the 35 tumors with MSI-L showed
instability at one of the three dinucleotide repeats, the most frequent one at D17S250 with 53%
(Figure 28B). When considering the type of instability at the respective dinucleotide marker, it was
found that 30 (91%) of the 33 tumors with MSI-L showed an insertion with two base pairs. For two
MSI-L tumors, an instability was detected at one of the two mononucleotide repeats BAT25 and BAT26
and were found to be deletions (Figure 28B).
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Figure 28: Frequencies of instability at five microsatellite markers included for MSI analysis.
Frequencies of instability are shown for patients with MSI-H (n=74, A) and MSI-L tumors (n=35, B).

67



3.3.2. Results of Al analysis

3.3.2.1. Patient characteristics for AI and CIN analysis

In analogy to the classification system of the TCGA study, EBV(+) and MSI-H were treated as own
molecular subgroups and only patients with MSS/EBV(-) and MSI-L tumors were included in the
analysis of Al and CIN. The microsatellite based multiplex PCR assays were applied on the remaining

122 tumor biopsies before CTx and 533 resected tumors for the analysis of Al to determine the molecular

CIN-subgroup (Figure 27).

One resected patient with a MSS/EBV(-) tumor, which was initially included for EBV and MSI analysis,
was subsequently excluded from the analysis of Al and CIN due to insufficient DNA quality for data
evaluation. The final resected tumor cohort consisted of 532 patients encompassing 248 patients treated

with surgery alone and 284 treated with neoadjuvant CTx.

The patient characteristics for the analysis of Al and CIN of the analyzed tumor cohorts are summarized

in Table 22.
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Table 22: Patient characteristics for AI and CIN analysis

Resected specimens
Tumor biopsies Without After
before All neoadjuvant neoadjuvant
neoadjuvant CTx CTx CTx
Category Value n % n % n % n %
Cases Total 122 100 532 100 248 100 284 100
Age [yrs] Median 60.6 64.3 66.9 61.2
Range 23.1-178.0 28.3-90.9 32.1-90.9 28.3-81.2
Follow-up period Median 70.8 57.9 56.4 60.7
[mo] 95% CI 64.6 - 77.0 53.2-62.6 50.7 - 62.1 51.9 - 69.5
Overall survival Median 44.6" 39.0 61.1 30.3
[mo] 95% CI 18.5-70.8 29.3-48.8 27.5-94.7 252-354
Gender Male 92 75.4 391 73.5 165 66.5 226 79.6
Female 30 24.6 141 26.5 83 335 58 20.4
Tumor Proximal 88 72.1 268 50.4 81 32.7 187 65.8
localization Middle 17 13.9 126 23.7 74 29.8 52 18.3
Distal 12 9.8 107 20.1 76 30.6 31 10.9
Total/linitis 5 4.1 27 5.1 13 5.2 14 4.9
n/a 0 0 4 <1 4 1.6 0 0
Laurén Intestinal 62 50.8 292 54.9 127 51.2 165 58.1
classification Non- 60 492 240 451 121 4938 119 419
intestinal
Tumor G1/2 30 24.6 113 21.1 71 28.6 42 14.8
grade G3/4 92 75.4 343 64.5 176 71.0 167 58.8
n/a 0 0 76 143 1 <1 75 26.4
Clinical cT2 7 5.7 126 23.7 112 452 14 4.9
tumor stage (cT) cT3/4 112 91.8 404 75.9 135 54.4 269 94.8
n/a 3 2.5 2 <1 1 <1 1 <1
(y)pT? (y)pTO 8 6.6 0 0 0 0 0 0
(y)pTl 10 8.2 50 9.4 38 153 12 4.2
(y)pT2 17 13.9 68 12.8 42 16.9 26 9.2
(y)pT3 69 56.6 279 52.4 113 45.6 166 58.5
(y)pT4 16 13.1 135 254 55 222 80 28.2
n/a 2 1.6 0 0 0 0 0 0
(y)pN2 Negative 53 434 158 29.7 87 35.1 71 25
Positive 67 54.9 374 70.3 161 64.9 213 75
n/a 2 1.6 0 0 0 0 0 0
Metastasis No 82 67.2 453 85.2 229 92.3 224 78.9
status Yes 38 31.1 79 14.8 19 7.7 60 21.1
n/a 2 1.6 0 0 0 0 0 0
Resection RO 100 82 398 74.8 198 79.8 200 70.4
category R1 20 16.4 134 252 50 20.2 84 29.6
n/a 2 1.6 0 0 0 0 0 0
Tumor TRG1 38 31.2 - - - - - -
regression grade TRG2 33 27.0 1413 49.6° - - 141 49.6
TRG3 51 41.8 1433 50.43 - - 143 50.4
MSI and EBV MSI-L 6 4.9 26 4.9 14 5.6 12 4.2
status* MSS/EBV(-) 116 95.1 506 95.1 234 94.4 272 95.8

'0S was defined as time between the date of operation and death by any cause. For two patients who were not
operated, the date of start of CTx was used. Classification according to 7th Edition UICC; *Tumor regression
grade refers only to patients with tumors after neoadjuvant CTx. *Patients with MSI-H and EBV(+) tumors were
excluded for Al and CIN analysis.
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3.3.2.2. Detection and frequency of Al

Al was analyzed for every single chromosomal region according to the individually determined specific
cut-off values of each microsatellite marker. The five regions 8q24, 9p21, 12p12, 17q12 and 18q21 were
covered with two microsatellite markers and Al was counted when at least one of the both markers
detected Al Results of fragment analysis of tumors with Al at a respective marker are shown
exemplarily in Figure 29. The microsatellite patterns revealed shifts of the peak heights of the alleles or

a reduction in the peak height of the longer allele.
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Figure 29: Examples of microsatellite patterns of tumors with Al at a respective microsatellite locus
compared to the corresponding non-tumorous tissues

The respective shorter and longer alleles are marked by arrows.

The frequency of Al at 17 chromosomal regions is shown for the resected tumor and the biopsy cohort
in Figure 30. The bars represent the percentage of tumors with Al per number of informative markers.
The tumor biopsies revealed somewhat higher frequencies of Al compared to the resected tumors. Al at
9p21 and 12pl2 represented the most frequent alterations in both cohorts with 80% and 61% in the
resected tumors and with 79% and 69% in the tumor biopsies (Table 23). Al at 18q21, 17p13, 2p21 and
8924 was found in more than 50% of all resected tumors and 2p21, 18921, 17p13, 8q24, 17q12, 5921
and 6p25 in more than 50% of all tumor biopsies (Figure 30, Table 23).
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Figure 30: Frequency of Al in the tumor biopsy and resected tumor cohort

Table 23: Frequency of Al in the tumor biopsy and resected tumor cohort

Tumor biopsy cohort (n=122) Resected tumor cohort (n=532)
Number Number of Number Number of
Chromosomal . . Frequency . . Frequency
regions of t.umors informative of Al (%)! of t‘umors informative of AL (%)!
with AL tumors with AI tumors
2p21 44 66 67 152 296 51
4q22 43 98 44 169 477 35
5qll 37 94 39 122 413 30
5q21 53 100 53 197 455 43
6p25 55 105 52 181 447 40
7921 46 95 48 134 377 36
7931 33 88 38 120 395 30
8p23 45 91 49 170 350 49
8q24 70 117 60 260 513 51
9p21 94 119 79 407 510 80
12p12 83 120 69 300 490 61
1623 30 80 38 129 310 42
17p13 65 98 66 217 378 57
17q12 68 122 56 252 530 48
17921 40 96 42 103 437 24
18q21 75 113 66 269 463 58
19q12 39 90 43 150 416 36

"Number of tumors with Al divided by number of informative tumors

Additionally, the frequencies of Al at the 17 chromosomal regions were considered in the resected
tumors stratified according to the treatment of CTx and results are shown in Figure 31. For a better
comparison of the two patient cohorts, only those tumors with an advanced clinical tumor stage
(cT3/cT4) were included for this analysis. A statistically significant difference was observed in 18q21
(» = 0.053). The most obvious, but not significant differences were shown in 2p21 (p = 0.221) and 8q24
(p = 0.143). Tumors without CTx showed higher frequencies at these chromosomal regions compared
to tumors treated with CTx. Results of the comparison of the frequencies of Al in the resected non-CTx

and CTx tumors with cT3/cT4 are summarized in Supplementary Table 9.
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Figure 31: Frequency of Al in the resected tumors without and after neoadjuvant CTx

Only tumors with a clinical tumor stage cT3/cT4 were included in this analysis. *Significant p-values of Chi-square
test shown in Supplementary Table 9.

3.3.2.3. Frequency of Al in corresponding tumor biopsies and resected tumors
To further investigate the differences of the frequencies of Al at a respective chromosomal region
between the tumor biopsy and resected tumor cohort, 38 corresponding tumor biopsies before and

resected tumors after CTx were compared.

Figure 32 shows, that in the tumor biopsies generally higher frequencies of Al occurred at the most
chromosomal regions except of 9p21, 8p23 and 7q21 compared to the corresponding resected tumors
after CTx. The most obvious, but not statistically significant differences were found at 18q21
(»p=0.161),17q12 (p = 0.169) and 5q11 (p = 0.156). All frequencies of Al of the corresponding patients

and the respective p-values are listed in Table 24.

The distribution of Al ratios of 38 corresponding tumor biopsies before CTx and resected tumors after
CTx were compared by the Wilcoxon signed-rank test and revealed no significant difference for all

paired tumors (p = 0.128).
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Figure 32: Frequency of Al in paired tumor biopsies before and resected tumors after CTx

A total number of 38 corresponding tumors were analyzed.

72



Table 24: Comparison of the frequencies of Al in 38 paired tumor biopsies before and resected tumors after

CTx
Corresponding tumor biopsies Corresponding resected tumors
before CTx (TRG2/3) after CTx (TRG2/3)
Number Number of Number Number of
Chromosomal . . Frequency . . Frequency 1
regions of t.umors informative of AI (%) of t.umors informative of A (%) p-value
with Al tumors with Al tumors

2p21 12 19 63 13 23 57 0.663
4q22 13 29 45 12 32 38 0.561
5ql1 10 30 33 5 29 17 0.156
5921 15 32 47 13 32 41 0.614
6p25 16 34 47 12 34 35 0.324
7921 13 32 41 14 32 44 1.0

7931 9 26 35 6 28 21 0.280
8p23 15 31 48 18 33 55 0.622
8q24 20 36 56 19 36 53 0.813
9p21 29 37 78 30 37 81 0.772
12p12 28 37 76 26 37 70 0.601
16923 11 27 41 11 31 35 0.684
17p13 20 31 65 19 31 61 1.0

17q12 22 38 58 16 38 42 0.169
17q21 9 28 32 9 30 30 0.887
18q21 22 33 67 18 36 50 0.161
19q12 12 28 43 9 30 30 0.254

Ip-values of Chi-square test or Fisher’s exact test

3.3.2.4. Al and association with patient characteristics
Association with clinical characteristics was analyzed for the 532 patients with resected tumors and

results are summarized in Table 25.

Al at 17p13 was associated with male sex (p = 0.026); Al at 4922 (p = 0.013), 5q11 (p = 0.014), 17q12
(»=10.010) and 1821 (p =0.001) with poorly differentiated tumors; Al at 7q31 (p = 0.045), 17q12
(» =0.002) and 1821 (p =0.020) with clinical tumor stage cT3/4 and Al at 12p12 with presence of
lymph node metastasis (p = 0.021).

Al at 11 chromosomal regions (4922, 5q11, 6p25, 7921, 8p23, 9p21, 12pl12, 17q12, 17921, 18q21,
19q12) was significantly associated with proximal tumor localization. Al was significantly associated
with the Laurén histological subtype at all chromosomal regions, except of 8p23 and 17q21, and Al was

found more frequent in intestinal type tumors (Table 25).

Due to the significant differences observed in terms of Al, subgroup analysis for the 532 resected
patients stratified according to tumor localization and Laurén histological subtypes were performed. The
frequencies of Al of the respective patient group are shown in Figure 33 and results are summarized in
Supplementary Table 10 and Supplementary Table 11. The resected tumors with proximal tumor
localization or intestinal subtype showed generally higher frequencies of Al in comparison to the tumors

with non-proximal tumor localization or non-intestinal subtype.
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Table 25: AI at a single chromosomal locus and association with patient characteristics of the resected
tumor cohort

Sex Localization L“"ré:“:z:':"gim] Tumor grade T T N "'I?;::Sis Ri:::" Ne "g‘f‘“'

Male Female Proximal p:n’_;?n; , [ntestinal m;::n 4 GUZ G4 T2 T34 pTI2  pI34  Neg Pos. Yes No RO RL  No  Yes
2p21 0.807 0.089 0.049 0.434 0.485 0.126 0.751 0.960 0.900 0.136
4q22 0.780 0.002 0.003 0.013 0.261 0401 0.298 0.638 0.609 0.751
sq11 0338 0.014 <0.001 0.014 0340 0.636 0357 0.629 0.768 0482
5q21 0.347 0.107 <0.001 0.139 0.156 0.552 0.531 0.616 0.505 0.943
6p25 0.867 <0.001 0.018 0.565 0.119 0.935 0.214 0.246 0417 0.334
7q21 0273 0.036 0.004 0352 0119 0.153 0.223 0313 0.670 0.748
7431 0.187 0339 0.007 0.533 0.045 0.125 0.259 0.872 0.510 0.508
sp23 0746 0.020 0.126 0.135 0455 0.138 0.644 0.595 0.069 0.193
8q24 0.493 0.695 0.049 0.319 0.985 0.795 0.099 0.908 0.211 0.164
9p21 0.775 0.044 0.017 0.255 0.654 0.563 0.456 0.170 0.585 0.713
12p12 0.766 0.045 <0.001 0343 0.114 0.270 0.021 0.191 0.657 0.149
1623 0572 0.509 0.013 0.205 0.908 0.581 0.183 0.442 0.881 0.784
17p13 0.026 0.140 <0.001 0526 0221 0.789 0.818 0.727 0279 0.607
17q12 0426 0.027 <0.001 0.010 0.002 0.110 0.119 0.552 0.511 0.069
17q21 0.883 0.049 0.061 0.353 0.980 0.808 0.567 0.948 0.380 0.525
18q21 0.895 <0.001 <0.001 0.001 0.020 0.982 0459 0915 0219 0.626
19q12 0.140 0.007 0.002 0111 0.983 0.175 0.155 0.686 0.822 0.871

In total, 532 patients with resected tumors without and after preoperative CTx were analyzed; p-values of
Chi-square test or Fisher’s exact test are shown and p-values < 0.05 are highlighted
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Figure 33: Frequency of Al in the resected tumor cohort and association with tumor localization and Laurén
histological subtypes

Frequencies of Al are shown for patients with proximal and non-proximal tumors (A) and for patients with
intestinal and non-intestinal tumors (B). *Significant p-values of Chi-square test shown in Table 25.
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3.3.2.5. Al and association with response to neoadjuvant CTx

Association of Al at a single microsatellite locus with response was analyzed for the 122 patients with
tumor biopsies before CTx (Figure 34A). Al was significantly associated with response to neoadjuvant
CTx at 8q24 (p = 0.001) and 17g21 (p = 0.015). An obvious but not statistically significant difference
was observed between the responding and non-responding patients at 9p21 (p = 0.067). In these regions,

Al was more frequently found in tumors of responding patients.

In addition, the frequencies of Al at a single chromosomal region were observed for the 284 resected
tumors after CTx stratified according to their tumor regression grade (Figure 34B). No significant
association was found between Al at a single microsatellite locus and the tumor regression grade, merely
Al at 9p21 showed a slight difference (p = 0.089). Al at this chromosomal region was more frequently
found in tumors with TRG3 (83%) compared to those with TRG2 (75%). All results including the total
number of tumors with detected Al are summarized in Supplementary Table 12 and Supplementary
Table 13.
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Figure 34: Frequency of AI and association with response to neoadjuvant CTx

Frequencies of Al are shown for responding and non-responding patients with tumor biopsies before CTx (A) and
of resected tumors after CTx stratified according to their tumor regression grade (B). *Significant p-values of
Chi-square test shown in Supplementary Table 12 and 13.
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3.3.2.6. Al and association with survival

Al at a respective chromosomal region was analyzed for survival in the tumor biopsies before CTx and
in the resected tumors. In the following, survival curves with significant or obvious differences
(p-values < 0.1) are highlighted and shown in Figures 35-37. Additionally, survival analysis regarding
the Al-status at chromosomal region 17p13, which covers the TP53 gene locus, is shown. All survival
data in association with the Al-status including 1, 3 and 5 years survival rates are shown in detail in
Supplementary Table 14 for the tumor biopsy cohort and Supplementary Table 15 for the resected tumor
cohort.

In the tumor biopsies before CTx no statistically significant associations of Al at a specific chromosomal
region were found. An obvious difference was found at 16q23 in which patients with tumor biopsies
having no Al had a better OS than tumor biopsies with Al at this locus (p = 0.070) and Al at 17p13
revealed no significant difference (p = 0.248; Figure 35).
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Figure 35: Survival and Al-status of the tumor biopsy cohort at respective chromosomal regions

Kaplan-Meier curves are shown for patients with tumor biopsies before preoperative CTx having Al or no Al
at 16q23 (A) and 17p13 (B). 'p-values of log rank test

In the resected tumors, Al at chromosomal regions 4922 (p = 0.050), 9p21 (p =0.042) and 12pl2
(p = 0.028) showed a significant association with survival (Figure 36A-C). Patients with tumors having
no Al at the respective chromosomal loci demonstrated a better survival with a median survival of
46.7 months compared to 27.9 months for 4922, 67.7 months compared to 33.9 months for 9p21 and
57.1 months compared to 32.7 months for 12p12 (Supplementary Table 15). An obvious difference, but
not statistically significant, was shown at chromosomal region 17q21 (p = 0.066, Figure 36D). Patients
with tumors having Al at this locus showed a better survival than tumors without Al with a median
survival of 79.0 months compared to 39.1 months (Supplementary Table 15). Al at 17p13 revealed no
significant difference (p = 0.339; Figure 36E).
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Figure 36: Survival and Al-status of the resected tumor cohort at respective chromosomal regions

Kaplan-Meier curves are shown for patients with resected tumors without and after preoperative CTx having Al
or no Al at 422 (A), 9p21 (B), 12p12 (C), 17q21 (D) and 17p13 (E). 'p-values of log rank test, p-values < 0.05
in bold

Survival analysis in association with Al at a respective chromosomal region was separately performed
in the non-CTx and CTx resected patient group and revealed that Al at the chromosomal regions
9p21 (p =0.035) and 12p12 (p =0.052) showed a significant association with survival only in the

non-CTx group with a better OS in tumors having no Al at the respective chromosomal loci (Figure 37).
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Figure 37: Survival and Al-status of the non-CTx tumor cohort at respective chromosomal regions

Kaplan-Meier curves are shown for patients with tumors treated with surgery alone having Al or no Al at 9p21 (A)
and 12p12 (B). 'p-values of log rank test, p-values < 0.05 in bold
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Multivariable analysis was performed for the non-CTx patients (n=248) with pre-therapeutically
factors (sex, age, Laurén histological subtypes, tumor localization, clinical tumor stage cT) and Al-status
at 4922, 5921, 9p21 and 12p12. Only chromosomal regions which showed significant or obvious
differences (p-value < 0.1) were included in the multivariable analysis. Analyzing the Al-status and the
pre-therapeutically available clinical factors revealed the clinical parameters age (p =0.001) and cT

(» <0.001) as independent pre-therapeutic prognostic factors as shown in Table 26.

Including the post-therapeutically available factors (sex, age, Laurén histological subtypes, tumor
localization, pT, nodal status, resection status, metastasis status) revealed age (p <0.001),

pT (»p =0.004) and pN (p < 0.001) as independent post-therapeutic prognostic factors (Table 26).

Table 26: Significant pre-and post-therapeutically available factors for survival in association with the
Al-status in multivariable analysis in the non-CTx patient group

HR 95% CI p-value!

Pre-therapeutic factors
Age 1.03 1.01-1.06 0.001
cT

cT2

T3/4 2.61 1.75-3.89 <0.001
Post-therapeutic factors
Age 1.03 1.01-1.05 <0.001
pT?

pT1/2 -

pT3/4 1.44 1.12-1.85 0.004
pN

pNO 332 1.95-5.67 <0.001

pN1

Ip-values of Cox’s regression (forward likelihood ratio); *Classification according to 7" Edition UICC

3.4. Classification of CIN

First, the patients with tumor biopsies and resected tumors were categorized in genomic stable (GS) and
CIN according to the classification system based on TCGA and the OncoScan data as shown previously
in chapter 3.2.2. In a second step, a modified classification system of CIN in four subgroups according
to the calculation of the quartiles of the Al ratios was proposed. Additionally, the performance of the
classification of CIN in four subgroups was analyzed with a restricted number of chromosomal regions
covering only common fragile sites or tumor suppressor genes to consider the respective Al marker

related to functional aspects.

For a better characterization and understanding of the clinical relevance of the molecular
CIN-subgroups, association with clinical characteristics, response to neoadjuvant CTx and survival

analysis were performed for both CIN classification systems in the respective tumor cohorts.
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3.4.1. CIN classification according to TCGA

3.4.1.1. Distribution and frequency of CIN

The distributions of the Al ratios in the tumor biopsies before CTx and the resected tumors are shown
in Figure 38. Each bar represents the number of patients with a specific Al ratio measured in the range
of 0 to 1. Al ratios in the range of 0 to 0.5 were measured in 41% of all tumor biopsies and Al ratios in
the range of 0.5 to 1 in 59%. In the resected tumors, Al ratios in the range of 0 to 0.5 were measured in
58.5% and Al ratios from 0.5 to 1 in 41.5%. Additionally, the distribution of the Al ratios was also

considered separately in the non-CTx and CTx patient groups and is shown in Supplementary Figure 2.

The tumors were classified as genomic stable (GS) when the Al ratios were < 0.2 and as CIN when the
Al ratios were > 0.2 according to the definition of TCGA as reported previously. In the tumor biopsy
cohort, 7 (6%) of the 122 biopsies were classified as GS and 115 (94%) as CIN (Figure 38A). In the
resected tumor cohort, 56 (11%) of the 532 tumors were GS and 476 (89%) were CIN (Figure 38B).

In the non-CTx group, 26 (10%) of 248 tumors were classified as GS and 222 (90%) as CIN. In the
CTx-group a similar distribution of the Al ratios were observed and 30 (11%) of the 284 tumors were

GS and 254 (89%) were CIN (Supplementary Figure 2).
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Figure 38: Distribution of Al ratios and CIN classification according to TCGA

The total numbers of tumor biopsies before CTx (A) and of all resected tumors (B) are shown for each Al ratio.
The GS subgroup is colored in green and the CIN subgroup in purple.
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3.4.1.2. CIN according to TCGA and association with patient characteristics

Association with clinical characteristics was analyzed for the 532 patients with resected tumors without
and after preoperative CTx and results are summarized in Table 27. CIN was found more frequently in
proximal tumors (p <0.001), in intestinal type tumors (p < 0.001) and was associated with poor

differentiation (p = 0.012). The significant differences are graphically shown in Figure 39.

Table 27: CIN according to TCGA and association with patient characteristics

All resected tumors (n=532)
Category Value SS SIN p-value!
Cases Total 56 476
Age [yrs] Median 64.9 64.2
Range 334-852 28.3-90.9
Age Median <64.3 27 238 0.800
[yrs] >64.3 29 238 ’
Gender Male 40 351 0711
Female 16 125 ’
Tumor Proximal 15 253
localization Non-proximal 41 219 <o
n/a 0 4
Laurén Intest.mal . 15 277 <0.001
classification Non-intestinal 41 199
Tumor grade G1/2 5 108
G3/4 44 299 UKL
n/a 7 69
Clinical cT2 15 111 0.576
tumor stage cT3/4 41 163 ’
n/a 2 0
(y)pT? (y)pT1/2 14 104 0.59]
(y)pT3/4 42 372 ’
(y)pN? Negative 18 140
Positive 38 336 0.672
Metastasis No 45 408
status Yes 11 68 L2618
Resection RO 47 351
category R1 9 125 0.097
Neoadjuvant No 26 222 0.976
CTx Yes 30 254 ’

Ip-values of Chi-square test; p-values < 0.05 in bold; *Classification according to 7™ Edition UICC
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Figure 39: CIN according to TCGA and significant associations with clinical parameters

Frequencies of resected tumors without and after CTx categorized into GS or CIN are shown in relation to tumor
localization (A), Laurén histological subtype (B) and tumor grade (C). 'p-values of Chi-square test

3.4.1.3. CIN according to TCGA and response to neoadjuvant CTx

The association of CIN with response to neoadjuvant CTx was analyzed in the tumor biopsies before
CTx. The two molecular subgroups, GS and CIN, were not associated with response (p =1.00,
Figure 40A). Additionally, the association of CIN with the tumor regression grade was analyzed for the

resected tumors after neoadjuvant CTx and revealed also no significant difference (p = 0.669,

Figure 40B).
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Figure 40: CIN according to TCGA and association with response to neoadjuvant CTx

The response of patients with tumor biopsies before CTx (A) and tumor regression of patients with resected tumors
after CTx (B) are shown in relation to the CIN classification according to TCGA. 'p-values of Chi-square test
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3.4.1.4. CIN classification according to TCGA and association with survival

Survival analysis regarding the two subgroups of CIN according to TCGA was performed in the tumor
biopsy and resected tumor cohort. Additionally, survival analysis of the resected tumors was separately
performed stratified according to CTx treatment (yes/no). The estimated survival curves of the patient

cohorts are shown in Figure 41 and all survival data are summarized in Supplementary Table 16.

The comparison of OS of patients with pre-therapeutic tumor biopsies regarding the two molecular
subgroups of CIN showed no statistically significant difference (p = 0.530; Figure 41A). Also in the
resected tumor cohort no statistically significant differences were observed (p = 0.148; Figure 41B), not
in the non-CTx group (p = 0.221; Figure 41C) either in the CTx group (p = 0.389; Figure 41D). Overall,
patients with GS tumors showed a slightly better survival than patients with CIN. In the tumor biopsy
cohort, the median survival of patients with GS tumors was 65.9 months compared to 38.7 months in

tumors with CIN and in the resected cohort 46.3 months compared to 35.9 months.
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Figure 41: CIN classification according to TCGA and survival of the patients

Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
Ip-values of log rank test
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Subgroup analysis within all resected specimens stratified according to tumor localization and Laurén
histopathological subtypes was performed. The most obvious differences were emphasized in the
following. Survival curves and data are shown in detail in Supplementary Figure 3 and Supplementary
Table 16.

An evident but not statistically significant difference was observed in the non-proximal group
(p = 0.091; Supplementary Figure 3B). Patients with GS tumors had a better survival than patients with
CIN tumors (HR, 0.59; 95% CI, 0.32-1.10). In the proximal group no statistically significant difference
was found but patients with GS tumors had a worse survival compared to patients with CIN tumors (HR,
1.25; 95% CI, 0.64-2.46, p=0.517). Subgroup analysis within all resected specimens stratified
according to Laurén histological subtypes revealed a statistically significant difference in the non-
intestinal group (p = 0.013; Supplementary Figure 3D). Patients with GS tumors had a significant better
survival than patients with CIN tumors (HR, 0.45; 95% CI, 0.24-0.86).

3.4.2. Modified CIN classification according to quartiles of Al ratios

3.4.2.1. Distribution and frequency of modified CIN-subgroups

In the next step, a modified CIN classification system independently of the TCGA and OncoScan data
was proposed. Therefore, the tumors were classified in four subgroups of CIN according to the
calculation of quartiles of the Al ratios. The resulting cut-off values for the classification of CIN in one
of the four subgroups and the total number of tumor biopsies and resected tumors per CIN subgroup are

shown in Table 28.

The subgroups were termed as follows: CIN-low (CIN-L), low CIN-medium (low CIN-M), high
CIN-medium (high CIN-M) and CIN-high (CIN-H). The CIN-L subgroup (Al ratio <0.25)

corresponded most likely to the genomic stable (GS) subgroup according to TCGA as shown previously.

The distribution of Al ratios and frequencies of CIN-subgroups in the tumor biopsy and resected tumor

cohort are shown in Figure 42.

Table 28: Cut-off values for CIN classification in four subgroups according to the quartiles of Al ratios

CIN-L! low CIN-M high CIN-M CIN-H
Quartiles 25% 25-50% 50-75% 75%
Cut-off values of Al ratios <0.25 > (.25 and < 0.50 >0.50 and < 0.75 >0.75
Number of tumor biopsies (%) 10 (8.2) 40 (32.8) 48 (39.4) 24 (19.6)
Number of resected tumors (%) 97 (18.2) 214 (40.3) 161 (30.3) 60 (11.2)

The total number of tumor biopsies before CTx and all resected tumors is shown for each CIN-subgroup.
ICIN-L corresponded most likely to the genomic stable (GS) subgroup according to the definition of TCGA (2014)
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Figure 42: Distribution of Al ratios and modified CIN classification according to the quartiles of Al ratios

The total numbers of tumor biopsies before CTx (A) and of all resected tumors (B) are shown for each Al ratio.
The CIN-L subgroup is colored in green, low CIN-M in light orange, high CIN-M in dark orange and CIN-H in

purple.
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3.4.2.2. Modified CIN classification and association with patient characteristics

Association with clinical characteristics was analyzed for 532 patients with resected tumors and results

are shown in Table 29. CIN-L was more frequent found in non-proximal (p < 0.001, Figure 43A) and

non-intestinal tumors (p < 0.001, Figure 43B). Additionally, tumors with CIN-L were associated with

poor differentiation (p =0.036, Figure 43C) and with lower clinical tumor stage cT2 (p =0.045,

Figure 43D).

Table 29: Modified CIN classification and association with patient characteristics

Resected tumors (n=532)
Low High
Category Value SIN'L CIN-M CIN-M SIN'H p-value!
n n

Cases Total 97 214 161 60
Age [yrs] Median 64.4 63.4 64.4 66.8

Range 31.7-85.2 32.4-85.1 28.3-90.9 32.1-88.3
Age Median <64.3 48 113 79 25 0494
[yrs] >64.3 49 101 82 35 ’
Gender Male 68 152 124 47 0393

Female 29 62 37 13 ’
Tumor Proximal 30 106 95 37 <0.001
localization Non-proximal 67 105 66 22 :

n/a 0 0 4 0
Laurén Intestinal 29 111 104 48 <0.001
classification Non-intestinal 68 103 57 12 :
Tumor G1/2 13 41 41 18 0.036
grade G3/4 73 137 97 36 :

n/a 11 36 23 6
Clinical cT2 33 45 38 10 0.045
tumor stage cT3/4 64 169 122 49 :

n/a 0 0 1 1
(y)pT? (y)pT1/2 25 46 33 14 0.778

(y)pT3/4 72 168 128 46 ’
(y)pN? Negative 33 71 38 16 0.155

Positive 64 143 123 44 ’
Metastasis No 84 183 137 49 0.859
status Yes 13 31 24 11 ’
Resection RO 80 148 123 47 0.064
category R1 17 66 38 13 ’
Neoadjuvant No 46 93 80 29 0667
CTx Yes 51 121 81 31 ’

Ip-values (overall) of Chi-square test or Fisher’s exact test; p-values < 0.05 in bold; Classification according to

7% Edition UICC

&5



A Tumor localization B Laurén histopathological subtypes
100 1 p1<0.001 W Proximal 100 1 5t < 0.001 B Intestinal
90 | O Non-proximal 90 | O Non-intestinal
80 80 =28
=67 n=68
70 n 70 n=104
60 1 60 - B
n=106 n=105 n=111

Frequency of
resected tumors (%)

50
40 1
30 A

n=30

n=05 n=37

Frequency of
resected tumors (%)

50 4
40 A
30 4

n=103
ﬂ |

20 A 20 n=12
10 1 10 |
0 0 -
CIN-L  Low CIN-M High CIN-M  CIN-H CIN-L  Low CIN-M High CIN-M  CIN-H
C Tumor grade D Clinical tumor stage
p’=0.039 | Gi2 W cT2
100 p?=0.035 O G3/4 100 - =001 O cT34
90 n=73 90 A h=49
3 80 n=137 5 80 - n=169 n=122
< n=97 <
‘c 4] 70 n=36 ‘e [ 70
4] ] ]
§‘ £ 60 E 2 60
o 2 50 o 2 50
>3 2o
To 40 g3 40
=21 n=41 = BH
“g 30 n=d1 e 301 =45 n=38 B
@ 204 n=13 @ 20 n=10
10 10 A
0 [
CIN-L Low CIN-M High CIN-M CIN-H CIN-L Low CIN-M High CIN-M CIN-H

Figure 43: Modified CIN classification and significant associations with clinical parameters

The frequency of resected tumors without and after CTx categorized into the respective modified CIN-subgroup
is shown in relation to tumor localization (A), Laurén histological subtype (B), tumor grade (C) and clinical tumor
stage (D). 'Overall p-values of Chi-square test; *p-values of Chi-square test compared to CIN-L (ref.)

3.4.2.3. Modified CIN classification and association with survival

OS was compared for the four subgroups CIN-L, low CIN-M, high CIN-M and CIN-H in the tumor
biopsy and resected tumor cohort taken the first as reference group. The subgroups were determined
according to the quartiles of the AI ratios. The resected tumor cohort was additionally stratified
according to CTx treatment (yes/no). Kaplan Meier curves are shown in Figure 44 and all survival data

of the patient cohorts and subgroups are summarized in Supplementary Table 17.

Comparison of OS of patients with tumor biopsies before CTx regarding the four subgroups of CIN
revealed no statistically significant difference (overall log rank p = 0.671; Figure 44A). Patients with
CIN-L and high CIN-M tumors showed the best OS with a median survival of 62 months compared to
the other two remaining subgroups. Within the patients with CIN-H and low CIN-M tumors only little

differences in OS were observed.

In the resected tumors no statistically significant difference was observed overall four subgroups
(p = 0.092; Figure 44B). Patients with CIN-L tumors followed by CIN-H revealed the best survival and
patients with high CIN-M tumors showed significantly the worst survival (HR, 1.57; 95% CI, 1.07-2.29;
p =0.021) with a median survival of 27.4 months. In the non-CTx group no statistically significant
difference was observed regarding the four CIN-subgroups (p = 0.370; Figure 44C). The CIN-L group

showed the best survival compared to the others with a 5 years OS rate of 58.7%.

86



In the CTx group an evident but not statistically significant difference was shown over all four subgroups
(p = 0.092; Figure 44D). Patients with high CIN-M revealed the worst survival (HR, 1.53; 0.94-2.49;
p = 0.087) with a median survival of 21 months compared to 35.1 months of patients with low CIN-M
tumors and 38.7 months with CIN-H tumors.
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Figure 44: Modified CIN classification according to the quartiles of Al ratios and survival of the patients

Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
!p-values (overall) of log rank test

Due to the fact that patients with high CIN-M tumors had the worst survival in the resected tumor cohort
and patients with low CIN-M tumors had more or less survival rates similar to CIN-H and -L patients,
the three groups CIN-L, low CIN-M and CIN-H were combined in one group. Patients with tumors
having these subtypes were termed as remaining CIN-groups and compared to high CIN-M. All survival

data are summarized in Table 30 and survival curves are shown in Figure 45.

Comparison of OS of patients with tumor biopsies before CTx regarding the two subgroups of CIN
revealed no statistically significant difference (p = 0.288; Figure 45A). Patients with high CIN-M tumors
showed a better survival compared to the remaining CIN-groups (HR, 0.76; 95% CI, 0.46-1.26) with a

median survival of 62.2 months compared to 38.7 months.
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In the resected tumor cohort a statistically significant difference was observed (p = 0.023; Figure 45B).
Especially in the CTx group, patients with high CIN-M tumors showed significantly the worst survival
(HR, 1.49; 95% CI, 1.07-2.08; p = 0.016; Figure 45D). In the non-CTx group the difference between
the two subgroups was not statistically significant. However, the high CIN-M group revealed a worse

survival compared to the remaining CIN-groups (HR, 1.24; 95% CI, 0.84-1.83; p = 0.287; Figure 45C).

Additionally, subgroup analysis within all resected specimens stratified according to tumor localization
and Laurén histopathological subtypes was performed. Patients with high CIN-M tumors and proximal
tumor localization showed the worst survival compared to non-proximal located tumors, although the
differences were not statistically significant (p = 0.083). Comparison of OS of the patients stratified
according to Laurén histopathological subtypes revealed no statistically significant difference in both
groups (p = 0.117 for intestinal type tumors and p = 0.062 for non-intestinal type tumors). All survival

data and survival curves of the patient subgroups are shown in Supplementary Table 18 and

Supplementary Figure 4.
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Figure 45: CIN-status in two subgroups according to the quartiles of Al ratios and survival of the patients

Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
!p-values of log rank test; p-values < 0.05 in bold
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Table 30: Survival data of the patient cohorts and subgroups in association with high CIN-M versus the
remaining CIN-groups

CIN classification Survival probability Median
according to No. Events ° survival HR p-value!
. [%]
quartiles [months]
lyr 3yrs 5yrs 95% CI) 95% CI)
Tumor High 48 24 750 55.1 50.5 62.2 0.76
biopsies CIN-M (0.46-1.26)
before Remaining 74 44 76.0 534 44.6 38.7 1 ref. 0.288
CTx CIN-groups (12.0-65.4)
Total 122 68 75.6  54.1 471 44.6 -
(18.5-70.8)
All High 161 95 740  44.1 384 274 1.34
resected CIN-M (17.6-37.2) (1.04-1.72)
specimens Remaining 371 169 81.0 537 45.5 44.6 1 ref. 0.023
CIN-groups (24.1-56.1)
Total 532 264 789  50.7 43.2 39.0 -
(29.3-48.8)
Resected High 80 40 744 562 48.3 54.8 1.24
tumors CIN-M (23.7-85.9)  (0.84-1.83)
without Remaining 168 68 83.4 59.9 523 89.5 1 ref. 0.287
CTx CIN-groups (40.6-138.4)
Total 248 108 80.5 587 50.8 61.1 -
(27.5-94.7)
Resected High 81 55 73.6 320 28.6 21.0 1.49
tumors CIN-M (15.5-26.5)  (1.07-2.08)
after CTx Remaining 203 101 79.1 484 39.8 35.1 1 ref. 0.016
CIN-groups (23.9-46.3)
Total 284 156 775 437 36.6 303 -
(25.2-35.4)

!p-values of log rank test; p-values < 0.05 in bold
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3.4.2.4. High CIN-M subgroup and association with patient characteristics
Due to the association of the high CIN-M tumors with the worst OS, high CIN-M was considered as a
distinct subgroup of CIN and association with patient characteristics was analyzed for the 532 resected

tumors. Results are summarized in Table 31.

High CIN-M was associated with proximal tumor localization (p = 0.012), intestinal subtype (p = 0.003)
and positive lymph node status (p = 0.043). Figure 46 shows, that high CIN-M was found in 95 (59%)
of the 532 cases in proximal located and in 66 (41%) in non-proximal tumors compared to 173 (47%)
and 194 (53%) in the remaining CIN-groups, respectively. The high CIN-M group was found in
104 (65%) of the 532 cases in intestinal and in 57 (35%) in non-intestinal type tumors compared to
188 (51%) and 183 (49%) in the remaining CIN-groups, respectively. High CIN-M was more frequent

found in tumors with positive nodal status (76%) compared to the remaining CIN-groups (68%).

Table 31: High CIN-M subgroup and association with patient characteristics

Resected tumors (n=532)
Remaining High
Category Value CIN-groups' CIN-M p-value?
n n
Cases Total 371 161
Age [yrs] Median 63.9 64.4
Range 31.7-88.3 28.3-90.9
Age Median <64.3 186 79 0821
[yrs] >64.3 185 82 ’
Gender Male 267 124
Female 104 37 0.225
Tumor Proximal 173 95
localization Non-proximal 194 66 0.012
n/a 4 0
Laurén Intestinal 188 104 0.003
classification Non intestinal 183 57 :
Tumor G1/2 72 41 0108
grade G3/4 246 97 ’
n/a 53 23
Clinical cT2 88 38 0993
tumor stage cT3/4 282 122 '
n/a 1 1
y)pT? (y)pT1/2 85 33 0538
(y)pT3/4 286 128 ’
y)pN? Negative 120 38
Positive 251 123 0.043
Metastasis status No 316 137
Yes 55 24 L2
Resection category RO 275 123
R1 96 38 0.579
Neoadjuvant No 168 80
CTx Vi 203 81 U=as)

IThe three subgroups CIN-L, low CIN-M and CIN-H were summarized as one group and termed as remaining
CIN-groups; *p-values of Chi-square test or Fisher’s exact test; p-values < 0.05 in bold; 3Classification according
to 7" Edition UICC
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Figure 46: High CIN-M subgroup and significant associations with clinical parameters

The frequency of resected tumors without and after CTx categorized into the respective modified CIN-subgroup

is shown in relation to tumor localization (A), Laurén histological subtype (B) and nodal status (C). 'p-values of
Chi-square test
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3.4.2.5. Modified CIN-subgroups and frequency of Al at single microsatellite loci

The frequencies of Al at a single microsatellite locus were analyzed for the modified CIN-subgroups
determined according the quartiles of the Al ratios. The increase of the frequencies from the low CIN-M
subgroup to the high CIN-M was compared with the increase of the frequencies from the high CIN-M
group to CIN-H per chromosomal region. At 6p25, 7q21, 8924, 18921 and 19q12 the increase from high
CIN-M to CIN-H is lower and thus marked by a negative sign in Figure 47. At these five chromosomal
loci, the increase of the frequencies from low to high CIN-M was 2- to 3-fold higher in comparison to
those from high CIN-M to CIN-H. Results comparing the frequencies of Al between the CIN-subgroups

are summarized in Supplementary Table 19.

@ CIN-L
O Low CIN-M
@ High CIN-M
m CIN-H

100 q

Frequency of
resected tumors (%)

2p21 4922 5q11 5q21 6p25 7q21 7q31 8p23 8g24 9p21 12p12 16q23 17p13 17g12 17q21 18921 19912

Chromsomal regions

Figure 47: Modified CIN-subgroups and frequency of Al at single microsatellite loci

Frequencies of all resected tumors having Al at a respective chromosomal region and classification into the four
modified CIN-subgroups according to the quartiles of the Al ratios. The increase of the frequencies from the low
CIN-M subgroup to the high CIN-M is higher (positive sign) compared to the increase of the frequencies from
high CIN-M to CIN-H which is lower (negative sign) at respective chromosomal regions (underlined).

3.4.2.6. Modified CIN classification and response to neoadjuvant CTx
The association of the four CIN-groups with response to neoadjuvant CTx was analyzed in 122 tumor

biopsies before CTx. Results of the different constellations of the CIN classifications are summarized

in Table 32.

The four molecular subgroups were not significantly associated with response to neoadjuvant CTx
(p =0.159, Figure 48A). However, 12 (50%) of the 24 tumor biopsies with CIN-H were of responding
and 12 (50%) of non-responding patients (Table 32). The association of the four CIN-groups based on
the quartiles of Al ratios of the modified classification with the tumor regression grade was additionally
analyzed on 284 resected tumors after neoadjuvant CTx and revealed no significant difference

(p = 0.284, Figure 48B).
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Figure 48: Modified CIN classification according to the quartiles of Al ratios and association with response
to neoadjuvant CTx

The response of patients with tumor biopsies before CTx (A) and tumor regression of patients with resected tumors
after CTx (B) is shown in relation to the modified CIN classification. 'p-values (overall) of Chi-square test

Comparing the CIN-H subgroup to the remaining CIN-groups showed that 12 (50%) of the 24 tumors
with CIN-H were of responding patients, whereas 26 (26.5%) of the 98 tumors of the remaining
CIN-groups were of responding and 72 (73.5%) of non-responding patients (Table 32). The CIN-H
subgroup was significantly associated with better response to neoadjuvant CTx compared to the
remaining CIN-groups (p = 0.026; Figure 49A). In contrast, the high CIN-M group was not associated
with better response (p = 0.435; Figure 49B). The corresponding survival curves of patients with tumor

biopsies of the CIN-H group and remaining CIN-groups are shown in Figure 50.
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Figure 49: Modified CIN-subgroups and association with response to neoadjuvant CTx

The response of patients with tumor biopsies before CTx is shown in relation to the CIN-H subgroup (A) and high
CIN-M subgroup (B). p-values of Chi-square test
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Figure 50: CIN-H subgroup and survival of patients with tumor biopsies before CTx
!p-value of log rank test

Table 32: Modified CIN classification according to quartiles of the Al ratios and association with response
to neoadjuvant CTx

Number of tumor biopsies before CTx (n=122)
CIN classification in four subgroups
Low | High i ]
CIN-L CIN-M p-value CINLM p-value CIN-H  p-value

Responder (TRG1) 2 11 13 12
Non-responder 0.629 0.642 0.105
(TRG2/3) 8 29 35 12
Total 10 40 48 24
CIN-H versus remaining CIN-groups

Remaining 3

CIN-rore CIN-H p-value

Responder (TRG1) 26 12
Non-responder 0.026
(TRG2/3) 2 12
Total 98 24
High CIN-M versus remaining CIN-groups

Remaining High ~value’

CIN-groups* CIN-M prvatue

Responder (TRG1) 25 13
Non-responder 0.435
(TRG2/3) 49 33
Total 74 48

!p-values of Chi-square test compared to CIN-L (ref.); 2CIN-L, low CIN-M and high CIN-M were summarized as
one CIN-group; *p-values of Chi-square test; “CIN-L, low CIN-M and CIN-H were summarized as one CIN-group;
p-values < 0.05 in bold
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3.4.3. Restriction of the number of analyzed microsatellite markers and CIN

classification

The number of analyzed microsatellite markers was reduced considering functional aspects and CIN
classification based on quartiles of the AI ratios of the tumors was performed. Therefore, only
microsatellite loci covering common fragile sites or tumor suppressor genes were selected. According
to this, the five chromosomal regions 4q22, 5q11, 6p25, 8p23 and 16q23 covering fragile sites and 5921,
17p13 and 1821 covering tumor suppressor genes were chosen. Al and CIN were calculated with the
restricted number of microsatellite markers in the tumor biopsy and resected tumor cohort. The
association of the four CIN-subgroups defined with a restricted number of microsatellite loci with
response to CTx was analyzed in the tumor biopsies before CTx and patient’s survival was also

compared for the four subgroups.

The four CIN-subgroups defined by a restricted number of microsatellite markers covering common
loci of fragile sites (p = 0.235) or tumor suppressor genes (p = 0.633) were not associated significantly

with response to CTx (Figure 51).
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Figure 51: CIN-subgroups defined by a restricted number of microsatellite markers and association with
response to neoadjuvant CTx

The percentage of tumor biopsies before CTx is shown for the four CIN-groups defined by a restricted number of
microsatellite markers covering common loci of fragile sites (A) and tumor suppressor genes (B). 'p-values
(overall) of Chi-square test

Comparison of survival of patients with tumor biopsies before CTx regarding the four CIN-subgroups
defined by a restricted number of microsatellite loci covering common fragile sites (p = 0.0.642;
Figure 52A) or tumor suppressor genes (p = 0.938; Figure 53A) revealed no statistically significant
differences. The resected tumors demonstrated a slight difference regarding the four CIN-subgroups
with a reduced number of microsatellite loci covering fragile sites (p = 0.262; Figure 52B). As shown
previously, patients with high CIN-M tumors showed the worst survival even at reduction of the number
of microsatellite markers. Especially in the non-CTx patient group, patients with high CIN-M tumors
showed a worse OS in both classification systems compared to the remaining CIN-groups (p = 0.211

for fragile sites and p = 0.008 for tumor suppressor genes; Figure 52C and Figure 53C).
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In the CTx patient group no significant differences were observed in neither of the two classification

systems (p =0.414 for fragile sites and p =0.827 for tumor suppressor genes;

Figure 53D).
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Figure 52: Overall survival discriminated by the CIN-status in four subgroups according to chromosomal
regions covering common fragile sites
Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
!p-values (overall) of log rank test
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Figure 53: Overall survival discriminated by the CIN-status in four subgroups according to chromosomal
regions covering common tumor suppressor genes
Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
Ip-values (overall) of log rank test
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3.4.4. CIN classification of paired tumor biopsies and resected tumors

To determine tumor cell plasticity in the context of neoadjuvant CTx, the classification of CIN was

analyzed and compared in 38 corresponding tumor biopsies before CTx and resected tumors after CTx.

CIN classification according to TCGA in two subgroups showed that 33 (87%) of the 38 corresponding
tumor biopsies and resected tumors after CTx had an identical CIN-status, three tumor biopsies before

CTx changed from the CIN-L subgroup into CIN-H in the resected tumor and two from CIN-H into
CIN-L.

Comparison of the paired tumor biopsies and resected tumors classified according to the modified CIN
classification in four subgroups based on quartiles of the Al ratios revealed that 10 (26%) of the
38 tumors were classified in identical CIN-groups (=), 9 (24%) tumor biopsies before CTx changed their
CIN-status from a lower group into an higher group (1) in the resected specimen after CTx and 19 (50%)
of the tumor biopsies changed from a higher CIN subgroup into a lower one (]) (Figure 54).
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Figure 54: Alterations in the four modified CIN-subgroups between corresponding tumor biopsies before
CTx and resected tumors after CTx

Identical CIN classification between tumor biopsies and resected tumors (=); Change from lower CIN-group in
the tumor biopsies to higher one in the corresponding resected tumors (1); Change from higher CIN-group in the
tumor biopsies to lower one in the corresponding resected tumors ().

Alterations in the four CIN-subgroups between pre-therapeutic tumor biopsies before CTx and the

corresponding post-therapeutic resected tumors after CTx are shown in detail in Figure 55. Between the

TRG2 and TRG3 tumors no essential differences were observed.
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Figure 55: Alterations in the four modified CIN-subgroups between pre-therapeutic tumor biopsies and
corresponding post-therapeutic resected tumors
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3.5. Original and modified TCGA classification

3.5.1. Molecular classification algorithms and frequency of molecular

subgroups

The tumors were first classified according to the classification algorithm of the TCGA study as shown
in Figure 56. The frequencies of the molecular subtypes are shown for the 295 gastric carcinomas
included in the TCGA study and for the 143 tumor biopsies before CTx and 616 resected tumors
analyzed in this study. Accordingly, 6 (4.2%) of the 143 analyzed pre-therapeutic tumor biopsies were
classified as EBV(+), 15 (10.5%) as MSI-H, 7 (4.9%) as GS and 115 (80.4%) as CIN. In the resected
tumor cohort, 24 (3.9%) patients had tumors with EBV(+), 59 (9.6%) with MSI-H, 56 (9.1%) with GS

and 477 (77.4%) with CIN.

Molecular classification system
according to TCGA

Gastric
carcinomas

EBV(+)

Tumor biopsies before CTx
n=143

EBV(+)
4.2% MSI-H
10.5%

GS
4.9%

CIN
80.4%

Figure 56: Molecular classification algorithm according to TCGA and frequency of molecular subgroups
The tumors were classified into the molecular subtypes EBV positive (red), MSI-H (blue), GS (green) and CIN
(purple) according to the shown flowchart. The frequencies of the subtypes are shown for the gastric carcinomas
included in the TCGA study and for the tumor biopsies before CTx and resected tumors analyzed in this study.
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Based on the recently published EBV and MSI data in the Journal of Pathology Clinical Research of the
patient cohorts (Kohlruss, Grosser et al. 2019), a modified molecular classification system in five
molecular subgroups was proposed as shown in Figure 57. The exception of this classification system
is that tumors were classified as MSI-H and MSI-L and the tumors, which were negative for EBV and
MSI, were classified according to their grade of chromosomal instability into two subtypes of CIN. The
EBV(+) and MSI-H subgroups were in both classification systems identical. One tumor biopsy and one

resected tumor which were positive for MSI-L and EBV were excluded in this molecular classification.

The modified classification system revealed 6 (4.2%) of the 142 tumor biopsies classified as MSI-L,
45 (31.7%) as high CIN-M and 71 (50%) tumors were classified into the remaining CIN-groups. In the
resected tumor cohort, 27 (4.4%) of the 615 tumors were classified as MSI-L, 151 (24.6%) as high
CIN-M and 355 (57.7%) were classified into the remaining CIN-groups (Figure 57).

Modified molecular classification system
according to TCGA

Gastric

Remaining
CIN-groups

Tumor biopsies before CTx

Resected tumors without and after CTx

n=142 n=615

EBV(+) EBV(+)
35% MSI-H 3.7% MSI-H
10.6% 9.6%

Remaining Remaining
CIN-groups CIN-groups High
50% Hiah 57.7% CIN-M
g
CIN-M 24.6%
31.7%

Figure 57: Modified molecular classification system and frequency of molecular subgroups

The tumors were classified into the molecular subtypes EBV positive (red), MSI-H (blue), MSI-L (orange), high
CIN-M (light gray) and remaining CIN-groups (dark gray) according to the shown flowchart. The frequencies of
the subtypes are shown for the tumor biopsies before CTx and resected tumors analyzed in this study.
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3.5.2. Molecular classification and association with patient characteristics

The association of the molecular subgroups with clinical characteristics was analyzed for all patients

with resected tumors for both molecular classification systems.

Overall, the original molecular classification system according to TCGA was statistically significant
associated with age (p < 0.001), tumor localization (p < 0.001), Laurén classification (»p < 0.001), tumor
grade (p = 0.006) and resection status (p = 0.032). EBV(+) occurred more frequently in male patients,
was associated with tumor localization in the middle of the stomach and with intestinal tumor type.
MSI-H arose more frequently in patients with older age, was associated with intestinal type tumors and
with absence of metastasis. The CIN subgroup was more frequently found in proximal located tumors,
was associated with intestinal type tumors and poor differentiation. Results are summarized in Table 33

and p-values for each molecular subgroup with defining the GS subgroup as reference is shown in detail

in Supplementary Table 20.

Table 33: Molecular classification according to TCGA and association with patient characteristics

Resected tumors (n=616)

GS

EBV(+)

MSI-H

CIN

1
Category Value ] ] n] n] p-value
Cases Total 56 24 59 477
Age [yrs] Median 64.9 574 714 64.1
Range 33.4-85.2 29.2-80.9 40.4-84.9 28.3-90.9
Age Median <64.6 27 17 13 249
[yrs] >64.6 29 7 46 228 <UL
Gender Male 40 22 38 352 0.082
Female 16 2 21 125 ’
Tumor Proximal 15 9 23 253 <0.001
localization Non-proximal 41 14 36 220 :
NA 0 1 0 4
Laurén Intestinal 15 15 39 278 <0.001
classification Non-intestinal 41 9 20 199 :
Tumor Gl1/2 5 1 11 108 0.016
grade G3/4 44 18 38 299 :
n/a 7 5 10 70
Clinical cT2 15 6 12 111
tumor stage cT3/4 41 18 47 364 0.873
n/a 0 0 0 2
(y)pT? (y)pT1/2 14 6 11 104 0.845
(y)pT3/4 42 18 48 373 ’
(y)pN? Negative 18 9 21 141 0.675
Positive 38 15 38 336 ’
Metastasis No 45 23 56 409 0.060
status Yes 11 1 3 68 ’
. RO 47 23 47 352
Resection category RI 9 1 12 125 0.032
Neoadjuvant CTx No 26 8 35 222
Yes 30 16 24 255 Ol

Ip-values (overall) of Chi-square or Fisher’s exact test; p-values < 0.05 in bold; *Classification according to 7%

Edition UICC
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Similar to the findings according to the original TCGA classification, the modified classification system
was statistically significant associated with age (p < 0.001), gender (p = 0.026), Laurén classification
(p =0.004) and tumor grade (p =0.052). It was noticeable that MSI-L. occurred more frequently in
intestinal type tumors and high CIN-M was associated with proximal tumor localization and intestinal
subtype compared to the remaining CIN-groups. Results are summarized in Table 34 and p-values for
each molecular subgroup with the remaining CIN-groups defined as reference is shown in detail in

Supplementary Table 21.

Table 34: Modified molecular classification based on TCGA and association with patient characteristics

Resected tumors (n=615")
Remaining High
Category Value CIN-groups EBV(+) MSI-H MSI-L CIN-M p-value?
n] [n] [n] [n] n]
Cases Total 355 23 59 27 151
Age [yrs] Median 63.7 57.6 71.4 66.5 64.4
Range 31.7-88.3 29.2-80.9 40.4-84.9 ggg_ 28.3-90.9
Age Median <64.6 189 16 13 11 76 <0.001
[yrs] >64.6 166 7 46 16 75
Gender Male 255 22 38 23 114 0.026
Female 100 1 21 4 37 :
Tumor Proximal 166 9 23 14 88
localization Non.- 185 14 36 13 63 0.062
proximal
n/a 4 0 0 0 0
. Intestinal 177 14 39 20 96
Laurén Non- 0.004
classification . . 178 9 20 7 55 :
intestinal
Tumor G1/2 70 0 11 4 39 0.052
grade G3/4 233 18 38 20 90 :
n/a 52 5 10 3 22
Clinical cT2 83 5 12 5 38 0.907
tumor stage cT3/4 271 18 47 22 112 ’
y)pT? n/a 1 0 0 0 1
(y)pT1/2 80 6 11 6 32 0.948
(y)pT3/4 275 17 48 21 119 :
yY)pN? Negative 114 9 21 8 37 0342
Positive 241 14 38 19 114 '
Metastasis No 300 22 56 24 130 0.163
status Yes 55 1 3 3 21 ’
Resection RO 263 22 47 20 116 0.189
category RI 92 1 12 7 35 :
Neoadjuvant  NoO 159 7 35 14 75 i
CTx Yes 196 16 24 13 76 ’

'One resected tumor without CTx was positive for MSI-L and EBV and was excluded in the modified molecular
classification system; 2p-values (overall) of Chi-square or Fisher’s exact test; p-values <0.05 in bold;
3Classification according to 7" Edition UICC
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The distribution of the molecular subgroups of both classifications systems according to the tumor
localization and Laurén classification is shown in Figure 58. EBV(+), MSI-H and CIN were more
frequently found in intestinal type tumors compared to the GS subtype (Figure 58A). Regarding the
association of the molecular subgroups with tumor localization, CIN occurred more frequently in
proximal located tumors compared to the other subgroups, which were more often found in

non-proximal tumors (Figure 58B).

MSI-L and high CIN-M, the subgroups included in the modified classification system, were more
frequently found in intestinal type tumors especially in comparison to the remaining CIN-groups which
revealed a balanced occurrence of intestinal and non-intestinal tumors (Figure 58C). Figure 58D shows,
that the high CIN-M subgroup was more often found in proximal located tumors compared to the other

molecular subgroups (p = 0.024).

100 H Intestinal 100 M Proximal
p'<0.001 W Non-intestinal p' < 0.001 B Non-proximal

80

n=41 n=41

Percentage of resected tumors (%)
Percentage of resected tumors (%)

GS EBV(+) MSI-H CIN GSs EBV(+) MSI-H CIN
Molecular classification system according to TCGA Molecular classification system according to TCGA
o4 D
100 _ [ Intestinal 100 _ [ Proximal
p' =0.004 M Non-intestinal p'=0.062 Il Non-proximal
n=20 80 p?=0.024
60 n=14 n=36 n=88

Percentage of resected tumors (%)
Percentage of resected tumors (%)

Remaining EBV(+)  MSI-H MSI-L High Remaining EBV(+)  MSI-H MSI-L High
CIN-groups CIN-M CIN-groups CIN-M
Modified molecular classification system Modified molecular classification system
according to TCGA according to TCGA

Figure 58: Molecular classification systems and association with Laurén histological subtypes and tumor
localization

The resected tumors are stratified according to the Laurén classification (A, C) and according to tumor

localization (B, D). !p-values (overall) of Chi-square test; 2p-value of Chi-square test compared to remaining
CIN-groups (ref.)
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3.5.3. Molecular classification and association with response to CTx

Overall, the original molecular classification system according to TCGA revealed no significant
association with response (p = 0.949, Figure 59A). In general, the number of non-responding patients
was higher in the GS, MSI-H and CIN subgroup and the proportion of responder and non-responder was
similar between these subgroups. In the EBV(+) subgroup, three (50%) patients were responder and

three (50%) were non-responder (Supplementary Table 22).

100 M Responder 100 B TRG2
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Molecular classification system Molecular classification system
according to TCGA according to TCGA

Figure 59: Molecular classification according to TCGA and association with response to neoadjuvant CTx
The response to neoadjuvant CTx is shown for patients with tumor biopsies before CTx (A) and tumor regression
for patients with resected tumors after neoadjuvant CTx (B) in relation to the respective molecular subgroup.
Ip-values (overall) of Fisher’s exact test; p-value < 0.05 in bold

The modified molecular classification system with high CIN-M as an own subgroup showed no
statistically significant association with response but a tendency is discernible (p = 0.070, Figure 60A).
It is striking that only MSI-L revealed a significant association with better response (p = 0.018)
compared to the remaining CIN-groups (Supplementary Table 23). Five (83%) of the 6 tumor biopsies
with MSI-L were of responding patients with TRG1 compared to 22 (31%) of 71 tumors with remaining
CIN-groups (Figure 60A).

As shown previously in chapter 3.4.2.6, the molecular subgroup CIN-H was significantly associated
with better response to neoadjuvant CTx compared to the remaining CIN-groups (p = 0.026; Figure 49A
and Table 32). Ten (45%) of the 22 tumors with CIN-H were of responding patients compared to
23 (25%) of the 94 tumors with remaining CIN-groups (Supplementary Table 24). Thus, the modified
classification system with CIN-H as own subgroup revealed an overall statistically significant difference

with response (p = 0.016, Figure 60B).

Additionally, the association of the molecular subgroups of both classification systems with the tumor
regression grade was analyzed for the 325 resected tumors after neoadjuvant CTx. In both classification
systems, MSI-H was significantly associated with TRG3 tumors (p < 0.005). In the TRG3 group,
20 (12%) of the 172 tumors were MSI-H compared to 4 (3%) of 154 in the TRG2 group (Figure 59B
and Figure 60C, D). Results of the association of the different molecular classification systems with

TRG are summarized in detail in Supplementary Tables 23-25.
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Figure 60: Modified molecular classification system based on TCGA with high CIN-M or CIN-H as own
subgroup and association with response to neoadjuvant CTx

The response to neoadjuvant CTx is shown for patients with tumor biopsies before CTx (A, B) and tumor
regression for patients with resected tumors after neoadjuvant CTx (C, D) in relation to the respective molecular
subgroup. 'p-values (overall) of Fisher’s exact test; p-values < 0.05 in bold

3.5.4. Molecular classification and patients survival

OS was compared for the molecular subgroups in the tumor biopsy and resected tumor cohort.
Additionally, analysis of OS of patients in the resected cohort was separately performed in the groups

stratified according to their treatment with or without CTx.

3.5.4.1. Molecular classification according to TCGA and association with survival

In the tumor biopsy cohort no statistically significant difference of OS regarding the four molecular
subgroups was observed (overall log rank p = 0.668, Figure 61A). Patients with EBV(+), MSI-H or
genomic stable tumors showed similar survival probabilities with 5-year OS rates of 50%, 54% and 60%

respectively (Table 35).

Comparison of OS of all patients with resected tumors regarding the four molecular subgroups revealed
a statistically significant difference (overall log rank p = 0.021, Figure 61B). The molecular subgroups
EBV(+), MSI-H and CIN were compared to the genomic stable tumors (ref). The EBV(+) and MSI-H
subgroup demonstrated the best OS compared to the reference group (EBV(+): HR, 0.67, p = 0.368;
MSI-H: HR, 0.85, p = 0.595). Patients with CIN tumors showed the worst survival (HR, 1.40, p = 0.151,
Table 35).
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In the non-CTx and CTx group no statistically significant difference of OS was observed (overall log
rank p = 0.131, Figure 61C and p = 0.198, Figure 61D). In the non-CTx group, patients with EBV(+)
tumors showed the best survival (HR, 0.30; p = 0.262) with a 5-years OS rate of 85.7%. In the CTx
cohort, patients with EBV(+) and MSI-H tumors showed a better survival compared to GS tumors
(EBV(+): HR, 0.81; p = 0.672; MSI-H: HR, 0.68; p = 0.383). All survival data including the 1, 3 and 5

years survival rates are summarized in Table 35.
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Figure 61: Molecular classification according to TCGA and survival of the patients

Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
!p-values (overall) of log rank test; p-value < 0.05 in bold
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Table 35: Survival data of the different patient cohorts in association with the molecular classification
system according to TCGA

Molecular Survival probabilit Median
classification No. Events [E/ ] y Survival HR p-value!
according to ’ [months]
TCGA lyr 3yrs Syrs 95% CI) 95% CI)
Tumor 1.0
biopsies before EBV(+) 6 3 100 66.7 50 56.5 (0.20-4.98) 0.998
neoadjuvant 0.98
CTx MSI-H 15 6 92.9 61.9 54.2 nr (0.25-3.93) 0.979
38.7 1.47
CIN 115 65 74.1 53.4 46.2 (11.8-65.7) (0.46-4.67) 0.519
65.9
GS 7 3 100 60 60 (12.8-119.1) 1 ref -
48.1
Total 143 77 78.3 55.1 47.3 (26.2-70) - -
All resected EBV(+) 24 7 76.6 70.2 63.2 nr 0.67 0.368
(0.28-1.59)
tumors 0.85
MSI-H 59 21 76.6 66.9 64.4 nr (0.46-1.56) 0.595
359 1.40
CIN 477 244 77.9 49.8 42.7 (25.3-46.5) (0.89-2.20) 0.151
46.3
GS 56 20 88.1 59.3 48.7 (0-93.0) 1 ref -
Total 616 292 78.6 53.1 46.0 446
‘ ‘ ) (30.2-59.0) ) )
Resected 0.30
tumors without EBV(+) 8 1 85.7 85.7 85.7 nr (0.04-4.46) 0.262
neoadjuvant 1.17
CTx MSI-H 35 13 72.9 66.2 66.2 nr (0.46-2.93) 0.742
61.1 1.60
CIN 222 90 79.5 56.7 50.2 (27.8-94.4) (0.75-3.45) 0.227
GS 26 6 91.6 79.8 57.6 nr 1 ref -
85.0
Total 291 122 79.7 60.4 53.8 (51.7-118.3) - -
Resected 44.0 0.81
tumors after EBV(+) 16 6 71.8 59.8 47.9 (na) (0.31-2.14) 0.672
neoadjuvant 0.68
CTx MSI-H 24 8 81.9 67.5 60 nr (0.28-1.63) 0.383
29.0 1.28
CIN 255 143 76.6 43.9 36.2 (22.4-35.6) (0.72-2.25) 0.399
31.0
GS 30 13 85.5 39.1 39.1 (28.0-34.0) 1 ref -
322
Total 325 170 77.6 46.4 39.0 (24.1-40.3) - -

Ip-values of Cox’s regression
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3.5.4.2. Modified molecular classification based on TCGA and association with survival
Similar to the findings in OS regarding the four molecular TCGA subgroups in the tumor biopsy cohort,
no statistically significant difference of OS was observed regarding the five modified molecular
subgroups (overall log rank p = 0.570, Figure 62A). The molecular subgroups EBV(+), MSI-H, MSI-L
and high CIN-M were compared to the remaining CIN-groups defined as reference. According to the
previous published data (Kohlruss, Grosser et al. 2019), MSI-L tumors showed the best survival
followed by MSI-H and EBV(+) tumors compared to the reference group (MSI-L: HR, 0.43, p = 0.248;
MSI-H: HR, 0.61, p =0.250; EBV(+): HR, 0.76, p = 0.646, Table 36). High CIN-M tumors showed a
slightly better survival than the remaining CIN-groups with a 5-years OS rate of 47% compared to 43%
(Table 36).

In the resected tumor cohort a statistically significant difference of OS was observed (overall log rank
p=0.016, Figure 62B). As shown previously for the molecular classification system according to
TCGA, patients with EBV(+) and MSI-H tumors showed the best survival compared to the reference
group (EBV(+): HR, 0.60, p = 0.183; MSI-H: HR, 0.69, p = 0.111). Patients with MSI-L tumors showed
the worst survival (HR, 1.46, p = 0.149) which was especially observed in the non-CTx group (HR,
2.37, p=0.007). The high CIN-M group showed a significant worse OS compared to the remaining
CIN-groups (HR, 1.30, p =0.048). This finding was especially evident in the CTx-group (HR, 1.45,
p =0.030, Table 36). All survival data including the 1, 3 and 5 years survival rates are summarized in

Table 36.
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Figure 62: Modified molecular classification based on TCGA and survival of the patients

Kaplan-Meier curves are shown for patients with tumor biopsies before neoadjuvant CTx (A) and for patients with
resected tumors: all patients (B), patients treated without CTx (C), patients treated with neoadjuvant CTx (D).
Ip-values (overall) of log rank test; p-values < 0.05 in bold
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Table 36: Survival data of the different patient cohorts in association with the modified molecular
classification system based on TCGA

Modified Survival probability Median
molecular No. Events ° Survival HR p-value!
e [%]
classification [months]
system lyr 3yrs Syrs 95% CI) 95% CI)
Tumor 56.5 0.76
biopsies before EBV(*) > 3 100 60 40 (0-123.7) (0.24-2.45) 0.646
neoadjuvant 0.61
CTx MSI-H 15 6 929 619 54.2 nr (0.26-1.42) 0.250
62.2 0.43
MSI-L 6 2 100 100 100 (60.6-63.9)  (0.11-1.79) 0.248
. 0.79
High CIN-M 45 23 733 520 47.0 38.0 (0.48-1.31) 0.364
Remaining 37.9
CIN-groups 71 43 753 520 42.8 (22.2-53.6) 1 ref. -
48.1
Total 142 77 783 551 473 (26.2-70) - -
All resected EBV(+) 23 7 754  68.5 60.9 nr 0 2%'61028 0.183
tumors (0.28-1.28)
0.69 0111
MSI-H 59 21 76.6 669 64.4 nr (0.44-1.09) .
294 1.46
MSI-L 27 16 71.6 444 38.1 (159-42.9)  (0.87-2.44) 0.149
. 29.0 1.30
High CIN-M 151 87 74.6 451 39.0 (15.6-42.4) (1-1.69) 0.048
Remaining 44.9
CIN-groups 355 161 814 537 45.6 (23.8-66.0) 1 ref. -
44.6
Total 615 292 78.6  53.1 46.0 (29.8-59.4) - -
Resected 0.28
tumors EBV(+) 7 1 833 833 83.3 nr (0.04-2.02) 0.205
without 0.86
neoadjuvant MSI-H 35 13 729 66.2 66.2 nr © 47'_1 57) 0.626
CTx . .
21.7 2.37
MSI-L 14 12 623 312 234 (1.0-42.4) (1.27-4.40) 0.007
. 61.1 1.22
High CIN-M 75 35 75.5  59.0 50.4 (332-89.1)  (0.80-1.84) 0.355
Remaining 89.5
CIN-groups 159 61 846 613 54.1 (na) 1 ref. -
85.0
Total 290 122 79.7 604 53.8 (52.1-117.9) - -
Resected 44.0 0.72
tumors after EBV(+) 16 6 71.8 598 47.9 (na) (0.32-1.64) 0.431
neoadjuvant 0.60
CTx MSI-H 24 8 819 675 60 nr (0.29-1.23) 0.159
62.4 0.72
MSI-L 13 4 82.5 70.7 70.7 (na) (0.26-1.95) 0.515
. 224 1.45
High CIN-M 76 52 73.6 299 28.0 (16.1-28.8)  (1.04-2.03) 0.030
Remaining 33.8
CIN-groups 196 100 789 47.6 38.8 (22.5-45.1) 1 ref. -
322
Total 325 170 77.6 464 39.0 (24.1-40.3) - -

Ip-values of Cox’s regression, p-values < 0.05 in bold
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Multivariate analysis was performed separately for the resected non-CTx and CTx group. Analyzing the
modified molecular classification system and the pre-therapeutically available factors revealed that cT
(» <0.001), age (p =0.001) and the molecular subgroups (p = 0.052) were independent prognostic
factors in the non-CTx patient group (Table 37). Including the post-therapeutically available factors,
only the clinical parameters pN (p <0.001), age (p=0.004), R-category (p =0.020) and tumor
localization (p =0.026) were identified as independent prognostic factors in this patient group
(Table 37). By contrast, analysis of the subgroup of only completely resected patients (RO) revealed
only pN (p <0.001) and age (p = 0.006) as independent prognostic factors (Table 37).

In the CTx group, only tumor localization (p < 0.001) was identified as independent prognostic factor
when analyzing the pre-therapeutically available factors. Including the post-therapeutically available
factors revealed the clinical parameters R-category (p < 0.001), (y)pN (p <0.001), tumor localization
(» =0.002) and M-category (p = 0.007) as independent prognostic factors (Table 38).

Table 37: Multivariable analysis of survival including pre- and post-therapeutically available clinical
factors and modified molecular classification system based on TCGA in the resected non-CTx cohort

HR 95% CI p-value!
Pre-therapeutic factors?
Clinical tumor stage
cT2 1 ref. -
cT3/4 2.73 1.84-4.06 <0.001
Age 1.03 1.01-1.05 0.001
Modified molecular classification according to TCGA 0.052
Remaining CIN-groups 1 ref. - -
EBV(+) 0.21 0.03-1.53 0.123
MSI-H 0.57 0.31-1.06 0.074
MSI-L 1.59 0.84-3.01 0.155
High CIN-M 1.10 0.72-1.68 0.648
Post-therapeutic factors®
pN*
pNO 1 ref. -
pN1 3.15 1.95-5.10 <0.001
Age 1.03 1.01-1.04 0.004
Resection status
RO 1 ref. -
R1 1.68 1.08-2.60 0.020
Localization 0.026
Proximal 1 ref. - -
Middle 0.67 0.42-1.05 0.079
Distal 0.52 0.33-0.83 0.006
Total 1.09 0.51-2.31 0.830
Post-therapeutic factors (R0 resected, non-CTx cohort)
pN*
pNO 1 ref. -
N1 3.03 1.84-5.0 <0.001
Age 1.03 1.01-1.05 0.006

ref, reference; !p-values of forward likelihood ratio Cox’s regression model; p-values <0.05 in bold;
2Pre-therapeutic factors included: age, gender, localization, Laurén subtypes, cT, modified molecular classification
based on TCGA. 3Post-therapeutic factors included: age, sex, localization, Laurén subtypes, pT, pN, M-status,
R-category, modified molecular classification according to TCGA. *Classification according to 7" Edition UICC
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Table 38: Multivariable analysis of survival including pre- and post-therapeutically available clinical
factors and modified molecular classification system based on TCGA in the resected CTx cohort

HR 95% CI p-value!
Pre-therapeutic factors®
Localization <0.001
Proximal 1 ref. - -
Middle 0.82 0.55-1.23 0.340
Distal 0.36 0.36-1.05 0.075
Total 1.66 1.66-5.57 <0.000
Post-therapeutic factors®
Resection status
RO 1 ref. -
RI 1.96 1.40-2.76 <0.001
(y)pl‘i“) " -
ref.
PN 2.74 1.78-4.20 <0.001
Localization 0.002
Proximal 1 ref. - -
Middle 0.75 0.50-1.14 0.178
Distal 0.66 0.38-1.14 0.135
Total 2.63 1.42-4.86 0.002
Metastasis status
MO 1 ref. -
M1 1.67 1.15-2.43 0.007

ref, reference; 'p-values of forward likelihood ratio Cox’s regression model; p-values <0.05 in bold;
Pre-therapeutic factors included: age, gender, localization, Laurén subtypes, ¢T, modified molecular classification
based on TCGA; *Post-therapeutic factors included: age, sex, localization, Laurén subtypes, (y)pT, (y)pN, M-
status, R-category, modified molecular classification according to TCGA. *Classification according to 7" Edition
UICC
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3.6. Mutation profiling by next-generation sequencing

3.6.1. Frequency of tumors with alterations in GC related genes

Targeted sequencing of 52 GCs was performed using the gastric cancer related gene panel consisting of
four primer pools yielding 525 amplicons of 58 genes. Sequence variants were identified at least in one
of the genes in 45 (86.5%) of the 52 analyzed GCs. In total, 92 mutations were detected in nearly half
of the analyzed genes (27 out of 58 genes). Of the 92 identified mutations, 62 (67.4%) were missense
mutations, nine (9.8%) were nonframeshift deletions or substitutions and 21 (22.8%) were truncating

mutations.

Figure 63 shows that the most frequent sequence variants among the analyzed tumors were detected in

TP53 (65.4%) followed by CDHI (15.4%) and TGFBR2 (11.5%).
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Figure 63: Frequency of gastric carcinomas with mutations in selected gastric cancer related genes

Recurrent hotspot mutations in the ERBB family of proteins were found at the amino acid positions
V777 (exon 20) and S310 (exon 8) in ERBB2 and G284 (exon 7) in ERBB3. For the RAS family of
proteins, missense substitutions in the amino acid position G12 were found for KRAS (p.G12S/V) and
NRAS (p.G12C). One of the two main hotspots for activating mutations was found in the helical domain
of PIK3CA (p.E542K and p.E545K/A in exon 10). A complete summary of all identified mutations is
given in Supplementary Table 25.
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3.6.2. TP53 mutations

In total, 35 TP53 mutations were identified in 34 tumors whereas one tumor revealed two different 7P53
mutations. Of the 35 TP53 mutations, 26 (74.3%) were missense mutations, five (14.3%) were
truncating mutations, two (5.7%) were in-frame deletions and two (5.7%) were splice variants. The most
frequent 7P53 mutations in this study were p.R273C/H/L (n=7) and p.R282W (n = 6). An overview
about the TP53 mutations identified in this study cohort compared to those of the TCGA study is given
in Figure 64.

The occurrence of 7P53 mutations and Laurén classification revealed no significant correlation
(p = 0.451) but a significant difference was observed with the tumor localization (p = 0.008). 17 (89.5%)
of the 19 proximal located tumors showed 7P53 mutations compared to 17 (53%) of 32 non-proximal

located tumors.
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Figure 64: Identified TP53 mutations in gastric carcinomas

Missense mutations were shown in green, truncating mutations in black and in-frame mutations in brown.
[Designed with Mutation Mapper, cBioPortal: Cerami et al. 2012 and Gao et al. 2014]
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3.6.3. CDHI and RHOA mutations

In total, nine CDHI mutations were found in seven tumors whereas two tumors showed two different
CDH1 mutations respectively. Of the nine CDHI mutations, two (22.2%) were missense mutations,
three (33.4%) were truncating mutations, two (22.2%) were in-frame deletions and two (22.2%) were
splice variants. All identified CDHI mutations in this study occurred only once. An overview about the
CDH1 mutations identified in this study cohort compared to those of the TCGA study is given in
Figure 65.

CDH1 mutations and Laurén classification revealed a significant correlation (p = 0.005). Six (86%) of
the seven tumors with CDHI mutations were classified as non-intestinal subtype. No significant
correlation was observed regarding the tumor localization (p = 0.236). Two (67%) of the three identified

RHOA mutations were also associated with the non-intestinal subtype.
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Figure 65: Identified CDH1 mutations in gastric carcinomas

Missense mutations were shown in green, truncating mutations in black and in-frame mutations in brown.
[Designed with Mutation Mapper, cBioPortal: Cerami et al. 2012 and Gao et al. 2014]
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3.6.4. Alterations in GC related genes and association with the MSI-L

subtype

The correlation of the occurrence of alterations in gastric cancer related genes with the MSI-L and MSS

subtype is shown in Figure 66. All CDHI mutations (n = 9) were identified within the MSS subgroup
(p = 0.084). Regarding the identified 7P53 mutations, it is striking that 10 (71.4%) of the 14 MSI-L
tumors showed 7P53 mutations compared to 24 (63.2%) of the 38 MSS tumors. However, the

occurrence of 7P53 mutations showed no significant association with the MSI-status (p = 0.578).

The average mutation rate per subgroup was calculated by dividing the total number of identified

mutations by the total number of tumors per subgroup and revealed a mutation rate of 1.9 for the MSI-L

subgroup compared to 1.7 for the MSS subgroup.
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Figure 66: Mutation profile of gastric carcinomas and association with the MSI-L subtype
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3.6.5. Alterations in GC related genes and association with the CIN-status

The mutation profiles of the 52 tumors stratified according to their CIN classification in four subgroups
are shown in Figure 67. It is noticeable that five (71%) of the seven tumors with a CDH mutation were
classified as CIN-L compared to 6 (13%) of 45 tumors without a CDHI mutation (Figure 67). Thus, the
occurrence of CDHI mutations was significantly associated with the CIN subtypes (p = 0.008). No
significant association was observed for 7P53 mutations and the CIN-status. However, TP53 mutations
tended to be more common in tumors with high CIN-M compared to tumors with the remaining
CIN-groups (Figure 68). Furthermore, an increase of the frequency of TP53 mutations was observed
from the CIN-L subgroup (28%) to low CIN-M (37.5%) and to high CIN-M (40%) and CIN-H (47%)
as shown in Figure 68. The mutation rates of the respective CIN-subgroups were as follows: 1.9 for

CIN-L, 1.6 for low CIN-M, 2.0 for high CIN-M and 1.5 for CIN-H.
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Figure 67: Mutation profile of gastric carcinomas and association with the CIN-status
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Figure 68: Occurrence of TPS3 and CDH1 mutations in the four CIN-subgroups

For a more specific analysis, the altered genes (n = 27) were clustered according to their involvement in

function in cellular processes during carcinogenesis into the following groups as shown in Figure 69.
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Figure 69: Clustering of GC related genes according to their function in cellular processes during
carcinogenesis

! Among others, the genes are involved in cell growth and differentiation, chromatin remodeling, immune response
and Notch signaling.
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Overall, the clustering of the gastric cancer related genes was significantly associated with the four
CIN-subgroups (p = 0.033, Figure 70). Mutations in genes involved in cell adhesion processes and in

the Wnt pathway were more frequently identified in tumors classified as CIN-L (Figure 70).

Besides, the occurrence of mutations in genes involved in the PI3 Kinase/AKT signaling pathway (53%)
and in cell cycle processes (60%) were associated with the high CIN-M subgroup compared to the
remaining CIN-groups (Figure 70).
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Figure 70: Clustering of mutated gastric cancer related genes and association with CIN

!p-value (overall) of Fisher’s exact test

3.6.6. Prediction of copy number variants

Additionally, copy number variants (CNVs) were predicted in the 52 analyzed primary resected tumors
using the summary of the coverage data of each tumor sample and amplicons generated by the Torrent
Suite Software. Recurrent amplifications were identified in CCNE1, CDK6, CCND1, KRAS, MYC, MET,
ERBBI and ERBB?2 in 13 tumors and one deletion in CDKN24 in one tumor. CNVs in genes involved
in cell cycle processes such as CDKN2A, CCNEI, CDK6 and CCNDI were primarily identified in
tumors classified as high CIN-M and MET and MYC amplifications seem to occur more frequently in
the low CIN-M subgroup (Figure 67).

Nevertheless, no significant association was found between the four molecular CIN-groups based on
quartiles of the Al ratios and the occurrence of CNVs, which could be attributable to overall small

sample sizes.
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3.7. Main characteristics of the molecular subgroups

In the following, the main characteristics of the molecular subgroups according to TCGA compared to

the modified molecular subgroups are summarized (Figure 71).

Molecular subgroups according to TCGA
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Figure 71: Main characteristics of the molecular subgroups
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4. DISCUSSION

4.1. Identification of novel molecular subgroups in gastric cancer

Distinct molecular subtypes have been recently identified in GCs but knowledge about their clinical
relevance in particular in the context of preoperative CTx is still limited (TCGA 2014, Cristescu et al.
2015, Sohn et al. 2017, Haag et al. 2019, Huang et al. 2019). On that account, the prognostic and
predictive significance was clarified for the four classical molecular TCGA subgroups EBV(+), MSI-H,
GS and CIN and in addition for a more detailed modified molecular classification system encompassing
three modified subgroups namely MSI-L, high CIN-M and remaining CIN-groups apart from the
EBV(+) and MSI-H subtype. Therefore, comprehensive analyses were performed in large GC cohorts
including tumor biopsies of patients before platinum/5-FU based preoperative CTx and resected tumors

of patients treated without or with preoperative CTx.

One of the most important achievements of the present study was the identification of novel molecular
subgroups which demonstrated potentially predictive and prognostic impact in GC patients. Besides,
these molecular subtypes showed distinct clinical and genomic signatures. One of these molecular
subtypes represented MSI-L which was significantly associated with better response to neoadjuvant CTx
in patients with biopsies before preoperative CTx. These patients also showed a tendency for increased
survival even if the difference was not statistically significant, probably due to low sample size.
Interestingly, MSI-L demonstrated a negative prognostic effect in the resected patient cohort treated
with surgery alone, which could indicate that the MSI-L subtype has a differential prognostic role
depending on the treatment of the patients. As the significant association of MSI-L with worse prognosis
was also demonstrated in patients with clinically staged ¢T2 tumors, the determination of the MSI-L
subgroup may contribute improvements for future managements of this particular patient subgroup
(Kohlruss et al. 2019). A similar association of MSI-L with worse prognosis was shown previously for

colorectal cancer (Lee et al. 2015).

The MSI-L phenotype has been described in various tumor entities including GCs between ranges of
4%-20% (Hatch et al. 2005, Napieralski et al. 2007, An et al. 2012, Lee et al. 2015, Moehler et al. 2015).
In comparison, in this study a rather lower prevalence of 4% was detected for patients having tumors
with MSI-L. It has to be mentioned that the detection rate of MSI-L strongly dependents on the type and
number of microsatellite markers used in a respective study. As shown in this study, it is striking that
instability in MSI-L tumors occurred predominantly at one of the dinucleotide repeats which is also in
line with previous findings (Hatch et al. 2005, Lee et al. 2015, Kim et al. 2017). In addition, as shown
here the types of instability in the MSI-L phenotype which were restricted to the dinucleotide markers
were mostly insertions with two base pairs whereas the instabilities detected at the two mononucleotide
markers were found to be deletions even though instability was only found for two cases. In contrast,
the most frequent instabilities in MSI-H tumors were detected in the two mononucleotide repeats BAT25

and BAT26 which were also included in the marker panel for MSI analysis.
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These findings suggested that the occurrence of MSI-L may be related to a distinct mechanism in
particular for the characteristic instability at the dinucleotide repeats. Contrarily to the well-known
molecular background of MSI-H, the origin and biological significance of the MSI-L phenotype is still
poorly understood and controversially discussed (Tomlinson et al. 2002, Hile et al. 2013). Tumors with
MSI-H are usually associated with defects in one of the MMR proteins (MLH1, MSH2, MSH6 and
PMS2) and demonstrated high genomic instability. By contrast, tumors which exhibit only moderate
genomic instability may underwent different molecular processes compared to the MSI-H phenotype
and showed instability only at selected microsatellites (Hile et al. 2013). Those tumors may display
alternative forms of tumor-associated instabilities at di- or tetranucleotide microsatellite repeats which
are known as the MSI-L phenotype or as elevated microsatellite alterations at selected tetranucleotides
(EMAST). Furthermore, as suggested in the literature the phenomenon MSI-L may be related to
moderate defects in specific DNA repair genes, to spontanecous mutations at microsatellites associated
with elevated mutation rates or induction by DNA damaging agents (Hile et al. 2013, Koi et al. 2018).
Some studies hypothesized that the MSI-L. and EMAST phenotype are results of a defect machinery or
aberrant protein expression of MSH3 in colorectal cancer (Haugen et al. 2008, Plaschke et al. 2012,
Carethers 2017, Koi et al. 2018). Based on the results of the present study it is also tempting to speculate
that MSI-L may be associated with a particular type of dysfunctional DNA repair mechanism and
numerous proteins involved in these repair complexes may represent possible candidates in that
scenario. To support this hypothesis and to further clarify the potential role of MSI-L as distinct
subgroup, additional studies of the GC cohorts included in this study analyzing MSH3 expression
patterns by immunohistochemistry of MSI-L tumors compared to MSS tumors may be helpful.
However, MSI-L tumors are usually not distinguished from MSS tumors and in contrast to the known
clinical relevance of the MSI-H phenotype; the biological significance of MSI-L remains unclear or is
not yet defined (Lee et al. 2015, Nazemalhosseini Mojarad et al. 2016). Some studies analyzing
colorectal cancer reported obvious differences in the clinical relevance of MSS and MSI-L tumors
whereas others did not observed any differences (Kohonen-Corish et al. 2005, Wright et al. 2005, Kim
et al. 2009, Azzoni et al. 2011). The negative prognostic role of the MSI-L subtype in patients treated
without CTx and the good prognosis to preoperative CTx in the pre-therapeutic tumor biopsy cohort led

to assume that MSI-L in the context in this study should be treated as own distinct subgroup.

The other novel identified subgroup namely high CIN-M demonstrated a prognostic significance in the
resected tumor cohort. High CIN-M which represents the third quartile of the Al ratios was associated
with worse survival in the resected patient cohort though this negative prognostic effect was
predominantly demonstrated in patients treated with preoperative CTx. These findings led to speculate
that altered CTx treatment strategies are rather necessary to improve outcome of this particular patient
group having high CIN-M tumors. Regarding all resected tumors, it is striking that the CIN-H subtype
with elevated Al ratios > 0.75 demonstrated more or less survival rates similar to the two remaining

lower CIN quartiles.
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Interestingly, the most obvious differences, although not statistically significant, regarding survival and
the two CIN-subtypes high CIN-M and CIN-H were observed in the resected patient cohort after CTx
whereas the CIN-H tumors showed improved outcome in this patient group. In addition, CIN-H
demonstrated a positive predictive effect of patients with tumor biopsies before preoperative CTx. The
association between CIN and prognosis of the patients was analyzed in various tumor entities and
controversial results were observed even though different techniques were used for the assessment of
CIN (Carter et al. 2006, Walther et al. 2008, Birkbak et al. 2011, Jamal-Hanjani et al. 2015, Tijhuis et
al. 2019). In a comprehensive study, a gene expression signature of CIN was determined for multiple
human cancers and the authors observed that patients with tumors having high CIN signatures
demonstrated worse survival compared to those having a lower CIN signature (Carter et al. 2006). In
addition, increased CIN has been shown to be linked to aggressive tumor growth and progression in
various cancer types (Gao et al. 2016). However, some studies also presumed that only an optimal level
of CIN can lead to tumor progression and proposed a “just-right” model (Bakhoum and Compton 2012,
Gronroos and Lopez-Garcia 2018). Moreover, a paradoxical non-monotonic relationship of CIN and
prognosis was reported in GCs and breast carcinomas (Birkbak et al. 2011, Jamal-Hanjani et al. 2015).
In addition, two different CIN-exploiting treatment strategies currently exists whereas CIN-reducing
approaches aimed to suppress the rate of chromosomal alterations and to reduce the tumor growth
(Bakhoum and Compton 2012, McClelland 2017, Thompson et al. 2017). Contrarily, the CIN-inducing

treatment strategies generate extreme levels of CIN to induce tumor cell death (Thompson et al. 2017).

As the CIN-H group in the present study was associated with good prognosis in patients treated with
preoperative CTx it is tempting to speculate in the context of the findings in the literature that cancer
cells harboring elevated CIN were predominantly eliminated by particular CTx agents due to fitness loss
or cell autonomous lethality. In comparison, an intermediate level of CIN seems to stabilize the cancer
cell biological fitness which is related to an overall worse outcome of the patients. Support for the
approach of this study was given in a retrospective and prospective validating study using the CIN70
expression signature as a surrogate measurement of CIN (Birkbak et al. 2011, Jamal-Hanjani et al.
2015). These authors demonstrated that the third CIN quartile was associated with the poorest prognosis
whereas the extreme CIN-group showed improved survival of the patients. As shown here and in
previous studies, the CIN-status and prognosis do not stand in a simple monotone relationship which
may indicate that a more detailed classification of CIN in four subgroups is necessary to identify and
depict prognostic relevant subgroups (Birkbak et al. 2011, Jamal-Hanjani et al. 2015). Moreover, the
previous research and the findings of this study support that the intermediate CIN or high CIN-M
phenotype as proposed here represent distinct biological molecular subgroups in GCs. Furthermore,
prospective analysis in eligible in vitro gastric cancer cell lines or organoid models are mandatory to
clarify the relation of the CIN-status with tumor progression or chemosensitivity regarding different

CTx agents or checkpoint inhibitors (Thompson et al. 2017, Sansregret et al. 2018).
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In addition, in this study high CIN-M tumors were associated with proximal tumor localization and
intestinal subtype. As this subtype was newly proposed, it remains difficult to compare with previous
reports. Nonetheless, the CIN-subgroup according to TCGA was predominantly found in the
gastroesophageal junction and cardia of the stomach and was also associated with intestinal histology
(TCGA 2014, TCGA 2017). In this study, the high CIN-M phenotype showed high frequencies
throughout the patient cohorts in the range between 25%-32%. Furthermore, the most interesting finding
regarding the genetic background of this subgroup was the high prevalence of 7P53 alterations and
mutations in genes involved in the RTK/AKT signaling cascade. These findings were supported by other
studies where activating mutations of components of the RTK/Ras pathway were mainly detected in

highly chromosomal unstable tumors (Deng et al. 2012, TCGA 2014).

As the detection of MSI-L and high CIN-M is based on relatively simple and cost-effective multiplex
PCR assays, those two subtypes could represent attractive markers for routine diagnostic analysis. In
addition, the prognostic relevance of the modified molecular classification system was underlined as it
emerged as an independent prognostic factor in the multivariable analysis of resected patients treated

without preoperative CTx when considering the pre-therapeutically available factors.

Regarding the original molecular TCGA subgroups MSI-H and EBV(+) in this study, no predictive
impact was found for both subtypes. However, patients with EBV(+) and MSI-H tumors showed the
best prognosis in the resected patient cohort. The MSI-H subgroup was found to be associated with good
prognosis for GC patients as reported in the majority of the studies (Cristescu et al. 2015, Marrelli et al.
2016, Pereira et al. 2018, Polom et al. 2018, Huang et al. 2019). This is essentially in line with the
findings for the resected patient cohort in this analysis. However, different results in the context of CTx
have been reported in various studies (An et al. 2012, Choi et al. 2014, Kim et al. 2015, Smyth et al.
2017, Haag et al. 2019). In the study of Smyth et al. (2017), a negative prognostic effect of MSI was
found for patients who received preoperative CTx in the context of the MAGIC trial. These results did
not support the findings of the present study, since no negative prognostic relevance of MSI-H was
found in patients with tumor biopsies before CTx and additionally a good prognostic effect of MSI-H
was demonstrated in all resected patients independently of the respective treatment. Furthermore, the
significant associations of the MSI-H subtype found with patient age, tumor localization and status of
metastasis confirm results reported by others (TCGA 2014, Pereira et al. 2018, Polom et al. 2018, Choi
et al. 2019). The prevalence of MSI-H among all analyzed tumors in this study was found in a range
between 10%-11% which is also similar to recent reports (Polom et al. 2018, Choi et al. 2019). In
contrast, the TCGA study revealed higher frequencies of MSI tumors (22%) which may be related to a
different composition of the patient cohorts especially regarding the tumor localization as in this study
a relatively high number of proximal located tumors are included in the analysis (TCGA 2014, Kohlruss
et al. 2019). As mentioned before, MSI was more frequently found in the corpus or lower parts of the

stomach (TCGA 2014, Polom et al. 2018).
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The prevalence of EBV(+) of all analyzed tumors in this study was in a range between 3.5%-4% which
is essentially in line with some previous reports (Genitsch et al. 2015, Hewitt et al. 2018). However,
most of the studies revealed higher frequencies of EBV-associated gastric carcinomas in the range
between 5%-10% which may also be related to the composition of the patient cohorts in context of tumor
localization (Lee et al. 2009, Murphy et al. 2009, Nishikawa et al. 2014, TCGA 2014). EBV(+) was
associated with tumors localized in the middle of the stomach as well as intestinal histology and male
sex which is similar to recent studies (TCGA 2014, Hewitt et al. 2018). Furthermore, EBV(+) was not
associated with response to neoadjuvant CTx in this study, though a good prognosis was observed in
EBV-associated tumors of patients threated without CTx as recorded previously (Camargo et al. 2014).
In addition, in a clinical trial evaluating an immune check point inhibitor in metastatic GC, a good
response was observed in patients with EBV-associated tumors as well as MSI-H tumors (Kim et al.

2018).

Due to the findings of the study that prognostic and predictive implications and evidences in molecular
genetic patterns were primarily detected in the modified subgroups, a more detailed classification system
beside the TCGA classification as presented here might be very useful. Of course, further extensive
studies are necessary to confirm these findings and to clarify the molecular background of the MSI-L
and high CIN-M phenotype in the pathogenesis of GC. Although the identification of these molecular
subgroups have broaden the knowledge about the complexity of gastric cancer, the main challenge will
be to effectively translate these molecular findings into improvements in classical therapy strategies or

into better future management of GC patients to improve outcome and prediction.

4.2. Determination of AI and CIN

CIN is known to be a major hallmark for the development of various cancers including gastric and
esophageal adenocarcinomas and was described as one of the four molecular subgroups by extensive
whole-genome analysis of the TCGA consortium. CIN was identified as the most common subtype
having high frequencies of copy number alterations due to recurrent deletions and amplifications of

specific chromosomal loci (TCGA 2014).

In most of the large studies, CIN is determined using SNP array technologies which indeed provide
genome-wide information about chromosomal alterations but are not suited for routine diagnostics as
they are rather cost-intensive and are often only applicable on DNA from fresh frozen tumor material
(TCGA 2014, TCGA 2017, Liu et al. 2018). No adequate and cost-efficient diagnostic tool was available
for the reliable determination of CIN in gastric cancer until then. This issue was addressed in a previous
analysis as well as in this study and a microsatellite based multiplex PCR assay was successfully
established for the reliable detection of Al as surrogate for CIN performable on DNA isolated from
FFPE tumorous tissues (Kohlruss et al. 2018).
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In several previous reports, microsatellite analysis was used to detect LOH and Al in various cancer
types but a standardized cut-off value for the definition of Al is not defined and threshold values were
used in the range below 0.5-0.6 or above 1.5-2.0 (Beckmann et al. 1996, Ott et al. 2003, Erill et al. 2005,
Frigerio et al. 2007, Brys etal. 2013). The multiplex PCR assays used in this study allow a more sensitive
detection of Al due to experimentally determined marker-specific cut-off values (Kohlruss et al. 2018).
To my knowledge, only some other studies performed microsatellite analysis using individual cut-off
values in bladder carcinoma (Frigerio et al. 2007, van Tilborg et al. 2012). Although CIN is a common
phenomenon in GCs, the definition of CIN is not clearly defined in the literature and has to be critically

considered.

The comparison of the detected copy number gains, losses and calls of Al determined by the
genome-wide OncoScan analysis with the results for Al determined by the multiplex PCR assays
regarding single microsatellite loci revealed an overall concordance of 84%. Most of the discrepancies
between the two methods were related to the occurrence of balanced gains detected in the OncoScan
assay which are not detectable by microsatellite analysis or to Al-values very close to the cut-off
borderlines of the respective microsatellite marker. It also has to be emphasized that the microsatellite
analysis indicates Al and does not allow a clear distinction between copy number gains or losses at a
respective chromosomal region. This however, is not essentially required for the purpose of this study
to determine a more global CIN classification based on Al as surrogate marker for CIN. To analyze the
genome wide extent of chromosomal alterations, a chromosomal arm was considered to be altered if at
least 80% of one arm was lost, gained or demonstrated Al according to the CIN-definition of TCGA
(2017). The comparison of the results regarding the Al ratios determined by the multiplex PCR assays
with the ratio of genome chromosomal alterations revealed a high correlation. These findings indicate,
that the Al ratios determined by the multiplex PCR assays can reliably reflect the extent of chromosomal
alterations occurring on a genome-wide level. In addition, the sensitivity of the microsatellite based
assay was addressed and revealed that the test can be reliably used if the tumor cell content was at least
10%. Furthermore, a rather stable performance of the CIN classification based on this assay in relation

to tumor heterogeneity was demonstrated.

Analogous to the molecular classification system of the TCGA consortium, EBV(+) and MSI-H
represented distinct molecular subgroups which were strictly delineated from CIN and GS tumors
(TCGA 2014). Therefore, the EBV- and MSI-status was assessed in a preselection step and as a reliable
determination of Al is only possible in microsatellite stable (MSS) tumors, only MSS/EBV(-) and
MSI-L tumors were included in the analysis of Al and CIN using the microsatellite based multiplex
PCR assay. In this study, a CIN classification in two subgroups based on genome-wide analysis and

definition of the TCGA study was proposed as well as a modified four-group classification system.
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According to the definition of TCGA, 80% of the tumor biopsies before CTx were classified as CIN and
77% of the resected tumors without or after neoadjuvant CTx. This reflects considerably higher
frequencies especially in comparison with the findings of the TCGA study which classified 50% of the
analyzed tumors as CIN which can be related to the application of different methods to detect CIN
(TCGA 2014). As the number of proximal located tumors was relatively high, it may also be a reason
for the high frequencies of CIN-associated tumors in this study. Nevertheless, CIN was the most
frequently found subtype of the tumors in both studies. Furthermore, the CIN phenotype was associated
with proximal tumor localization and with intestinal tumor type, which is similar to previous reports
(Powell et al. 2005, TCGA 2014, TCGA 2017, Liu et al. 2018). The genomic stable subtype was more
frequently found in tumors with higher tumor grades (G3/4), which most likely reflects the association
of GS with non-intestinal type tumors which usually are poorly differentiated neoplasms. Regarding the
clinical relevance, this two-subgroup based CIN-classification revealed no significant associations
neither with response to neoadjuvant CTx nor with prognosis. Thus suggests that a classification system
in only two CIN-groups does not adequately reflect the biological heterogeneity of GCs and a more

differentiated graduation of CIN in four subgroups is necessary.

In the resected tumor cohort obvious differences were observed in survival regarding the four modified
CIN-subgroups whereas the high CIN-M and CIN-H phenotypes were of outstanding clinical relevance
as discussed earlier. Considering the potential prognostic value of the proposed modified
CIN-classification, it may be of significant impact to implement this system in clinical trials regarding
different treatment strategies. To my knowledge, only in a few number of other studies CIN was
categorized in more than two subgroups as for example Watanabe et al. (2012) classified colorectal
carcinomas as CIN-H or CIN-L when the LOH ratio (Al ratio) was > 33% or < 33% analyzing seven
microsatellite markers of five chromosomal regions. The authors further subclassified CIN-H tumors as
a mild or severe type when the LOH ratio was <75% or > 75%. In another study, a four-part CIN
classification was demonstrated in breast and ovarian cancer as well as in GCs using the CIN70 signature
as surrogate measure of CIN (Birkbak et al. 2011). These findings underline the heterogeneity of the
CIN phenotype and as shown here, probably different subgroups of CIN are more appropriate to reflect
the heterogeneity of GC.

In addition, tumor cell plasticity in the context of platinum/5-FU based CTx was determined analyzing
paired tumor biopsies before CTx and resected tumors after preoperative CTx. Therefore, pre-and
post-therapeutic alterations in the four modified CIN-subgroups were compared. The analysis revealed
that 50% of the tumors changed their CIN-status from a higher group to a lower one from the
pre-therapeutic biopsy to the corresponding post-therapeutic resected tumor. This may indicate, that
tumor cells harboring higher Al ratios were preferentially eliminated by preoperative CTx. In contrast,
in the minority of the corresponding tumors a change was observed from a lower CIN-group to a higher

one which may be associated with an induction of Al by CTx agents in tumor cells in this setting.
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Also the differences in the CIN-status of corresponding pre- and post-therapeutic tumors could be due
to different tumor cell contents. To deepen the knowledge of these findings, comparative analysis using
a validation cohort with pre-therapeutic tumor biopsies without CTx and corresponding resected tumors

may be helpful.

Furthermore, the results of Al analysis were evaluated regarding the single microsatellite regions and
the most notable findings are emphasized as follows. Considering the frequencies of altered
chromosomal regions in this study revealed that Al at 9p21, 12p12 and 17p13 were among the most
frequent alterations in the tumor biopsy and resected tumor cohort. Essentially in line with these
findings, various studies reported loss of heterozygosity at 9p21 and 17p13 in GCs in a broad range
from 11%-57% and 33%-71% (Ott et al. 2003, Powell et al. 2005, Jiao et al. 2006, Fan et al. 2012, Choi
et al. 2018). In the present study, frequencies of Al at 9p21 were found in a range between 79%-80%
and at 17p13 between 57%-66% which are similar to the ranges found previously. The overall
differences may be related to the usage of different methods to detect Al or to specific characteristics of
the analyzed patient cohorts. As already described in the publication of the multiplex microsatellite
assays, comparing the Al ratios determined by the microsatellite based PCR assays with the ratios of
chromosomal alterations detected by the OncoScan assay at a single chromosomal region revealed that
generally the multiplex PCR assay showed higher ratios of Al (Kohlruss et al. 2018). This higher
sensitivity may be related to our individual definition of specific cut-off values for each marker. In
addition, the fact that we mainly used markers of chromosomal regions which are specifically altered in

GC may explain the higher Al ratios.

Regarding the results of Al in the resected tumor cohort stratified according to the treatment approach
demonstrated that tumors treated without preoperative CTx showed significantly higher frequencies of
Al at 18g21. This chromosomal region is known to be linked to a number of cancer-related genes and
tumor suppressors (Candusso et al. 2002). Evaluating the clinical parameters in association with Al at
single microsatellite loci in this study revealed that generally Al was preferentially associated with
proximal tumor localization and the intestinal histological subtype. Some studies reported a similar
association of Al or copy number gains at selected chromosomal regions with the Laurén histology

whereas others did not find obvious differences (Jin et al. 2015, Choi et al. 2018).

It also has to be emphasized that the chromosomal regions 8q24 and 17q21 were associated with better
response to preoperative CTx in the tumor biopsy cohort which may reflect potentially specific regions
of genes involved in chemosensitivity toward platinum/5FU containing therapeutic regimens. A
potential candidate located at 8q24 may be the oncogene MYC which for example was found to be

associated with response to Docetaxel-based neoadjuvant CTx in breast cancer (Pereira et al. 2017).

The frequency of the resected tumors having Al at a respective microsatellite region in relation to the
four modified CIN-groups revealed five chromosomal loci at which the increase of the frequencies from

low to high CIN-M was 2- to 3-fold higher in comparison to those from high CIN-M to CIN-H.
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These regions were covering potentially targetable genes such CDK6 at 7q21, MET at 7q31 or MYC at
8q24. However, further fine mapping of these chromosomal regions are necessary to identify the most

relevant genes of the respective chromosomal regions.

4.3. Mutational landscape of gastric cancer

Through extensive molecular profiling of large GC cohorts by whole exome or targeted sequencing,
recurrent and novel potential cancer-driving genes were recently discovered in several studies (TCGA
2014, Wang et al. 2014, Xu et al. 2014, Chen et al. 2015, Cai et al. 2019). The importance of classic
driver mutations in the pathogenesis of stomach cancer were strengthen and new driver genes which
were involved in chromatin remodeling, Wnt signaling, cell motility and RTK signaling were identified

(Katona and Rustgi 2017).

In the present study, mutation profiling was performed in a subset of 52 GCs to additionally obtain
genetic information about the identified molecular subgroups. Therefore, a GC related gene panel
consisting of 58 genes was used for targeted sequencing of the tumors and somatic mutations were found
in 86.5% of the analyzed patients. The most frequent mutations among the analyzed tumors were
detected in TP53 (65%) and CDH1 (15%) which are known to be classical cancer-driving genes in
stomach cancer (Bellini et al. 2012, TCGA 2014, Cristescu et al. 2015, Pan et al. 2018, Cai et al. 2019).
A high prevalence of TP53 mutations is recorded in many human cancers and detected in the range
between 33%-59% for GCs in several large studies (TCGA 2014, Cristescu et al. 2015, Cai et al. 2019).
TP53 is a key regulator of different cellular processes and ensures the genomic integrity. In this study,
the most frequent alterations of 7P53 were missense substitutions occurring at the DNA-binding domain
at the hotspot positions p.R273 and p.R282 which is essentially in line with the findings of the TCGA
study (TCGA 2014). Mutations in 7P53 were significantly associated with proximal tumor localization
which was also reported by others (Cai et al. 2019).

In this study, alterations in 7P53 were detected throughout the four modified CIN-subgroups but
interestingly the prevalence of the 7P53 mutations steadily increased from the lowest CIN-subgroup to
the highest one. In the context of the TCGA studies, 7P53 mutations were also enriched in the CIN
subtype (TCGA 2014, TCGA 2017). However, a direct comparison of these findings concerning the
TCGA CIN-subgroup and the four CIN-subgroups defined in this study is not really reliable due to the

application of different methods to determine and define CIN.

CDH]1 is also a classically mutated driver gene which is usually associated with a diffuse histological
pattern of GC which is in line with the findings of this study (Becker et al. 1994, TCGA 2014, Cristescu
et al. 2015). A significant association was observed regarding the four modified CIN-groups, which was
mainly related to the occurrence of CDHI mutations in the CIN-L subtype. According to the TCGA
data, CDHI mutations were found in 37% of the genomically stable tumors which support the findings
of this study (TCGA 2014).
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Although the high prevalence of TP53 and CDHI mutations was analyzed and confirmed in large GC
cohorts in several studies, to date no altered treatment strategies for patients with tumors harboring these

gene alterations exist (Katona and Rustgi 2017).

Beside the detection of these two well-known cancer-driving genes of GC, genomic alterations were
also detected in the gene RHOA encoding a small GTPase which is involved in cell adhesion and
cytoskeleton remodeling. RHOA mutations were identified in 6% of the analyzed tumors and were
associated with the diffuse histological subtype although the sample size of tumors harboring this
alteration is very low. Similarly, the association of RHOA mutations with diffuse type tumors was
previously confirmed by various studies (Kakiuchi et al. 2014, TCGA 2014, Wang et al. 2014, Rocken
et al. 2016). The prevalence of RHOA mutations reported in the literature ranged from 4%-25% and
strongly depends on the composition of the tumor cohort in the context of the Laurén subtypes (Kakiuchi
et al. 2014, TCGA 2014, Wang et al. 2014, Rocken et al. 2016). Such as, Kakiuchi et al. (2014) found
high frequencies of RHOA mutations (25%) due to a greater number of diffuse typed tumors. In addition,
RHOA mutations were more frequently found in genomically stable tumors as shown in this study which
is in line with the findings of the TCGA consortium (TCGA 2014). The alterations of RHOA were all
detected at position p.Tyr42Cys and are located in the effector-binding region of the gene which can
lead to dysregulation of downstream RHO signaling. This region was also reported previously as hotspot
region in several studies (TCGA 2014, Wang et al. 2014, Rdcken et al. 2016). The role of RHOA
alterations in the pathogenesis of GC still remains unclear but it seems to play a crucial role affecting

cell motility in the development of diffuse type cancers (TCGA 2014, Katona and Rustgi 2017).

Moreover, in various sequencing studies of GC recurrent mutations were detected in chromatin
remodeling genes whereby ARID1A is most frequently mutated in a range between 14%-27% (Wang et
al. 2011, Zang et al. 2012, TCGA 2014). Indeed, the prevalence of ARIDIA mutations in this study was
a bit lower but still revealed the fourth most frequent mutated gene among all analyzed tumors.
Inactivating mutations of AR/DIA were mainly prevalent in EBV-associated tumors and hypermutated
tumors with MSI (Wang et al. 2011, TCGA 2014). As the attention of this study was to obtain genetic
information about the different CIN-subgroups, only MSS or MSI-L tumors were sequenced and
therefore no direct comparison of the findings of these studies was possible. Apart from these findings,
also known hotspot mutations with rather low frequencies between 2%-6% were found in the genes
PIK3CA, ERBB2, ERBB3, NRAS and KRAS. Beside those well-known hotspot mutations, a number of
several novel or not described sequence variants were detected in this study which should be validated

by Sanger sequencing.

As mentioned before, the high CIN-M subgroup was associated with a higher prevalence of alterations
in TP53, higher frequency of mutations found in genes involved in the PI3K/AKT signaling pathway
such as PI3KCA, PIK3R1 and ERBB family of genes as well as genes involved in cell cycle processes
such as CCND1 and CDKN2A which is similarly to the findings in the TCGA study for the CIN subtype
(TCGA 2014).
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As the Ion Torrent technology used in this study still is very expensive for large-scale sequencing of GC
samples in the diagnostic setting, only a subset of the tumors was analyzed within the scope of this
doctoral thesis. The new era of next-generation sequencing is the application of comprehensive gene
panels such as the TruSight sequencing panel by Illumina targeting a wide spectrum of cancer-related
genes. The benefits of this approach are that it is performable in large translational studies and enables
a broader analysis of the genetic landscape of GCs compared to the panel based sequencing used in this

study (Fisher et al. 2016, Ow et al. 2019).

To summarize, many large NGS studies provided a genome-wide knowledge about the complexity of
the genetic landscape of GCs and had led to the development of novel genomically based classification
schemes for this cancer type. However, to date the major challenge is to transfer these information into
approaches for predictive treatment options for targeted therapy and to improve the outcome of GC

patients (Katona and Rustgi 2017).

4.4. Limitations of the study and perspectives

Despite the comprehensive analysis of very large patient cohorts comprising 143 tumor biopsies before
CTx and 616 resected tumors without or after neoadjuvant CTx, the present study has also some
limitations which are mainly related to the retrospective nature. A main limiting factor was the
requirement of DNA from non-tumorous and tumorous tissue from a respective patient as the multiplex
PCR assays were based on the comparison of microsatellite patterns of corresponding normal and tumor
DNA. Similarly, a main limiting factor for inclusion of patients with tumor biopsies before CTx in the
analysis was the availability of DNA or sufficient tumor material. The further limitations were
previously described in the respective publication and were emphasized as follows (Kohlruss et al.
2019). As the analysis in this study was not performed in the context of a randomized clinical trial testing
different CTx regimens, the analysis has to be considered as an exploratory study. In addition, the
samples used in this study originate from a non-homogenous patient collective from daily clinical
practice of two local medical centers that naturally exhibited variations in surgical approaches and

different CTx protocols.

Indeed, further comprehensive studies are needed to confirm the results found in this study especially
concerning the two phenotypes MSI-L and high CIN-M to clarify and deepen the knowledge about their
functional role in gastric carcinogenesis. More importantly, randomized studies are required to verify
the prognostic and predictive impact of the modified molecular subtypes based on the TCGA
classification as proposed in this study. In additional studies, the clinical relevance of these molecular
subgroups should also be clarified in the context of the latest recommended treatment strategies in

advanced GC patients such as the FLOT regimen.
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5. CONCLUSION

In conclusion, novel molecular subgroups of a modified classification system according to TCGA were
identified with predictive and prognostic impact in the context of preoperative CTx by comprehensive
molecular characterization of large GC cohorts including adenocarcinomas of the esophageal junction.
As the EBV- and MSI-status can easily and reliably be determined by standardized techniques, no
generally diagnostic method was available for the detection of CIN until then. In this study, the reliable
determination and classification of CIN was confirmed by the application of microsatellite based
multiplex PCR assays which represent a simple and cost-efficient diagnostic tool for the analysis of
large GC cohorts suitable in routine diagnostic settings. The original molecular TCGA subtypes EBV(+)
and MSI-H were not associated with better response to preoperative CTx in patients with tumor biopsies
before CTx but indicated good prognosis in resected GC patients treated with or without CTx. In
contrast, the novel identified subgroups MSI-L and CIN-H were predictive of good response to CTx.
GC patients having tumors with MSI-L had the worst survival in patients treated with surgery alone
which indicates that the MSI-L phenotype might help to delineate patients with high benefit from
preoperative platinum/5-FU based CTx treatment. High CIN-M was also identified as molecular
subgroup with a distinct genetic pattern showing high prevalence of 7P53 mutations and alterations in
genes involved in PI3K/AKT signaling. Besides, the high CIN-M subtype was associated with worse
prognosis in resected patients treated with perioperative CTx. Finally, in this study a successful
characterization of a more detailed classification system encompassing five molecular subgroups with
prognostic relevance in patients with resected tumors without or after neoadjuvant CTx was

demonstrated.

Due to the findings of the study that prognostic and predictive implications and evidences in molecular
genetic patterns were primarily detected in the modified subgroups of GC patients, a more detailed
classification system beside the TCGA classification is necessary to understand the molecular
complexity and heterogeneity underlying the pathogenesis of GC. Indeed, additional studies are
mandatory to confirm the results found in this study to further characterize the functional background
of the two subtypes MSI-L and high CIN-M in gastric carcinogenesis. Moreover, prospective
comprehensive studies are important to clarify the clinical relevance of the modified molecular
subgroups in the context of alternative treatment strategies such as for example the currently
recommended FLOT regimen in advanced GC patients or targeted therapy approaches using immune
checkpoint inhibitors to improve the outcome of GC patients. Nevertheless, the main challenge still
remains to translate the molecular data generated from the identified molecular subgroups into better

treatment management of GC patients to significantly improve prediction and survival.
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6. APPENDIX

Supplementary Table 1: Chemotherapy regimens of the preoperatively treated patients

Tumor biopsies

Resected tumors

before CTx after CTx
n % n %
Total 143 100 325 100
Preoperative Cis + 5-FU or Cap 117 82 124 38
chemotherapy Ox + 5-FU or Cap 18 13 46 14
regime Cis + 5-FU + Doc or Pac 2 1 27 8
Ox + 5-FU + Doc 0 0 21 6
Cis or Ox + 5-FU or Cap + Epi 5 4 84 26
Others 1 <1 22 7
n/a 0 0 1 <1

Abbreviations: Cis, cisplatin; Ox, oxaliplatin; 5-FU, 5-fluorouracil; Cap, capecitabine; Doc, docetaxel; Pac,
paclitaxel; Epi, epirubicin; Others, combination of Cis/Ox with other agents or cross over between different

treatment regimens; n/a, no data available

Supplementary Table 2: Chromosomal regions with respective tumor-related genes included in the

microsatellite based multiplex PCR assays (Kohlruss 2016)

Chromosomal region Gene
4q22 CCSERI1
5ql1 MAP3K1
6p25 FOXC1
7921 CDK6
7931 MET
8p23 GATA4
8q24 MYC
9p21 CDKN2A
12p12 KRAS
16923 WWOX
17p13 TP53
17q12 ERBB2
18g21 SMAD4
19q12 CCNE1

Supplementary Table 3: Settings for segmentation thresholds using the SNP-FASST2 algorithm

implemented in the Nexus Express Software

Settings for segmentation thresholds

Significance threshold!

High gain®

Single copy gain!

Big loss?

Hemizygous loss'

Homozygous frequency threshold?
Homozygous value threshold?
Heterozygous imbalance threshold?
Minimum LOH length (Kb)?

1.0e7

log2R > 0.6
log2R > 0.2
log2R <-1.0
log2R <-0.2
0.85

0.8

0.4

500

'According to Hardiman et al. (2016); 2Default values defined from Nexus Express Software
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Supplementary Table 4: Published studies used for the selection of gastric cancer related genes for

NGS panel design

Published study Number of patients Sequencing method
TCGA (2014) 295 Whole exome

Cristescu et al. (2015) 300 Targeted

Wang et al. (2014) 100 Whole genome

Chen et al. (2015) 78 Whole exome

Kuboki et al. (2016) 121 Cancer panel (409 genes)
Dulak et al. (2013) 149 EAC Whole exome

Li et al. (2016) 544 Targeted

EAC, Esophageal adenocarcinoma

Supplementary Table 5: Survival data of patients with tumor biopsies before CTx stratified according to
tumor regression grade (TRG) and response to CTx

Response to No. Events Survival probability Median survival p-value!
neoadjuvant CTx [Yo] [months]

1yr 3 yrs Syrs 95% CI)
TRGI 45 13 954 85.1 71.1 nr
TRG2 34 20 66.5 532 49.1 44.6 (0-94.1) <0.001
TRG3 64 44 73.1 374 32.1 26.7 (12.9-40.5) )
Total 143 77 78.4 554 47.7 48.1 (26.2-70.1)
Responder (TRG1) 45 13 95.4 85.1 71.1 nr
Non-responder (TRG2/3) 98 64 70.8 425 37.6 29.3 (21.2-37.4) <0.001
Total 143 77 78.4 554 47.7 48.1 (26.2-70.1)

Ip-values (overall) of log rank test; p-values < 0.05 in bold

Supplementary Table 6: Concordance of chromosomal alterations determined by the OncoScan assay
compared to the results of AI detected with the multiplex PCR assays at a respective microsatellite locus

Microsatellite Chromosomal Number of Number of Concordance
. concordant . . 1 0/\2
marker region informative events (%)
measurements

D12S1631 12p12 27 28 96
D7S486 7931 21 22 96
D8S552 8p23 18 20 95
D2S123 2p21 15 16 94
D9S171 9p21 19 21 90
D17S1872 17q12 25 28 89
D9S157 9p21 24 27 89
D6S1617 6p25 24 27 89
D5S346 5921 24 27 89
D7S492 7921 23 26 89
D17S796 17p13 20 23 87
D12S1682 12p12 20 23 87
D17S1861 17q12 25 29 86
D4S423 4q22 23 27 85
D18S487 18921 16 19 84
D19S875 19q12 19 23 83
D5S624 5ql1 20 25 80
D16S507 16923 16 24 79
D8S1720 8q24 20 27 74
D18S1119 18g21 14 20 70
D8S1793 8q24 18 26 69
D17S250 17921 11 21 52

'In total, 30 tumors were analyzed per microsatellite marker and only informative events generated by the multiplex
PCR assays were counted. 2Number of concordant measurements of both methods per informative events
generated by the multiplex PCR assays multiplied by hundred.
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Supplementary Table 7: Ratios of chromosomal alterations and Al ratios of the 30 tumors analyzed with
the OncoScan assay and the microsatellite based multiplex PCR assays

OncoScan assay Microsatellite based multiplex
PCR assays

Number of Ratios of Number of Number of
Tumors chromo.s omal chromosomal markers informative Al ratios

arms with . .

. alterations with Al markers

alteration
S6.008 23 0.64 9 16 0.56
S6.001 22 0.61 14 18 0.78
S6.003 19 0.53 10 20 0.5
S6.046 19 0.53 8 12 0.67
S6.038 18 0.5 13 22 0.59
S6.039 18 0.5 10 18 0.56
S6.009 16 0.44 6 14 0.43
S6.005 14 0.39 11 17 0.65
S6.007 13 0.36 9 16 0.56
S6.017 12 0.33 12 18 0.67
S6.047 10 0.28 11 16 0.69
S6.054 9 0.25 7 19 0.37
S6.018 8 0.22 10 19 0.53
S6.052 8 0.22 7 19 0.37
S6.013 7 0.19 7 15 0.47
S6.056 7 0.19 9 18 0.5
S6.033 6 0.17 7 17 0.41
S6.006 5 0.14 6 17 0.35
S6.024 4 0.11 7 18 0.39
S6.060 4 0.11 4 17 0.24
S6.055 2 0.06 0 15 0
S6.015 1 0.03 2 20 0.1
S6.044 1 0.03 1 17 0.06
S6.011 0 0 1 15 0.07
S6.016 0 0 1 20 0.05
S6.023 0 0 1 21 0.05
S6.027 0 0 1 18 0.06
S6.034 0 0 1 20 0.05
S6.040 0 0 1 17 0.06
S6.061 0 0 2 18 0.11
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Supplementary Figure 1: Microsatellite based CIN classification and tumor heterogeneity.

Al ratios and the resulting CIN-status of nine tumors each with five tumor areas were shown. The occurrence of
Al at a respective microsatellite marker of each tumor area is colored in green, no Al is colored in white and not
informative or not evaluable markers are colored in grey.
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Supplementary Table 8: Results of dilution series for determination of the detection limit of the
microsatellite based multiplex PCR assays

Sample S6.005 Sample S6.038

Tumor . CIN Tumor . CIN

cell content Al ratio classification cell content Al ratio classification

70% 0.54 High 60% 0.47 High

60% 0.40 High 51% 0.55 High

56% 0.47 High 48% 0.41 High

50% 0.40 High 43% 041 High

46% 0.40 High 40% 0.35 High

42% 0.40 High 36% 0.47 High

35% 0.20 High 30% 0.35 High

28% 0.07 Low 24% 0.24 High

23% 0.07 Low 20% 0.12 Low

20% 0.07 Low 17% 0.18 Low

14% 0.00 Low 12% 0.12 Low

10% 0.00 Low 9% 0.06 Low

Sample S6.017 Sample S6.001

Tumor . CIN Tumor . CIN

cell content Al ratio classification cell content Al ratio classification

70% 0.87 High 90% 0.87 High

60% 0.78 High 77% 0.87 High

56% 0.60 High 72% 0.67 High

50% 0.67 High 64% 0.80 High

46% 0.80 High 60% 0.73 High

42% 0.73 High 54% 0.87 High

35% 0.60 High 45% 0.67 High

28% 0.47 High 36% 0.33 High

23% 0.53 High 30% 0.33 High

20% 0.40 High 26% 0.27 High

14% 0.40 High 18% 0.40 High

10% 0.47 High 13% 0.33 High

Initial tumor cell contents determined by a pathologist are highlighted in bold.
Supplementary Table 9: Frequency of Al for the non-CTx and CTx tumor cohort
Resected tumors without CTx Resected tumors after CTx
(cT3/cT4, n=135) (cT3/cT4, n=269)
Number Number of Number Number of
Chromosomal . . Frequency . . Frequency )
regions of t.umors informative of AI (%)! of t.umors informative of AI (%)! p-value
with Al tumors with Al tumors

2p21 33 58 57 77 162 48 0.221
4q22 46 119 39 86 240 36 0.642
5qll 35 101 35 64 221 29 0.304
5q21 53 110 48 103 234 44 0.469
6p25 44 110 40 102 235 43 0.551
7921 39 92 42 68 193 35 0.243
7931 36 104 35 61 193 32 0.598
8p23 36 80 45 101 198 51 0.364
8q24 73 131 56 124 259 48 0.143
9p21 99 127 78 207 259 80 0.654
12p12 76 122 62 159 251 63 0.844
16923 29 71 41 70 169 41 0.934
17p13 55 94 59 115 194 59 0.901
17q12 65 134 49 142 268 53 0.397
17q21 26 106 25 53 228 23 0.797
18qg21 79 116 68 139 242 57 0.053
19q12 38 103 37 76 214 36 0.811

Only tumors with a clinical tumor stage cT3/cT4 were included in this analysis.
"Number of tumors with Al divided by number of informative tumors; 2p-values of Chi-square test or Fisher’s

exact test; p-values < 0.1 in bold
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Supplementary Table 10: Frequency of Al for the resected tumors stratified according to tumor localization

Tumors with proximal Tumors with non-proximal

tumor localization (n=268) tumor localization (n=260)

Number Number of Number Number of
Chromosomal . . Frequency . . Frequency )
regions of. tumors  informative of AI (%)! of. tumors  informative of AI (%)! p-value

with Al tumors with Al tumors
2p21 81 144 56 69 149 46 0.089
4q22 99 235 42 68 239 28 0.002
5ql1 75 214 35 47 196 24 0.014
5921 109 233 47 86 219 39 0.107
6p25 115 229 50 64 215 30 <0.001
7921 76 186 41 57 187 30 0.036
7931 64 196 33 55 195 28 0.339
8p23 97 177 55 72 170 42 0.020
8q24 134 259 52 125 250 50 0.695
9p21 213 256 83 190 250 76 0.044
12p12 161 245 66 137 241 57 0.045
16923 62 143 43 65 164 40 0.509
17p13 117 190 62 100 185 54 0.140
17q12 140 268 52 110 258 43 0.027
17921 61 222 27 41 211 19 0.049
18921 159 241 66 109 219 50 <0.001
19q12 91 215 42 59 199 30 0.007

"Number of tumors with Al divided by number of informative tumors; 2p-values of Chi-square test or Fisher’s
exact test; p-values < 0.05 in bold

Supplementary Table 11: Frequency of Al for the resected tumors stratified according to Laurén
histological subtypes

Tumors with intestinal Tumors with non-intestinal

subtype (n=292) subtype (n=240)

Number Number of Number Number of
Chromosomal . . Frequency . . Frequency 2
regions of. tumors  informative of AI (%)! of. tumors  informative of Al (%)! p-value

with Al tumors with Al tumors
2p21 86 151 57 66 145 46 0.049
4q22 109 264 41 60 213 28 0.003
5qll 88 229 38 34 184 18 <0.001
5q21 127 251 51 70 204 34 <0.001
6p25 109 239 46 72 208 35 0.018
7921 86 204 42 48 173 28 0.004
7q31 77 213 36 43 182 24 0.007
8p23 97 185 52 73 165 44 0.126
8q24 155 284 55 105 229 46 0.049
9p21 239 286 84 168 224 75 0.017
12p12 182 265 69 118 225 52 <0.001
16923 79 164 48 50 146 34 0.013
17p13 141 211 67 76 167 46 <0.001
17q12 158 290 54 94 240 39 <0.001
17921 66 245 27 37 192 19 0.061
18g21 176 254 69 93 209 44 <0.001
19q12 100 235 43 50 181 28 0.002

"Number of tumors with Al divided by number of informative tumors; ?p-values of Chi-square test or Fisher’s
exact test; p-values < 0.05 in bold

138



Supplementary Table 12: Frequency of Al for tumor biopsies before CTx and association with response to

preoperative CTx

Responder (n=38) Non-responder (n=84)
Chromosomal Number .Number.of Frequency Number .Number.of Frequency
regions of tumors  informative of AL (%)! of tumors  informative of AL (%)! p-value?
with Al tumors with Al tumors
2p21 14 20 70 30 46 65 0.705
4q22 11 32 34 32 66 48 0.187
5ql1 13 25 52 24 69 35 0.131
5q21 19 29 66 34 71 48 0.109
6p25 18 29 62 37 76 49 0.220
7921 14 30 47 32 65 49 0.816
7q31 9 25 36 24 63 38 0.855
8p23 12 22 55 33 69 48 0.583
8q24 30 37 81 40 80 50 0.001
9p21 33 37 89 61 82 74 0.067
12p12 24 38 63 59 82 72 0.332
16923 11 26 42 19 54 35 0.538
17p13 19 31 61 46 67 69 0.473
17q12 21 38 55 47 84 56 0.943
17921 17 28 61 23 68 34 0.015
18g21 25 37 68 50 76 66 0.851
19q12 14 30 47 25 60 42 0.652

"Number of tumors with Al divided by number of informative tumors; ?p-values of Chi-square test or Fisher’s
exact test; p-values < 0.1 in bold

Supplementary Table 13: Frequency of Al for resected tumors after CTx and association with tumor
regression

TRG2 (n=141) TRG3 (n=143)
Number Number of Number Number of
Chromosomal . . Frequency . . Frequency 2
regions of t.umors informative of Al (%)! of t.umors informative of Al (%)! p-value
with Al tumors with Al tumors
2p21 42 87 48 40 85 47 0.873
4q22 38 120 32 54 135 40 0.167
5ql1 31 115 27 34 116 29 0.691
5921 53 124 43 54 124 44 0.898
6p25 50 123 41 55 124 44 0.556
7921 42 108 39 32 96 33 0.410
7931 30 96 31 35 108 32 0.859
8p23 58 104 56 49 104 47 0.212
8q24 61 135 45 70 139 50 0.391
9p21 102 136 75 115 138 83 0.089
12p12 90 136 66 80 129 62 0.480
16923 38 85 45 36 90 40 0.529
17p13 55 101 54 64 102 63 0.231
17q12 69 140 49 76 143 53 0.516
17921 28 120 23 26 121 21 0.731
18921 76 131 58 69 123 56 0.758
19q12 38 109 35 45 119 38 0.643

"Number of tumors with Al divided by number of informative tumors; ?p-values of Chi-square test or Fisher’s
exact test; p-values < 0.1 in bold
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Supplementary Table 14: Survival data of patients with tumor biopsies before CTx in association with
Al-status

Chrroel;li(())snosmal Al-status No.! Events Survnval[op/:]()bablllty Me(:::l“l)l nstl;rs\]flval p-value2
1yr 3 yrs 5 yrs 95% CI

2p21 Al 44 26 79.4 50.1 45.1 38.0 (0-83.6)
No Al 22 9 90.5 79.8 62.7 62.2 (17.0-107.5) 0.320
Total 66 35 75.6 54.1 47.1 61.2 (19.6-102.8)

4q22 Al 43 23 76.3 66.4 448 38.7(15.2-62.2)
No Al 55 31 74.1 54.4 47.6 57.8 (22.5-93.1) 0.782
Total 98 54 75.6 54.1 47.1 44.6 (12.0-77.3)

5q11 Al 37 19 78.4 58.4 49.7 38.7 (0-81.7)
No Al 57 34 68.4 442 41.6 28.4 (14.1-42.7) 0.184
Total 94 53 75.6 54.1 47.1 36.6 (22.4-50.8)

5q21 Al 53 30 73.6 55.8 47.6 48.1 (2.1-94.1)
No Al 47 28 76.0 50.9 42.7 36.6 (17.9-55.3) 0.450
Total 100 58 75.6 54.1 47.1 38.7 (13.9-63.5)

6p25 Al 55 32 77.4 56.2 48.2 57.8 (26.4-89.3)
No Al 50 30 69.2 43.7 38.2 28.4 (7.9-43.9) 0.362
Total 155 62 75.6 54.1 47.1 36.6 (19.0-54.2)

7q21 Al 46 29 71.7 56.5 57.8 44.6 (15.9-73.4)
No Al 49 22 74.1 62.0 56.1 75.3(29.1-121.5) 0.362
Total 95 51 75.6 54.1 47.1 61.2 (36.2-86.3)

7q31 Al 33 21 72.5 50.4 40.7 36.6 (7.3-66.0)
No Al 55 29 717.5 56.5 49.6 44.6 (13.6-75.7) 0.441
Total 88 50 75.6 54.1 47.1 44.6 (16.1-73.1)

8p23 Al 45 27 75.4 51.5 43.6 36.6 (8.0-65.2)
No Al 46 28 68.6 47.1 442 32.2(13.3-51.1) 0.640
Total 91 55 75.6 54.1 47.1 33.8 (16.0-51.6)

8q24 Al 70 37 76.6 56.0 454 38.7 (12.4-65.0)
No Al 47 27 73.7 50.6 47.8 48.1 (5.9-90.3) 0.620
Total 117 64 75.6 54.1 47.1 38.7 (12.9-64.5)

9p21 Al 94 51 74.8 56.1 48.3 48.1 (19.3-76.9)
No Al 25 14 84.0 49.0 49.0 33.8(0-91.3) 0.677
Total 119 65 75.6 54.1 47.1 48.1(23.1-73.2)

12p12 Al 83 45 70.4 53.7 46.6 38.7 (7.1-70.3)
No Al 37 22 86.1 51.7 443 38.0 (11.0-59.6) 0.755
Total 120 67 75.6 54.1 47.1 38.7 (12.4-65.0)

16923 Al 30 22 73.3 35.6 32.0 21.9 (8.6-35.2)
No Al 50 25 79.7 57.4 54.9 65.9 (27.8-104.1) 0.070
Total 80 47 75.6 54.1 47.1 33.8 (4.0-63.6)

17p13 Al 65 38 69.9 49.3 40.1 31.3 (14.1-48.6)
No Al 33 17 90.6 61.0 61.0 62.1 (30.2-94.0) 0.248
Total 98 55 75.6 54.1 47.1 38.0 (12.5-63.6)

17q12 Al 68 40 86.1 48.6 41.8 32.2(20.3-44.1)
No Al 54 28 85.0 60.9 534 65.9 (41.2-90.7) 0.265
Total 122 68 75.6 54.1 47.1 44.6 (18.5-70.8)

17q21 Al 40 21 64.1 52.9 47.0 38.0 (0-79.8)
No Al 56 33 83.9 49.9 45.5 33.8 (4.2-63.4) 0.963
Total 96 54 75.6 54.1 47.1 38.0 (10.0-66.0)

18q21 Al 75 43 73.7 53.1 43.6 37.9 (12.8-63.0)
No Al 38 20 81.6 58.2 54.6 62.1(26.6-97.7) 0.599
Total 113 63 75.6 54.1 47.1 44.6 (19.9-69.3)

19q12 Al 39 22 75.6 50.0 41.2 32.2(7.2-57.3)
No Al 51 29 76.2 50.6 523 36.6 (6.8-66.4) 0.973
Total 90 51 75.6 54.1 47.1 36.6 (22.8-50.4)

"Number of patients with informative markers at respective chromosomal region; 2p-values of log rank test;
p-values < 0.1 in bold
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Supplementary Table 15: Survival data of all patients with resected tumors in association with Al-status

Chrroel;i(‘))snosmal Al-status No.! Events Survwal[([);l)‘]obablllty Me(::::‘l)l nstl;rs\]flval p-value2
1yr 3yrs Syrs (95% CI)

2p21 Al 152 71 81 49.9 458 35.8(7.9-63.7)
No Al 144 68 78.5 51.2 42.9 44.6 (23.6-65.6) 0.662
Total 296 139 78.9 50.7 43.2 41.6 (25.4-57.8)

4q22 Al 169 91 76.6 435 39.2 27.9 (21.6-34.2)
No Al 308 144 80.4 55.3 47.8 46.7 (25.1-68.3) 0.050
Total 477 235 78.9 50.7 43.2 39.1(25.8-52.4)

5q11 Al 122 68 72.3 49.1 40.9 35.3 (10.5-60.1)
No Al 291 136 81 49.4 43 35.8 (25.1-46.5) 0.320
Total 413 204 78.9 50.7 43.2 35.8(26.4-45.2)

5q21 Al 197 113 76.9 48.7 40.3 35.1(23.2-47.0)
No Al 258 119 78.4 50.5 439 37.9 (25.6-50.2) 0.223
Total 455 232 78.9 50.7 43.2 35.9(27.2-44.7)

6p25 Al 181 95 74.1 48.7 40.5 33.8 (18.9-48.7)
No Al 266 124 83.4 52.7 45 44.6 (27.9-61.3) 0.346
Total 447 219 78.9 50.7 43.2 41.1 (31.2-51.0)

7q21 Al 134 73 83.2 45.7 41 29.1 (11.9-46.3)
No Al 243 114 79.6 51.6 41.9 41.1 (26.9-55.3) 0.596
Total 377 187 78.9 50.7 43.2 35.1(24.3-45.9)

7q31 Al 120 62 80.7 43.1 34.2 28.5(17.7-39.3)
No Al 275 127 80.3 55.8 48.1 45.3 (26.3-64.3) 0.193
Total 395 189 78.9 50.7 432 41.6 (28.5-54.7)

8p23 Al 170 86 80.4 50.7 443 38.7(16.3-61.1)
No Al 180 91 71.5 43.1 325 32.4(25.7-39.1) 0.163
Total 350 177 78.9 50.7 43.2 33.8 (24.0-43.6)

8q24 Al 260 129 78.3 52.1 44.1 41.1 (23.3-58.9)
No Al 253 122 79.5 50.1 432 39.0 (26.7-51.3) 0.770
Total 513 251 78.9 50.7 432 39.1 (27.5-50.7)

9p21 Al 407 209 77.8 48.9 42.6 33.9(24.1-43.7)
No Al 103 39 88.1 62.3 51.3 67.7(33.2-102.2) 0.042
Total 510 248 78.9 50.7 43.2 40.0 (28.4-51.6)

12p12 Al 300 161 76.3 47.9 39.6 32.7 (24.1-41.4)
No Al 190 81 83 55.4 49.9 57.1 (26.6-87.6) 0.028
Total 490 242 78.9 50.7 432 39.0 (26.8-51.2)

16q23 Al 129 61 82.4 52.3 45.5 41.7 (10.4-73.0)
No Al 181 81 80.6 49.6 439 35.9(7.3-50.2) 0.761
Total 310 142 78.9 50.7 43.2 39.1 (24.2-54.0)

17p13 Al 217 109 78.6 48.5 43.2 32.7 (16.4-49.0)
No Al 161 73 79.7 54 45.6 44.6 (18.1-71.1) 0.339
Total 378 182 78.9 50.7 432 40.0 (26.5-53.6)

17q12 Al 252 130 75.3 49.2 42 34.3 (20.2-48.4)
No Al 278 133 82.4 52.2 44.5 42.2 (26.9-57.5) 0.274
Total 530 263 78.9 50.7 43.2 39.0 (29.4-48.6)

17q21 Al 103 45 81.7 58.7 54.6 79.0 (29.0-129.0)
No Al 334 165 81.8 50.1 41.8 39.1(28.5-49.7) 0.066
Total 437 210 78.9 50.7 432 44.3 (30.0-58.7)

18q21 Al 269 132 77.9 494 42.8 35.3(22.3-48.3)
No Al 194 100 79 47.6 40.1 33.8(22.3-45.3) 0.962
Total 463 232 78.9 50.7 43.2 34.3(25.7-42.9)

19q12 Al 150 85 73.8 45.5 383 29.1 (15.6-42.6)
No Al 266 129 79.1 49.1 43.8 35.3(24.8-45.8) 0.145
Total 416 214 78.9 50.7 43.2 33.8(25.2-42.4)

"Number of patients with informative markers at respective chromosomal region; 2p-values of log rank test;
p-values < 0.1 in bold
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Supplementary Figure 2: Distribution of Al ratios of resected tumors stratified according to their treatment
with neoadjuvant CTx (yes/no).

The numbers of patients treated without CTx (A) and of patients after CTx (B) are shown. Each bar represents the
number of patients with a specific Al ratio measured in the range from 0 to 1.
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Supplementary Table 16: Survival data of the patient cohorts and subgroups in association with the CIN
classification according to TCGA

CIN Median
classiﬁ?ation No. Events Survival Erobability survival HR p-valuel
acc]?rcd(l;lf to [Y0] [months]
lyr 3yrs S yrs 95% CI) 95% CI)

:il(l:[;ls(;:s GS 7 3 10060 60 (12.2-5 1'?9.1) (0.202'-629.21)

before CTx CIN 1S 65 74l 534 462 1'38%675'7) ref. 0530
Total 122 68 756 541 471 8?‘,5‘{'760'8) -

?p}lcrl‘i;eecntse ‘ GS 6200 81593 48T (04}9633.0) (0.405'-7 12.13)
CIN 476 244 779 497 426 (25?35_ f6.3) I ref. 0148
Total 532 264 789 507 432 (29'339_2)8'8) i

pesccted Gs 26 7 916 198 576 n (0'209'_612' -

without CTx CIN 279 101 795 56.7 502 (27%1_.914.4) 1 ref. 0.221
Total 248 108 805 587 508 (27.651_'914.7) -

Elelfleoc:se ‘ GS 30 13858 391 391 (28%{54.0) (0.4(2-715;.38)

after CTx CIN 254 143 765 438 361 (22’239_'305’7) I ref. 0.389
Total ‘4156 775 43T 366 5.32?'335. " -

?p}eltcrli:licnt: ‘ GS 15 o 7’3 24 112 (24.27%'362.5) (0.614.-225.46)

ol CIN 253 145 741 467 388 7'279_;‘10' 5 I ref. 0.517
Total 268 154 743 458 377 9'2993)8'1) -

;ﬁlcri‘i;?nt:d GS 41 11 920 732 630 nr (0.(3)'25_?. 1)

if)i‘imalz CIN 219 98 823 524 463 18.‘&'761.3) I ref. 0.091
Total 260> 109  83.6 553 487 (27'56282'0) -

spesimens. GS 15 10 867 360 180 (5T (e

Intestinal CIN 277 136 815 530 46.0 (22%24{.697.6) 1 ref. 0.301
Total 292 M6 817 521 M5 5?_:3.78.0) -

;ﬁzcri‘:l‘f;:d Gs 410 887 719 659 nr (o.z(zif‘os. 56)

A CIN 199 108 731 454 380 (21’392_2‘2’9) ref. 0.013
Total 240 118 754 490 417 (22.335_ f%) -

p-values of log rank test; p-values < 0.1 in bold; 2No clinical data were available for tumor localization in four
patients
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Supplementary Figure 3: Overall survival of all resected patients discriminated by the CIN classification
according to TCGA and association with tumor localization and Laurén histopathological subtypes.
Kaplan-Meier curves are shown for resected patients with proximal located tumors (A), non-proximal located
tumors (B), intestinal type tumors (C) and non-intestinal type tumors (D). 'No clinical data were available for
tumor localization in four patients; 2p-values of log rank test, p-values < 0.05 in bold
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Supplementary Figure 4: Overall survival of all resected patients discriminated by the CIN classification
according to quartiles of the Al ratios in two subgroups and association with tumor localization and Laurén
histopathological subtypes.

Kaplan-Meier curves are shown for resected patients with proximal located tumors (A), non-proximal located
tumors localization (B), intestinal type tumors (C) and non-intestinal type tumors (D). 'No clinical data were
available for tumor localization in four patients; *p-values of log rank test
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Supplementary Table 17: Survival data of the patient cohorts and subgroups in association with the
modified CIN classification in four subgroups based on quartiles of the Al ratios

. . - Median
Mod}fied .CIN No. Events Survival probability survival HR p-value!
classification [%]
[months]
1yr 3yrs Syrs 95% CI) 95% CI)
Tumor 62.1
Myt CIN-L 10 5 90.0 64.3 64.3 (4.7-119.5) 1 ref. -
before CTx 33.8 1.35
Low CIN-M 40 24 732 479 44.7 (43-633) (0.51-3.54) 0.546
. 62.2 0.98
High CIN-M 48 24 75.0 551 50.5 o (0.37-2.59) 0.973
37.9 1.32
CIN-H 24 15 739 559 37.3 (27.0-48.8) (0.48-3.64) 0.592
44.6
Total 122 68 75.6  54.1 47.1 (18.5-70.8) - -
All resected 46.3
specimens CIN-L 97 37 84.8 587 48.8 (7.4-85.2) 1 ref. -
41.1 1.25
Low CIN-M 214 104 80.1 51.8 43.8 (253-57.0) (0.86-1.82) 0.244
. 27.4 1.57
High CIN-M 161 95 74.0 44.1 38.4 (17.6-37.2) (1.07-2.29) 0.021
CIN-H 60 28 78.5 53.1 473 >1.0 116 0.562
’ ’ ’ (0.2-101.8) (0.71-1.89) )
39.0
Total 532 264 789  50.7 43.2 (29.3-48.8) - -
Resected
tumors CIN-L 46 14 877 733 58.7 nr 1 ref. -
without CTx ) WCINM 93 39 819 565 516 773 1.46 0.227
oW AN : : : (259-128.7)  (0.79-2.69) :
High CIN-M 80 40 744  56.2 48.3 B L6 0.091
’ ’ ’ (23.7-85.9) (0.92-3.11) :
51.0 1.68
CIN-H 29 15 82.1 523 45.7 (0.96-101.04)  (0.81-3.47) 0.165
61.1
Total 248 108 80.5 58.7 50.8 (27.5-94.7) - -
Resected 31.1
tumors CIN-L 51 23 82.5 43.5 38.7 (22.0-40.3) 1 ref. -
after CTx 35.1 1.08
Low CIN-M 121 65 787 485 38.0 (21.1-49.1 (0.67-1.75) 0.741
High CIN-M 81 55 73.6  32.0 28.6 210 1.53 0.087
& i : : : (15.5-36.5)  (0.94-2.49) :
38.7 0.84
CIN-H 31 13 74.8 54.0 48.6 “) (0.42-1.66) 0.611
30.3
Total 284 156 77.5 437 36.6 (25.2-35.4) - -

Ip-values of Cox’s regression compared to CIN-L (ref.); p-values < 0.1 in bold
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Supplementary Table 18: Survival data of all resected patients stratified according to tumor localization
and Laurén histopathological subtypes and association with the high CIN-M subgroup

All Survival probability Median
resected CIN-status No. Events %] survival HR p-value!
specimens [months]
lyr 3yrs Syrs 95% CI) (95% CI))
Proximal  High 95 64 68.7 39.1 35.1 21.0 1.33
CIN-M (11.3-30.7) (0.96-1.83)
Remaining 173 90 77.6 49.6 38.9 35.1 1 ref. 0.083
CIN-groups (22.8-47.4)
Total 2682 154 743 45.8 37.7 29 -
(19.9-38.1)
Non- High 66 31 81.8 51.5 42.1 41.7 1.20
proximal  CIN-M (12.1-71.3) (0.79-1.83)
Remaining 194 78 84.2 56.6 51.2 75.3 1 ref. 0.383
CIN-groups (36.2-114.4)
Total 2602 109 83.6 55.3 48.7 54.8 -
(27.6-82.0)
Intestinal  High 104 58 81.3 45.4 40.8 29.0 1.30
CIN-M (13.5-44.5) (0.93-1.82)
Remaining 188 88 81.9 55.7 46.4 46.7 1 ref. 0.117
CIN-groups (19.2-74.2)
Total 292 146 81.7 52.1 44.5 41.7 -
(25.4-58.0)
Non- High 57 37 62.0 41.9 349 22.6 1.45
intestinal  CIN-M (9.8-35.4) (0.98-2.14)
Remaining 183 81 80.0 51.5 44.6 39.0 1 ref. 0.062
CIN-groups (22.8-55.2)
Total 240 118 75.4 49.0 41.7 35.8 -
(22.3-49.3)

Ip-values of log rank test; p-values < 0.1 in bold; ?No clinical data were available for tumor localization in four

patients
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Supplementary Table 19: Frequency of Al at 17 chromosomal regions in the resected tumor cohort and

classification in the four CIN-subgroups determined according to the quartiles of the Al ratios

CIN-L Low CIN-M

Chromosomal Number of Number of Frequency | Number of Number of Frequency
regions tumors with AI | informative tumors | of Al (%)’ tumors with AI | informative tumors | of Al (%)’
2p21 14 66 21 68 126 54

4q22 9 86 10 54 194 28

5qll 5 83 6 29 169 17

5921 9 79 11 64 184 35

6p25 11 86 13 62 179 35

7921 3 74 4 44 159 28

7q31 7 70 10 29 165 18

8p23 14 71 20 78 150 52

8q24 19 91 21 84 208 40

9p21 36 91 40 175 208 84

12p12 23 95 24 108 193 56

16923 8 69 12 38 117 32

17p13 13 69 19 80 154 52

17q12 16 97 16 84 213 39

17921 5 80 6 24 182 13

18q21 18 86 21 96 184 52

19q12 4 77 5 38 168 23

High CIN-M CIN-H

Chromosomal Number of Number of Frequency | Number of Number of Frequency
regions tumors with AI | informative tumors | of Al (%)’ tumors with AI | informative tumors | of Al (%)’
2p21 47 78 60 23 26 88

4q22 64 147 44 42 50 84

5qll 58 122 48 30 39 77

5q21 84 144 58 40 48 83

6p25 76 135 56 32 47 68

7921 64 110 58 23 34 68

7q31 55 119 46 29 41 71

8p23 52 92 57 26 37 70

8g24 110 156 71 47 58 81

9p21 141 154 92 55 57 96

12p12 117 148 79 52 54 96

16923 56 94 60 27 30 90

17p13 86 116 74 38 39 97

17q12 98 160 61 54 60 90

17921 38 125 30 36 50 72

18921 110 141 78 45 52 87

19q12 76 131 58 32 40 80

"Number of tumors with Al divided by number of informative tumors
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Supplementary Table 20: Molecular classification according to TCGA and association with patient
characteristics

Resected tumors (n=616)
GS! EBV(+) , MSI-H , CIN )
Category Value ] n] p-value ] p-value ] p-value
Cases Total 56 24 59 477
Age [yrs] Median 64.9 574 714 64.1
Range 33.4-85.2 29.2-80.9 40.4-84.9 28.3-90.9
Age Median <64.6 27 17 13 249
] >64.6 29 7 0.062 46 0.003 228 0.572
Gender Male 40 22 38 352
Female 16 5 0.047 21 0.420 125 0.704
Tumor Proximal 15 9 23 253
localization Middle/Total 17 12 14 110
Distal 19 > 0.026 21 0.210 38 0.001
Total/linitis 5 0 1 22
n/a 0 1 0 4
Proximal versus  Proximal 15 9 23 253
non-proximal Non-' 41 14 0.278 36 0.165 220 <0.001
proximal
NA 0 1 0 4
Laurén Intestinal 15 15 39 278
dassification O 41 9 0.002 <0.001 199 <0001
intestinal
Tumor Gl1/2 5 0 11 108
grade G3/4 44 18 0313 3¢ 0.101 299 0012
n/a 7 6 10 70
Clinical cT2 15 6 12 111
tumor stage cT3/4 41 18 0.868 47 04135 364 0.570
n/a 0 0 0 2
(y)pT? (y)pT1 6 3 3 44
(y)pT2 8 3 0.887 8 0.476 60 0817
(y)pT3 26 13 35 254 )
(y)pT4 16 5 13 119
(y)pT1/2 versus  (y)pT1/2 14 6 11 104
(y)pT3/4° (y)pT3/4 42 18 Ly 48 el 373 U0
(y)pN3 Negative 18 9 21 141
Positive 38 15 0.642 38 0.696 336 0.689
Metastasis No 45 23 56 409
status Yes 1 1 0.076 3 0.017 68 0.283
Resection RO 47 23 47 352
category RI 5 " 0.140 e 0.554 s 0.098
Neoadjuvant No 26 8 35 222
CTx Yes 30 16 0.278 24 0.166 255 0.987

Reference group (ref); 2p-values of Chi-square test or Fisher’s exact test compared to CIN-L (ref.),
p-values < 0.05 in bold; 3Classification according to 7 Edition UICC
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Supplementary Table 21: Modified molecular classification system based on TCGA and association with
patient characteristics

Resected tumors (n=615")

Remaining . _ . High _
Category Value CIN-groups> EBV(H) 77 . mMs-H P mMsi-L P canwm P
value value value value
[n] [n] [n] [n] [n]
Cases Total 355 23 59 27 151
Age [yrs] Median 63.7 57.6 714 66.5 64.4
Range 31.7-88.3 29.2-80.9 40.4-84.9 49.3-82.2 28.3-90.9
Age Median <64.6 189 16 13 11 76
[yrs] S64.6 166 7 0.128 46 <0.001 16 0.210 75 0.549
Gender Male 255 22 38 23 114
Female 100 1 0.012 51 0.246 4 0.133 37 0.396
Tumor Proximal 166 9 23 14 88
localization Middle/Total 89 12 14 7 31
Distal 75 ) 0.028 21 0.075 5 0.933 27 0.131
Total/linitis 21 0 1 1 5
n/a 4 0 0 0 0
Proximal Proximal 166 9 23 14 88
vs. non- Noni 185 14 0.447 36 0.236 13 0.648 63 0.024
proximal proximal
n/a 4 0 0 0 0
Laurén Intestinal 177 14 39 20 96
classification Non- . 178 9 0.306 20 0.021 7 0.015 55 0.005
intestinal
Tumor G172 70 0 11 4 39
grade G3/4 233 18 0.021 38 0.920 20 0.468 90 0.118
n/a 52 5 10 3 22
Clinical cT2 83 5 12 5 38
tumor stagel  CT3/4 271 18 0.851 47 0.600 ) 0358 4y 0.650
n/a 1 0 0 0 1
(y)pT* (y)pT1 38 3 3 0 12
(y)pT2 42 3 8 6 20
(pT3 176 12 0.891 35 0.345 15 0.127 29 0.143
(y)pT4 99 5 13 6 30
(y)pT1/2 80 6 11 6 32
IpT3/4 275 17 0.694 48 0.504 1 0.970 119 0.739
(y)pN* Negative 114 9 21 8 37
Positive 241 14 0.486 38 0.597 19 0.790 114 0.087
Metastasis No 300 22 56 24 130
status Ves 55 1 0.145 3 0.033 3 0.541 2] 0.648
Resection RO 263 22 47 20 116
category RI 9 1 0.020 12 0.360 7 0.999 35 0.516
Neoadjuvant No 159 7 35 14 75
CTx Yes 196 16 0.179 24 0.038 13 0.477 76 0314

!One resected tumor without CTx was positive for MSI-L and EBV. This tumor was excluded in the modified molecular
classification system. 2Reference group (ref.); *p-values of Chi-square test or Fisher’s exact test compared to the remaining
CIN-groups (ref.), p-values < 0.05 in bold; “Classification according to 7" Edition UICC
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Supplementary Table 22: Molecular classification system according to TCGA and association with response
to neoadjuvant CTx of tumor biopsies before CTx and tumor regression grade of resected tumors after
neoadjuvant CTx

CIN! EBV(*) -value? MSI-H -value? GS -value?
[n] [n] P [n] P [n] P
Tumor biopsies before neoadjuvant CTx (n=143)
Responder (TRG1) 36 3 4 2
0.386 0.714 1.0
Non-responder (TRG2/3) 79 3 11 5
Total 115 6 15 7
Resected tumors after neoadjuvant CTx (n=325)
TRG2 125 8 4 16
0.939 0.002 0.655
TRG3 130 8 20 14
Total 255 16 24 30

'Due to small sample size in the GS subgroup, CIN was set as reference (ref.); 2p-values of Chi square test or
Fisher’s exact test compared to CIN (ref.); p-values < 0.05 in bold

Supplementary Table 23: Modified molecular classification system based on TCGA with high CIN-M as
own subgroup and association with response to neoadjuvant CTx of tumor biopsies before CTx and tumor
regression grade of resected tumors after neoadjuvant CTx

Remaining

CIN- EBVH)  p- MSI-H p- MSI- P High -
groups [n] value [n] value value value
0 [n] [n]
Tumor biopsies before neoadjuvant CTx (n=142)
?Elg’f)der 22 2 4 5 11
0.648 0.741 0.018
Non-responder 49 3 11 1 34 0.447
(TRG2/3)
Total 71 5 15 6 45
Resected tumors after neoadjuvant CTx (n=325)
TRG2 93 8 4 6 42
0.844 0.004 0.928 0.247
TRG3 103 8 20 7 34
Total 196 16 24 13 76

'Reference group (ref.); 2p-values of Chi-square test or Fisher’s exact test compared to the remaining CIN-groups
(ref); p-values < 0.05 in bold
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Supplementary Table 24: Modified molecular classification system based on TCGA with CIN-H as own
subgroup and association with response to neoadjuvant CTx of tumor biopsies before CTx and tumor
regression grade of resected tumors after neoadjuvant CTx

CIN-L and _ ~ ~ ~
CINM'  EBVH) P,  MSLH P MSIL P CIN-H L
value value value value
[n] [n] [n] [n] [n]
Tumor biopsies before neoadjuvant CTx (n=142)
?g‘g’f)der 23 2 4 5 10
0.598 0.855 0.006 0.050
Non-responder 71 3 1 1 12
(TRG2/3)
Total 94 5 15 6 22
Resected tumors after neoadjuvant CTx (n=325)
TRG2 125 8 4 6 10
0.924 0.001 0.721 0.120
TRG3 119 20 18
Total 244 16 24 13 28

Reference group (ref); 2p-values of Chi-square test or Fisher’s exact test compared to CIN-L and CIN-M (ref);
p-values < 0.05 in bold

Supplementary Table 25: List of mutations identified by targeted sequencing of gastric carcinomas using the
custom designed GC related gene panel

Gene Exon cDNA' Protein® Type of mutation Entry in database®
APC 17 c.4348C>T p.R1450* Nonsense COSM13127
ARIDIA 20 c.5965C>T p.R1989* Nonsense COSM51425
ARIDI1A 20 c.6017 6033del p-G2006fs Frameshift del. -

ARIDIA 5 c.2077C>T p-R693* Nonsense COSM184236
ATM 29 c.4385C>G A1462G Missense -

CCND1 5 c.772 _787del p.S258fs Frameshift del. -

CDH1 13 c.2145 2164del p-G7151s Frameshift del. -

CDH1 8 c.1088T>A p.I363N Missense -

CDH1 7 c.975 998del p.V325 1.333del Nonframeshift del. -

CDH1 8 c.1009-2A>G X337 splice Splice variant cBioPortal
CDH1 1 c.11G>A p.W4* Nonsense -

CDH1 5 c.641T>C p.L214P Missense COSM5055032
CDH1 3 c.220C>T p.R74* Nonsense COSM25265
CDH1 7 c.947 955del p-M316 T318del Nonframeshift del. -

CDH1 10 c.1756-4GTAAdel X522 splice Splice variant cBioPortal
CDKN2A 1 c.148 164del p-Q50fs Frameshift del. COSM6903270
CDKNZ2A 2 c.162 164del p.54_55del Nonframeshift del. -

CDKN2A 2 c.204 218del p.68 73del Nonframeshift del. -

CTNNALI 6 c.643C>T p.Q215* Nonsense -

CTNNB1 3 c.134C>T p.S45F Missense COSM5667
ERBB2 20 ¢.2329G>C p.-V777L Missense COSM436500
ERBB2 8 c.929C>T p.S310F Missense COSM48358
ERBB3 7 c.C734>T p.A245V Missense COSM941485
ERBB3 7 c.850G>A p.-G284R Missense COSM48360
ERBB4 23 c.2762A>T p.Y921F Missense -

FBXW7 9 c.1322G>A p.R441Q Missense MU1843281 (ICGC)
FBXW7 10 c.1513C>T p.R505C Missense COSM108572
FGFR14 8 c.1010G>A p-G337E Missense 151064793122
FGFR14 8 c.1042G>A p-G348R Missense 15886037634
FGFR14 10 c.1334G>A p.R445Q Missense MU1514106 (ICGC)
KRAS 2 c.34G>A p.G12S Missense COSM517
KRAS 2 c.35G>T p.G12V Missense COSM520
NRAS 2 c.34G>T p.G12C Missense COSM562
PIK3CA 10 c.1624G>A p.E542K Missense COSM760
PIK3CA 10 c.1634A>C p.E545A Missense COSM12458
PIK3CA 10 c.1633G>A p.E545K Missense COSM763
PIK3R1 13 c.1709 1714GGA p.L570_Q572 Indel Nonframeshift subst. -
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PREX2 2 c.148T>G p.L50V Missense COSM268334
PREX2 2 c.190A>C p-N64H Missense -

PREX2 24 c.2738G>T p-R913M Missense -

PTEN 5 c.335T>A p.L112Q Missense COSM13574
PTPRT 8 c.1317G>T p.E439D Missense -

RHOA 2 c.125A>G p.Y42C Missense COSM2849892
RNF43 8 c.935G>A p.C312Y Missense -

SMADA4 9 c.1049T>G p-V350G Missense COSM6909225
SMAD4 9 c.1067C>A p.P356H Missense COSM6922713
TGFBR2 6 c.1405_1408del p-Q4691s Frameshift del. -

TGFBR2 5 c.1243G>A p.D415N Missense COSMS5864275
TGFBR2 8 c.1649C>G p.PS50R Missense -

TGFBR2 5 ,cr[lﬁrzg 6}1“2c2(7}1ns p-N409fs Frameshift insertion -

TGFBR2 5 c.1259T>A p.L420Q Missense -

TGFBR2 5 c.1217A>G p-K406R Missense -

TLR4 3 c.1459T>G p.F487V Missense COSM1267921
TP53 6 c.567 577del p-A189fs Frameshift del. -

TP53 5 c.404G>A p.C135Y Missense COSM10801
TP53 5 c.527G>A p.C176Y Missense COSM10687
TP53 8 c.824G>A p.C275Y Missense COSM10893
TP53 8 c.892G>T p.E298* Nonsense COSM10710
TP53 4 c.338dupT p.F113fs Frameshift insertion IACR TP53 database
TP53 7 c.764 766delTCA p.1255 256del Nonframeshift del. COSM 1480061
TP53 9 c.989T>G p.L330R Missense COSM4384914
TP53 10 c.1043T>G p.L348W Missense COSM5013841
TP53 5 c.392A>T p-N1311I Missense COSM4479%4
TP53 5 c.524G>A p.R175H Missense COSM10648
TP53 5 c.541C>T p-R181C Missense COSM11090
TP53 7 c.743G>A p.R248Q Missense COSM1640830
TP53 8 c.817C>T p-R273C Missense COSM10659
TP53 8 c.818G>A p-R273H Missense COSM10660
TP53 8 c.818G>T p-R273L Missense COSM1640828
TP53 8 c.844C>T p.-R282W Missense COSM10704
TP53 8 c.916C>T p-R306* Nonsense COSM10663
TP53 10 c.1009C>T p-R337C Missense COSM11071
TP53 7 c.722C>T p-S241F Missense COSM1649402
TP53 5 c.437G>A p-W146* Nonsense COSM43609
TP53 6 c.659A>G p.Y220C Missense COSM10758
TP53 6 é%?é??{%dﬁj X187_splice Splice variant cBioPortal
TP53 7 c.673-1G>C X225 splice Splice variant -

TP53 9 c.920-2A>G X307 _splice Splice variant rs397516439
XIRP2 9 c.4127 4129del p.Q1376 _E1377del Nonframeshift del. COSM5021196

IThe change that has occurred in the nucleotide sequence. The change that has occurred in the peptide sequence.
3COSMIC database (Tate et al. 2019), cBioPortal (Cerami et al. 2012, Gao et al. 2013), ICGC Data Portal (ICGC,
Nature 2010), IACR TP53 database (Bouaoun et al. 2016); *Sequence variants should be validated by Sanger
sequencing.
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