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2. Introduction

Cancer refers to a disease characterized by the uncontrolled growth and division of abnormal
cells that have the ability to invade other organs. In 2020, about 19.3 million new cancer cases
are expected to be diagnosed worldwide with about 10 million patients expected to die of cancer
[1]. During the last decades, various clinical and pathological characteristics have been intro-
duced and evaluated to assess the survival outcome of patients with malignant tumors.

In the case of gastric cancer (GC) different evaluation systems have been established improving
therapy of GC, such as the AJCC TNM stage, Lauren classification and Borrmann classification.
However, these traditional analyses of cancer were mainly based on histological morphology and
location of growth. These routine methods do not take into account the individual biologic features
of the patient’s tumor. Previous studies have revealed that the conventional Tumor, Node, Me-
tastasis (TNM) staging systems have limited value in specific cancer patients [2-4]. Furthermore,
even tumors in the same stage could be still highly heterogeneous, which would exhibit different
survival rates and treatment responses [5, 6].

In clinical practice, TNM staging still occupies a core position in the current prognosis evaluation
system. As the new and promising prognostic factors genetic biomarkers and gene signatures
have been reported, but TNM provides a solid foundation to establish risk stratification. Hence,
innovative approaches should be developed to help increase overall prognosis without losing the
vital anatomic content of TNM. In recent years, the application of artificial intelligence and machine
learning algorithms (MLA) in medicine provided an opportunity to integrate numerous and various
prognostic factors into a system that could surpass traditional staging improving the prediction of
outcome [7].

2.1 Prognostic factors in cancer

To better manage individual patients with cancer, the prognostic factors in cancer should be well
recognized. In 2003, Gospodarowicz et al. proposed three broad groupings of prognostic factors:
tumor-related prognostic factors, host-related prognostic factors, and environment-related prog-
nostic factors [8].

The most common tumor-related prognostic factors include TNM stage, tumor histopathology,
and tumor biology, which are directly associated with the tumor itself. TNM stage describes ana-
tomic disease extent, including depth of invasion and size of the tumor, the status of lymph node
metastasis, and the presence of distant metastasis. In addition, numerous molecular biomarkers
reflecting tumor biological behaviors have also been shown to influence patient’s prognosis for a
variety of cancers.

Host-related prognostic factors refer to any basic information of patients, such as age [9], gender
[10], and ethnicity [11]. Furthermore, other important parameters, such as the physical state, im-
mune function [12], nutritional issues [13], and comorbid conditions [14], also have a considerable
impact on tumor prognosis. Although most of them are not directly related to tumors, these pa-
rameters might affect patient’s response to the tumor.
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Environment-related prognostic factors mean the external factors acting on the patients, including
types of treatment methods, insurance status, and income level [15]. These factors have been
shown to influence the outcome of patient’s disease, especially in developing countries.

The goal of the present studies is to establish innovative and comprehensive prognostic prediction
models in two types of malignancies of different origins (GC and sarcoma). As aforementioned,
clinicopathological factors remain the cornerstone of prognosis evaluation. In addition, new and
promising molecular biomarkers will be developed to enhance the prediction capability.

2.2 Prognostic factors and biomarkers in gastric cancer

GC is a major cause of death worldwide, with 5-year survival rates reaching only approximately
35-45% [16, 17]. The identification of prognostic factors is a significant aspect of cancer manage-
ment of risk stratification and treatment strategies. The prognostic factors and biomarkers for GC
currently being used will be discussed in more detail below.

2.2.1 Clinicopathological prognostic factors of gastric cancer

In 1998, the ten-year results of the German gastric cancer study showed that the nodal status,
the pathological T stage, and the presence of postoperative complications were the major inde-
pendent prognostic factors [18]. Among them, depth of invasion and lymph node metastasis have
been proved in further studies to be the most significant prognostic variables [19, 20]. Patients
with an invasion of the mucosa and submucosa have a 5-year survival rate of 89.8-93.4%. How-
ever, when the tumor invades the subserosa or the serosa, the survival rates dropped to 60.5%
or 39.7%, respectively [20]. The status of lymph node metastasis is also regarded as an important
predictor for patient survival. The patients with the number of lymph nodes (LNs) involved is =4
or the ratio of involved-to-resected LNs exceeds 0.5 have a significantly shorter survival time [19,
20]. In addition, gross type, location of primary tumor and histological differentiation have been
confirmed to affect the prognosis of patients moderately [19, 21, 22].

However, the TNM staging based on the prognostic clinicopathological parameters still has some
limitations for specific patients. For example, Zhao et al. proposed to adjust the 8™ edition of TNM
staging, in which T4aN2 was added into stage Il1B, T4aN3a was incorporated into stage IlIC, and
T4bN3b was classified as stage IV. This reclassification can provide better risk stratification than
original staging [23]. Additionally, another problem representing a bias is that data collection for
the staging of GC has focused on the patients after surgery, while patients treated with preoper-
ative neoadjuvant chemotherapy were not included [24]. Due to frequent changes of tumor bio-
logical characteristics during treatment, it is not enough to obtain an accurate outcome prediction
by TNM staging alone. Hence, it is necessary to further improve the current prognosis prediction
system that can better reflect tumor heterogeneity.
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2.2.2 Classical molecular biomarkers in gastric cancer

Since invasion and metastasis are critical factors affecting the mortality of GC, numerous genes
and molecules involved in these processes have been confirmed to be powerful prognostic indi-
cators [25]. Here, the most common prognostic molecular biomarkers of GC were summarized
briefly.

GC cells produce a variety of growth factors and corresponding receptors to generate biological
functions, including cell growth, angiogenesis, and extracellular matrix degradation for tumor in-
vasion and metastasis. Multiple studies have confirmed that high expression levels of epidermal
growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER-2) predicted
worse overall survival (OS) of GC patients [26]. These receptors induce various downstream
pathways, promoting cell proliferation, migration, angiogenesis, and apoptosis inhibition [27]. In
respect to angiogenesis, vascular endothelial growth factor (VEGF) is thought to be the most
important factor driving tumor angiogenesis. Previous studies showed that high VEGF levels were
associated with lymph node metastasis or distant metastasis and thereby predicted a worse prog-
nosis [28]. Moreover, the expression of transforming growth factor-B1 (TFG-1) can promote GC
progression by indirectly triggering neovascularization through the up-regulation of VEGF levels
[29]. Tumor invasion through extracellular matrix (ECM) is modulated by matrix metalloprotein-
ases (MMPs) which induce ECM degradation and create paths for migration. In GC, MMP-2,
MMP-7, and MMP-9 have been viewed as significant biomarkers predicting poor survival [30-32].
In addition, other molecular and genetic markers have also been confirmed to have prognostic
significance, such as cell-cycle regulators (cyclin G2 [33], cyclin D2 [34], p27 [35], and p53 [36]),
telomeres and telomerase (hTERT [37] and POT1 [38]), and cell-adhesion markers (E-cadherin
[39], CD44 [40], and CD44v6 [41]).

Defects in the DNA mismatch repair were observed in 10-22% of GC, leading to genomic insta-
bility characterized by microsatellite instability (MSI) [42]. The current evidence showed that pa-
tients with MSI-high GC had a better prognosis than MSI-low GC patients because MSI-high tu-
mors were associated with less prevalent lymph node metastasis [43-45]. Moreover, the results
of the MAGIC trial indicated that patients with operable MSI-high GC might not benefit from peri-
operative chemotherapy [46]. In this respect, MSI is a promising prognostic indicator for survival
outcome and treatment decision.

In GC, epigenetic alterations such as DNA methylation and histone modifications can regulate
gene expression and thereby affect tumor progression. DNA methylation changes the readability
of the DNA and leads to the inactivation of a gene by inhibiting transcription [47]. The most com-
mon methylation regions are CpG islands, which are correlated with the silencing of multiple tu-
mor suppressor genes and tumorigenesis process. These genes are inter alia CDH1, hMLH1,
pl6INK4a, RAR-beta, MGMT. The study from Oue et al. found that accumulation of DNA meth-
ylation may contribute to progression of most GCs. Recently, several DNA methylation signatures
were developed to predict the prognosis of gastric cancer patients and the performance of pre-
dictive models based on DNA methylation are favorable [48-50].
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2.3 Prognostic factors and biomarkers in sarcoma

Sarcomas are a rare and heterogeneous group of tumors originating from stromal cells, including
more than 60 subtypes with different biological and clinical features [51]. They can be divided into
two general categories, soft tissue sarcoma (STS), and primary bone sarcoma. In general, the 5-
year survival rate of sarcoma patients is only about 50% due to high incidence of distant metas-
tasis [52, 53]. Previous studies have identified useful prognostic variables of sarcomas for local
recurrence, distant metastasis, and tumor-related mortality, but some predictive factors remain
controversial with many opposing reports [54]. Reassuringly, molecular profiling of sarcomas has
revealed the deeper biological mechanism of these rare tumors and pinpointed novel molecular
biomarkers, which opens novel avenues for precision medicine in the field of sarcoma.

2.3.1 Clinicopathological prognostic factors of sarcoma

A study of 389 patients with STS showed that tumor location, resection margins, size, age at
diagnosis, and tumor grade were significant prognostic factors for tumor relapse or survival out-
come [55]. Compared with STS in the head, neck and trunk, the extremity lesions had a better
local control and a longer survival time [55]. Currently, there is a general consensus that the
histologic grade of STS is the most important prognostic factor for local recurrence and OS [56,
57]. The high-grade (G3/G4) STS patients exhibited a worse survival than patients with low-grade
(G1/G2) tumors because poor differentiated tumor cells are more aggressive [57]. The certain
correlation between tumor size and prognosis has been investigated well. For trunk, extremities,
and retroperitoneal STS, 5cm and 10cm are two critical prognostic cut-off values according to the
current staging systems [58]. The resection margins in STS surgery are also viewed as a risk
factor for local recurrence and metastasis. A previously published study showed that the 5-year
local control rate of patients with negative margins reached 78% while it decreased to 52% in
patients with positive margins [59].

In addition, different bone sarcomas also have homogenous prognostic factors. A Surveillance,
Epidemiology, and End Results (SEER) data-based study showed that older age (>40), higher
grade, and advanced stage were significantly correlated with worse prognosis in patients with
bone sarcoma [60]. Furthermore, different tumor sites also affected patient’s survival. Some stud-
ies reported osteosarcomas in the spine and pelvic were linked with an unfavorable prognostic
outlook [61, 62]. Although the identification of these prognostic factors are validated tools for tu-
mor staging, the current evaluation system merits further improvement due to high tumor hetero-
geneity.

2.3.2 Biological prognostic factors of sarcoma

In the last decade, numerous novel molecules have been identified in different sarcoma subtypes,
which have added to the wealth of information that may be predictive of biological behavior and
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prognosis of sarcomas. Here, representative molecular biomarkers developed for sarcoma in re-
cent years were described shortly below.

Proliferative activity plays an important role in determining the prognosis of sarcoma patients. The
most common two parameters are the cell proliferation markers Ki-67 and proliferating cell nu-
clear antigen (PCNA). High expression rates of Ki-67 and PCNA have been associated with a
reduced OS in a series of STS [63, 64], synovial sarcoma [65, 66], and primary osteosarcoma
[67, 68]. Additionally, DNA ploidy analysis and S-phase rate could also indicate the status of cell
proliferation. Several studies found robust prognostic power for the measurement of DNA ploidy
patterns and S phase fraction through DNA flow cytometry [69-71].

The role of oncogenes in sarcomas has been extensively investigated. The tumor suppressor p53
play an important role in mediating cell response to diverse stresses and the function of p53 is
often altered in cancers. P53 overexpression in the nucleus is regarded as a surrogate marker
for p53 mutation. Multiple studies have confirmed that p53 was an independent prognostic bi-
omarker for STS [72], gastrointestinal sarcoma [73], Ewing’s sarcoma [74], synovial sarcoma [75],
and osteosarcoma [76]. Moreover, MDM2, encoded by the MDM2 gene, is the main regulator of
p53 and has a synergistic effect with p53 in the progression of sarcoma [77, 78].

C-Myc is frequently deregulated in human cancers. The expression of c-Myc has been correlated
with poor prognosis in several types of sarcomas, including synovial sarcoma [79], osteosarcoma
[80], Ewing's sarcoma [81], liposarcoma [82], and soft tissue leiomyosarcoma [83].

The HER-2/neu oncogene (also known as c-erbB-2), encodes a transmembrane protein (p185)
which is structurally homologous to EGFR. Several reports have analyzed the correlation between
the HER-2 expression and the prognosis of patients with synovial sarcoma. One study showed
that patients with high HER-2/neu mRNA levels had a longer disease-free survival (DFS) than
those with low HER-2/neu mRNA levels, while the other study found no definite correlation be-
tween HER-2/neu expression and survival outcome [84, 85]. Since the case numbers of these
two studies are small, further clinical investigations are needed.

In specific types of sarcomas, some gene fusions generated by chromosomal translocation have
been shown to be prognostically relevant. For example, EWS-FLI1, a tumor-specific chimeric
transcription factor, is the most predominant fusion in Ewing’s sarcoma (85% of cases). Two stud-
ies demonstrated that type 1 EWS-FLI1 was a significant predictor of favorable prognosis of pa-
tients with Ewing’s sarcoma [86, 87]. Cytogenetic studies have found a characteristic SYT-SSX
fusion gene in almost all synovial sarcomas, usually SYT-SSX1 or SYT-SSX2. Survival analyses
from previous two studies has revealed that patients with SYT-SSX2 had a significantly longer
metastasis-free survival than patients with SYT-SSX1 [88, 89].The reason for this difference may
be that SYT-SSX1 type fusion was highly correlated with high tumor cell proliferative activity [89].
In addition, PAX3-FKHR or PAX7-FKHR gene fusions were identified in over 70% of alveolar
rhabdomyosarcoma (ARMS) patients. In ARMS patients with metastasis, PAX3-FKHR fusion is
a marker of poor prognosis [90].

Previous studies have also investigated the prognostic value of cell adhesion molecules in sarco-
mas. Saito et al. have shown that the reduced expression level of E-cadherin and a -catenin and
aberrant nuclear (3-catenin expression predicted a poor OS in synovial sarcoma patients [91].
Dysadherin, a cancer-associated membrane glycoprotein, inhibits E-cadherin expression and
promotes tumor metastasis. The high dysadherin expression level was an independent adverse
prognostic factor in epithelioid sarcoma [92] and synovial sarcoma [93]. Like other solid tumors,
several growth factors and their associated receptors play a critical role in the occurrence and
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progression of sarcoma. The overexpression of EGFR is confirmed to be a significant poor prog-
nostic marker of adult STS, which is highly correlated with the histologic grade [94]. This result
suggests that some STS patients could benefit from the treatment with inhibitors of EGFR.

The hepatocyte growth factor (HGF)/c-MET autocrine signaling has been implicated in the car-
cinogenesis of various tumors. A study of 69 cases of synovial sarcoma showed that the co-
expression of HGF and c-MET was associated with higher proliferative activities and worse sur-
vival outcome [95]. Numerous observations have indicated that abnormalities of mitotic check-
point genes are closely related to chromosomal instability and tumorigenesis [96, 97]. The check-
point with forkhead and ring finger domains (CHFR) gene, a mitotic checkpoint gene, has been
identified as a tumor suppressor in malignant peripheral nerve sheath tumors (MPNST). The re-
duced expression of CHFR was a significantly poor prognostic factor in MPNST [98].

In addition to the above mentioned prognostic factors, there are other biomarkers reported to
have prognostic impact in sarcoma patients, including the cell cycle regulator p21 [99], multidrug
resistance related genes ABCB1 [100] and YB-1[101], and the tumor suppressor RASSF1A [102].

2.4 The rise of transcriptome in the age of precision oncology

Recent achievements in transcriptomics provided an unprecedented opportunity to improve can-
cer management. Transcriptomics is the analysis of the complete set of RNA transcripts that are
generated by the genome using high-throughput techniques. The transcriptomic data can be
viewed as a snapshot of the temporary cell state. It not only profiles genomic backgrounds to
establish a global picture of cell function, but also analyze actively expressed genes and tran-
scripts under different conditions [103].

Various technologies have been used to analyze the transcriptome, including hybridization-or se-
quence-based methods. Currently, gene expression microarray and RNA-sequencing (RNA-Seq)
stand out for transcriptome analysis almost as a routine method, which has been widely used in
biological, drug and clinical research.

Gene expression microarray technology (also known as GeneChip) refers to the fixation of a large
number of probes molecules on the solid surface and hybridization with labeled RNA or cDNA.
This technology enables measuring the expression levels of millions of genes simultaneously.
With the recent advent of microarrays, searches for novel genes involved in carcinogenesis and
better biomarkers for prognosis have been well established. For example, D’Errico et al. analyzed
the transcriptional profile of 38 GC patients with respect to MSI using oligonucleotide chips. The
authors found that distinct immune and apoptotic related genes can efficiently discriminate be-
tween MSI-high and MSI-low tumors [104]. In addition, molecular subtyping based on microarrays
has been widely used in various cancers, including breast [105], lung [106], liver [107], colon [108],
stomach [109] and soft tissue sarcomas [110]. Furthermore, a previous study regarding malignant
gliomas demonstrated that a gene expression-based classification correlated more precise with
prognosis than a histomorphologic pathological classification.

RNA-Seq is a sequencing-based approach for the detection and quantitative analysis of RNA in
a sample. Compared with microarrays, RNA-seq shows numerous advantages for detecting novel
transcripts, single-nucleotide variants, and splice junctions [111]. Moreover, RNA-Seq has a low
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background signal and consequently quantify gene expression across a larger dynamic range.
Due to the high costs and high data-storage requirements of RNA-Seq, large-scale RNA-Seq
transcriptome analyses of various types of cancers were collected only by some large databases,
such as The Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium
(ICGQ).

In summary, next generation sequencing generates numerous valuable genomic data of cancer
samples. Meanwhile, various advanced MLA have also been designed for processing and trans-
lation of such an amount of data [112]. There is evidence that the combination of high-throughput
transcriptomic profiling and MLA will efficiently and accurately improve clinical practice.

2.5 The applications of gene expression signatures in tumor prognosis

In the last decades, hundreds of molecular prognostic and predictive markers in various types of
cancers have been identified. However, these proposed biomarkers have not the expected impact
on clinical decision making. Because of unavoidable tumor heterogeneity, it is difficult to predict
survival outcome accurately according to a single biomarker or factor. Thus, identifying subsets
of prognostic genes and establishing gene expression signatures or prognostic models may lead
to new and more precise clinical strategies.

A gene expression signature includes a list of genes that jointly present robust predictive perfor-
mance for a survival event or classification. Generally, signature genes are decided based on
statistical methods, including Least absolute shrinkage and selection operator (LASSO) regres-
sion analysis, Cox’s proportional hazard and regression model, or MLA [113]. Currently, several
gene expression signatures have been established to optimize survival prediction and to identify
which part of cancer patients need additional treatment. For example, the 21-gene recurrence
score is the most common commercial multigene assay in breast cancer (BC), which not only
predict the prognosis of early-stage BC but also identify high-risk patients who might benefit from
additional chemotherapy [114]. This panel contains 16 cancer-related genes and 5 reference
genes. The values of gene expression are converted into a recurrence score through a proprietary
algorithm, which ranges from 0 to 100 and a higher score indicates a greater probability of disease
recurrence. Three different risk level subgroups (low-, intermediate-, and high-risk) were identified
and demonstrated a clear disparity in survival outcomes: the relapse-free interval and OS
(P<0.001 for both) [115]. In the last decade, several clinical trials have been conducted to validate
the prognostic utility of the 21-gene recurrence score. The remarkable findings from these studies
further at least in part paved the inclusion of the 21-gene signature in major treatment guidelines
for breast cancer [116].

The great success of multigene assay for breast cancer has set a benchmark in the field of clinical
cancer research. Although there is no such gene signature incorporated into clinical routine prac-
tice in other malignant tumors, a large number of gene expression profiling investigations on tu-
mor prognosis have been reported. In general, there are three major strategies to establish gene
signatures [117]. The first strategy is screening for differentially expressed genes (DEGs) and
identifying the final candidate genes through statistical approaches, such as Cox regression and
LASSO regression analysis. The second strategy focus on one gene set of specific pathways or
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biological functions, like metastasis-related genes and immune-related genes, then perform di-
mensionality reduction and modeling. The third one refers to construct the gene signatures based
on a specific gene family, such as NDRG family and m6A regulatory gene family.

In GC, numerous prognostic gene signatures have been developed, most of which are based on
TCGA and Gene Expression Omnibus (GEO) datasets. For example, Cho et al. established a 6-
gene (CTNNB1, EXOCS3, TOP2A, LBA1, CCL5, and LZTR1) risk scoring system by which pa-
tients with a higher risk score have a significantly lower DFS rate in three different GC cohorts
[118]. It is increasingly definite that immune and stromal cells in the microenvironment are critical
to cancer progression [119]. Hence, Wang et al. found stromal-immune score-related DEGs and
constructed 4-gene signature (SOX9, LRRC32, CECR1, and MS4A4A) as a prognosis stratifica-
tion tool for GC patients in both TCGA and GEO cohorts [120]. Furthermore, a study focusing on
epithelial-mesenchymal transition (EMT) proposed a novel EMT-related gene signature (ITGAV,
DAB2, SERPINE1, MATN3, PLOD2) with the 5-year OS area under curve (AUC) value of 0.784,
indicating a good prognostic discrimination in GC patients [121].

In contrast to epithelial tumors, sarcomas occur in all organs of the body, so histological grade
and clinicopathological characteristics form the core prognostic criteria. In 2010, Chibon et al.
proposed a complexity index in sarcomas including 67 genes related to mitosis and chromosome
instability. Significantly, it not only predicted metastasis events in the STS cohort, but also showed
powerful predictive ability in other cancers, such as gastrointestinal stromal tumors, BC, and lym-
phomas [122]. Since sarcomas contain multiple histological subtypes, most gene expression sig-
natures are developed based on a specific subtype. For example, Ren et al. constructed an 11-
gene signature based on immune-related genes for Ewing sarcoma, which present a high prog-
nostic value in two independent cohorts [123]. In addition, Shi et al. focus on metastasis-related
genes and established a 3-gene (MYC, CPE, and LY86) signature for osteosarcoma patients,
demonstrating the robust prediction efficiency of OS [124].

Despite these great strides, it has also become clear that only a few gene signatures have
reached the stage of clinical utility so far. It is largely because most studies on prognostic gene
expression signature are retrospective in nature. Bias and confounding are more common in
these studies, leading to a lack of reproducibility of the results. Thus, further clinical investigations
based on high-level evidence are needed. Secondly, the vast majority of gene expression signa-
tures have been established from bulk sequencing of tumor tissue. Thus, the information of intra-
tumoural heterogeneity could be lost in bulk transcriptomic data, which may influence the perfor-
mance of these transcriptomic signatures. Emerging achievement from single cell RNA sequenc-
ing enable more comprehensively characterize individual cells in tumors [125]. Thirdly, while the
information of transcriptional profiles is valuable, they are just part of a big picture. Protein modi-
fications also play an important role in cellular functions, which could influence protein confor-
mation and thereby change its activity [126]. There is no nucleic acid involved in this process.
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2.6 The application of nomograms and decision trees in cancer management

2.6.1 Nomogram

In recent years, statistical prediction models have been established in a variety of malignancies.
Currently, nomograms have been widely used for cancer prognosis because nomograms com-
bine complex prognostic variables and transform them into a single numerical estimation proba-
bility for a given individual. In a nomogram, each variable is presented separately, with a straight
line marked with scales and a given magnitude of the variable. Then, add the scores of all varia-
bles to get the cumulative score, and match the corresponding outcome in the result scale [127].

The development of a nomogram requires the following steps [128]: Firstly, identifying the patient
population where the nomogram will be used and determining the goal of the nomogram. It often
refers to a specific event, such as time to recurrence or death. Secondly, the selection of variables
is the crucial step that may influence the predictive efficacy of the nomogram. The included prog-
nostic parameters should be clinically significant or have been reported in prior research. Then,
a suitable statistical method should be chosen. Logistic regression analysis and Cox proportional
hazards are the most used for binary outcome and survival analysis, respectively. Finally, the
performance assessment of the predictive model is also needed, including validation, discrimina-
tion, and calibration.

Through literature review, there are numerous studies on prognostic nomograms for GC. For
example, Yu et al. constructed two prognostic nomograms for OS and cancer-specific survival
based on the SEER database using multivariate Cox analysis. The proposed homograms contain
tumor size, location, and stage. The performance of the nomogram was evaluated by the C-index,
calibration plot, receiver operating characteristics curve and decision curve analysis. However,
this study did not use external verification, and many important clinical factors are missing in the
SEER database [129]. A study from Korea developed and externally validated survival-related
nomogram for GC based on 7954 patients. The nomogram integrated more valuable information,
including age, sex, depth of invasion, location, and the number of metastatic/examined lymph
nodes. External validation in two independent cohorts presented excellent discrimination power
(C-index, 0.78 and 0.79, respectively) [130]. In addition, there are several published studies that
incorporate the risk score of prognostic gene signatures into the nomogram, providing better pre-
dictive accuracy than the traditional clinicopathological factors [120, 121, 131-133].

2.6.2 Decision tree

Decision tree (DT) methodology is a non-parametric supervised learning method for establishing
classification systems or for constructing prediction models. It is drawn upside down with its root
at the top and branches into possible outcomes. Each of those outcomes is linked to internal
nodes, which branch off into other results [134]. The commonly-used algorithms include classifi-
cation and regression trees (CART), ID3s, chi-square automatic interaction detector DTs, and
C4.5 and C5.0 DTs. Currently, DTs have been widely applied in the diagnosis of certain diseases
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from the patterns of symptoms, or in the identification of the risk stratification of cancer patients
based on different prognostic variables.

In 2016, a study from Australia has developed and validated a novel survival prediction model
based on a CART algorithm for patients with malignant pleural mesothelioma. The prognostic
model identified four risk groups with significant survival differences (p<0.0001), which contained
five decisive variables. The overall performance of the DT model was rational (C-index= 0.76)
and demonstrated a high sensitivity (94.5%) for patients’ prognosis [135]. In addition to survival
prediction, Takada et al. constructed a DT-based prediction model for predicting axillary lymph
node metastasis in patients with primary BC. Fifteen of 24 variables were determined to develop
the DT model, including age, BMI and related variables from ultrasound, mammography, physical
examination, and pathology. The AUC values of prediction model reached 0.77 for the training
cohort and 0.772 for the validation cohort, indicating its high accuracy and strong generalization
ability [136]. More recently, several studies combined clinicopathological features and gene sig-
nature risk scores to build DT model for risk stratification in different types of cancer. These results
indicated that DTs can identify different risk subgroups powerfully and the risk scores from gene
signatures often served as the strong determinant [137-139].

However, some limitations of the DT method should be recognized. One of the limitations is that
DT-based models can be affected by overfitting and underfitting, particularly when working with
small datasets [134]. Another potential problem is that the selection of variables in the decision
tree is based on mathematical conditions, which often have different thresholds on different levels
of tree. This could make the findings difficult to interpret, as the cutoff values of a certain variable
may not be meaningful or validated [140].

2.7 The predictive function of gene signatures for therapeutic response

Cancer therapeutic resistance is the most frequent cause of anti-tumor treatment failure, leading
to more cancer-related mortality. Currently, the most common way to determine whether a treat-
ment is effective is based on cancer subtypes and genetic mutations. However, this approach
remains imprecise due to the heterogeneity of the tumor. In recent years, high-throughput se-
quence technology has been used to identify gene expression signatures that can predict the
response to treatments, such as chemotherapy and immunotherapy [141-143].

Chemotherapy for various types of cancer is the major factor in reducing recurrence and death.
However, due to side effects that occur during chemotherapy, the benefits need to be fully as-
sessed before use on patients [144, 145]. For example, Hess et al. developed a multigene signa-
ture for predicting preoperative chemosensitivity in BC patients. The multigene predictor contains
30 optimal probes that were chosen from the differentially expressed genes between pathologic
complete response versus residual disease. It showed significantly higher sensitivity (92% vs 61%)
than traditional clinical variables [146]. Recently, a multi-cohort study proposed a four gene clas-
sifier (GZMB, WARS, SFRP4, and CDX1) for chemotherapy response in resectable GC. The
patients who would benefit from chemotherapy, based on the prediction from the gene signature
and received adjuvant chemotherapy demonstrated significantly longer 5-year OS compared with
the patients who underwent surgery alone (p=0.0012) [147].
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Over the last decade, although the checkpoint inhibitor-based immunotherapy has achieved clin-
ical success in various types of malignancies, only a minority of patients can obtain a positive
response to checkpoint inhibitor therapy. Thus, a predictive biomarker is needed to assess patient
benefit. For example, Ribas et al. developed an interferon- y regulated gene signature in ad-
vanced melanoma patients, which demonstrated a significant correlation with both enhanced
overall response rates and progression-free survival to anti-PD-1 treatment [148]. Moreover, the
T-effector and interferon- y gene signature that reflects pre-existing immune status, was used in
the clinical trial of patients with NSCLC (POPLAR trial). High gene expression signature levels
can effectively predict prolonged OS for patients treated with atezolizumab [149]. These results
support that the infiltration of immune cells in the tumor microenvironment (TME) possessed great
value in predicting immunotherapeutic responses.

More recently, Zeng et al. comprehensively analyzed the TME of GC and identified different TME
phenotypes with significant differences in survival [150]. Importantly, the TME score proposed by
the study served as a robust biomarker for predicting immunotherapeutic efficacy, which has also
been confirmed in other malignancies [151, 152]. Currently, Immune Cell Abundance Identifier
(ImmucCellAl), a gene set signature-based algorithm, was established for predicting immunother-
apy response by estimating the abundance of specific immune cells from gene expression profiles
[153]. This accurate and reliable tool provided an unprecedented opportunity to theoretically pre-
dict the patient’'s immunotherapy efficacy, but it still requires further prospective studies.

2.8 Aims of the present studies

Previously studies about prognostic factors in GC and sarcomas have been published. However,
the power of these prognostic tools insufficiently considers tumor heterogeneity. Thus, a novel
and precise survival prediction model based on gene expression data should be developed. Iden-
tifying more robust prognostic biomarkers will lead to an improved guidance of clinical manage-
ment and predict prognosis for cancer patients. In addition, gene expression profiling might be
helpful in revealing the underlying molecular mechanisms of tumor development.

2.8.1 Establishment of angiogenesis-related gene signatures for prognosis
prediction in gastric cancer

Tumor-associated angiogenesis is critical for tumor progression and metastasis. It is necessary
to understand the prognostic role of angiogenesis-related genes (ARGs), which might further help
to identify novel therapeutic targets. Previous studies have reported that the expression levels of
several ARGs in GC correlated with prognosis. However, no such polygenic ARG based risk score
was investigated in GC so far.

Therefore, the first study aimed to identify OS-related ARGs and establish an ARG expression
signature predicting survival based on public GC datasets. Consensus classification was used to
identify the novel molecular subtypes of GC based on ARG expression profiling. Moreover, a
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nomogram integrating the new ARG signature risk score and clinicopathological features was
developed to quantify individual risk assessment.

2.8.2 Development of an immune-related gene signature predicting survival in
sarcoma patients

Sarcomas are a heterogeneous group of rare mesenchymal tumors. Accumulating evidence re-
veals that the migration of immune cells into these tumors are associated with the clinical outcome
of immunotherapy in sarcomas [154, 155]. The current risk stratification system is insufficient to
provide precise survival prediction and treatment response.

Therefore, this study explored the association between various immune cells and the prognosis
of sarcomas. Different bioinformatics and statistical methods were used to develop a powerful
immune-related gene signature for predicting survival outcome and responses to immunotherapy.
Moreover, an integrated decision tree and nomogram was established based on the identified
gene signature and clinicopathological characteristics to improve risk stratification and quantify
the risk assessment of individual patients.

2.8.3 Explore the association between immunosurveillance and organotropism of
metastases in colorectal cancer

Approximately 30% of colorectal cancer (CRC) patients present with distant metastases at initial
diagnosis, and another 50% of patients will develop metachronous metastases to the liver or the
peritoneum. However, no specific biomarkers or gene signatures have been found so far as-
sessing the risk for developing distant metastases. Thus, patients with locally advanced CRCs
undergoing surgery were screened and divided into three groups MO (no distant metastasis), HEP
(liver metastasis), and PER (peritoneal carcinomatosis).

Six patients of each group were selected randomly and further assessed by NanoString analysis
(the nCounter® PanCancer Progression Panel). Next, gene set enrichment analysis (GSEA) was
used to explore potential gene sets related to different metastatic routes.
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3. Summary (in Englisch)

3.1 Paper 1:

Angiogenesis-Related Gene Expression Signatures Predicting Prognosis in Gastric Can-
cer Patients

Tumor angiogenesis plays a crucial role in the occurrence and development of gastric cancer
(GC). Thus, it is critical to identify an angiogenesis-related gene (ARG) signature that serve as
prognostic biomarkers for GC patients.

The ARG set was downloaded from hallmark-angiogenesis in “Gene Set Enrichment Analysis”
(GSEA), which contains 36 genes involved in tumor angiogenesis. The expression data of ARGs
and clinicopathological features of 372 GC patients were obtained from The Cancer Genome
Atlas (TCGA). Consensus clustering was used to identify angiogenesis-related subtypes (cluster
1 and 2). Least absolute shrinkage and selection operator (LASSO) Cox regression analyses
were performed in the training cohort (TCGA) to screen out the overall survival-related ARGs and
establish prognostic gene signatures, respectively. The ARG-risk score was calculated based on
the gene expression value and the corresponding coefficients in the ARG signature. Then patients
were divided into high- and low-risk score groups for survival analysis. The Asian Cancer Re-
search Group (ACRG) (n = 300) was used as an external validation cohort. The ARG signature
and relevant clinical features were used to establish the prognostic nomogram. GSEA was per-
formed to explore the potential signaling pathways related to ARG-risk score.

Consensus clustering revealed that cluster 2 patients exhibited a more advanced clinical stage
and had worse survival outcomes than patients in cluster 1. An optimal set of 10 ARGs was
identified and used to construct the prognostic ARG signature. The signature showed prognostic
significant relevance in both training and validation cohorts. In multivariate analysis, the ARG-risk
score proved to be an independent prognostic indicator for disease free and overall survival. The
predictive ability of the nomogram containing the risk score and clinicopathological information
was superior to TNM staging. In the high-risk score group, several cancer and metastasis-related
signaling pathways were significantly overexpressed compared with the low-risk score group.

In conclusion, our 10-ARG signature is closely associated with survival outcome in GC patients
and might be useful for a more accurate risk stratification.

3.2 Paper 2:
A novel immune-related gene signature predicting survival in sarcoma patients

Sarcoma patients exhibit significant heterogeneity in survival outcome. The current risk stratifica-
tion system is insufficient to provide precise survival prediction and treatment response. Therefore,
an effective model is needed to predict prognosis and guide treatment.

This study analyzed the gene expression and outcome of 980 sarcoma patients from seven public
datasets, including six microarray datasets from Gene Expression Omnibus (GEO) and one RNA-
Seq dataset from The Cancer Genome Atlas (TCGA). The abundance of immune cells and the
response to immunotherapy was calculated in the ImmuCellAl database. Immune-related genes
(IRG) were screened through weighted gene co-expression network analysis (WGCNA). Least
absolute shrinkage and selection operator (LASSO) Cox regression was further used to develop
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the prognostic IRG signature. We divided patients into high and low-risk groups based on the risk
score of the IRG signature and compared survival between groups. Moreover, we developed a
nomogram and a decision tree integrating the IRG risk score and clinicopathological parameters.

The identified IRG signature incorporated 14 genes (TRIM21, TNF, CRIP1, FCER1A, SLC25A20,
ZNFX1, DHX58, TNFSF15, TAPBPL, CMA1, APOL2 and GBP2) and was significantly associated
with survival outcome in the training and six independent validation cohorts. Multivariate survival
analyses revealed that the 14-IRG signature served as an independent risk factor for disease free
and overall survival. Moreover, the IRG signature acted as a potential indicator for immunotherapy.
The nomogram based on the IRG signature risk score outperformed presented traditional clinico-
pathological features in survival prediction. In addition, the decision tree discriminated risk sub-
groups powerfully.

In summary, the proposed IRG signature is a reliable predictive tool to predict outcome and treat-
ment response in sarcoma patients.

3.3 Paper 3:
The association of immunosurveillance and distant metastases in colorectal cancer

Colorectal cancer (CRC) is one of the most common malignancies worldwide with still an increas-
ing incidence, but little is known about the underlying mechanism of distant metastases. The pur-
pose of this study was to evaluate the association between immunosurveillance and organotro-
pism of metastases in CRC.

CRC patients undergoing surgery with a 5-year follow-up at the Ludwig-Maximilian University
Hospital Munich were selected and divided into three groups: MO (no distant metastases), HEP
(liver metastases) and PER (peritoneal carcinomatosis). Each group randomly selects six patients
for a NanoString analysis, which includes 770 genes from 13 cancer-associated canonical path-
ways. Then, gene set enrichment analysis (GSEA) was further performed based on seven main
cancer-associated databases.

Comparing HEP vs. MO, the gene set associated with the Toll-like receptor (TLR) cascade was
highly enriched in HEP group. HSP90B1, MAPKAPK3, PPP2CB, PPP2R1A had the greatest in-
fluence on the core enrichment. In the MO group, the immunologic signature pathway
GSE6875 TCONV_VS FOXP3 KO_TREG_DN was significantly overexpressed compared with
HEP group. RB1, TMEM 100, CFP, ZKSCAN5, DDX50 contributed the most to enrichment anal-
ysis.

In this study, differential expressed immune related gene sets were investigated between CRC
with either hepatic or peritoneal metastases, indicating that the occurrence of liver metastases
might be related to TLR-associated pathways and immunosurveillance mediated by FOXP3.
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4. Zusammenfassung (deutsch)

4.1 Paper 1:

Angiogenesis-Related Gene Expression Signatures Predicting Prognosis in Gastric Can-
cer Patients

Die Tumorangiogenese spielt eine entscheidende Rolle bei der Entstehung und Entwicklung von
Magenkrebs (GC). Daher erscheint es sinnvoll, die prognostische Wertigkeit einer Angiogenese-
bezogene Gensignatur (ARG) bei GC-Patienten zu untersuchen.

Von der "Gene Set Enrichment Analyse" (GSEA) der ,Hallmark-Angiogenese* wurde hierzu ein
Set aus 36 Genen identifiziert, die an der Tumorangiogenese beteiligt sind. Die Expressionsdaten
der ARGs und die klinisch-pathologischen Merkmale von 372 GC-Patienten wurden anschlieBend
von der oOffentlichen Datenbank ,The Cancer Genome Atlas* (TCGA) entnommen. Zur
Identifizierung der mit der Angiogenese zusammenhéangenden Subtypen (Cluster 1 und 2) wurde
ein Konsens-Clustering durchgefiihrt. In der Trainingskohorte (TCGA) erfolgten sodann Cox-
Regressionsanalysen mit dem LASSO-Verfahren (Least Absolute Shrinkage and Selection
Operator), um die mit dem Gesamtuberleben verbundenen ARGs herauszufiltern bzw.
prognostische Gensignaturen zu erstellen. Basierend auf diesen Genexpressionswerten und der
entsprechenden Koeffizienten konnte eine prognostisch relevante ARG-Signatur und konsekutiv
ein ARG-Risk-Score berechnet werden. AnschlieBend wurden die Patienten flur die
Uberlebensanalyse in Gruppen mit hohem und niedrigem Risikoscore eingeteilt. Die 6ffentliche
Datenbank ,Asian Cancer Research Group® (ACRG) (n = 300) wurde als externe
Validierungskohorte verwendet. Die ARG-Signatur und relevante klinische Merkmale wurden zur
Erstellung eines prognostischen Nomogramms verwendet. Mit Hilfe von GSEA wurden die
potenziellen Signalwege untersucht, die mit dem ARG-Risikoscore in Verbindung stehen.

Das Konsens-Clustering ergab, dass Patienten in Cluster 2 (hoher ARG-Risk-Score) ein
fortgeschritteneres klinisches Stadium und ein schlechteres Uberleben als Patienten in Cluster 1
aufwiesen. Die Analysen ergaben, dass die prognostische ARG-Signatur aus 10 ARGs besteht.
Die Signatur zeigte sowohl in den Trainings- als auch in den Validierungskohorten eine
signifikante prognostische Relevanz. In der multivariaten Analyse erwies sich der ARG-Risiko-
Score als unabhéngiger prognostischer Indikator fiir das Gesamt- und krankheitsfreie Uberleben.
Die Vorhersagekraft des Nomogramms, das den Risikoscore und Kklinisch-pathologische
Informationen enthalt, war dem herkémmlichen TNM-Staging Uberlegen. In der Gruppe mit
hohem Risikoscore waren mehrere krebs- und metastasenbezogene Signalwege im Vergleich
zur Gruppe mit niedrigem Risikoscore deutlich tGiberexprimiert.

Zusammenfassend lasst sich sagen, dass unsere 10-ARG-Signatur eng mit dem Uberleben von
GC-Patienten assoziiert ist und fiir eine genauere Risikostratifizierung nitzlich sein konnte.

4.2 Paper 2:
A novel immune-related gene signature predicting survival in sarcoma patients

Sarkom-Patienten weisen eine erhebliche Heterogenitét im Uberlebensverlauf auf. Das derzeitige
System zur Risikostratifizierung erscheint nicht ausreichend zu sein, um eine prazise Vorhersage
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des Uberlebens und des Ansprechens auf die Behandlung zu erméglichen. Daher ist ein
wirksames Modell erforderlich, um die Prognose vorherzusagen und die Behandlung zu steuern.

In dieser Studie wurden daher die Genexpression und das Ergebnis von 980 Sarkom-Patienten
aus sieben offentlichen Datenséatzen analysiert, darunter sechs Microarray-Datenséatze aus dem
.Gene Expression Omnibus” (GEO) und ein RNA-Seq-Datensatz aus dem ,The Cancer Genome
Atlas* (TCGA). Die Haufigkeit von Immunzellen und das Ansprechen auf eine Immuntherapie
wurden in der ImmucCellAl-Datenbank berechnet. Immunbezogene Gene (IRG) wurden mit Hilfe
der gewichteten Gen-Koexpressionsnetzwerk-Analyse (WGCNA) untersucht. Zur Entwicklung
der prognostischen IRG-Signatur und einem darauf basierenden Risikoscore wurde die LASSO-
Cox-Regression Analyse (Least Absolute Shrinkage and Selection Operator) verwendet. Wir
teilten die Patienten anhand des Risikoscores der IRG-Signatur in Hoch- und
Niedrigrisikogruppen ein und verglichen das Uberleben zwischen den Gruppen. Dariiber hinaus
entwickelten wir ein Nomogramm und einen Entscheidungsbaum, die den IRG-Risikoscore und
klinisch-pathologische Parameter integrierten.

Die identifizierte IRG-Signatur umfasste 14 Gene (TRIM21, TNF, CRIP1, FCER1A, SLC25A20,
ZNFX1, DHX58, TNFSF15, TAPBPL, CMA1, APOL2 und GBP2), die in der Trainings- und sechs
unabhéngigen Validierungskohorten signifikant mit dem Gesamtiberleben assoziiert waren.
Multivariate Uberlebensanalysen zeigten, dass die 14-IRG-Signatur einen unabhéngigen
Risikofaktor fiir das Gesamt- und krankheitsfreie Uberleben darstellt. Dariiber hinaus fungierte
die IRG-Signatur als potenzieller Indikator fir eine Immuntherapie. Das Nomogramm, das auf
dem IRG-Signatur-Risikoscore basierte, Ubertraf die traditionellen klinisch-pathologischen
Merkmale bei der Uberlebensvorhersage. Der Entscheidungsbaum ermdglichte aufRerdem eine
gute Unterscheidung von Risikogruppen.

Zusammenfassend lasst sich sagen, dass die vorgeschlagene 14-IRG-Signatur ein zuverlassiges
Instrument zur Vorhersage des Ergebnisses und des Ansprechens auf die Behandlung bei
Sarkom-Patienten ist.

4.3 Paper 3:
The association of immunosurveillance and distant metastases in colorectal cancer

Darmkrebs (CRC) ist eine der haufigsten bdsartigen Erkrankungen mit weltweit steigender
Inzidenz, aber es ist nur wenig Uber den zugrunde liegenden Mechanismus der
Fernmetastasierung bekannt. Ziel dieser Studie war es, den Zusammenhang zwischen der
Immuniuberwachung und dem Organotropismus von Metastasen bei Darmkrebs zu untersuchen.

CRC-Patienten, die am Klinikum der Ludwig-Maximilians-Universitat Minchen operiert wurden,
wurden in drei Gruppen eingeteilt: MO (keine Fernmetastasen), HEP (Lebermetastasen) und PER
(Peritonealkarzinomatose). Aus jeder Gruppe wurden sechs Patienten nach dem Zufallsprinzip
fur eine NanoString-Analyse ausgewahlt, die 770 Gene aus 13 krebsassoziierten kanonischen
Stoffwechselwegen umfasst. AnschlieRend wurde eine "Gene Set Enrichment Analyse" (GSEA)
auf der Grundlage von sieben wichtigen krebsassoziierten Datenbanken durchgefiihrt.

Im Vergleich zwischen HEP und MO war der mit der Toll-like-Rezeptor (TLR)-Kaskade assoziierte
Gensatz in der HEP-Gruppe stark angereichert. HSP90B1, MAPKAPK3, PPP2CB und PPP2R1A
hatten den stérksten Einfluss auf die signifikante Anreicherung. In der MO-Gruppe war der
immunologische Signaturpfad GSE6875_TCONV_VS FOXP3_KO_TREG_DN im Vergleich zur
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HEP-Gruppe signifikant Gberexprimiert. RB1, TMEM 100, CFP, ZKSCANS5 und DDX50 trugen am
meisten zur Anreicherungsanalyse bei.

In dieser Studie wurden differentiell exprimierte immunbezogene Gensatze von CRC mit
unterschiedlichen Metastasierungsmustern untersucht, was darauf hindeuten kénnte, dass das
Auftreten von Lebermetastasen mit TLR-assoziierten Stoffwechselwegen und der durch FOXP3
vermittelten Immunidberwachung zusammenhéangen kénnte.
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