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Multiple genetic and epigenetic events characterize tumor progression and define the identity of the
tumors. Advances in high-throughput technologies, like gene expression profiling, next-generation
sequencing, proteomics, and metabolomics, have enabled detailed molecular characterization of
various tumors. The integration and analyses of these high-throughput data have unraveled many
novel molecular aberrations and network alterations in tumors. These molecular alterations include
multiple cancer-driving mutations, gene fusions, amplification, deletion, and post-translational
modifications, among others. Many of these genomic events are being used in cancer diagnosis,
whereas others are therapeutically targeted with small-molecule inhibitors. Multiple genes/enzymes
that play a role in DNA and histone modifications are also altered in various cancers, changing the
epigenomic landscape during cancer initiation and progression. Apart from protein-coding genes,
studies are uncovering the critical regulatory roles played by noncoding RNAs and noncoding regions
of the genome during cancer progression. Many of these genomic and epigenetic events function in
tandem to drive tumor development and metastasis. Concurrent advances in genome-modulating
technologies, like gene silencing and genome editing, are providing ability to understand in
detail the process of cancer initiation, progression, and signaling as well as opening up avenues
for therapeutic targeting. In this review, we discuss some of the recent advances in cancer
genomic and epigenomic research. (Am J Pathol 2016, 186: 1724e1735; http://dx.doi.org/10.1016/
j.ajpath.2016.02.023)
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Cancer is the second most common cause of death in the
United States and accounts for nearly one of every four
deaths.1 The American Cancer Society predicts that in
2016, there will be an estimated 1,685,210 new cancer
cases diagnosed and 595,690 cancer deaths in the United
States.1 There have been tremendous efforts and remark-
able advances made to understand and treat this disease.
Multiple molecular events are responsible for the initia-
tion and progression of cancer. Change in the DNA
sequence of the genome of a cancer cell is one of the
major causes for cancer initiation. With the advent of new
technologies, it is possible now to obtain a complete
DNA sequence of large numbers of cancer genomes
and identify the alterations between normal and cancer
genomes between patients and between different tumor
types. These studies, in addition to identifying other
molecular correlates like transcriptome and metabolome,
provide insights into the tumor heterogeneity and the
history of tumor development.
stigative Pathology. Published by Elsevier Inc
Gene Mutations

The DNA sequence of a cancer cell genome generally ac-
quires a set of aberrations or somatic mutations.2 These
include substitutions, insertions, or deletions of small or
large fragments of DNA, genomic amplification, and rear-
rangements.2 Although some of these somatic mutations
play a role in cancer initiation and progression, others may
act as passenger aberrations.2 In addition, completely new
DNA sequences are acquired from human papilloma virus,
Epstein Barr virus, hepatitis B virus, human T lymphotropic
virus, and human herpes virus 8, which are known to
. All rights reserved.
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Figure 1 Model depicting genomic and epigenetic events during cancer
progression. Numerous genetic events, like gene amplifications, deletions,
gene fusions, and mutations of oncogenes and tumor suppressor genes, are
common in cancer. In addition, many histone modifiers also show aberrant
regulation in cancer. These changes modulate gene expression during
cancer progression. DNA methylation and demethylation are also common
occurrence in cancer and lead to altered regulation of gene expression.
Many of these genomic and epigenetic regulators are effective therapeutic
targets in cancer. EGFR, epidermal growth factor receptor.

Genomic/Epigenomic Alterations in Cancer
contribute to the genesis of one or more types of cancer.3 In
many human cancers, somatic mutations in the mitochondrial
genomes have been documented, although their role is not
clear.2 The mutations in the cancer genome were acquired by
exposure to both internal and external mutagens. Studies have
shown that the mutation rates increase in the presence of
substantial exogenous mutagenic exposures, like tobacco
smoke carcinogens, aflatoxins, and radiation, which are
associated with lung, liver, and skin cancers, respectively.2,4

Somatic mutations, on the basis of their function, consist
of driver mutations, which confer growth advantage to the
cancer cells and have been positively selected during cancer
development.5 On other hand, the passenger mutations are
those that neither confer any growth advantage to the cancer
cells nor contribute to cancer development.5 Thus, the main
goal of cancer genome analysis is the identification of
mutations in genes that harbor driver mutations. Most of the
cancers harbor more than one driver gene mutation. It is
suggested that the breast, colorectal, and prostate require
five to seven driver mutations for cancer initiation and pro-
gression, whereas hematological malignancies may require
fewer.6 Some of the well-characterized genes carrying
mutations include TP53, RB1, EGFR, and KRAS, which are
frequently mutated in various cancer types, whereas others
are rare and/or restricted to one cancer.2

Apart from genomic events that are evident during cancer
progression, modifications of the nucleotides, particularly
that of the cytosine and post-translational histone modifi-
cations, are common in cancer (Figure 1).7 These modifi-
cations, referred to as epigenetic changes, are independent
of alterations in the primary DNA sequence and involve
changes in DNA methylation and histone modifications.7 In
addition, these changes in cancer constitute the cancer epi-
genome and play crucial roles in control of gene activity and
nuclear architecture.8 The chromatin-modifying enzymes
act on histones in a highly regulated manner. As many as
four different DNA modifications and 16 classes of histone
modifications have been identified.7 Chromatin structure is
altered by these modifications both locally and globally,
depending on the activity and specificity of the modifying
enzymes. These modifications serve multiple purposes
during cancer initiation and progression. Some modifica-
tions serve as docking sites for specific proteins that can
specifically recognize these modifications. Other modifica-
tions, like histone H3 acetylation and methylations, alter the
chromatin compaction and relaxation status, leading to
repression or activation of transcription, thus regulating gene
expression.9 In contrast to above, relatively small molecular
modifications to amino acid side chains, ubiquitination is a
larger covalent modification. H2BK123ub1 modification in-
volves the addition of ubiquitin chain to histone H2B and this
modification results in regulating transcriptional initiation
and elongation, whereas H2AK119ub1 is involved in gene
silencing.10 Similarly, phosphorylation of histones plays a
crucial part of the histone code. Phosphorylated forms of
histones, H3S10ph and H2BS32ph, are known to be involved
The American Journal of Pathology - ajp.amjpathol.org
in the expression of proto-oncogenes, such as MYC, JUN,
and FOS.11

Hypermethylation of CpG islands of tumor suppressor
genes, such as cyclin-dependent kinase inhibitor 2A
(CDKN2A), mutL homolog-1 (MLH1), breast cancere
associated-1 (BRCA1), and von Hippel-Lindau (VHL)
tumor suppressor, leading to their transcriptional repression,
is common in cancer cells.12,13 Epigenetic modification of
genes may also serve as useful biomarkers, both for diag-
nosis and therapy. Hypermethylation of the glutathione
S-transferase (GSTP1) gene is observed in 85% of prostate
cancers but not in benign prostatic hyperplasia, and thus
could serve as a potential biomarker for prostate cancer.14
1725
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The well-studied histone modifications include acetylation,
deacetylation, methylation, phosphorylation, and ubiq-
uitylation.15 Some of these epigenetic modifications are
known to play a role in initiating the clonal expansion of
premalignant cells.16 It has been postulated that the epige-
netic alternations during the earliest stages of prostate and
colon cancer and development of other tumors might
determine subsequent genetic changes and thereby promote
cancer progression.16

Whole genome sequencing analysis revealed recurrent
somatic mutations in various epigenetic regulators2 in
different tumors. The lysine (K)-specific demethylase
KDM6A (UTX) is mutated in up to 12 histologically distinct
cancers17 and moreover approximately 90% of follicular
lymphoma cases harbor recurrent mutations in histone
methyltransferase KMT2D (MLL2).18 The histone H3 lysine
27 trimethylating enzyme, EZH2, shows recurrent mutation
in a subclass of lymphoma.19 Interesting correlations be-
tween cancer-associated DNA hypermethylation and genes
marked with bivalent histone modifications were observed
using DNA methylation profiles and chromatin immuno-
precipitation-sequencing data, respectively.7
Common Genomic and Epigenomic Alterations in
Cancer

Numerous studies revealed a myriad of acquired alterations
in cancer. The alternations/mutations are heterogeneous and
found among different tumors. Some of the more common
genomic alterations include copy number variations,
including amplification or deletion of the genomic regions.
Again, the genomic sequencing using next-generation
sequencing (NGS) technology provided opportunity to
characterize genome-wide copy number variations with
great resolution.20 The genomic aberrations can be specific
to short segment of DNA or span over many kb of DNA.
These genomic events observed include mutations in the
protein-coding genes, which lead to either activation of
oncogenes or inactivation of tumor suppressors. In that,
nonsynonymous substitution and truncating mutations are of
particular interest. Chromosomal rearrangement and gene
fusions are another common class of genomic aberrations in
cancer. After the discovery of Philadelphia chromosome in
1960 as a specific chromosome change in chronic myeloid
leukemia, multiple studies have shown the occurrence of
fusion genes in variety of cancers and through many
different approaches.21 The landmark discovery of BCR-
ABL1 kinase fusion lead to the discovery of small-molecule
inhibitor imatinib (Gleevec) for targeting patients with this
fusion gene.21 Gene fusions were commonly discovered in
hematological malignancies. However, identification of
recurrent fusion between promoter of androgen-regulated
gene transmembrane protease serine 2 gene (TMPRSS2)
with ETS transcription factor ERG22 as a common event in
prostate cancer is suggested, for the first time, a highly
1726
recurrent gene fusion event in a common epithelial tumor.
These common gene fusions in prostate cancer involve
transmembrane protease serine 2 gene (TMPRSS2) with two
genes encoding ETS transcription factors, either v-ets avian
erythroblastosis virus E26 oncogene homologue (ERG;
resulting in the TMPRSS2-ERG fusion gene) or ets variant 1
(ETV1; resulting in the TMPRSS2-ETV1 fusion gene).22,23

Sequencing of genomes and transcriptomes has enabled
the identification of additional gene fusions in other com-
mon epithelial tumors.24 Some of the gene fusions identified
in epithelial tumors include RAF kinase pathway gene
fusion, including BRAF in gastric and prostate cancer25 and
EML4-ALK gene fusion nonesmall-cell lung cancer26

among others. Many of the fusion genes are therapeuti-
cally targeted, and the US Food and Drug Administration
(FDA) has approved drugs against proteins encoded by
EML4-ALK, BCR-ABL1, COL1A1-PDGFRB, FIP1L1-
PDGFRA, and PDGFR gene fusions in malignancy.21

Chromosomal deletions and homozygous null mutations
involving the TET2 locus, and deletion and IDH1/2 (isocitrate
dehydrogenase [NADP(þ)] 1, cytosolic and isocitrate dehy-
drogenase [NADP(þ)] 2, mitochondrial) gene mutations
have been described in various myeloid and lymphoid
malignancies.27,28

As discussed earlier, epigenetic modifications generally
regulate the gene expression and thereby altering properties
and behavior of the cell. Mechanisms of epigenetic gene
activation and repression include histone and DNA modifi-
cations. These modifications play essential roles in epige-
netically transmitting transcriptional memory. The epigenetic
memory inside a cell is stored in the form of a histone code
that decides the structure and activity of different chromatin
regions.15 Being a global regulator of gene expression, most
epigenetic alterations profoundly affect the cancer progres-
sion.13 The ensuing epigenetic changes lead to perturbations
in gene expression, particularly silencing of tumor suppressor
genes and activation of oncogenes.
Genome-wide hypomethylation and site-specific CpG

island promoter hypermethylation are prominent DNA
methylation changes that occur in cancer. It has been shown
that promoter hypomethylation causes activation of onco-
genes, such as RRAS, S100P, and melanoma antigen family
A1 (MAGEA1) in gastric, pancreatic, and hepatocellular car-
cinoma, respectively.29 It has been shown that the hypo-
methylation occurs in introns, CpG poor promoters, repetitive
elements, or retrotransposons.8 In addition, site-specific
hypermethylation causes silencing of tumor suppressor
genes, such as BRCA1, CDKN2A, and MLH1 in many cancer
types, thereby aiding tumorigenesis. DNA hypermethylation is
also known to cause silencing of transcription factors. In colon
cancers, it has been shown that GATA4 and 5 are silenced,
whereas in esophageal cancers RUNX3 undergoes hyper-
methylation leading to silencing.8 Studies have suggested a
role for nucleosome positioning in cancer. These observations
suggest that DNA methylationeinduced repression of tumor-
suppressor genes could be mediated through nucleosome
ajp.amjpathol.org - The American Journal of Pathology
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occupancy at the transcription start site.30 One of the key
features for tumor stratification is on the basis of DNA
hypermethylation in CpG-rich promoters and is now recog-
nized as a common feature of human cancers, which is also
called as CpG island methylator phenotype. CpG island
methylator phenotype refers to the concordantmethylation of a
group of genes, and this has been confirmed in colorectal
cancer and has also been observed in glioblastomas, gastric,
liver, and pancreatic cancer, among others.31 Accordingly,
human cancers can be classified on the basis of the extent of
methylation.

A growing number of studies have shown the effect of
histone modifications in tumor progression. Common modi-
fications of histones include acetyl and methyl group addition
or removal, ubiquitination, and phosphorylation. In general,
loss of histone acetylation at lysine 16 and alteration in H3K4,
H3K9, and H3K27 methylation patterns have been observed
in many cancers. Histone methyl transferases, such as EZH2,
SETDB1, WHSC1 (MMSET ), and others, are overexpressed
in many cancers, including common epithelial tumors like
breast and prostate cancer.32e35 Common histone-modifying
enzymes amplified, overexpressed, or mutated in cancer are
shown in Table 1. EZH2, the catalytic subunit of the polycomb
repressive complex 2, suppresses gene expression through
methylation of histone H3 on lysine 27.50

Somatic mutations in its enzymatic domain result in acti-
vation and increased trimethylation of histone H3 at lysine 27
(H3K27me3) in cancer. Gain-of-function mutation at Y641
and A677 residues in SET domain of EZH2 have been char-
acterized in follicular lymphoma and diffuse large B-cell
lymphoma of germinal center origin.19 EZH2-activating mu-
tation at Y641 has also been reported in melanoma.51 EZH2
inhibitors such as GSK-126 are highly effective in suppressing
cell proliferation and xenograft growth in EZH2 mutant
tumors.51 Recently, EZH2 inactivating mutation was also
shown in myeloid dysplasia syndromes/myeloproliferative
neoplasms.51 Another important chromatin remodeling com-
plex is Switch/Sucrose Non Fermentable (SWI/SNF), which is
Table 1 Common Histone-Modifying Enzymes Amplified/Overexpressed

Gene Cancer type

EZH2 Prostate, breast, bladder, ovarian, lung, live
brain, kidney, gastric, esophageal, and
pancreatic cancer and melanoma

MLL4 Breast
SETDB1 Melanoma, lung, prostate
EHMT1 Esophageal
EHMT2 Bladder, breast, cervical, lung, and others
KDM1A Prostate, bladder
KDM6A Acute myelogenous leukemia, bladder
PCAF Epithelial
P300 Gastric, colon, breast
HDAC1 Gastric, prostate
AURKB Colorectal
BUB1 Gastric
RING2 and UBCH6 Role in cancer yet to be confirmed

The American Journal of Pathology - ajp.amjpathol.org
commonly dysregulated and plays a tumor suppressive role in
cancer.51 Nearly 20% of human cancers have mutations
that inactivate SWI/SNF subunits in diverse cancers.52 Of
particular importance is AT-rich interactive domaine
containing protein 1A (ARID1A), a subunit of SWI/SNF
complex and a tumor suppressor that shows recurrent inacti-
vating mutation either missense or insertion/deletion in many
cancer types, such as ovarian clear cell carcinoma, endome-
trioid carcinoma of the ovary, esophageal adenocarcinoma,
bladder, and gastric carcinoma, among others.53 Another
member of SWI/SNF complex, SMARCA4/BRG1 (SWI/SNF
related, matrix associated, actin dependent regulator of chro-
matin, subfamily A, member 4) is one of the most commonly
mutated subunits in nonesmall-cell lung cancer, Burkitt’s
lymphoma, medulloblastoma, pancreatic adenocarcinoma,
ovarian clear cell carcinoma, occasionally inmelanoma, small-
cell carcinoma of the ovary, hypercalcemic type, and other
tumor types.54
Genetic and Epigenetic Diagnosis in Cancer

Traditional DNA sequencing techniques are commonly used
for detecting germline mutations responsible for hereditary
forms of cancer. Most diagnostic laboratories use Sanger’s
chain termination method with dideoxynucleotides to deter-
mine DNA sequence.55 Another common alternative method
is pyrosequencing that relies on detection of pyrophosphate
release on nucleotide incorporation.56 This method is sensi-
tive and is appropriate for use on short fragmented DNA from
formalin-fixed and paraffin-embedded tissue sections. Such
first-generation techniques are used to detect clinically
relevant small set of known mutations. However, recent ad-
vances in genome-wide techniques revolutionized the diag-
nostic testing area as well. Researchers and clinical
laboratories can now investigate the sequence alteration of
particular gene and gene networks that contribute to the
pathophysiology of particular tumor. Some of the
/Mutated in Cancer
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high-throughput technologies used in the area of diagnosis
include gene expression profiling, array-based comparative
genomic hybridization, single-nucleotide polymorphism
array, and NGS. These techniques offer remarkable insights
into altered molecular network in cancer and tumor biology.

The advances made in NGS, also known as massively
parallel sequencing method, marked another significant step
forward in personalized cancer genomics and revealed
multiple molecular aberrations that drive cancer.57 Re-
searchers have used different sequencing platforms to
identify copy number variations, somatic mutations, and
other aberrations in cancer, which lead to the identification
of key pathways that are altered in cancer.

The sensitivity, speed, and low cost per sample make this
technology a highly attractive tool in personalized medicine
and precision medicine applications. Studies have shown the
significance of NGS in personalized medicine and clinical
management of cancer.58 The NGS technology has been
widely used for de novo genome sequencing, transcriptome
sequencing, and epigenomics, in both research and clinical
laboratories.59 The human cancer research has been
benefited tremendously by many of these high-throughput
technologies and led to numerous discoveries, including
identification of mutations and gene fusions, some of which
are targetable.60 Notable examples of its clinical use are
efficient detection of either inherited or somatic mutations
and, single-base substitutions, copy-number variations, and
focal amplifications in cancer-related genes,61 and prenatal
testing chromosomal aneuploidy in fetal DNA.62 Apart from
identifying multiple genomic alterations in cancer, the high-
throughput technologies helped unravel genomic signatures
that are shared across tumor types, providing a basis for
classification of cancer on the basis of molecular aberra-
tions.63 Tumor classification on the basis of recurrent genetic
and epigenetic alterations that converge on unique pathways
in different tumors can potentially suggest common treatment
options. Availability of these technologies and the decreasing
cost is allowing the progress in the area of precision medicine
and personalized treatment of cancer patients.58
Noncoding RNAs in Cancer

Gene expression is also known to be regulated by noncoding
small RNA molecules. Changes in noncoding RNAs,
including miRNAs, are common events in cancer that are
now being investigated extensively. miRNAs are small
single-stranded RNA molecules that are shown to be dysre-
gulated in cancer and play a diverse role in cancer progres-
sion and metastasis.64 Expression profiling of miRNAs has
shown both overexpression and down-regulation of multiple
miRNAs that target protein-coding genes. miRNAs are
present within intronic genomic DNA or within the exons of
protein-coding genes.65 Epigenetic alterations, such as DNA
methylation and histone modification, are known to alter
miRNA expression.66 Tumor suppressor miRNA,MIR127, is
1728
silenced in bladder cancer and this silencing can be rescued
by DNA demethylation and histone deacetylase inhibition,
suggesting miRNAs as potential targets for epigenetic ther-
apy.67 miRNAs can serve as either tumor suppressors or
oncogenes on the basis of their role in cancer progression and
the target genes of specific miRNAs. miR-101, which acts as a
tumor suppressor, targets EZH2, and is found to be down-
regulated in prostate68 and bladder cancers.69 Conversely,
miR-155 acts as an oncogene by affecting the recombination
process via cytidine deaminase,70 and is up-regulated in breast
and lung cancers. Oncomir MIR21 is overexpressed in breast
cancer,71 glioblastoma,72 prostate cancer,73 and others. miR-
10b is known to regulate breast cancer metastasis.74 These
studies and others suggest the wide range of roles played by
miRNAs in regulating cancer initiation and progression.
NGS of tumors led to the identification of large number of

long noncoding RNAs (lncRNAs) and shown to be dysregu-
lated in common malignancies. Studies using large number
of tumors, normal tissues, and cell lines discovered up to
60,000 lncRNA genes.75 The mechanisms through which
lncRNAs contribute to the cancer development are diverse.
Investigations suggested that lncRNAs guide chromatin-
modifying complexes to effect epigenetic changes. Approxi-
mately 38% of them bind to the polycomb repressive complex
2 or the chromatin-modifying proteins RCOR1 (COREST)
and KDM5C (SMCX), and others bind to trithorax chromatin-
activating complexes and/or activated chromatin.76 Previous
studies have shown that the well-characterized lncRNAs
HOTAIR, XIST, CDKN2B-AS1, and KCNQ1OT1 are able to
recruit epigenetic modifiers to specific loci to reprogram the
chromatin state.76 PCAT1 has been identified as a prostate-
specific lncRNA that has been implicated in disease progres-
sion.77 Later, another long noncoding RNA SCHLAP1
(second chromosome locus associated with prostate-1; also
called LINC00913) expression was reported to independently
predict lethal prostate cancer.78 More importantly, it blocks
the localization and regulatory functions of SWI/SNF complex
in prostate cancer.79 Many earlier studies have demonstrated
that lncRNAs, HOTTIP, TP53COR1/Linc-p21, MALAT1,
HOTAIR, PCAT1, among others, are under the regulation of
miRNAs to reduce their stability.80,81
Clinical Implementation of Genomic and
Epigenomic Variations in Cancer

Many of the genomic events that occur during cancer pro-
gression can be used in clinical evaluation of disease.
Plasma is a good source for early cancer detection that
contains DNA fragments shed by apoptotic or necrotic
normal and cancer cells. There are reports of TP53 muta-
tions in plasma DNA in patients with cancers of the colon,
lung, pancreas, and liver.82 Moreover, tumor-derived DNA
with TP53 mutations were observed in the plasma of
advanced stages of ovarian cancer patients.83 In addition, a
specific TP53 mutation (at codon 249) has been detected in
ajp.amjpathol.org - The American Journal of Pathology
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the plasma of non-cancer subjects exposed to high rates to
aflatoxin and were chronic carriers of hepatitis B virus, up
to 5 years ahead of the development of hepatocellular car-
cinoma.84 It was shown that the presence of TP53 and/or
KRAS mutations in plasma DNA of healthy subjects was
predictive of the risk of bladder cancer in a large prospective
study.85 Several studies have investigated the prognostic
value of TP53 mutation status for tumor response to treat-
ment and patient outcome in various cancers. It was
observed that the presence of a mutation (eg, the DNA-
binding domain of TP53) is associated with bad prog-
nosis. Similarly, a detailed assessment of the prognostic
significance of TP53 mutations in a large breast cancer
patient cohort was reported.86 This study further showed
that TP53 mutation was a predictor of poor overall survival
independently of the currently available prognostic factors,
such as tumor size, node status, and estrogen and proges-
terone receptor contents.

Activating mutations in the tyrosine kinase domain of
EGFR are predominantly present in lung adenocarcinomas
of nonsmokers, and are mutually exclusive with KRAS
mutational status.87 Thus, mutation in EGFR may constitute
an interesting biomarker of a lung cancer different from the
one initiated by exposure to tobacco smoke. Aberrant DNA
hypermethylation of some key genes, like estrogen receptor
(ER/ESR1)-a and progesterone receptor (PGR), in devel-
opment of estrogen receptore and progesterone receptore
negative breast cancer and might be useful as prognostic
or diagnostic markers. Similarly, aberrant DNA hyper-
methylation of genes paired like homeodomain transcription
factor-2 (PITX2) and ras association (RalGDS/AF-6) domain
family member 1 (RASSF1A) are considered as potential
diagnostic markers of breast cancer.88 Thus, the DNA
methylation status of such genes might show value as pre-
dictive biomarkers. Global reduction of monoacetylated
lysine 16 of histone H4 (H4K16) is the most common event
in cancer.89 The loss or low levels of H4K16 acetylation was
suggested as an early event in breast cancer. Interestingly,
miRNA profiling displayed distinct patterns that may classify
cancers according to the developmental lineage and differ-
entiation status, contributing miRNAs as useful tools in
cancer diagnostics and prognosis.82

Prostate cancer antigen (PCA3) is one of the most sensitive
and is highly prostate cancerespecific biomarker. It has been
shown to be overexpressed in >90% of prostate cancer pa-
tients. Moreover, PCA3 has been extensively studied as a
urine-based prostate cancer biomarker.90 The TMPRSS2:ERG
fusion is studied as a biomarker detected in urine (alone or in
conjunction with PCA3) which is one of the noninvasive tests
in prostate cancer.90
Cancer and Immune System

Epigenetic alteration in cancer cells affects the expression of
immune genes, which potently influence the ability of
The American Journal of Pathology - ajp.amjpathol.org
immune system to suppress tumors. DNA methylation is
involved in several immune-related responses, including
T-cell maturation and differentiation, Th1/Th2 polarization,
and TcR rearrangements. The antitumor effect of CD8 T cell
and interferon-g antitumor response could also be compro-
mised by epigenetic alteration.91 Moreover, many oncogenes
related to p53 pathway, DNA repair, or cell cycle are
hypermethylated in cancers, potently leading to changes in
immune responses.12

Many reports support the notion that immune system
plays a critical role in cancer development. Studies have
highlighted the double-edged sword nature of immune
system in cancer. On one hand, immune system protects the
body from cancer, but on the other hand, can shape the
tumor immunogenicity. During initial stage of cancer
development, immunosurveillance mechanism is intact
wherein immune system is able to attack tumors; however,
as cancer cells proliferate, the capacity of tumor cells in
escaping immunosurveillance overwhelms, leading to
oncogenesis.92

During the course of tumor development, tumors are
known to subvert the normal immune regulation in such a
way that it benefits tumor survival. In addition, loss of tumor
antigens, sensitivity to complement, T cell lysis, or natural
killer cells could offer escape from immune regulation to
tumor cells.93

The advent of immune checkpoint-blockade therapies
that cause T-cell activation has imparted attention in the
field of cancer immunology.94 These therapies suppress the
activation of immune inhibitory pathways. Cytotoxic
T lymphocyteeassociated antigen 4 (CTLA4) was the first
immune checkpoint receptor to be clinically targeted. After
T-cell activation, CTLA4 is normally up-regulated on
cell membrane and it functions to down-regulate T-cell
function through other mechanisms. Thereby, it plays a
crucial role in normal immunological homeostasis, as it
was demonstrated that mice deficient in CTLA4 die from
fatal lymphoproliferation.95 As it is a negative regulator
of immunity, many researchers targeted CTLA4 with
monoclonal antibodies to achieve antitumor immunity.95

Furthermore, to target this molecule, an antibody ipilimu-
mab (Bristol-Myers Squibb, Princeton, NJ) was successful
in improving overall survival in advanced melanoma
patients and benefits in other malignancies, like pancreatic,
prostate, and nonesmall-cell lung cancers.95 Another
blocking antibody to CTLA4, tremelimumab (MedImmune/
AstraZeneca, Wilmington, DE), has shown responses in
mesothelioma patients.95

The successful targeting of CTLA4 helped in conducting
clinical approaches to target other immunological check-
points, namely programmed death-1 PD1 (PDCD1)/PDL1
and programmed death-ligand 1 CD274 (PDL1). Many
cancers and immune cells express CD274, which plays a
crucial role by inhibiting the cancer immunity cycle through
binding PDCD1.96 Tumoral CD274 expression status has
been demonstrated to be prognostic in multiple tumor types,
1729
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including nonesmall-cell lung cancer, melanoma, and renal
cell carcinoma. In addition, tumoral CD274 expression
correlates closely with response to anti-PDCD1 anti-
bodies.97 Monoclonal antibodies that disrupt the PDCD1/
CD274 interaction have demonstrated favorable activity in
renal cell carcinoma as single and in combinational therapy.98

Several PD1 (PDCD1) [nivolumab (Bristol-Myers Squibb);
pembrolizumab (Merck, Whitehouse Station, NJ); pidili-
zumab (CureTech, Yavne, Israel)] and CD274 (PDL1)
[MPDL3280A (Genentech, South San Francisco, CA);
MEDI4736 (MedImmune/AstraZeneca); BMS-936559 (Bris-
tol-Myers Squibb); MSB0010718C (EMD Serono, Rockland,
MA)] antibodies are in clinical development.95,99 Both nivo-
lumab and pembrolizumab have shown encouraging results
with minimal toxicity in large phase I studies involving pa-
tients with nonesmall-cell lung cancer, renal cell carcinoma,
advanced melanoma, and other solid tumors.95 Recently, the
FDA approved pembrolizumab for patients with melanoma
previously treated with ipilimumab.95 On other hand, pidili-
zumab, as a single agent and in combination regimens with
rituximab, has been clinically tested in hematological malig-
nancies.95 Similarly, the first CD274/PDL1 antibody BMS-
956559 showed responses in patients with a variety of solid
tumors.100 Other immunotherapeutics, like MPDL3280A,
MEDI4736, and MSB0010718C, have also shown promising
results in early-phase clinical trials in several malignancies,
including tumor types such as bladder cancer, head and neck
cancer, and gastrointestinal tract malignancies.95 Metastatic
melanoma immune checkpoint inhibitors, such as anti-CTLA4
antibody and anti-CD274/PDCD1, along with radiation are
effective in tumor regression.101
Table 2 Epigenetic Inhibitors That Are Approved or in Clinical Develo

Name Target Approved/in clinical d

Azacitidine and decitabine DNMT inhibitors Myelodysplastic syndr
Vorinostat (Merck) and
romidepsin (Celgene)

Pan-HDAC inhibitor Cutaneous T-cell lymp

Ruxolitinib JAK1/2 inhibitors Intermediate or high-
Entinostat Class I HDAC

inhibitor
Phase III in breast ca
lymphoma and kidn

Panobinostat (Novartis) Pan-HDAC inhibitor Phase III in Hodgkin
phase II/III in cuta

CI-994 (CI-994) Pan-HDAC inhibitor Phase II completed in
currently in nonesm

Phenelzine sulfate HDM inhibitor Phase II in prostate c
Epigallocatechin gallate DNMT inhibitor Phase II in multiple m
EPZ-6438 EZH2 Phase I/II clinical tri

hematological mali
EPZ-5676 DOT1L inhibitor Phase I in relapsed/re

MLL-rearranged leu
GSK2879552 LSD1 inhibitor Phase I for acute mye
CPI-0610 and OTX015 BET inhibitors Phase I in refractory

*Denotes the inhibitors that are in clinical development.
yIdentifier numbers are for studies found on the Clinical Trials website (https.c
DNMT, DNA methyltransferase; HDAC, histone deacetylase; HDM, histone dem

lineage leukemia.
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Therapeutic Targeting of Epigenetic Modifiers in
Cancer

The genome-epigenome interaction is crucially involved in
the cancer biology. As discussed in Common Genomic and
Epigenomic Alterations in Cancer, deregulation of epige-
netic machinery is a critical lesion in cancer. Targeting these
epigenetic modifiers constitutes the epigenetic therapy.
Epigenetic therapy can be achieved by the development of
small-molecule inhibitors, which is crucial for evolution of
new therapeutic approaches through the use of both natural and
synthetic molecules. Pharmacological inhibition of EZH2 was
recently shown as a promising approach to treat cancer with
activating mutation in EZH2 or in tumors with inactivating
mutation in ARID1A.51 Similarly, it was demonstrated that
SMARCA4/BRG1 loss-of-function mutant tumors showed
increased Topo II inhibitor sensitivity under EZH2 inhibition
background.51

Understanding the mechanism of action of chromatin
components and their role in gene activation and silencing
process can enable developmental strategy to target these
events. Because epigenetic changes are reversible, DNA
methylation inhibitors such as 5-azacytidine and 5-aza-20-
deoxycytidine have been used in the treatment of leukemia
and myelodysplastic syndrome.12 In addition, epigenetic
therapy with the use of transcription factors that target
specific gene promoters, such as the zinc finger protein
targeting sequences in SERPINB5/MASPIN promoter has
been shown to inhibit tumor growth in vitro.102 DNA
methylation techniques, including detection of CpG-island
or specific genes’ hypermethylation can be used in early
pment

evelopment* References/identifier numbery

ome 105
homa 106,107

risk myelofibrosis 108
ncer; phase I and II in Hodgkin
ey cancer*

NCT00866333, NCT01038778,
NCT01349959

lymphoma and multiple myeloma;
neous T-cell lymphoma*

NCT01034163, NCT01023308,
NCT00425555107

advanced myeloma*; phase III
all-cell lung cancer*

NCT00005624107

ancer* NCT01253642
yeloma* NCT01589887
als for solid tumors and
gnancies*

NCT01897571

fractory adult and pediatric
kemias*

NCT02141828, NCT01684150

loid leukemia* NCT02177812
acute leukemias and HM* NCT02158858, NCT01713582

linicaltrials.gov).
ethylase; HM, hematologic malignancies; JAK, Janus kinase; MLL, mixed-
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diagnosis of patients with prostate cancer and even prog-
nosis for patients with glioma.103,104 Several small-molecule
inhibitors have already been developed against chromatin
regulators (Table 2). Several phase II and III trials are also
under way with these agents in a variety of cancer types.
The FDA granted approval for three inhibitors targeting
histone deacetylases, DNA methyltransferases, and Janus
kinase 2. A panehistone deacetylasis inhibitor vorinostat
and class I-specific histone deacetylase inhibitor romidepsin
has been granted FDA approval on the basis of preclinical
and clinical data for clinical use in patients with cutaneous
T-cell lymphoma. The broad histone deacetylase inhibitors
panobinostat and belinostat, and the class I inhibitor entino-
stat are in advanced stages of clinical development.106

Studies indicated that three naturally occurring small mole-
cules (anacardic acid, curcumin, and garcinol) have HAT
inhibitory activity.109 Among which the active ingredient in
turmeric, curcumin, is in phase II trials in advanced breast
(NCT01740323), pancreatic (NCT00094445), and colorectal
cancer (NCT01490996) (identifier numbers for studies on
https.clinicaltrials.gov). In addition, the inhibitors to histone
methyl transferase EZH2, such as CPI-1205, EPZ-6438, and
GSK2816126, are in various stages of development and tri-
als. Lysine (K)-specific demethylase 1A LSD1/KDM1A in-
hibitor phenelzine sulfate is in phase II trials in combination
with docetaxel in prostate cancer (NCT01253642). The ki-
nases that phosphorylate histones are known to play a role in
cancer development, although it is not fully understood
except Janus kinase 2. The FDA approved ruxolitinib (Janus
kinase 1/2 inhibitor) for the treatment of intermediate or high-
risk myelofibrosis.

Novel pharmacological strategies have been developed to
target the interaction of histones and the bromodomain-
containing BET reader proteins.110 Some of the inhibitors in
clinical trials include OTX015 for acute leukemia and other
hematological malignancies (NCT01713582), CPI-0610
(NCT01949883) against progressive lymphoma, and
GSK525762 (NCT01587703) against solid tumors and
hematological malignancies.
Future Perspective

Advances made during the past decade in early detection of
cancer have improved patient health tremendously. Many of
the novel target discoveries led to therapeutic inhibition.
Advances are also being made in nanomedicine that involve
application of nanotechnology for treatment, diagnosis, and
monitoring of biological systems. Nanomedical research
deals with the precise delivery and targeting of therapeutic
agents. Nano-oncology is an area of interdisciplinary research
that attempts to integrate cancer biology, chemistry, engi-
neering, and medicine to attain advances in detection and
treatment of cancer.

Detection, isolation, and characterization of circulating
tumor cells (CTCs) have also opened up new avenues in
The American Journal of Pathology - ajp.amjpathol.org
noninvasive detection in cancer diagnosis and treatment.
Detection of CTCs serves as a noninvasive method of
detecting cancer in patients. CTCs are rare tumor cells
(approximately 1 to 100 CTCs per 109 blood cells) shed
from primary and metastatic tumor sites.111 The FDA
approved CellSearch (Veridex, NJ) system has been used
for CTC detection in metastatic breast, colorectal, and
prostate cancer.112 In addition, integrated microfluidic
system specifically designed for isolation, purification, and
single-cell secretomic profiling of CTCs from whole blood.
Guardant360 is a noninvasive platform that uses cell-free
DNA for detection of panel of genes that are generally
mutated in cancer.113 Another advance that is being made is
related to cellular barcoding,114 and this technology has
been used to interrogate complex tissues and cellular
libraries at single-cell resolution. Here, the basic principle
involves tagging the cells of interest with unique heritable
identifiers or barcodes; a noncoding stretches of DNA and is
delivered by means of lenti or retroviral vectors. Barcoding
of cells using cell-surface expression of programmable zinc-
finger DNA-binding domains (surface zinc fingers) has been
reported. It was shown that surface zinc fingers enable
sequence-specific labeling of living cells by double-stranded
DNA and a sequence-specific labeling approach to image
more than three cell types was also developed.115 These
samples then can be used in high-throughput technologies.
The NGS allows massively parallel processing of samples
by using several primers for various samples, which are then
pooled for sequencing. This technology allows determining
the progenitor fates at the single-cell level by comparing the
shared and distinct barcodes between cell types. Hundreds
of single-cell assays can be performed simultaneously using
this technology.

Progress in functional genomics and genome-editing
technologies are also significantly aiding in understanding
the biology of cancer and therapeutic targeting. RNA
interference has helped in understanding the functions of
many genes and gene interaction networks. Genome editing
with engineered nucleases is a genetic engineering method
in which fragments of DNA are inserted, replaced, or
removed from specific genomic sequences in living cells,
using artificially engineered nucleases, for the purpose of
determining, changing, or expanding their function(s). The
genome editing procedure needs sequence-specific designer
nucleases and donor DNA constructs. Some of the designer
nucleases are clustered as regularly interspaced short
palindromic repeats/Cas9,116 transcription activator-like
effector nucleases, and zinc finger nucleases.117 These
technologies can be used to generate gene knockouts or
gene knockins when applied alone or in combination with
donor DNA templates, respectively.

Significant advances are being made in cancer drug
discovery effort as well. Development of patient-derived
xenograft (PDX) models are extensively used in cancer
biology, and they offer a tool for drug discovery and
personalized medicine.118 PDX models are based on the
1731
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transfer of primary tumors directly from the patient into an
immunodeficient mouse. Key assumptions of developing
PDX models for cancer research has been that they
resemble the original tumor and are known to maintain
across passages.119 It has been shown that even after
several passages, PDXs retain their originality from
genomics, proteomics, and at transcriptomics level and
show similar observations as that of clinics.120 However,
one important limitation of PDX models is the substitution
of human cancer-associated stromal components by murine
elements and lack of a functional immune system.121

Further investigations are needed to understand how the
differences in the immune system affect drug response and
predictability for therapeutic efficacy in human tumors. There
is a great interest of reconstituting of a human immune
system in the mouse. These models are of interest to
study immune therapeutics. Artificial PDX models are also
being generated by implanting malignant tissues in three-
dimensional culture systems and bioreactors.122 These sys-
tems have the potential use in screening of small molecules
targeting oncogenes. Many of the above-mentioned technol-
ogies will have the potential to be transformative in clinical
cancer care and treatment.
Conclusions

Advances in high-throughput technologies enabled signifi-
cant progress in understanding the molecular alterations and
biology of cancer. Continuing progress in functional geno-
mics, systems biology, and bioinformatics will have the
potential for using the accumulating data effectively in
investigating pathway alteration during disease initiation and
progression as well as in identifying effective therapeutic
targets. Predicting development of resistance to therapy and
identification of secondary targets by network analysis will
aid in developing effective therapeutic strategies. Live
cell imaging, dynamic analysis of molecular interactions,
circulating tumor cell analysis, and nanotechnology are
transformative in cancer research and in precision medicine.
Although there has been tremendous progress in genomic and
epigenetic research, exciting possibilities still remain. With
the availability of large-scale genomic and epigenomic data
sets, identifying the additional tumor driving aberrations
from the passenger genetic and epigenetic events becomes
important to understand and treat cancer effectively. Identi-
fication of synthetic lethality will enable targeting tumors
with some of the available anticancer molecules. Under-
standing the development of resistance to therapy is critical in
advancing effective combination therapy. Investigating the
isolated but tumor driving aberration is critical for diagnosis
and treatment of small subset of cancer patients, allowing
personalized treatment options. Analysis of vast amount of
genomic DNA that is considered as junk DNA will also be of
significance to identify changes in regulatory and unexplored
regions in the tumor genome. The interplay between genetic
1732
and epigenetic events needs further investigation to better
understand the events leading to cancer initiation, progres-
sion, and therapy resistance.
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