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Personalized Medicine (o & pasidl Gl
in Colorectal Cancer

Clinical and Biomolecular
Factors blaze the Trail

Introduction

Colorectal cancer (CRC) is the
third most common cancer
worldwide with 1.2 million
new cases and nearly 600.000
deaths annually [1]. Widely
applied screening methods
such as fecal occult blood
tests or colonoscopy, improve-
ments in tumor surgery and
advancements in personalized
anti-cancer therapy contributed
significantly to a steady im-
provement of prognosis during
the past decades. Personalized
medicine aims to define indi-
vidual prognostic and predictive
factors to provide specific anti-
cancer treatment (Fig. 1).

Prognostic factors determine
the outcome of a patient
regardless of the specified
treatment. A prognostic factor
defines a patient’s situation,
condition, or a characteristic
that serves to estimate the
chance of recovery from a
disease or the chance of the
disease to recur [2]. An ideal
prognostic factor allows early
staging, is feasible and cheap
in daily practice, and ena-
bles physicians to accurately
specify the etiopathogenesis
of a tumor. Besides prognos-

tic factors, predictive factors
are of high interest, as well.

A predictive factor defines
whether a person will respond
to a specific treatment or not,
regardless of the intrinsic prog-
nosis of the underlying disease
[2]. Milestones of personalized
oncological treatment are the
classical conditions surgical
resection, TNM classifica-

tion [3] (Tumor, Lymph node,
Metastasis) of the Union for
International Cancer Control
(UICC) and the American Joint
Committee on Cancer (AJCC),
and histopathology. Further,
identification of specific cancer
subgroups based on biomo-
lecular prognostic and predic-
tive factors (such as KRAS
mutational status or microsatel-
lite instability) became more
relevant and reliable for per-
sonalized oncological treatment
during the last years.

This article discusses well-
established and putative future
prognostic and predictive mark-
ers for colorectal cancer.

Clinical Prognostic and
Predictive Factors

Localization of the Tumor
The localization of the primary
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Fig. 1: The right treatment for the right patient: Personalized medicine aims for an individualized

treatment approach by prognostic factors.

“Theranostics” means application of a specific therapy,

based on prognostic factors. In the past, the classical approach for colorectal cancer was adjuvant

chemotherapy based on the formal tumor stage. However, current methods are more personalized
by applying prognostic factors to categorize low risk and high risk patients (e.g., microsatellite insta-
bi\ity or KRAS mutational status)
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tumor within the large intestine
plays a role in determining of
prognosis. Patients present-
ing with stage Il CRC seem

to have a similar prognosis

for right-sided and left-sided
primaries [4], whereas for
patients with stage Ill or IV
colon cancer, data suggest a
worse prognosis for those with
a right-sided primary tumor [5]
[6]. The underlying reason for
this supposed side-dependent
difference in intrinsic tumor
biology is not yet well un-
derstood, but may be due

to embryonic dissimilarities.
Right-sided tumors derive from
the embryonic midgut whereas
left-sided CRCs stem from the
embryonic hindgut (Fig. 2) [7].

Histopathology

Assessing the pathologic state
of the tumor in accordance
with the TNM classification

is the gold standard for stag-

ing solid tumors and the most
important indicator of outcome
as soon as the tumor has been
resected [3]. Pathological as-
sessment includes measuring
the tumor size and analyzing
the resected lymph nodes for
metastatic tumor cells. Further,
the pathologist determines

the differentiation state of the
cells, the so-called "“Grading”
which represents one of the
strongest histopathological
prognostic factors [8]: the
poorer the differentiation state,
the more aggressive the tumor.

Besides the assignment of the
tumor to a certain T category
and the grading, also the his-
tological subtype of cancer is a
critical point of specifying the
prognosis. More than 90% of
CRCs are classical adenocar-
cinomas deriving from epithe-
lial cells. The tumor histology
of the CRC further distincts
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Fig. 2: Patients with advanced colorectal cancer have a poorer prognosis if the primary tumor

is located in the left part (splenic flexure or more distal). This may correlate with the embryonic
development of the left part of the colon from the hindgut, whereas the more proximal parts of
the colon develop from the midgut.
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several variants of colorectal
adenocarcinomas such as mu-
cinous, signet ring cell, adenos-
quamous, medullary, micro-
papillary, serrated, cribriform
comedo-type, spindle cell, and
undifferentiated (Fig. 3) [9].

Some of the following morpho-
logic variants carry prognostic
significance.

e Mucinous Carcinoma
Mucinous CRCs are defined
by abundant production of
extracellular mucin (ie, mucin
comprising > 50 percent
of the tumor mass). This
histologic type accounts
for approximately 11 to 17
percent of all CRCs [10].
Mucinous carcinomas have a
predilection for the right side
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Colorectal Cancer

of the colon [11], and they
may have a poor responsive-
ness to upfront (neoadjuvant)
chemoradiotherapy [12] and
adjuvant chemotherapy [13],
even though this is contro-
versial [14]. Mucinous adeno-
carcinoma often metastasize
peritoneally when compared
to classical adenocarcinoma.
Further, association with

the hereditary nonpolyposis
colorectal cancer is possible
which means that mucinous
adenocarcinoma can lack a
proficient DNA mismatch
repair system (MSI-H tumors)
[15]. In this case, a mucinous
adenocarcinoma is regarded
as a low-grade tumor
whereas microsatellite stable
tumors behave more aggres-
sively. Overall, the current
literature suggests that the
poor prognosis of mucinous
adenocarcinoma can be
referred to diagnose a more
advanced stage than classical
adenocarcinoma [10].

Signet Ring Cell Carcinoma
In some non-gland-forming
adenocarcinomas, tumor
cells with marginalized nuclei
due to intracytoplasmic
mucin may be a dominant
feature. When > 50 percent
of the tumor consists of this
cell type, it is classified as a
signet ring cell carcinoma. It
is an aggressive but rare CRC
subtype which accounts for 1
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-2 % of all CRCs with a poor
prognosis due to propensity
for extensive lymphatic and
peritoneal spread [16].

Adenosquamous
Carcinoma

Adenosquamous carcinomas
contain areas of squamous
differentiation, besides

the classical adenomatous
components. These rare
tumors account for between
0.05 and 0.2 percent of all
colorectal CRC. Based on the
multivariable hazard regres-
sion analyses Masoomi et al.
showed that adenosquamous
adenocarcinomas are associ-
ated with higher overall (Haz-
ard ratio 1.67) and colorectal-
specific mortality (Hazard
ratio 1.69) as compared with
adenocarcinoma [17].

The median overall survival
time was significantly greater
in the adenocarcinoma group
(82.4 months) in comparison
with the adenosquamous car-
cinoma group (35.3 months).
Due to its rare occurrence,
treatment strategies for this
histological subtype are not
well established and predic-
tive tools for specific chemo-
therapeutic or stereotactic
regimens are lacking. In
conclusion, adenosquamous
carcinoma histology should
be considered a poor prog-
nostic feature.
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e Medullary Carcinoma
The medullary carcinoma
(MC) is a subtype of ad-
enocarcinoma (0.03% of all
sporadic CRCs[18]) with very
little or no glandular differ-
entiation. The tumor lesion
comprises of large eosino-
philic, polygonal cells that
grow in solid sheets and are
usually infiltrated by lym-
phocytes. Thirunavukarasu
et al.[19] showed that MCs
lead to significantly better
survival than undifferenti-
ated adenocarcinomas with a
relative 2-year survival rate of
73.80% vs. 53.10%. How-
ever, significance was not
reached for comparison of
MCs to poorly differentiated
adenocarcinomas, although
MC shows favorable survival
during the first 20 months.

Peritoneal Carcinomatosis
Peritoneal metastasis (PM)

is found in less than 10% of
patients at the time of diagno-
sis, and in general results in

a very limited prognosis [20].
However, the combination of
cytoreductive surgery (CRS)
and hyperthermic intraperito-
neal chemotherapy (HIPEC)

— applicable especially at high
volume centers — can improve
median survival from 12.6
months to 22.3 months in this
metastasized situation and in
rare cases can result in cura-
tion [21]. Further, Yonemura
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et al. could show that surgery
plays a critical role when
HIPEC is applied: Patients with
complete cytoreduction (no
residual visible tumor nodules)
had a median survival time of
25.9 compared to 8.0 months
in patients with residual vis-
ible nodules after CRS [22]. In
summary, CRS/HIPEC requires
an interdisciplinary approach
and thorough selection of the
patients which are applicable
for this treatment.

Immune Cell Infiltration
Tumor specimens can be
examined immunohistochemi-
cally for infiltrating immune
cells in the tumor tissue as

a marker of host immune re-
sponse against the neoplasm.
High levels of immune cell
infiltration is a highly significant
positive prognostic factor. For
instance, MSI-H CRC with a
deficient MMR contain nu-
merous lymphoid cells due to
presentation of altered protein
epitopes on the cell surface.
Thus, mutated malignant cells
can be recognized by the host
immune system. In particu-
lar, a high density of CD8+ T
cells and CD45R0O+ cells (both
CD4+ and CD8+ lymphocytes
that have been exposed to
antigen) within the lymphoid
populations are associated
with the absence of metastatic
invasion, with earlier stage,
and with improved survival
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Fig. 3: Classical gland-forming adenocarcinomas with variable size and configuration of the glandular
structures represent the vast majority of colorectal cancer, the adenocarcinomas [9]. According to the
WHO, mucinous adenocarcinomas are defined as tumors with more than 50% of the lesion being
composed of mucin, typically characterized by pools of extracellular mucin that contain malignant
epithelium as acinar structures, strips of cells or single cells [9]. Signet ring cell carcinomas have more
than 50% of the lesion being composed of tumor cells with prominent intracytoplasmic mucin, typi-
cally characterized by large mucin vacuoles that fill the cytoplasm and displace the nucleus [9].
For demonstrating mucin, in addition to the classical Hematoxilin Eosin (HE) staining, Periodic acid-
Schiff (PAS) staining is shown.
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[23]. Thus, in order to correlate
the quantity of lymphoid cells
in a tumor specimen to the
patient’s outcome, an Immu-
noscore was developed as a
novel instrument for classifica-
tion of CRC (Fig. 4) [24].

Tumor Budding

Tumor “budding” is a specific
tumor border feature that is
defined as microscopic clusters
of undifferentiated cancer cells
just ahead of the invasive front
of the tumor[25]. This condition
can be considered as an early
step of metastasis formation
and is associated with a more
aggressive and invasive tumor.
Jager et al.[26] showed in their
multivariate analysis of locally

advanced tumor specimens a
lower relapse-free survival in
case of moderate to severe tu-
mor budding (HR 3.44 Cl 95 %
1.23-9.63, P= 0.018). Further,
tumor budding was associated
with a lower response rate to
neoadjuvant chemotherapy in
rectal cancer regarding T-Level
down-staging (P< 0.001) and
tumor regression (P< 0.001).
Thus, tumor budding can also
serve as a predictive factor for
efficacy of neoadjuvant radio-
chemotherapy.

Molecular Prognostic and
Predictive Factors

Besides tumor localization,
peritoneal carcinomatosis and
classical histopathological
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Fig. 4: In tumors with high rates of immune cell infiltration, the host reaction against the malignant
cells is more pronounced, leading to a slower growth of the tumor and to a significantly better prog-
nosis. The left panel shows an example of colon cancer with a high rate of T-cell infiltration (left panel,
brown immunohistochemistry staining against CD3 T-cell receptor, nuclear counterstaininig with
hematoxylin in blue) and good prognosis. The right panel shows an example of colon cancer with low
T-cell count and poor prognosis.
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factors, significant advances
in molecular biology have
determined the estimation of
CRC patients’ prognosis during
the last decades. Researchers
have demonstrated prog-
nostic relevant genetic and
epigenetic changes in specific
signal transduction pathways.
Currently, this is leading to an
increased understanding of
distinct molecular pathways
that co-exist in CRC.

Molecular analyses have
shown that the biological origin
of all CRCs is not the same,
which might explain variances
in the inter-individual prognosis
and effect of therapy. This new
and promising field of research
aims to facilitate personal-

ized tailored therapy for every
patient, defined by individual
specific tumor genetics. Thus,
highly active therapies may be-
come possible, while simulta-
neously reducing unnecessary
side effects.

Although current treatment
recommendations are largely
based on few distinct molecu-
lar alterations (microsatellite
instability, RAS and BRAF
mutations), genomic analysis
of colorectal cancer suggests
that all CRCs can principally be
subdivided into three pathways
that are involved in the multi-
step development of malignan-
cy: The chromosomal instable
CRCs (CIN, approximately 65-
70%), CRCs with microsatellite
instability (MSI, approximately
20%) and the CpG island meth-
ylator phenotype [27].

Molecular Pathways leading
to CRC

Chromosomal Instability
(CIN)

65%-70% of sporadic colorec-
tal cancers present with imbal-
ances in chromosome number
(aneuploidy) and loss of het-
erozygosity (LOH). Commonly
affected chromosomes are 2p,
5q, 17p, and 18q, respectively.
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Jen et al.[28] showed that loss
18q is particularly relevant in
patients with stage Il CRC. In
these patients, prognosis is
comparable to prognosis of
patients with stage Il cancer,
who normally benefit from
adjuvant chemotherapy. In
contrast, proficiency of chro-
mosome 18q in stage Il CRC
leads to a survival rate similar
to that of patients with stage

| disease and may not require
additional therapy. The same
study showed in a multiple
regression model that loss

of 18g was associated with a
Hazard Ratio for death of 2.46
(C195 % 1.06-5.71, P < 0.036).
Watanabe et al.[29] defined
tumors as CIN-high (LOH ratio
> 33 %) and CIN-low (LOH
ratio < 33 %). Further, CIN-high
was subdivided into mild CIN-
high (33% < LOH ratio < 75%)
and severe CIN-high (LOH ratio
> 75%). They showed that
survival was the poorest in se-
vere CIN-high tumors and the
best in CIN-low tumors. Finally,
multivariate regression analysis
showed that CIN phenotype
was an independent poor prog-
nostic factor for disease free
survival and overall survival.

Microsatellite Instability
(MSI)

DNA mismatch repair deficien-
cy (dAMMR) leads to microsatel-
lite instability (MSI). Approxi-
mately 20 % of CRC display
MSI. Mutations in the genes
MLH1, MSH2, MSHS6, and
PMS2 encoding for the MMR
proteins lead to loss of function
and consequently to accumula-
tion of DNA mutations in small
repetitive sequences and MSI
which drives mutagenesis

(Fig. B). It can occur either

in hereditary nonpolyposis
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colorectal cancer (HNPCC)

or sporadic CRC. Two-thirds

of MSI tumors are sporadic
whereas one-third are familial,
which is known as the Lynch
syndrome [30]. Sporadic MMR-
associated CRC can overlap
with the CpG island methylator
phenotype [31] and 50% show
BRAF mutations [30]. CRCs
deficient in MMR combine
distinct features such as origin
in the right-sided colon [32],
prominent lymphocyte infiltra-
tion due to increased presenta-
tion of altered epitopes on the
cell surface, poorly differenti-
ated morphology, mucinous or
signet ring differentiation [33]
and association with a favora-
ble prognosis in early stage.
For instance, stage Il CRC with
MSI have better clinical out-
comes and lower recurrence
rates without adjuvant treat-
ment than patients without
MSI tumors [34, 35]. However,
the prognostic value decreases
in stage Ill CRC. Patients with
stage Ill MSI CRC do not have
better OS than those with
stage Ill CRC without MSI [36-
38]. In summary, MSI has been
recognized as an independent
good prognostic factor in early-
stage colon cancer [39, 40], but
its prognostic effect remains
uncertain in metastasized CRC
41, 42].

The MSI-H phenotype can not
only serve as a prognostic fac-
tor but also predict response to
chemotherapy. Because a func-
tioning mismatch repair system
is required for cytotoxicity by
incorporation of 5-FU into DNA,
patients with MSI-H colorectal
cancer do not benefit from
adjuvant therapy with 5-fluoro-
uracil but suffer from putative
side-effects [32]. Therefore,
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UICC stage II/lll patients with
MSI-H CRC should not receive
adjuvant 5-FU chemotherapy.
However, they showed an im-
proved response to irinotecan-
based chemo therapy [43, 44].

Recently introduced immune
checkpoint inhibitors constitute
a promising treatment option
for this subgroup of patients.

In 2017, Pembrolizumab was
approved by the FDA for treat-
ment of MSI-H metastatic
CRC.

CpG Island Methylator
Phenotype (CIMP)

CpG islands are genomic
regions containing a large
number of cytosine and gua-
nine nucleotides, located in 5’
regulatory regions (promoter
regions) of specific genes [45].
The CpG island methylator
phenotype (CIMP) is observed
in 18% of colorectal cancers. In
particular, CoG methylation of
specific gene promoters such
as tumor suppressor genes
leads to gene silencing and
subsequently to formation of
premalignant lesions.

CIMP can be associated with
abnormalities in the gene prod-
ucts of BRAF, KRAS and TP53,
and oftentimes with the MSI
phenotype. Ogino et al. [46]
showed in their prospective
study that CIMP-high in general
is independently associated
with a lower cancer-specific
mortality (adjusted HR 0.44, CI
95 % 0.22-0.88). Interestingly,
BRAF mutations themselves
were associated with higher
cancer-specific mortality (HR
1.97, ClI 95 % 1.13-3.42), but
the combination of CIMP-high
and BRAF seemed to be elimi-
nate this negative effect.
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KRAS Mutation

KRAS was first identified in the
eponymous Kirsten Rat Sar-
coma virus. The GTPase KRAS
is an intracellular effector act-
ing downstream of epidermal
growth factor receptor (EGFR;
Fig. 6). KRAS is mutated in
35-45 % of CRC and in 45

% of metastatic CRC [47]. As
a proto-oncogene, it can drive
mutagenesis in normal tissue.
Somatic alterations in codons
12, 13 and 61 of KRAS gene
predict innate resistance to
monoclonal antibodies target-
ing EGFR. Multiple retrospec-
tive analyses showed that mu-
tated RAS is associated with
negative prediction regarding
efficacy of EGFR antibody ce-
tuximab [48] and panitumumab
[49] since the EGFR pathways
is consecutively active regard-
less of receptor inhibition.
Thus, only RAS wildtype would
benefit from EGFR-targeted
antibodies. Several studies
showed a high advantage in
survival in RAS wildtype stage
[V tumors that are left-sided,
and therefore, those patients
should be treated with chemo-
therapy plus EGFR antibody

as first line treatment [50].
Screening for KRAS and NRAS
mutations is now mandatory in
metastatic colon cancer before
targeting the EGFR pathway
with biologicals [51].

BRAF Mutation

The human BRAF gene
encodes the serine/threonine-
protein kinase B-Raf and is
embedded in the cell growth-
mediating MAP kinase /ERK
signaling pathway (Fig. 6).
Mutations in BRAF are present
in approximately 10% of all
CRC patients [52] and occur as
V600E mutation in 95% of all
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Fig. 5: In cells with proficient mismatch repair system (MMR), accidental base insertions during DNA
replication are corrected automatically (left panel). In tumor cells with deficient mismatch repair sys-
tem, base insertions of small repetitive DNA sequences cannot be repaired, also known as microsat-
ellite instability (MSI, right panel).
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cases [b3]. It acts downstream
of RAS, therefore mutation of
this proto-oncogene reduces
efficacy of epidermal growth
factor receptor (EGFR)-targeted
therapy with a monoclonal an-
tibody (mAb, e.g. Cetuximab).
De Roock et al.[54] showed

in their multicenter retrospec-
tive trial that BRAF-mutated
patients had significantly lower
response rate to anti-EGFR
therapy than those with wild-
type BRAF (8.3% vs. 38.0%,

P < 0.0012). Further, Souglakos
et al.[55] demonstrated that
BRAF mutations in primary
CRC mark patients with poor
prognosis regardless of specific
treatment regimen. BRAF and
KRAS mutations were associat-

ed with poorer survival (HR 2.8
and 1.76, respectively). BRAF
mutation also shows increased
risk of peritoneal and distant
lymph node metastasis. Sev-
eral studies, such as Souglakos
et al. have suggested BRAF
mutant tumors are resistant

to standard chemotherapy
whilst others have suggested
the association between BRAF
mutant tumors and treatment
resistance is minimal and non-
significant [56]. Patients with

a BRAF mutated tumor have
the poorest prognosis of all
metastatized CRCs [67]. It is
present in 9%-12% of patients
with early-stage disease and

in 5%-10% of patients with
metastases [42].
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Fig. 6: KRAS and BRAF are protooncogenic mitogen activated protein kinases
(MAPK), which act downstream of the epidermal growth factor receptor (EGFR).

Inhibition of EGRF-Signaling by specific antibodies leads to reduced tumor growth
and better prognosis. However, mutations that lead to a constitutively active KRAS

(or BRAF) gene product reduce the prognosis and cannot be treated by upstream
inhibition with EGFR-antibodies.
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Clinical Implications

Modern treatment regimens
are complex and require the
collaboration of many disci-
plines, including Gastroenter-
ology, Pathology, Radiology,
Radiation Oncology, and Sur-
gery. The exact diagnosis and
treatment decisions shall be
discussed in Multidisciplinary
Tumor Boards, including repre-
sentatives of all these disci-
plines. Here, recommendations
like upfront surgery, neoadju-
vant chemotherapy, chemora-
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diation, or palliative treatment
are determined. Best results
can be achieved if all staging
and treatment procedures are
performed within one experi-
enced multidisciplinary center.
The Klinikum rechts der Isar
in Munich, Germany, is an ex-
ample for a large-scale center
including all disciplines in one
complex. Specialized gastroin-
testinal centers of the highest
level are defined not only by
their local certification, but by
holding the title of a Compre-
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hensive Cancer Center. This is
the highest certification by the
Deutsche Krebshilfe for a na-
tional Oncological Center of Ex-
cellence. The Klinikum rechts
der Isar further participates in
the NCT MASTER (Molecularly
Aided Stratification for Tumor
Eradication) Program, a central
platform for comprehensive,
multidimensional characteriza-
tion of cancer patients. During
all these procedures, radical
surgical tumor resection is the
most important prerequisite
for a reliable estimation of
prognosis, based on clinical
and molecular parameters.
Oncological centers should
offer the whole repertory of
open surgery, laparoscopy, and
robotic operations. This allows
stage dependent and risk
adapted sophisticated surgical
resections, individually tailored
to every patient.

Conclusion

The parameters that determine
pathologic tumor stage remain
the strongest predictors of out-
come for patients with colorec-
tal cancer [3]. Central pathologi-
cal factors that have prognostic
value are the TNM staging
system and the histological dif-
ferentiation of the tumor cells
(grading). However, other clini-
cal, molecular, and histologic
features affect prognosis inde-
pendently of histological stage.
In locally advanced cancer,
new biomolecular predictors

of therapy efficacy can help
decision making. Either highly
aggressive multimodal therapy
regimens can be applied, or
limited resections and spar-

ing of systemic anti-tumoral
therapies with putative side
effects, based on individual
characteristic of every patients
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and tumor. Up to know, stratify-
ing patients based on distinct
altered oncogenic molecular
patterns showed to be effec-
tive. Determination of MSI-H

is associated with a highly fa-
vorable prognosis in early-stage
cancers [35].

Furthermore, MSI also serves
as a predictive marker: UICC
stage Il/Ill patients do not
benefit from a fluoropyrimidin-
based monotherapy. They
should rather be treated with
irinotecan-based chemothera-
pies (e.g. FOLFIRI) [32]. In
metastasized CRC, mutational
analysis of KRAS and BRAF
mutations proved to have
predictive value. Additional
treatment with biologicals such
as cetuximab [48] or panitu-
mumab [49] do not show any
effect if genomic mutations of
KRAS (or BRAF) are present.
Even though, surgery and com-
plete resection of the malig-
nant lesion remain central part
of determination the prognosis
of a patient, adjuvant treatment
options are highly influenced
by clinical and biomolecular
predictive and prognostic mark-
ers. Future advancements will
help to further improve out-
comes and apply personalized
medicine for each patient.
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