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Compared to the normal tissues, cancer cells tend to have higher proliferation rate and often lost their ability to undergo 
apoptosis. In addition, cancer cells can separate themselves from their original tissue thus causing metastasis in other 
part of body. While undergoing program cell death, disordered cellular programming can happen. The main causes of this 
cellular programming anomaly are epigenetic and genetic alterations, which have been known as two separate mechanisms 
in carcinogenetic. A recent outcome of whole exome sequencing of thousands of human cancers has been the unexpected 
discovery of many inactivating mutations in genes that control the epigenome. These mutations have the potential to 
disturb the DNA methylation patterns, histone modifications, and nucleosome positioning, hence, the causing gene 
expression alternation. Genetic alteration of the epigenome therefore contributes to cancer just as epigenetic process can 
cause point mutations and disable DNA repair functions. Epigenetic mechanisms changes could cause genetic mutations, 
and genetic mutations in epigenetic regulators could cause epigenome changes. Knowing that epigenome play a major role 
in the hierarchy of gene control mechanisms suggests that mutations might have impact on multiple pathways related to 
cancer phenotype. This pinpoint the fact that recently, the way the genes are organized and controlled are suggested to be 
a relevant factor for human carcinogenesis.
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Introduction

Cancer can turns into various different forms depending on 
the location, cell of origin and spectrum of genomic changes 
that promote oncogenesis and affect therapeutic response.1 

It is already well known that cancer is fundamentally a 
genomic disease. Early on, large numbers of oncogenes 
were identified using functional assays on genetic material 
from tumors in positive-selection systems2-4, and a subset of 
tumor suppressor genes was identified by analyzing loss of 

heterozygosity5. More recently, systematic cancer genomics 
projects, including The Cancer Genome Atlas (TCGA), have 
applied emerging technologies to the analysis of specific 
tumor types. This disease-specific focus has identified novel 
oncogenic drivers and the genes contributing to functional 
change6-8, has established definitions of molecular 
subtypes9-13, and has identified new biomarkers based on 
the genomic, transcriptomic, proteomic and epigenomic 
alterations. Some of these biomarkers have clinical 
implications.14,15
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	 Rising numbers of tumor sample data sets enhance the 
ability to detect and analyze molecular defects in cancers. 
For example, driver genes can be pinpointed more precisely 
by narrowing regions affected by amplification and deletion 
to smaller segments of the chromosome using data on 
recurrent events across tumor types. The use of large cohorts 
has enabled DNA sequencing to uncover a list of recurrent 
genomic aberrations (mutations, amplifications, deletions, 
translocations, fusions and other structural variants), both 
known and novel, as common events across tumor types.16

	 Cancer has been long known as a disease caused 
by the accumulation of genetic mutations.17 However, 
this paradigm has now been expanded to incorporate 
the disruption of epigenetic regulatory mechanisms that 
are prevalent in cancer.18,19 Abnormal gene function and 
patterns change in gene expression are the main points 
of cancer. Many evidence shows that acquired epigenetic 
abnormalities are involved in genetic alterations to cause 
this dysregulation.20

	 Given the importance of epigenetic silencing in the 
development of cancer, distinguishing the driver genes 
and the passenger genes is becoming an important priority 
for the field. Driver genes must be essential for cancer 
causation, whereas passenger genes are not necessary.21 

With the improvement of technology, it may eventually be 
possible to specifically distinguish epigenetic disruptions of 
the driver genes.22,23 Current evidence shows that epigenetic 
disruption plays a key role at every stage of tumorigenesis 
and has a significant impact on the underlying mechanisms 
of tumorigenesis and development of cancer therapy.24 Rare, 
large families with multiple cases of early-onset cancer 
affecting several generations provide clear evidence that 
inherited factors are important causes of cancer.25 Family 
history is an important risk factor in almost all cancers, 
but most familial cancers are not caused by mutations in 
the rare tumor-suppressor genes described above. Other, 
lower-risk (less penetrant) genes must be present. Detecting 
them requires genetic strategies other than linkage analysis, 
because they do not confer a high enough risk of cancer to 
cause a noticeable accumulation of cancers in a family.26,27

	 The identification of high-risk cancer susceptibility 
genes means that physicians and persons at risk must 
understand the implications of the risk of genetic cancer; 
this identification has resulted in the blossoming of cancer 
genetics as a clinical subspecialty. Genetic counselors 
and other health specialists with expertise in cancer risk 

assessment are qualified to offer the kinds of services needed 
by persons with or at risk for hereditary cancer.27 Combined 
knowledge of inherited and acquired genetic changes is 
likely to result in significant advances in the prevention, 
diagnosis, and treatment of the five most common cancers, 
which are responsible for more than half of all cancer- 
related deaths.27

Cancer Genome Landscape 

Over the past decade, comprehensive sequencing efforts 
have revealed the genomic landscapes of common forms 
of human cancer. For most cancer types, this landscape 
consists of a small number of “mountains” (genes altered 
in a high percentage of tumors) and a much larger number 
of “hills” (genes altered infrequently). To date, these studies 
have revealed ~140 genes that, when altered by intragenic 
mutations, can promote or “drive” tumorigenesis. A typical 
tumor contains two to eight of these “driver gene” mutations; 
the remaining mutations are passengers that confer no 
selective growth advantage. Driver genes can be classified 
into 12 signaling pathways that regulate three core cellular 
processes, which are cell fate, cell survival, and genome 
maintenance.16

	 Genomic instability (GIN) has been highlighted as a 
driving force of tumorigenesis by Hanahan and Weinberg 
in their celebrated “Hallmarks of Cancer” article.16 GIN 
can result from changes in the number or structure of 
chromosomes (chromosomal instability), changes in 
the number of oligonucleotide repeats in microsatellite 
sequences (microsatellite instability), or base pair mutations, 
all of which are associated with activated oncogenes. 
Figure 1 shows some somatic mutations in representative 
human cancers which detected by genome-wide sequencing 
studies. Deregulation of DNA replication, known as 
replication stress (RS), is linked to GIN and is increased 
during the early steps of carcinogenesis.28-30 In particular, 
RS has been associated with chromosomal instability31 as 
well as activation of the apolipoprotein B mRNA editing 
enzyme catalytic polypeptide-like 3 (APOBEC3) family 
of deaminases32, which increase the mutagenic load that 
fuels tumorigenesis. DNA replication ensures the precise 
duplication of DNA during each cell cycle. It is a tightly 
regulated process that consists of two stages: licensing 
and initiation.33 In eukaryotic cells, the licensing stage is 
restricted during late mitosis and G1-phase when thousands 
of replication origins are established along the genome and 
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Figure 1. Number of somatic mutations in representative human cancers, detected by genome-wide sequencing studies. 
A: The genomes of a diverse group of adult (right) and pediatric (left) cancers have been analyzed. Numbers in parentheses 
indicate the median number of nonsynonymous mutations per tumor. B: The median number of nonsynonymous mutations 
per tumor in a variety of tumor types.(16) (Adapted with permission from The American Association for the Advancement 
of Science).
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ensures that DNA replication occurs only once per cell 
cycle.34

	 Replication is susceptible to impediments in DNA 
caused by both exogenous and endogenous DNA-damaging 
agents and by the intrinsic properties of certain DNA 
sequences to adopt secondary structures. In particular, fork 
progression can be hindered due to interference with the 
transcription machinery, torsional stress or non-B DNA 
structures.34

	 Normal cells become cancerous through a complex 
process known as oncogenic transformation. Transformation 
is driven by altered expression of oncogenes, tumor 
suppressors, or miRNAs that derail their normal physiologic 
function.35 A protooncogene is a gene that under unperturbed 
conditions generally encodes a protein implicated in 
cell growth, differentiation, or apoptosis. Either through 
point mutation, chromosomal translocation, or copy-
number amplification, expression of the protooncogene is 
misregulated, resulting in an activated oncogene. Oncogenes 
are translated into oncoproteins, which are classified as 
growth factors, growth factor receptors, transcription 
factors, signal transducers, chromatin remodelers, and 
apoptosis regulators. As such, oncogene activation may 
cause massive changes in the genome by deregulating cell 
cycle, metabolism, replication timing, or transcription, 
which ultimately drive GIN.34

	 Apoptosis and senescence act as protective 
mechanisms that eliminate or halt cells that present with RS 
and/or GIN. This cancer protection barrier is quite robust, as 
affirmed by the fact that expression of oncogenes alone does 
not lead to oncogenic transformation unless combined with 
other genetic events, most notably additional expression of 
other oncogenes or mutation of tumor suppressor genes.36-38 
Oncogene-induced senescence is ascribed to the actions of 
the tumor suppressor p53 and its positive regulator p14/
p19 (ARF). ARF inhibits the ubiquitin ligase mouse double 
minute 2 homolog (MDM2) that is normally responsible 
for p53 degradation, thereby stabilizing p53 levels. 
Among other oncogenes, p53 is activated in response to 
Ras, c-MYC, E1A, and Signal transducer and activator of 
transcription 5A (STAT5A) overexpression either directly 
through ARF or RS-induced Ataxia telangiectasia mutated 
(ATM) activation. In addition, the oncogenes Ras, MYC, 
E2F1, and β-Catenin and the adenovirus E1A have been 
shown to upregulate ARF, whereas c-MYC causes ARF 
stabilization by inhibiting its ubiquitylation and subsequent 
degradation by ubiquitin ligase for ARF (ULF).39

	 Determining whether rare aberrations are drivers 
(oncogenic contributors) or just passengers (clonally 
propagated with neutral effect) and whether they are 
clinically actionable will require further functional 
evaluation as well as the analysis of additional tumors to 
increase power. The identification of more driver aberrations 
and acquired vulnerabilities for each individual tumor will 
undoubtedly boost personalized care. Developing treatments 
that target the ~140 drivers validated so far, however 
daunting, appears possible; devising one-off therapies for 
the thousands of aberrations in the long tails will be much 
more challenging.1,16 
	 Four representative cancer types in which precancerous 
and cancerous lesions have been genetically analyzed. 
Several important principles can be gleaned from these 
data.16,40,41 First, tumors evolve in three broad phases. In the 
breakthrough phase, a cell acquires a driver- gene mutation 
and begins to proliferate abnormally. It takes many cell 
divisions, and many years, for the cells resulting from this 
proliferation to be observable clinically, if they ever are. The 
expansion phase is driven by a second driver-gene mutation 
enabling the cell to thrive in its local environment despite 
low concentrations of growth factors, nutrients, oxygen, and 
appropriate cell-to-cell contacts.
	 The mutation initiating the breakthrough phase is 
often very specific, which include a limited number of 
growth-regulating pathways seem able to initiate neoplasia 
in a given cell type. As tumors progress, this specificity 
seems to be progressively lost, so a greater number of driver 
genes can trans- form a cell from the expansion phase to 
the invasive phase. It is important to view driver-gene 
mutations at a pathway level rather than at an individual-
gene level.16 For instance, colorectal cancers are started by 
the gene mutations in the adenomatous polyposis coli (APC) 
pathway, which not only consist of APC, but also catenin 
beta 1 (CTNNB1), SRY-box transcription factor 9 (SOX9), 
transcription factor 7 like 1 (TCF7L1), transcription factor 
7 like 2 (TCF7L2), and APC membrane recruitment protein 
1 (AMER1). Similarly, mutations in B-Raf Proto-Oncogene 
Serine/Threonine Kinase (BRAF) and neuroblastoma 
Ras viral oncogene homolog (NRAS) that regulate the 
same pathway, happen in a mutually exclusive manner in 
melanomas and affect cell growth in a similar way. The order 
in which driver-gene mutations occur is also important. For 
example, Ras-pathway mutations are the initiating events 
for pancreatic ductal adenocarcinomas and melanomas but 
occur later in colorectal tumorigenesis. If a KRAS gene 
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mutation occurred in a normal colonic epithelial cell, a 
“polyp” might form, but it probably wouldn’t progress to a 
cancer. Indeed, most hyperplastic polyps contain mutations 
in KRAS but not in APC and are relatively innocuous. In 
addition, different cancers use different growth-regulating 
pathways. Some altered pathways are shared by diverse 
cancer types; for example, mutations in genes regulating 
the TP53, Ras, and Phosphatidylinositol-4,5-Bisphosphate 
3-Kinase Catalytic Subunit Alpha (PIK3CA) pathways 
drive many types of cancer. In contrast, genes in the APC, 
BRCA, and HH (hedgehog) pathways are mutated in fewer 
cancer types.42

	 The p53 signaling pathway is activated in response 
to a variety of stress signals, allowing p53 to coordinate 
transcription programs that ultimately contribute to tumor 
suppression. Loss of p53 function, through mutations in 
p53 itself or perturbations in pathways signaling to p53, 
is a common feature in the majority of human cancers.43 

Clinical observation and genetic analysis have illuminated 
cancer pathogenesis to a degree that was unimaginable not 
long ago, affording unprecedented opportunities for better 
prevention and treatment. It’s a whole new ball game.42

Cancer Genetics and Epigenetics 

The past decade has seen a remarkable acceleration in 
the validation of the concept that cancer is a disease of 
epigenetic, as well as genetic, abnormalities. Exploration 
of these connections constitutes one of the most exciting 
areas in basic cancer biology, with rich potential for clinical 
translation.18 Chromatin is the macromolecular complex of 
DNA and histone proteins, which provides the scaffold for 
the packaging of our entire genome. It contains the heritable 
material of eukaryotic cells. The basic functional unit of 
chromatin is the nucleosome. It contains 147 base pairs of 
DNA, which is wrapped around a histone octamer, with two 
each of histones H2A, H2B, H3, and H4. In general and 
simple terms, chromatin can be subdivided into two major 
regions: heterochromatin, which is highly condensed, late 
to replicate, and primarily contains inactive genes; and 
euchromatin, which is relatively open and contains most of 
the active genes.
	 The term epigenetics was originally coined by Conrad 
Waddington to describe heritable changes in a cellular 
phenotype that were independent of alterations in the DNA 
sequence. Figure 2 shows overall structure of the epigenome 
in normal human cells. Modifications to DNA and histones 

are dynamically laid down and removed by chromatin-
modifying enzymes in a highly regulated manner. There 
are now at least four different DNA modifications18,44 and 
16 classes of histone modifications45,46. These modifications 
can alter chromatin structure by altering noncovalent 
interactions within and between nucleosomes. They also 
serve as docking sites for specialized proteins with unique 
domains that specifically recognize these modifications. 
These chromatin readers recruit additional chromatin 
modifiers and remodeling enzymes, which serve as the 
effectors of the modification.47

	 The information conveyed by epigenetic modifications 
plays a critical role in the regulation of all DNA-based 
processes, such as transcription, DNA repair, and replication. 
Consequently, abnormal expression patterns or genomic 
alterations in chromatin regulators can have profound 
results and can lead to the induction and maintenance 
of various cancers. For instance, malignancies such as 
follicular lymphoma contain recurrent mutations of the 
histone methyltransferase mixed-lineage leukemia protein 2 
(MLL2) in close to 90% of cases.48 Similarly, UTX, a histone 
demethylase, is mutated in up to 12 histologically distinct 
cancers.49 Compilation of the epigenetic regulators mutated 
in cancer highlights histone acetylation and methylation 
as the most widely affected epigenetic pathways. Much 
is now known about the importance of promoter cytosine 
methylation in CpG islands and gene silencing, and it has 
been established beyond doubt that such methylation is 
intimately involved in cancer development.20 Most CpG 
islands are found in the proximal promoter regions of 
almost half of the genes in the mammalian genome and are, 
generally, unmethylated in normal cells. In cancer, however, 
the hypermethylation of these promoter regions is now the 
most well-categorized epigenetic change to occur in tumors; 
it is found in virtually every type of human neoplasm and 
is associated with the inappropriate transcriptional silencing 
of genes.50,51

	 Additionally, there is a growing list of candidate 
tumor-suppressor genes that are silenced by promoter 
hypermethylation in certain cancers. These genes are 
predicted to be important for tumorigenesis on the basis 
of their presumed function, but seem not to be frequently 
mutated in such cancers. Examples of these genes include 
O6-methylguanine-DNA methyl-transferase (MGMT)52, 
which encodes an important DNA-repair gene; cyclin-
dependent kinase inhibitor 2B (CDKN2B), which encodes 
p15, a cell-cycle regulator53, and Ras association domain 
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Figure 2. Model of the overall structure 
of the epigenome in normal human 
cells.(18) (Adapted with permission 
from Springer Nature).

family 1 isoform A (RASSF1A)54,55, which encodes a protein 
of unknown function that can bind to the Ras oncogene. 
Promoter hypermethylation is the only mechanism for the 
loss of function of many of these genes in tumors.56 The 
cancer epigenome and relevant gene mutations are shown 
in Figure 3, while Table 1 showed the altered expression of 
some epigenetic modifying genes in cancer.
	 Three active DNA methyltransferases (DNMTs) 
have been identified in higher eukaryotes. DNMT1 
is a maintenance methyl-transferase that recognizes 
hemimethylated DNA generated during DNA replication 
and then methylates newly synthesized CpG dinucleotides, 
whose partners on the parental strand are already 
methylated.57 Conversely, DNMT3a and DNMT3b, although 
also capable of methylating hemimethylated DNA, function 
primarily as de novo methyltransferases to establish DNA 
methylation during embryogenesis.58 DNA methylation 

provides a platform for several methyl-binding proteins. 
These include MBD1, MBD2, MBD3, and MeCP2. These 
in turn function to recruit histone-modifying enzymes to 
coordinate the chromatin-templated processes.59

	 The ten-eleven translocation (TET 1–3) family of 
proteins have now been demonstrated to be the mammalian 
DNA hydroxylases responsible for catalytically converting 
5mC to 5hmC. Indeed, iterative oxidation of 5hmC by 
the TET family results in further oxidation derivatives, 
including 5-formylcytosine (5fC) and 5-carboxylcytosine 
(5caC). Interestingly, TET2-deficient mice develop a chronic 
myelomonocytic leukemia (CMML) phenotype, which is 
in keeping with the high prevalence of TET2 mutations in 
patients with this disease.60,61 The clinical implications of 
TET2 mutations have largely been inconclusive; however, 
in some subsets of AML patients, TET2 mutations appear to 
confer a poor prognosis.62
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Figure 3. The cancer epigenome and relevant gene mutations.(18) MLL: mixed lineage leukaemia; EZH2: enhancer 
of zeste homolog 2; UTX: ubiquitously transcribed tetratricopeptide repeat, X chromosome;  TET2: Tet methylcytosine 
dioxygenase 2; IDH: isocitrate dehydrogenase; DNMT3A: DNA (cytosine-5)-methyltransferase 3A; SNF5: Ini1/Baf47/
Smarcb1; ARID1A: AT-rich interactive domain-containing protein 1A; PBRM1: Polybromo 1. (Adapted with permission 
from Springer Nature). 

Table 1. Altered expression of some epigenetic modifying genes in cancer.
(66) (Adapted with permission from Springer Nature).

Acetylation is highly dynamic and is regulated by the 
competing activities of two enzymatic families, the 
histone lysine acetyltransferases (KATs) and the histone 
deacetylases (HDACs). There are two major classes of 
KATs: type-B, which are predominantly cytoplasmic and 

modify free histones, and type-A, which are primarily 
nuclear.47 In the context of malignancy, chimeric fusion 
proteins that are seen in leukemia, such as promyelocytic 
leukemia/retinoic acid receptor alpha (PML-RARa), 
promyelocytic leukemia zinc finger/retinoic acid receptor 
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alpha (PLZF-RARa), and acute myeloid leukemia 1/ Eight-
Twenty One oncoprotein (AML1-ETO), have been shown 
to recruit HDACs to mediate aberrant gene silencing, 
which contributes to leukemogenesis.63 HDACs can also 
interact with nonchimeric oncogenes such as BCL6, whose 
repressive activity is controlled by dynamic acetylation.64 

Importantly, inhibitors of histone deacetylases (HDAC-I) 
are able to reverse some of the aberrant gene repression 
seen in these malignancies and induce growth arrest, 
differentiation, and apoptosis in the malignant cells.63,65

	 Several DNA repair genes are known to be subject to 
promoter methylation. MGMT removes carcinogen-induced 
O6-methyl-guanine adducts from DNA, which result in G 
to A transition mutations. Cancers with hypermethylated 
MGMT are susceptible to genetic mutation in critical 
genes such as p53 or KRAS.18,66,67 The mismatch-repair 
gene MutL homolog 1 (MLH1) plays an important role in 
genomic stability, and the loss of function of this gene by 
promoter hypermethylation causes microsatellite instability, 
which is a key factor in several cancers, including colorectal 
and endometrial cancers.68 The MLH1 promoter is already 
hypermethylated in normal colonic epithelium of some 
colorectal cancer patients, suggesting this epigenetic change 
is an early event of tumorigenesis and precedes downstream 
genetic mutation.69

	 DNMT1 mutations have been described in colorectal 
cancer70, and as previously noted, DNMT3A mutations 
are frequent in myelodysplastic syndromes (MDS) and 
acute myeloid leukemia (AML)71-73. Germline mutations 
in DNMT3B underlie immunodeficiency-centromeric 
instability-facial anomalies (ICF) syndrome and chromosome 
instability74, and SNPs in DNMT3B have been suggested to 
be associated with risk of several cancers including breast 
and lung adenocarcinoma75. Other mutations of DNMT3A 
occur at several positions and generally represent a loss of 
function, similar to DNMT3B mutations that are associated 
with ICF syndrome.71

	 Epigenetic alterations are leading candidates for 
the development of specific markers for cancer detection, 
diagnosis and prognosis. The enzymatic processes that 
control the epigenome present new opportunities for deriving 
therapeutic strategies designed to reverse transcriptional 
abnormalities that are inherent to the cancer epigenome.18 

DNA methylation biomarkers can be used for the molecular 
prognosis of potentially curable, stage I non-small-cell 
lung cancer (NSCLC). The concurrent hypermethylation of 
four genes, CDKN2A and CDH13 in particular, in primary 

tumor and mediastinal lymph node biopsy samples, strongly 
correlates with early recurrence and death.76

	 Although at the genetic level cancer is caused 
by diverse mutations, epigenetic modifications are 
characteristic of all cancers, from apparently normal 
precursor tissue to advanced metastatic disease, and these 
epigenetic modifications drive tumor cell heterogeneity.66 

Rather than separating genetics from epigenetics, or trying 
to decide which is more important for cancer initiation and 
progression, the past few years have emphasized that these 
fields are merging. This is leading to an understanding of 
how mutations and epigenetic alterations work together to 
cause this disease.18

Oncogenic Signaling Pathways

Cancer arises through the sequential accumulation of 
mutations in oncogenes and tumor suppressor genes.77 

Typical solid tumors each contain hundreds or thousands 
of genetic alterations, the vast majority of which are point 
mutations or small insertions or deletions. Only a few of 
these are drivers, conferring selective growth advantages 
to the cancer cell in which they occur.16,78,79 The remaining 
thousands of mutations are passengers that coincidentally 
occurred during the large number of cell divisions associated 
with the neoplastic process.80 Driver genes are defined as 
genes containing driver mutations. Although genes can 
be confidently identified as drivers because mutations in 
them are observed in many tumors, the identification of 
driver genes that are infrequently mutated is more difficult. 
Several criteria for identifying driver mutations have been 
proposed16,78,79, but none has been validated in an objective 
fashion. In addition to point mutations, alterations such 
as gene fusions, chromosomal translocations, and copy 
number changes further complicate our understanding of 
tumors’ genomic landscapes.81

	 One of the major goals of cancer genomics is the 
identification of the driver genes responsible for tumor 
initiation and progressionIn chronic myeloid leukemia, a 
single mutation (a chromosome translocation juxtaposing 
the BCR and ABL genes) may be all that is required to 
convert a normal bone marrow stem cell into a tumor cell82, 
and the transformation of myelodysplastic syndrome to 
acute myeloid leukemia appears to be the result of a single 
event83. For most solid tumors, however, it is generally 
thought that a larger number of driver gene mutations is 
required.
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	 Genetic alterations in signaling pathways that control 
cell-cycle progression, apoptosis, and cell growth are 
common hallmarks of cancer, but the extent, mechanisms, 
and co-occurrence of alterations in these pathways differ 
between individual tumors and tumor types. TCGA analyzed 
the mechanisms and patterns of somatic alterations in ten 
canonical pathways: cell cycle, Hippo, Myc, Notch, Nrf2, 
PI-3-Kinase/Akt, RTK-RAS, TGFb signaling, p53 and 
b-catenin/Wnt. The detailed landscape of pathway alterations 
in 33 cancer types, stratified into 64 subtypes, and identified 
patterns of co-occurrence and mutual exclusivity. Eighty-
nine percent of tumors had at least one driver alteration in 
these pathways, and 57% percent of tumors had at least one 
alteration potentially targetable by currently available drugs. 
Thirty percent of tumors had multiple targetable alterations, 
indicating opportunities for combination therapy.84 The 
pathways analyzed are cell cycle, Hippo signaling, Myc 
signaling, Notch signaling, oxidative stress response/Nrf2, 
PI-3-Kinase signaling, receptor-tyrosine kinase (RTK)/
RAS/MAP-Kinase signaling, TGF-b signaling, p53 and 
b-catenin/Wnt signaling.
	 Upon mapping these significant pairs to the affected 
pathways, numerous mutually exclusive pairs was found 
within the p53, cell-cycle, Ras, and PI3K pathways, 
suggesting that one alteration is sufficient to functionally 
alter each of these pathways or that more than one might be 
disadvantageous. On the other hand, the Hippo, RTK, and, to 
a lesser extent, Wnt pathways often had multiple alterations 
per tumor sample, suggesting co-occurring events that 
mediate synergistic activation of each pathways.84

	 Oncogene activation disturbs cellular processes 
and accommodates a complex landscape of changes in 
the genome that contribute to genomic instability, which 
accelerates mutation rates and promotes tumorigenesis. Part 
of this cellular turmoil involves deregulation of physiologic 
DNA replication, widely described as replication stress. 
Oncogene-induced replication stress is an early driver of 
genomic instability and is attributed to a plethora of factors, 
most notably aberrant origin firing, replication–transcription 
collisions, reactive oxygen species, and defective nucleotide 
metabolism.34

	 The seven known human oncogenic viruses are 
Epstein–Barr virus (EBV), hepatitis B virus (HBV), 
human T-lymphotropic virus 1 (HTLV-1), human 
papillomaviruses (HPVs), hepatitis C virus (HCV), Kaposi 
sarcoma-associated herpesvirus (KSHV) and Merkel 

cell polyomavirus (MCPyV).85,86 Oncogene-induced RS 
has long been recognized as an early driver of cancer, 
and investigating the mechanics of this process has been 
established as a field in its own right. Understanding RS has 
accelerated cancer diagnosis and assisted the development 
of more sophisticated anticancer treatments.34

DNA Repair Genes

DNA repair activities are a number of processes that 
allow the cell to identify and then correct damage to DNA 
molecules. It is the current consensus that in a somatic 
cell several hundred thousand DNA repair processes are 
performed per day.87 First, we should distinguish damage 
from mutation. Damage is a physical problem: lack of a 
base or a break in a strand. A mutation is a modification of 
several bases in a strand. DNA repair mechanisms are not 
able to recognize mutations and so repair is not possible.
	 Oxidation of bases is probably the most important 
source. This damage may be of environmental origin such 
as UV-A and B, ionizing radiations, or of endogenous 
origin. The oxidases xanthine, glycolate, amine, membrane 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidases and mitochondrial metabolic activity (OXPHOS) 
generate reactive oxygen species (ROS). The most common 
damage observed in DNA oxidation is the formation of 
8-oxo-deoxyguanosine (8-OHdG), however other oxidation 
products may also be detected. Peroxidation of membrane 
polyunsaturated fatty acid leads to malondialdehyde 
(MDA), 4-hydroxynonenal (4-HNE) and 2,3-epoxy-4- HNE 
degradation products which form MDA guanine, 4-HNE 
guanine and 1,N2-εguanine and 1,N6-εadenine.87

	 Two major types of DNA repair exist. The first one 
repairs DNA damage that arises from external sources such 
as UV light or ionizing rays and from endogenous DNA 
damage, for example, due to oxidative stress. To this type 
of repair belong the base excision repair (BER) pathway, 
the direct reversal of DNA damage, and the nucleotide 
excision repair (NER) pathways. The other general 
mechanism of repair deals with the mistakes made during 
DNA replication. This system includes factors involved in 
MMR, homologous recombination, certain DNA helicases, 
editing and processing nucleases, and other genes, which 
are defective in diseases associated with sensitivity to DNA 
damaging agents.88-90

	 In BER, generally a single damaged DNA base is 
removed by a DNA glycosylase-type enzyme. The resulting 
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abasic site is then repaired by additional steps including 
DNA backbone incision, gap filling, and ligation. The 
most common mutation found in human genetic diseases 
and cancer is the C to T transition mutation found at CpG 
dinucleotides. These mutations are thought to arise from 
deamination of 5-methylcytosine.91 The methyl-CpG 
binding domain protein 4 (MBD4) has the ability to bind 
methylated DNA92, and furthermore, it preferentially binds 
to the T:G mismatches at CpG sites93.  MBD4 and TDG, 
promoter methylation has been found in different cancer 
types. Several multiple myeloma cell lines (KAS-6/1, 
KMS-11, OPM2, KMS-12, and JIM3) showed promoter 
methylation and decreased gene expression compared with 
normal plasma cells for TDG.94 MBD4 is significantly 
methylated in CRC cell lines and ovarian cancer (OC) cell 
lines.95 In sporadic CRC, promoter methylation of MBD4 
is an early event in tumorigenesis and could be used as a 
prognostic factor. 
	 Another BER gene for which promoter methylation 
has been found is 8-Oxoguanine glycosylase (OGG1). 
OGG1 repairs oxidatively damaged guanine bases in 
DNA and mutations of this gene may be involved in 
tumorigenesis.96-98 But at this point, a methylated promoter 
of OGG1 is only known in 5% of thyroid cancer and in 
some thyroid cancer cell lines.99 MGMT encodes the O6-
methylguanine-DNA methyltransferase.100,101 This enzyme 
repairs DNA alkylation damage. Alkylation reactions lead 
to formation of a methyl group (CH3-) at the O6 position 
of guanine. O6-methylguanine pairs with thymine rather 
than cytosine and promotes G:C to A:T mutations. MGMT 
repairs this damage and protects the DNA by transferring the 
methyl group to a cysteine residue in the protein. Epigenetic 
inactivation by promoter methylation of the MGMT gene is 
very well established. This gene is epigenetically silenced 
in a variety of cancers.102 Specifically, MGMT methylation 
is found in glioblastomas52,103,104, colon cancer105,106, 
NSCLC107,108, gastric carcinoma109, head and neck squamous 
cell carcinoma (HNSCC)110-112, and many other cancer types. 
	 The NER system consists of two sub-pathways. 
The global genome repair (GGR) mechanism repairs 
DNA damage in transcriptionally inactive parts of the 
genome.113,114 The second NER component is responsible for 
repair of transcribed DNA and is referred to as transcription-
coupled repair (TCR).115,116 These two NER function differ 
in the damage recognition step. In addition, it is known 
that two other genes, which are part of the NER system, 
are methylated in human tumors.117 The genes RAD23A and 

ERCC1, which are involved in DNA damage recognition 
and incision, respectively, are also inactivated through 
promoter methylation. The RAD23A gene is methylated 
in the multiple myeloma cell line KAS 6/1118 and ERCC1 
is methylation-silenced in glioma cell lines and glioma 
tumors119.
	 The DNA MMR protein MLH1 is encoded by the 
MLH1 gene in humans and is a homologue of the DNA 
MMR gene mutL of Escherichia coli. The MMR function is 
associated with DNA replication, to correct for deficiencies 
in DNA polymerase proofreading function. A missing gene 
or mutations of this gene and other MMR genes (MSH2, 
MSH6, or PMS2) leads to microsatellite instability (MSI) 
and this dysfunction is highly associated with hereditary 
non-polyposis colon cancer.119 Constitutional methylation 
of the MLH1 gene, characterized by soma-wide methylation 
of a single allele and transcriptional silencing, has been 
identified in a subset of Lynch syndrome (LS) cases lacking 
a sequence mutation in MLH1.120-122 This particular example 
provides strong support for the proposal that methylation 
of a DNA repair gene can be a crucial mechanism in 
carcinogenesis.
	 If it is not possible to repair the DNA damage before 
replication, the DNA may be repaired by homologous 
pairing. Because of DNA polymerase-blocking damage, 
DNA strand breaks will be generated, which can be 
repaired by the homologous recombination repair system. 
The BRCA1 and BRCA2 proteins are involved in this 
repair pathway. The BRCA1 and BRCA2 genes are tumor 
suppressor genes and the proteins, together with RAD51, 
form a complex to repair DNA strand breaks.123,124 A few 
years after their initial discovery, researchers found promoter 
methylation for BRCA1 which correlated with low mRNA 
levels.125 For BRCA2, it has been found that a low mRNA 
level is generally not caused by hyper-methylation of the 
promoter.126,127 BRCA1 is most often methylated in breast 
and OC but also in gastric cancer128, NSCLC129, uterine 
cancer130, and bladder cancer131.
	 The gene product of X-ray repair cross complementing 
(XRCC)5 is the protein K80.132 Together with the gene 
product of XRCC6, it forms the 80 and 70 kDa subunits 
of the K70/K80 heterodimer protein Ku, which is involved 
in the binding of double-strand breaks (DSBs) during non-
homologous end-joining.133,134 Together with the  DNA-
dependent protein kinase catalytic subunit DNA-PKcs), 
the Ku heterodimer forms the full complex DNA-PK.135 
The product of the ATM gene is a serine protein kinase and 
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tumor suppressor. When a DNA DSB has been generated, 
cell cycle arrest is initiated by the ATM signaling network. 
After an initial finding that CRC cell lines are methylated at 
the ATM gene136, it has been found that also primary breast 
tumors are very often methylated (78%)137. But these high 
methylation frequencies do not seem to be a general finding 
in breast cancer. Fanconi anemia is an autosomal recessive 
genetic disorder. Thirteen genes are associated with this 
disease. These genes are DNA repair genes and mutation 
of each of them leads to the same disorder. The genes are 
called Fanconi anemia, complementation group A, B, C, 
D1, D2, E, F, G, I, J, L, M, and N (FANCA-N). Assembly 
of a complex of FANC proteins is activated by replicative 
stress, particularly DNA damage caused by cross-linking 
agents.
	 The last interesting candidate is the CHK2 checkpoint 
homologue. CHK2 is a protein kinase functioning in an 
important DNA damage response pathway and is involved in 
regulation of cell cycle arrest.138 It has been shown that this 
gene is inactivated by promoter methylation in NSCLC with 
28.1% tumor methylation frequency in total (squamous cell 
lung carcinoma 40%; adenocarcinoma 19%) and in NSCLC 
cell lines.139,140 In gliomas, CHK2 is methylated in the 
proximal CpG island promoter and is significantly down-
regulated.141 Epigenetic inactivation of DNA repair genes in 
cancer has been reported for several DNA repair pathways 
including BER, NER, DNA MMR, and several other DNA 
damage processing mechanisms. Within one DNA repair 
pathway, specific genes are often preferentially methylated. 
It remains to be determined whether this specificity is due 
to selection of particular repair gene silencing events in 
promoting tumorigenesis or is due to preferential targeting 
of the DNA methylation machinery to specific DNA repair 
gene promoters.90

Tumor Suppressor Genes

Many genetic studies in different cancers have identified 
a small number of genes that must be mutated or altered 
to promote the growth of malignant cells.142 The two main 
properties of cancer cells, uncontrolled cell growth and 
the ability to invade other tissues, are the result of these 
genetic and epigenetic alternations. Genetic alternations 
include genetic mutations, genomic instability, loss of 
heterozygosity (LOH), and gene copy number variation 
(CNV). By contrast, epigenetic changes include histone 
modifications, DNA methylation, and loss of imprinting 

(LOI). These modifications regulate gene expression 
without altering the underlying nucleotide sequence.143-145

	 In general, cancer-related genes can be divided into 
two broad classes, protooncogenes and tumor suppressor 
genes (TSGs). Proto-oncogenes are generally involved in 
pathways that promote cellular growth. These genes can 
cause normal cells to become cancerous when they are 
activated by mutations or alterations. Mutations in proto-
oncogenes are typically dominant in nature, and the mutated 
versions of these genes are known as oncogenes.146 TSGs 
is considered as another kind of crucial genes, which are 
involved in DNA damage repair, inhibition of cell division, 
induction of apoptosis, and suppression of metastasis. 
Therefore, loss of TSGs function would result in the onset 
and progression of cancer.147 

	 Cancer is a disease caused by the accumulation of 
genetic and epigenetic changes in two types of genes: tumor 
suppressor genes (TSGs) and protooncogenes. Extensive 
research has been conducted over the last few decades to 
elucidate the role of TSGs in cancer development. In cancer, 
loss of TSG function occurs via the deletion or inactivation 
of two alleles, according to Knudson’s two-hit model 
hypothesis. It has become clear that mutations in TSGs are 
recessive at the level of an individual cell; therefore, a single 
mutation in a TSG is not sufficient to cause carcinogenesis. 
However, many studies have identified candidate TSGs 
that do not conform with this standard definition, including 
genes inactivated by epigenetic silencing rather than by 
deletion.148

	 Several oncogenic driver mutations have been 
identified and are usually mutually exclusive with one 
another. However, a greater number of genetic aberrations 
have been identified (~50–100 per tumor) that appear to cause 
loss of function. These aberrations need to be validated as 
functionally important tumor-suppressor genes (TSGs) and 
for their impact in the context of other mutations. Genetically 
engineered mouse models (GEMMs) have been critical for 
uncovering fundamental aspects of lung cancer biology; 
however, elucidation of oncogene and tumor-suppressor 
biology in GEMMs is time-consuming and expensive, 
requiring germline alterations and subsequent breeding 
to obtain the desired genotypes. Recently, CRISPR–Cas9 
technology has been used to accelerate this process.149,150 

Lentiviruses encoding Cre recombinase, Cas9 nuclease 
and sgRNA are delivered by intratracheal instillation into 
the lungs of mice to initiate lung adenocarcinomas with, 
for example, expression of mutant KRASG12D alone or in 
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combination with Trp53 loss. Cas9 induces indels in genes 
targeted by the sgRNAs, producing out-of-frame mutant 
transcripts of these genes that are degraded.151

	 A study employed sgRNAs against 11 genes with 
established tumor- suppressor provenance in the context of 
mouse lung adenocarcinomas with mutant KrasG12D.152 

Indels in 6 of the 11 genes led to increased tumor growth, 
with Setd2 and Lkb1 loss having the greatest effect. They 
also determined which combinations of the 11 TSGs gave 
larger tumors. Two main comparisons were of mice with 
wild-type Trp53 versus Trp53-null mice and of mice with 
wild-type Lkb1 versus Lkb1-null mice; the effect on tumor 
size from disruption of the paired TSGs varied dramatically 
depending on the Trp53 versus Lkb1 TSG background.151 

The TP53 is inactivated in the majority of cancers.153,154 
It negatively regulates the cell cycle and is involved in 
genomic stabilization and angiogenesis.153,154 Inactivation 
of TP53 by homozygous deletion (HD), LOH, point 
mutations, and/or methylation has been frequently reported 
in human cancers. In addition to these genetic inactivation 
mechanisms, the cellular p53 level is also regulated through 
ubiquitination-mediated degradation.155 A number of RING 
finger domain-containing E3 ligases, including MDM2, 
MDM4, herpesvirus-associated ubiquitin-specific protease 
(HAUSP), constitutively photomorphogenic 1 (COP1), 
Pirh2, and ARF-BP1, can ubiquitinate p53.156-160

	 Many reports demonstrate that the “two-hit” model, 
in which a genetic and an epigenetic event lead to loss of 
TSG expression, does not fully explain the inactivation 
of TSGs in human cancers. Therefore, we propose a 
revised “multiple-hit” model for the inactivation of TSGs, 
which includes a non-genetic/epigenetic event such as 
transcriptional regulation, proteasome degradation, or 
abnormal nucleocytoplasmic shuttling (Figure 4). This 
revised “multiple-hit” model incorporates the inactivation 
of TSGs at the molecular level and could suggest novel 
targets for anti-cancer therapy.148

Lnych Syndrome (LS)

LS is the hereditary disorder that most frequently 
predisposes to colorectal cancer (CRC). An estimated one 
of every 35 cases of CRC is attributable to LS161 and certain 
extracolonic cancers are also integral to the syndrome; 
endometrial cancer is the most predominant of these. It is 
estimated that one million individuals in the United States 
carry LS mutations, with only 5% of these being aware of 

their cancer predisposition.162 LS is an autosomal dominant 
disorder with colorectal malignancy as the major clinical 
consequence.163-167 The lifetime risk of CRC in LS has been 
variably estimated and appears dependent on sex and the 
MMR gene mutated.168,170 Most reports of lifetime risks of 
CRC for MLH1 and MSH2 gene mutation carriers range 
from 30% to 74%. Lower cumulative lifetime risk for 
colorectal malignancy ranging from 10% to 22% has been 
found in patients with MSH6 mutations24 and 15%20% in 
those with PMS2 mutations.171 Mean age at CRC diagnosis 
in LS patients is 44-61 years172,173 compared with 69 years 
in sporadic cases of CRC.174 In LS, colorectal tumors 
arise primarily (60%-80%) on the right side of the colon 
(proximal to the splenic flexure) compared with 30% in 
sporadic CRC.175 A high rate of metachronous CRC (16% 
at 10 years; 41% at 20 years) is noted in LS patients with 
segmental surgical resection of the initial CRC.176-178

	 Population carrier frequency of pathogenic MMR 
mutations was estimated to be 1/714 for PMS2, 1/758 
for MSH6, 1/1,946 for MLH1, and 1/2,841 for MSH2.179 

These authors calculated that these figures would lead to 
a population estimate of 1/279 for any MMR gene. It has 
usually been reported that an estimated 80–90% of LS 
involves mutations in MLH1 or MSH2, while mutations in 
MSH6 or PMS2 account for 10–20%.180 Up to 3% of LS is 
caused by an epithelial cell adhesion molecule (EPCAM) 
mutation. However, these frequencies have been reported 
in patients ascertained via fulfillment of the Amsterdam 
or Bethesda clinical criteria for a presentation of CRC or 
endometrial cancer, which may have been biased against the 
identification of MSH6 and PMS2 mutations.181,182

	 Hereditary nonpolyposis colorectal cancer (HNPCC) 
was historically synonymous with LS, but it is now 
possible to differentiate among familial nonpolyposis CRC 
syndromes on the basis of a mutated gene.183 Differentiation 
of HNPCC disorders can be aided by molecular analysis of 
tumors and germline mutation testing, and has implications 
for their diagnosis and management.184 Conditions 
associated with defective DNA MMR include LS (germline 
MMR mutation), constitutional MMR deficiency syndrome 
(biallelic germline MMR mutations)185, Lynch-like 
syndrome (some cases caused by biallelic somatic MMR 
mutations, some due to unknown causes)38, and sporadic 
CRC with MSI (somatic biallelic methylation of MLH1)186. 
Significant inter-patient heterogeneity exists among patients 
with LS and this poses challenges for diagnosis and clinical 
management. Some of this heterogeneity may be attributed 
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Figure 4. A brief summary of multiple hit model for the loss of tumor suppressor gene function in human cancer.(148) 
(Adapted with permission from Karger AG).

to which of the MMR genes is mutated. Life- time risk of 
CRC for MLH1 or MSH2 mutation carriers is estimated to be 
52–85%, while that for MSH6 mutation carriers is 10–22% 
and that for PMS2 mutation carriers is 15–20%. Lifetime 
risk of endometrial cancer for MLH1 or MSH2 mutation 
carriers is 25–60%, while this risk is 16–26% for MSH6 and 
15% for PMS2.187 For patients with an EPCAM deletion, 
the lifetime risk for CRC is equivalent to patients with an 
MSH2 mutation, but the lifetime risks for extracolonic 
cancers is lower (~12% for endometrial cancer), unless the 
deletion extends into MSH2.188,189

	 In addition to CRC, LS patients have a significantly 
increased risk for a wide variety of extracolonic malignancies 
(Table 2).190 The highest risk is for endometrial cancer (EC), 
which occurs in up to 54% of women with MLH1 and 

MSH2 mutations, with lower risk in those with PMS2 (15%) 
mutations171 and much higher risk in persons with MSH6 
mutations (71%).170 LS caused by MSH6 mutation is also 
characterized by later onset of colorectal and endometrial 
cancers than with other MMR gene alternations. Increased 
lifetime risk of transitional cell carcinoma of the ureter, 
renal pelvis, and bladder; adenocarcinomas of the ovary, 
stomach, hepatobiliary tract, and small bowel; brain cancer 
(glioblastoma); and cutaneous sebaceous neoplasms also 
occur in LS families.168,173,191 An increased risk of pancreas 
cancer in LS has been described by some investigators, but 
not others.192-196 The relationship between LS and breast 
cancer is unclear. Although a small increase in absolute 
risk of breast cancer (18%) has been found197, most 
registry reports have not demonstrated this consistently.198 
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Table 2.	Cumulative risks of extracolorectal cancer by age 70 years in lynch syndrome.(190) (Adapted 
with permission from Americn Doctor Society for Gastrointestinal Endoscopy).

However, there are early-onset breast cancers in some LS 
kindreds in which tumors have the microsatellite instability 
(MSI) phenotype.199,200 In several studies, the relative 
risk of prostate cancer is 2.0- to 2.5-fold higher than the 
general population risk.201 Also, an excess of laryngeal and 
hematologic malignancies has been described, but a definite 
association to LS has not been established.175,202,203 An 
association between sarcoma and LS probably exists, but 
the magnitude of risk is unclear.204

	 A recent study presented data that led them to suggest 
that some MSH6 and PMS2 mutation carriers may present 
with a hereditary breast-ovarian cancer (HBOC)-like 
phenotype and are more likely to be missed by current 
LS screening and testing, which tends to concentrate on 
occurrences of CRC and endometrial cancer. The researcher 
reviewed the clinical histories of patients who had undergone 
multigene panel testing for a diagnosis of CRC and/or 
endometrial cancer, and/or breast cancer, and/or ovarian 
cancer.181 Of their 528 MMR mutation carriers identified, 

22.2% met BRCA1 and BRCA2 (BRCA1/2) testing criteria 
but not LS criteria while 5.1% met neither BRCA1/2 nor 
LS testing criteria. MSH6 and PMS2 mutations were more 
frequent than MLH1 and MSH2 mutations among patients 
who met BRCA1/2 testing criteria but did not meet LS 
testing criteria (P =4.3×10−7). It was noted that 11.9% of the 
528 MMR mutation carriers had breast cancer only63, while 
27.3% had CRC only144, and 27.5% presented with breast or 
ovarian cancer as their first primary cancer205.
	 HNPCC designates patients and/or families who fulfill 
the Amsterdam I or II criteria. LS is applied to patients 
and families in which the genetic basis can be linked to a 
germline mutation in one of the DNA MMR genes or the 
EPCAM gene. Lynch-like syndrome describes patients 
and/or families in which molecular testing demonstrates 
the presence of MSI and/or abnormalities in the expression 
of MMR gene proteins on IHC testing of tumor tissue 
expression, but no pathogenic germline mutation can be 
found in the patient (e.g., in the absence of a BRAF mutation 
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and/or MLH1 promoter hypermethylation when there is loss 
of tumor expression of the MLH1 protein).206

	 LS is caused by inactivation of one of several DNA 
MMR genes. These genes function to maintain fidelity of 
the DNA during replication by correction of nucleotide 
base mispairs and small insertions or deletions generated 
by miincorporations or slippage of DNA polymerase 
during DNA replication. Germline mutation in the MMR 
genes MLH1, MSH2, MSH6, and PMS2 cause LS.119,207 

Also, deletions of the terminal codon of the EPCAM 
gene, located just upstream from the MSH2 gene, result in 
silencing of the MSH2 gene in tissues that express EPCAM 
and, consequently, produce a phenotype very similar to 
LS.208 The BRAF gene, a member of the RAF-RAS gene 
family, encodes a cytoplasmic serine/threonine kinase, an 
important component of the mitogen-activated protein 
kinase signaling pathway. Somatic mutations in the BRAF 
gene, largely at codon 600, are noted in 15% of sporadic 
CRCs. These are CRCs that develop through a methylation 
pathway called CpG island methylator phenotype. These 
cancers can also demonstrate MSI-high through somatic 
promoter methylation of MLH1.206 

	 Panel testing for germline mutations in O20 cancer-
causing genes (which include the MMR and EPCAM genes) 
is now available commercially as a single test. Inevitably, 
advances in technology will decrease the cost of such 
analysis. In the future, germline testing, rather than tumor 
evaluation, might be the most cost-effective universal testing 
approach. Germline testing of individuals for a deleterious 
mutation in MLH1, MSH2, MSH6, PMS2, or EPCAM 
genes has several benefits. First, it can confirm the diagnosis 
of LS in a patient and/or family. Second, it can determine 
the status of at-risk family members in pedigrees where the 
pathogenic mutation has been found. Third, it can direct the 
management of affected and unaffected individuals.206

	 Identifying and evaluating families for LS is 
increasing in complexity due to the recognition that: 
family history-based clinical criteria lack sensitivity and 
specificity; genetic testing for LS continues to evolve as 
understanding of the molecular mechanisms underlying it 
evolves; and the LS phenotype encompasses multiple organ 
systems and demonstrates overlap with other hereditary 
cancer syndromes.209 Predictive biomarkers are central to 
the concept of precision cancer medicine. Such validated 
predictive biomarkers such as BRCA1, BRCA2, and the 
MMR germline mutations in LS, among others, can often 
be effectively employed in the selection of individual 

patients for targeted treatment. For example, patients with 
BRCA mutations respond better to PARP inhibitors210 and 
LS metastatic patients respond better to anti PD-1211. On 
the other hand, a prognostic biomarker such as cancer stage 
or grade will be limited to providing statistical probability 
inclusive of survival estimates.204

Conclusion

We now know precisely what causes cancer: a sequential 
series of alterations in well-defined genes that alter the 
function of a limited number of pathways. Moreover, we 
know that this process takes decades to develop and that the 
incurable stage, metastasis, occurs only a few years before 
death. From a technical standpoint, the development of new 
and improved methods for early detection and prevention 
will not be easy, but there is no reason to assume that it 
will be more difficult than the development of new therapies 
aimed at treating widely metastatic disease. We believe 
that cancer deaths can be reduced by more than 75% in 
the coming decades, but that this reduction will only come 
about if greater efforts are made toward early detection and 
prevention. 
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