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Cancer isviewed asaset of diseasesthat aredriven by accumulation of genetic mutationswhich are considered
themajor cause of neoplasia. The processby which normal cellsbecomeprogressively transformed to malignancy
isnow known to require the sequential acquisition of mutations which arise as a consequence of damage to the
genome. Thisdamage can betheresult of endogenous processes such aserrorsinreplication of DNA, theintrinsic
chemical instability of certain DNA bases or from attack by free radicals generated during metabolism. DNA
damage can also result from interactions with exogenous agents such as ionizing radiation, UV radiation and
chemical carcinogens.

Consequent to Human Genome Sequencing and with the advent of Molecular Medicine and Bio-informatics
tools, there has been greater understanding of cancer genetics and genomics which has led to development of
several novel approaches to cancer diagnosis, prognosis and effective treatment and management of cancer.
Recent introduction of next generation sequencing (NGS) technology have allowed better understanding of
molecular genetic pathways and alterationsin genesthat are responsiblefor initiation, progression and metastasis
of cancer.

Development of cancer detection biomarkers will be propelled by scientific discoveries and technological
developmentsin how biomarkersareobjectively measured (mutations, methylation, protein expression, molecul ar
imaging). Moreover, advancesingenomics, proteomics, mol ecul ar pathol ogy and di ssection of signaling pathways
will generatemany candidate biomarkerswith potential clinical importancefor their usein cancer staging, diagnosis,
prognosis and devel opment of personalized targeted therapy leading to improved patient care and survival.

Thisnew discipline, by precisaly identifying themol ecul ar basi sof thedifferencesbetween normal and malignant
cells, hascreated novel opportunitiesand provided themeansto specifically target thesemodified genes. Successful
use of these new therapies will rely upon adetailed knowledge of the genetic defectsin individual tumors.

The present issue of the Cancer News spotlights the newer advances in the field of "Molecular Biology of
Cancer" and features the regular articles, such as Special Feature, Guest Article, Perspective and In Focus. We
aregrateful to Prof. Bhudev C. Das, Chairman & Hargobind KhoranaChair Professor, Amity Instituteof Molecul ar
Medicine & Stem Cell Research, Amity University, Noida, for contributing the" Special Feature", and Dr. Deepa
Philip, Specialist Registrar, Dept of Medical Oncology; Dr. Vikas Ostwal, Consultant M edical Oncologists, Dept
of Gl and Breast Medical Oncology, Tata Memorial Hospital, Mumbai for the "Guest Article" and Dr J. Sanil
Manavalan, Assistant Professor of Medicine at Columbia University Medical Center for " Perspective”.

Suggestions/ comments from the readers are wel come. Wishing our readers aHappy, Prosperous and Healthy
New Year 2015!
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SPECIAL FEATURE

WHAT’S NEW IN MOLECULAR GENETICS
OF CANCER

Introduction

Canceristheoutcomeof control proliferationof acell
initiated by alterations(genetic/ epigenetic) inoneor
moregenes, suchasoncogenesand tumour suppressor
genesthat regulatecell proliferation, survival,and other
homeostati cfunctions, leadingtodevel opment of cancer.
Thealterationsingenesmay beinduced by chemicals
(e.g., fromsmoking or diet), radiation, and virusesor
bacteria, and some individuals may inherit genetic
mutationsthat predi sposethemtodevel opspecifictypes
of cancer. Thereisanincreasingevidencethat canceris
also driven by ‘epigenetic changes' either by DNA
methylation or by histonemodifications, that leadsto
aterationsinchromatincondensationthereby regulating
expressionof certainset of specificgenest2. Weknow
now that thereareabout 17 signd transductionpathway's
and 2 stressresponse pathwayswhich are conserved
and are regul ated by more than 20 protein factors or
transcriptionfactorsmostly derivedfromhost cell and
bindtoagene' senhancer or promoter withthemainaim
of up or down regulating gene expression leading to
development of cancer. Therefore, discovery of genetic
and molecular biomarkers have been proved to be
inval uabletool sfor early detection, reliablediagnos's,
and effective treatment of cancer. Diagnostic and
prognosticbiomarkersarequantifiabletraitsthat help
clinical oncologistsinidentifyingwhoisatrisk, diagnose
at anearly stage, sel ect thebest treatment strategy, and
monitor responsetotreatment.

Following Human Genome Sequencingandwiththe
advent of Molecular M edicineand Bio-informati cstools,
therehavebeengreater understanding of cancer genetics
and genomicsthat haveled to devel opment of several
novel approaches to cancer diagnosis, prognosis and
effective treatment and management of cancer. Recent
introductionof nextgenerationsaquendng(NGS) technology
haveall owed better understandingof molecular genetic
pathwaysandalterationsingenesthat areresponsiblefor
initiation, progressionand metastasi sof cancer.

Discovery of microRNAs and cancer stem cells
aongwiththedevel opmentof epigenomics, nanomedicine
and cancer vaccineshaveprovidedtheresearchersand
cliniciansanew way to predict therisk of metastases,

systemic treatment resistance, and diseaserelapsein
patients with cancer including novel approachesfor
preventionandtargetedtherapy.

Inthisarticle, wedescribeheresomenew frontiersin
cancer genomicsthat haveidentifiedbiomarkerswhich
couldbeexploitedfor diagnosis, prognosisandtrestment
outcomeand management of variouscancers.

miRNA in Cancer

MicroRNAs(miRNAsor miRs) areafamily of small
non-coding RNA species(19-22 bases) that havebeen
implicatedinthecontrol of many fundamental cellular
and physiological processes such as cellular
differentiation, proliferation, apoptosisand stemcell
maintenance. miRNA sregulategeneexpressionby the
sequence-specific targeting of MRNAS, leading to
trandational repressionor mMRNA degradation. Some
microRNAshavebeen categorized as” oncomiRs’ as
opposedto* tumor suppressor miRs” Modulatingthe
miRNA functionsmay provideexcel lent approachesfor
cancer therapy. SinceasinglemiRNAscanbindto 100
different target transcripts, it has been estimated that
mMiRNAs may be able to regulate up to 30%o0f the
protein-codinggenesinthehumangenome”’. MicroRNA
expressonprofilingalsomiRNA profilingwereshownto
beassociated withtumour devel opment, progression
andresponsetotherapy, suggestingtheir possibleuseas
diagnostic, prognosticand predictivebiomarkers.

miRNA as diagnostic biomarkers: Recognition of
miRNAsthat aredifferentially expressed betweentumor
tissuesand normal tissuesmay helptoidentify those
miRNA sthat areinvolvedinhuman cancersandfurther
establish the possible pathogenic role of miIRNASsin
cancerst. It iswell known that miRNAs can be up-
regulated or down-regul atedinvarioushuman cancers.
miR-21, miR-155, miR-10b, miR-29b-2 are up-
regulatedwhilemiR-143, miR-145, miR-200aredown-
regulatedinbreast cancer. miR-200a,b,c, miR-141are
up-regulatedandmiR-199a, miR-140, miR-145, miR-
125b are down-regulated in ovarian cancer. Most
aggressive oral tongue cancer shows exclusive over
expression of miR-184 while oral squaumous cell
carcinoma shows miR-155 over expression. Over-
expressed miRNAs may function as oncogenes by
downregulating tumor-suppressor genesand/or genes
that control cell differentiationor apoptoss, whereasthe
down-regulated miRN A sact astumor-suppressor genes
by negatively regul ating oncogenesand/or genesthat
control cell differentiationor apoptosis°. Detection of
miRNAsinsalivaandother body fluidscanalsobeused
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asnoninvasveandrapiddiagnostictool for thedetection
of cancer. miRNA biomarkershaverevea ed asagreat
potential inearly diagnosisof cancer.

miRNA as prognostic biomarkers: miRNAscanalso
beutilized asprognostic markersto predict treatment/
diseaseoutcome. Inlungcancer, miR-1550ver expresson
and let-7a down regulation were able to predict poor
disease outcome. In gastric cancer arobust 7-miRNA
signaturecan predict overall survival andrelapse-free
survival. Similarly, thelowlevel sof miR-191and high
level of miR-193awereassociated withasignificantly
shorter surviva timeasmeasuredby Kaplan-Meercurves
inmelanomas3. Several miRNASs such as prognostic
biomarkersarebeingdiscovered of variety of cancer.

miRNA profiling: miRNA profiling instead of gene
profiling could be more reliably used for tumur
classfication, diagnos sandprognoss. Differentplatforms
to assess the global expression of miRNA genesin
normal and diseased tissues were developed. An
extensive use of custom-made and then commercial
MiRNA microarrays, bead-based flow cytometric
miRNA andyssmethodsandnextgenerationof large-scde
profilingmethodarerepresented by thehigh-throughput
deep sequencing’. Genome-wideprofiling showed that
mMiRNA express onsgnatures(miRNome) alowedhigh
accuracy informationindifferent typesof cancer.

miRNA in therapeutics: Experimental evidence
demonstratesthat themodul ation of specificmiRNA
alterationsincancer cellsusingmiRNA replacement or
anti-miRNA technol ogiescanrestoremiRNA activities
andrepair thegeneregul atory network and signaling
pathways, andinturn, reversethecancer phenotype.

miRNA as regulator of signaling pathways: Aberrant
express onof theepiderma growthfactor receptor (EGFR)
andhumanepiderma growthfactor receptor 2(HER2) are
featuresof many humantumorsand areassociatedwith
disease prgresssion, treatment resistence and poor
prognosis. miRNA-7andmiRNA-331-3preducetheAkt
activity andthusdirectly regul ateexpress onof EGFRand
HER2, respectivelyinglioblastomaand prostatecancer.

miRNA reprogramming of cancer stem cells:
Reprogrammingthedifferentiated somaticcellswith
cocktail transcriptionfactors(Oct4-Sox2-c-Myc-klf-4
or Oc4-Sox2-Nanog-Lin28) isthe breakthroughinthe
semcdll biology. ThemiRNAS(miR-291-3p, miR-294,
andmiR-295) increasetheefficiency of reprogrammingby
threetranscriptionfactors(Oct4, Sox2andklf4), without

adding c-Myc. Certain miRNAs can aso dramatically
influence the fate of cancer stem cell thus allowing to
overcomechemores stanceandrelapse.

Hypermethylation of miRNA: Thegeneticalterations
andfailureof post-trand ational regul ation might cause
thedysregualtionof subsetsof miRNAS, but epigenetics
alterationsal so appear to play animportant role. In
classical tumor suppressor genes, promoter CpG
island hypermethylation occursingenesinvolvedin
cell adherence, invasion, and angiogenesis, suchas
cadherins, tissueinhibitorsof metall oprotiensand
thrombospondins. Theepigeneticsilencingof miRNAs
(miR-127 and miR-124a) with tumor suppressor
featuresby CpGidandhypermethylationisasoemerging
asacommonhallmark of humantumors.

Circulating miRNAs: new ace of intercellular
communication: \While mgjority of miRNAs are
foundintracellularly, asignificant number of mMIRNAS
havebeen observed outsideof cells, includingvarious
body fluids. These type of miRNAs are known as
circulatingmiRNAswhichfunctionas® extracel lular
communication RNAS' that play central role in
regul ation of geneexpression and theimplication of
miRNA-specific aberrant expression in the
pathogenesisof cancer, including cardiac, metabolic,
neurol ogic, immune-rel ated di seasesand many others.
ThesemiRNAsarestableand show distinct expression
profilesin different fluid types. Recent studies have
identifiedmiRNASsintumor tissues, plasma, salivaand
urine. Some of the key molecular propertiesof these
gpeciesincludehighstability incirculationandtheability
tosurviveunfavorablephysologica conditions. To-date,
morethansaverd tensof cancer havebeeninvestigatedin
which expression profiling of circulatingmiRNAshas
reveal ed both diagnosticand prognostic utility for this
classof biomarkers'®. CirculatingmiRNAshavealso
beenimplicated in regul ation of stem cellsaswell as
cancer stemcells. Overal, circulatingmiRNAshave
immensepotentia for refinement of thecurrent processes
for diagnosis, staging and prognostic prediction, and
they may a soserveaspotentia futuretherapeutictargets
Inthemanagement of cancer.

Long Non-coding RNAs: A New Player in Cancer
Research

Non-codingRNAs(ncRNASs) havedistinctbiologica
functionsfromthat of small non-codingmiRNAsand

operate through defined mechanisms. ncRNAS,
particularly longncRNAs(IncRNAS), haveessential
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rolesintumorigenes s, andthatINcRNA-mediatedbiology
occupiesacentra placeincancer progression. Withthe
number of well-characterized cancer-associated
IncRNAsgrowing, thestudy of IncRNAsincanceris
now generating new hypothesesabout the biol ogy of
cancer cells. Thistypically resultsin transcriptional
repression, and many IncRNAswerefirst characterized
bythearrepressvefunctions,includingANRIL,HOTAIR,
H19,KCNQ1O0T1, and XIST?8. For clinical medicine,
IncRNASsoffer severd possiblebenefits. INCRNAS, such
asPCAT-1,commonly demonstraterestrictedtissue-
specificand cancer-specificexpressionpatterns®®. This
tissue-specificexpressiondistinguishesincRNAsfrom
MiRNAs and protein-coding mRNASs, which are
frequently expressedfrommuiltipletissuetypes.n"cRNAs
may besuperior biomarkersthanmany current protein-
codingbiomarkers, bothfor tissue-of-origintestsaswell
ascancer diagnostics.

Cancer Stem Cells (CSCs)

A subpopulation of cancer cells existswithin the
tumors that have the capacity to self-renew and to
generatethemoredifferentiated progeny whichmakes
upthebulk of atumor and havebeentermed ascancer
stem cells, or tumor-initiating cells. The existence of
CSCshasprofoundimplicationsfor cancer biology and
therapy because eradication of CSCsiis critical for
achievingeffectivetreatment and cureof cancer.
Cancer treatment by stem cell transplantation: A
stemcell transplant repl acesdefectiveor damagedcellsin
patientswhosenorma blood cdllshavebeencrowded out
by cancerouscells. Transplantscana sobeusedtotreat

hereditary disorders, suchassicklecell anemia, ortohel p
patientsrecover fromor better tol eratecancer trestment.
StemcdlIsfortransplant canbetakenfromthepatient’ sown
bonemarrow beforechematheragpy andthenreplacedafter
cancer trestment. Thisisavita andoftenlifesavingtrestment
becausechemotherapy destroysthebonemarrowaongsde
cancer cellsandtheblood cellsmust bereplenishedforthe
patient’ strestment to be successful. It ishoped that the
molecular bag sforthistrestmentcanleedtog milartrestments
for other formsof cancer, allowing canceroustissuesin
areas, such as the brain, to receive stem cells that
replenish those that are damaged through radiation.
Stem cells can also be obtained from adonor whose
tissuemost cl osely matchesthepatient or canbeextracted
from the placenta of newborn infants after birth and
savedinspecial cord blood banksfor futureuse.

CSC targeted treatment preventing relapse of
cancer: Cancer semcellsres stchemotherapeuticdrugs
and can renew the varioustypesof cellsin thetumor
thereby relapsing the disease. The drugs that can
selectively target cancer stemcellsoffer great promise
for cancer treatment, mainly in combination with
chemotherapy (see Fig 1). It has been shown that
metformin, a standard drug for diabetes inhibits the
cellular transformationandselectively killscancer stem
cellsinfour genetically differenttypesof breast cancer.
The combination of metformin and well-defined
chemothergpeuticagentdoxorubicin, killsbothcancer stem
cdllsandnon-stemcancer cellsinculture. Furthermore,
this combinatorial therapy reduces tumor mass and

Cancer drug kill
most cancer cells
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Figl: Diagram demonstrating how to target cancer stem cells
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preventsrel gpsemuchmoreeffectively thaneither drug
aloneinaxenograftmousemode . Miceseemtoremain
tumor-freefor at | east two monthsafter combinatorial
therapy with metformin and doxorubicin is ended.
Thereforeit hasbeen suggested that thecombination of
metforminor any CSC sensitizing agent (eg curcumin)
and chemotherapeutic drugs can be used to improve
treatment of patientswithbreast or other cancers’. There
aresomeagentsthat specifically reduce CSCs, suchas
salinomycin, whichreducesCSCsby >100-foldrel ative
to paclitaxel, acommonly used breast cancer drug.
Global geneexpressionanaysesshow that salinomycin
treatment resultsinthel ossof expressionof breast CSC
genesprevioudly identifiedinbreast cancer tissues.

Understanding cancer slemcdll biology andsignaling
can encourage the devel opment of drugs and cancer
gpecifictreatments. | dentificationandcharacterizationof
CSCs for every possible tumor are of paramount
importancefor devel opment of new therapeuticavenues.

Human iPSCs: potential clinical applications in
cancer: The induced pluripotent stem cell (iPSC)
research hassignificantly changed our perspectiveson
regenerativemedicineand cancer research by providing
auniquetool to derivedisease-specific stemcellsfor
study. Thehumaninduced pluripotent temceds(hiPSCs)
can bederived fromdirect reprogramming of human
somatic cells to a pluripotent stage through ectopic
expressionof specifictranscriptionfactors. Thesecells
havetwoimportant properties, self-renewal capacity
andability todifferentiateintoany cell typeof thehuman
body. The generation of hiPSCs has increased their
potential useasnovel candidatesfor diseasemodeling,
drug screening, regenerativemedicineand cell based
therapy. It opensnew opportunitiesfor understanding
the mechanisms of disease in the production of new
diseasemoddl s, indrug devel opment/drugtoxicity tests,
genetherapies, andcell replacement therapies. Stemcell
therapiesusing patient-specificiPSCswould befree
fromimmunerg ectionandethica issues®. Patient specific
IPSCsneedtobederivatedfromdiseasedtissueportions
(i.e.hepatocytewithinliver cancer) and not thetissues
whichdonotcarry any pathogeneticevents. I tishopedthat
thegeneration of safeand effectiveiPSCsfor useincell
therapy aswell asindiseasemodeinganddrugscreening
will beachievedinthenear futurefortherdinica application.

Circulating Tumor DNA

Dyingtumor cellsreleasesmall piecesof DNA into
blood stream called cell-freecircul ating tumor DNA
(ctDNA) which can be used for cancer, diagnosis,

progression and monitoring prognosis. Thelevelsof
CtDNA canbedetected using personalizedprofilingby
variousmethods, includingnext generationssequencing.
Thelevelsof ctDNA increasesin blood asthe cancer
stageprogressesfrom Stagel to V4. Inastudy of 206
colorectal cancer patients, patietnswith lower blood
level of ctDNA survival waslonger thanthosewith
higher levelsof ctDNA. However, in somepatients
with cancer ctDNA hadfirst respondedtoaspecific
genetargetedtherapy, but progressedwhilestill being
treated. It happened becauseof new somaticmutations
occurringwhichinhibitthedrugactiononcancer cells.
In such cases, the screening for mutationsin ctDNA,
both beforeand after therapy can helpinfinding new
mutationsand provideva uableinformationtoclinicians
whentumorsarenolonger responsiveand adifferent
treatment strategy isnecessary. Thus, ctDNA appears
tobeanextremely effectiveandadvantageousbiomarker
asitisfoundintheblood, providesasemi-invasive, less
risky and alternativemethodtorepeated tumor biopsies
to monitor tumor progression. This suggeststhat by
smply measuringtheleve of ctDNA inapatient’ sblood
couldserveasaway todeterminethestageandtreatment
requiredfor that tumor.

Oncogene Expression Profiling

Oncogene profiling is the measurement of the
expression of thousands of genesat once, to createa
global pictureof cellular function. Theseprofilescan
distinguish between cancer and normal cellsand show
how the cells react to a particular treatment. Four
technol ogiesareconsideredinthisevaluation: twoare
based on gene expression profiling and two on
immunohistochemigry. Thetwogeneexpressonprofiling
areMammaPrint (Agendia) andOncotypeDX (Genomic
Hedlth). Threearebased onimmunohistochemistry (aso
referredtoasproteinexpressonprofilinginthediagnostics
assessment report): IHC4 (academic sponsor) and
Mammostrat (Clarient). HERmark isal sovery useful
HER2 statusof breast cancer patients.

The MammaPrint assay by Agendiaanalyzes
expressionof 70 genesfromanearly-stagebreast cancer
tissuesampletocorrectly stratify thepatientsintolow
risk or highrisk of cancer recurrencewithin 10 years
after diagnosis. Thelow risk can patientssafely avoid
chemotherapy andhaveexcd lentdinica outcomeswhile
highrisk patientsshoul dreceivechemotherapy. Thus, it
will help clinicianto makeamoreinformed decision
aboutwhether toutilizechemotherapy or other trestments
toreducetherisk of recurrence.
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Another assay OncotypeDX analyzesprofileof 21
genesand cal cul atesarecurrencescorenumber between
0and 100; the higher the score, the greater therisk of
recurrence. Thistestisusedtoestimateawoman’ srisk
of recurrenceof early-stage, hormone-receptor-positive
breast cancer, aswell ashow likely sheistobenefitfrom
chemotherapy after breast cancer surgery. TheOncotype
DX testisal sousedto estimateawoman’ srecurrence
risk of DCIS(ductal carcinomainsitu) and/or therisk of
anew invasivecancer developinginthesamebreast, as
well ashow likely sheistobenefitfromradiationtherapy
after DCISsurgery.

ThelHCAtest assesseslevel sof four key proteinsin
abreast cancer sample,ieER, PgR, HER2 and Ki-67.
ThelHC4 scoreiscalculated from the percentage of
cdlspostivefor Ki67and PgR (0-100%), theHistoscore
(ameasureof thepercentageof cell spositivemultiplied
by intensity, range0-300) for ER status, and thetumor
HER?2 status(expressed aspositiveor negative).

TheMammostrat test usesfiveimmunohistochemica
markers (SLC7A5, HTFOC, P53, NDRG1, and
CEACAMY5)tostratify patientsintorisk groups. These
markers are independent of one another and do not
directly reflecteither proliferationor hormonereceptor
gtatus. Thecurrentversionof thetest providescategorical
classificationof breast cancer sub-type, andquantitative
values for ESR1/ER, PR/PgR, ERBB2/HER2,
proliferation, andL uminal score(ER-pathway). Thetest
usesformalin-fixed paraffin-embeddedti ssuesections.

HERmark is a proprietary diagnostic test that
accurately quantifies HER2 total protein levels and
HER2:HER2homodimerizationinpatientswith breast
cancer. HERmark is highly sensitive and can detect
HER2at levelsfrom2,500toover 1 millionreceptors

per cell —7to 10timesmoresensitivethan IHC. Several
such predictivebiomarkershaveal sobeen devel oped
(seeTablel) whichhaveledto paradigmshift toward
personalized cancer trestment.

Epigenomics: A New Frontier in Cancer Research
& Therapy

Duringthepast decade, morefocushasbeengivento
theroleof molecul esthat affect chromatindynamics, i.e,
global DNA methylation and post-translational
modificationsof histonesproteinsincancer cells. Ithas
givenanew disciplineof “ cancer epigenome,” showing
heritableabnormalitiesthat occurintheabsenceof DNA
sequencedterationsinthegenome?. Presently, thereare
four FDA-gpproveddrugswithan*® epigeneticmode’ of
actionbeingusedinclinics: (1) DNA methyltransferase
(DNMT)inhibitors5-azacytidine(Vidaza); (2) decitabine
(20-deoxy-5-azacytidine, dacogen); (3) histone
deacetylase (HDAC) inhibitors suberoylanilide
hydroxamicacid(SAHA, Zolinza), and (4) romidepsin
(Istodax). Numerousother DNM T andHDA Cinhibitors
arealsobeing devel oped and evaluatedinpreclinical
studies,andclinical trias. 5-Azacytidineanddecitabine
havebeensuccessful intrestingmye odysplasticsyndrome
and myeloid leukemias®, whereas, SAHA and
romidepsinarecurrently being usedfor thetreatment of
cutaneous T-cell lymphoma. FDA-approved cancer
therapy drugsthat primarily target DNA methylationand
global histonemodifications, arebeingincreasingly used
inclinical practices, and additional |eadsarebeingfound
andeval uated. Genomicandepigenomicprofilingand
epigeneticbiomarkersarebeing exploited maximally
due to the advent of next generation sequencing
technol ogiesand bi oinformaticstool s. So, successful
cancer treatment would require both genomic and
epigenomicinformationof tumor.

Table: Predictive biomarkers for drug response in different human cancers

Biomarker Cancer type Drug therapy Drug target
HER2 (gene am plification) Breast Trastuzumab HER2

Estrogen receptor (protein expression) Breast Tam oxifen Estrogen receptor
BCR-ABL (gene translocation) CML Im atinib, dasatinib, nilotinib BCR-ABL

EGFR + KRAS (KRAS m utation) CRC Cetuxim ab, panitumum ab EGFR

EGFR (kinase domain mutation) NSCLC Erlotinib, gefitinib EGFR

PML-RAR (gene translocation) APL All trans retinoic acid PML-RAR
BRCA1/2 (mutation) Breast Olaparib, veliparib PARP

BRAF V600E (mutation) Melanoma Vem urafenib BRAF

ALK (rearrangements) NSCLC Crizotinib ALK

Abbreviations: APL, acute promyelocytic leukemia; CML, chronic myeloid leukemia; CRC, colorectal cancer; NSCLC, non-small-celllung cancer

Source: Nat. Rev. Clin. Oncol. D0i:10.1038/nrclinonc.2011.121
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Mitochondrial DNA Mutationsin Cancer: Causality
or Association?

Although genetic and epigenetic changesaremost
important, mitochondrid (mt) terationsarea soemerging
asnew molecular markers. Analysisof frequentmtDNA
mutations in different stages of cancer progression,
srongly suggestsitsfunctiond relationwithtumorigeness.
Mitochondriaareapower houseof cell that generates
AT Pthroughoxidativephosphorylation. HumanmtDNA
iIsal6.6kbcircular double-stranded DNA molecule,
which is present at a high copy number per cell and
encodes 13 polypeptidesinvolved in respiration and
oxidative phosphorylation, 2 rRNAs and a set of 22
tRNAswhichareessentiad for proteinsynthesis. Increased
mMtDNA mutations are reported in various types of
cancers. Withnext-generationsequencingor Mitochip*®
combinedwithrapid high-throughput methodshelpin
early detection of mtDNA mutations for targeted
prevention, or therapy or early detection of cancer.

Cancer Exosomes: ‘Micro Factories’ that Aid in
Tumor Growth

The 2013 Nobel Prizein Physiology or Medicine
wasjointly awardedtothreescientistsfor their discovery
of vesicletransportincells, anditsroleinphysiology,
diagnosticsandtherapy. Exosomesarenow believedto
bepresentinall body fluids, and represent anew way of
cell sgnaing. Exosomesaresmal | secretedvesiclesthat
cantransfer their contenttorecipient cells. Increasing
evidence suggeststhat tumor-derived exosomes can
confer either antitumorigenicor protumorigeniceffects.
All exosomes contain a cellular stew of smaller
components including proteins, messenger RNA
(mRNA) andmiRNAs. Recent studieshaveshownthat
exosomes may be used to encapsulate and protect
exogenousoligonucleotidesfor delivery totarget cellsas
they are natural cell-derived nanocarries, are
immunol ogically inertand possessanintring cability to
cross biological barriers. However, the crucial
componentsof exosomesandtheirroleincarcinogeness
aredtill largely unknown.

Cancer Vaccines

V accinesaredesigned to boost thebody’ snatural
ability toprotectitsalf throughtheimmunesystemfrom
dangersposed by damaged or abnormal cells, suchas
infected cellsor cancer cells. FDA hasapproved two
vaccines, Gardasil and Cervarix, that protect against
infection by thetwotypesof highrisk HPV 16and 18
that cause approximately 70 percent of all cases of
cervica cancerworldwide®. Inaddition, Gardasi| protects
againstinfectionby twoadditional HPV types, 6and 11,

whichareresponsiblefor about 90 percent of all cases
of genital wartsinmalesandfemales. TheFDA hasalso
approved a cancer preventive vaccine that protects
againstHBYV infection. ChronicHBV infectioncanlead
toliver cancer. Theoriginal HBV vaccinewasapproved
In1981, makingitthefirst cancer preventivevaccineto
besuccessfully devel oped and marketed. Today, most
childrenintheUnited Statesarevaccinatedagans HBV
shortly after birth (USCentersfor DiseaseControl and
Prevention, 2005).

Sipuleucel-T (Provenge®) isthe vaccine used to
treat advanced prostatecancer inwhichhormonetherapy
isnot effective. For thisvaccine, immunesystemcellsare
removed from the patient’ sblood and are exposed to
chemicalsthat turnthemintospecia immunecellscalled
dendriticcells. They areal soexposedtoaproteincalled
progtati cacid phosphatase (PA P), whichshould produce
animmuneresponseaga ngt prostatecancer. Thedendritic
cellsarethengivenback tothepatient by infusionintoa
vein(1V). Thisprocessisrepeated twicemore, 2weeks
apart, sothat thepatient gets3dosesof cells. Backinthe
body, thedendriticcellshelpotherimmunesystemcells
attack theprostatecancer. Dendritic cell vaccinesare
a sobeingempl oyedfor persondizedtreatment of cancer.

PET- CT (Positron Emission Tomography-
Computerized Tomography)

Theavailability of accurately aligned, whole-body
anatomical (CT) andfunctiond (PET) imagescouldhave
adgnificantimpact ondiagnos ng, stagingthemalignant
disease, identifyinglocalizing metastases, responseto
trestment, andlookingfor follow-uprecurrence. Itcan
hel pcliniciansto decideonthemost appropriatecancer
treatment, and aso provide an indication on the
effectivenessof ongoingchemotherapy. PET isamedical
imagingtechniqueinwhichasmal amountof aradioactive
tracer (positron-emitting radionuclide) isgiventothe
patient, normaly by injectingitintoavein. Differenttypes
of tracershavebeendevel opedforimagingwith PET,
but *8F-2-fluoro-2-deoxy-d-glucose(FDG), ananalog
of glucoseiscurrently theonly agent approved by the
FDA. Theuseof FDGtoimageglucosemetabolicrate
takesadvantageof theobservation, that malignant cells
have higher rates of aerobic glycolysis than normal
tissuesandthusutilizesmoreglucoseto meetitsenergy
needs. CT usesX-raysto produceimagesof thebody.
Other radiotracerslike cholinelabeled with (18)F or
(11)C, (11)C-acetate, and (18)F-fluoride have also
demonstrated promising results. A recent study has
shownthat PET scanshavegreat potential inpredicting
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theprognosisfor patientssuchasinoperablelung cancer.
PET scansadd anew dimensiontoaphysician’' sability
to determine patients who need additional cancer
therapies for better management of cancer®®. ¥FDG
PET- CT imaging is an efficient technique to detect
breast cancer recurrence.

Next Generation Sequencing (NGS) & Pathway
Discovery for Personalized Targeted Cancer Therapy

NGStechnology, asmplificationmethod of Human
Genome Sequencing, is quickly replacing other
technol ogiesasthegol d-standardin cancer diagnostics.
NGSmethod comparesthegeneticmakeupof cancerous
cellstothat of normal cellsinorder todeterminewhich
genesarealteredincancerouscellsandthat may affect
disease outcome. NGS providessignificantly higher
sensitivity thantraditional techniques, and permitsthe
discovery of raresomati c mutati onsthat occur incancer
cellsat muchlower frequencies, andmany of whichcan
beidentifiedasimportant cancer drivers.

Patientshavebenefited enormously fromtargeted
cancer therapy and avoi ded theharmful sideeffectsof
other cancer therapies. Butalargenumber of patientsstill
suffersfromacertaincancer type, sincethey don'thave
good responseto targeted cancer therapy. In order to
curethepatient, itisimportant tochangethetherapeutic
strategy from targeted therapy to personalized
therapeutics. Bloodisvery suitabletoserveasthesource
of personalized therapeutics because it is easy and
noninvasivetoobtainfromindividuds. Circulatingtumor
cells(CTCs) fromcancer patients, havebeenusedasthe
biomarker for diagnosisand prognosis'.

Recently, scienti stshavedevel oped high-throughput,
gene-by-geneoncogenicactivity assay, whichrapidly
Identifiesthefina mutationswithinagivenpatienttumor.
Itidentifiestumor-specificdriver mutations, elther by next
generation sequenceor by functional assay that detects
dysregulatedactivationof sgnalingpathways Thisdlowto
identify functionallyimpectful driver mutations and quantify
theeffect of themicroenvironmentonthepathwaysandthen
to examinetheimpact of acandidate drug on aspecific
tumor. Assigningfunctiona significancetospecificdriver
mutationsiscritical for tailoring successful treatments
withthetrial of possibledrugs. NGSprovidescorrelation
informationbetween DNA mutationsandavailabledrugs.
Drugscanbeincubatedinthelivecelsand monitorsthe
effectsof thedifferentdrugsontheactivationof sgnaing
pathways. Thisistohel pphys cianstotailor treatment to
their patientsby devel oping personalized medicine. It
helpsinidentifyingandprioritizingnew drugtargetswith
minimumeffort.

Nanotechnology in Cancer Treatment

Theuseof nanotechnol ogy incancer treetment offers
someexcitingpossibilities, includingthepossibility of
destroyingtumorswithminimal damagetohedthytissue
and organs. This approach helps in detection and
elimination of cancer cellsbeforethey form tumors,
enhancedruglocalization, increasedrugefficacy, and
potentially decrease chancesof multidrug resistance.
Theuseof nanoparticlesfor drugdelivery, tumor therapy,
andtumor follow-upusingdifferentimagingmodalities.
For exampl e, tumor-killing agent called tumor necrosis
factor apha(TNF) isattached to agold nanoparticle
alongwith Thiol-derivatized polyethyleneglycol (PEG-
THIOL), which hidesthe TNF bearing nanoparticle
fromtheimmunesystem. Thisallowsthenanoparticleto
flow throughthebl ood streamwithout being attacked.
Nanoparticlescan bemodifiedinnumerouswaysfor
diagnosisandtreatment of cancer.

Currently used NPsincancer therapeuticsinclude
dendrimers, liposomes, lipid NPs(LNPs), polymeric
NPs(PNPs), micelles, proteinNPs, ceramicNPs, viral
NPs, metallic NPs, and carbon nanotube (CNTSs) that
haveshownencouragingresultsincancer thergpy Despite
extensveresearchonNPsystemsfor cancer thergpeutics,
thereareonly afew nanoparti cul atepharmaceutical drug
delivery systems(NDDSs) approved by theUSFDA.
TheNDD Ssthat havebeenapprovedincludeliposomal
doxorubicin (Myocet; Elan Pharmaceuticals, Cedar
Knolls,NJ), PEGylatedliposomal doxorubicin(Doxil;
OrthoBiotech,andCadlyx; Schering-Plough), PEGylated
liposomal daunorubicin(DaunoXome; Diatos), andthe
recently gpprovedal bumin-boundpaclitaxel-loadedNPs
(Abraxane; Abraxis Bioscience). One of the major
challenges in cancer treatment, such as multidrug-
resistance(M DR), cana sobeovercomeby thesenano
formulation drugs. Though the emerging field of
nanomedicines has shown great promise, all newly
devel oped nanoparticles, whether used ascarriersfor
drugs, theragpeuticagents, orimagingagents, will needto
be thoroughly characterized physiochemically,
pharmacol ogicaly,andimmunol ogicaly beforethey can
beapprovedfor useinhumans. Thenanoparticlesize,
uniformity, and cons stency between batchesa soneed
tobetightly regul ated. Nanotechnol ogy provideshope
indevel opingnewwaysfor cancer detection, diagnosis,
andtherapy that couldbetailormadefor eechindividud’s
tumor molecular profile, andqualifiesfor personalized
therapies.

Future Perspective

Devel opment of cancer detectionbiomarkerswill be
propelled by scientificdiscoveriesand technol ogical
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Fig 2. Emerging technologies for biomarker discovery in cancer

developments in how biomarkers are objectively
measured (mutations, methylation, proteinexpression,
molecularimaging). M oreover, advancesingenomics,
proteomics, molecular pathology and dissection of
signaling pathways will generate many candidate
biomarkerswithpotential clinical importancefor their
useincancer staging, diagnosis, prognosis(seeFig2)
anddeve opment of persondizedtargetedtherapyleading
toimproved patient careand survival . Neverthel ess,we
needtotravel still alongway to achievecompletecure
for cancer.
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GUEST ARTICLE

PHARMACOGENETICS IN CANCER
THERAPEUTICS: FROM DNA TODRUGS-AN
ELUSIVE DREAM ORIMMINENT REALITY

Sir.WilliamOder thefather of modernmedicinehas
rightly said, “Ifitwerenotfor thegreat variability among
individuas, medicinemightwell beascience, notanart.”
Weliveinaneraof Personalisedor PrecisonMedicine
now. Wehaveshiftedfromtheparadigmof “OneSize
FitsAll” totheparadigmof “ Personalised M edicine’
wereweaimat offering the right medicinetotheright
person at the right dosage at the right time.
pharmacogeneti csformsthebackboneof Personalised/
precisonmedicine. Currently, theUSFDA hasincluded
pharmacogeneti c information update in the package
Insert of over 30anti cancer agents. Inthisreview wewill
attempt to give an overview on the role of
pharmacogeneti csincancer therapeuticswiththeaimof
improvingefficacy withreducedtoxicity.

Pharmacogenetics/Pharmacogenomics?

Pharmacogenomics: |Itisthesciencethat allowsusto
predict aresponse to drugs based on an individual’s
geneticmakeup. [Felix Frueh].

- How genes affect.. the way our body processes
drugs(pharmacokinetics)...theinteractionof drugs
withreceptors(pharmacodynamics). . .thetreatment
efficacy andadversesideeffects.

Pharmacogenetics: A subset of ‘ pharmacogenomics.

Theroleof geneticsindrugresponses[Vogel. 1959].

Why isit Importantin Cancer Therapeutics?

1. Medicineismorepersonal inoncology thaninany
other branch of medicine. Our primary aim being
[PrimumNonNocere,donoharm],itbecomesvery
important tobalancetherisk/toxicity with benefitsof
our treatment.

2. Withadvancesinmol ecul ar oncol ogy, wenow know
that every cancer isnot thesame. Eachindividual
harbours not just a cancer but different cancers.
Thereissomuchof tumor heterogeneity. “Itismore
important toknow what sort of person hasadisease
than to know what sort of disease a person has’
(Hippocrates) .Uniqueto oncology isthefact that
tworelated but different genomicsystems(tumor and
germlinegenomes) need to be studied toimprove

treatment efficacy and reducetoxicity.

3. Chemotherapeuticagentsaredrugswithvery narrow
therapeuticindex.They canbevery dangerousif not
used prudently with pharmacogenetic makeupin
consideration.Henceitisimportant and necessary to
pre-emptively predict untowardsideeffects.

4. Chemotherapeuticdrugsarequiteexpensivebothto
takeandtomake.Sotheuseof ineffectivedrugswill
beawaste of resources.

5. It helps to determine appropriate dosing for an
individuad , ba ancethetoxicity andbenefit,andexplain
variabletreatment responses and to choose novel
drugtreatments.

Where to do Pharmacogenetic Studies?

PGxinformationof 24biomarkersareavailableinthe
drug labelsfor 30 FDA-approved anticancer agents.
These biomarkers include gene variants, functional
metabolizingenzymedeficiencies, express onchanges,
chromosomal abnormalitiesand many others.Basedon
thelevel of scientificevidencesupport, thesemarkers
havebeen presented differently indifferent sectionsof
the FDA-approved drug labels. The level of FDA
recommendation comprise: ‘mandatory’ — if the
biomarker appears in ‘boxed warning’ or
‘contraindications ; ‘recommended’ —if thebiomarker
gppearsin‘indicationsandusages orisclearly stipulated;
or‘ proposed’ —if thebiomarker ismentionedinanother
section of the package insert, such as ‘warning and
precautions and ‘clinical pharmacology’. This
classificationmethodisnot anofficial FDA definition.
Therefore, dl PGxmarkersincludedinthedrugpackage
inserts are of value. For those markers indicated as
“mandatory’ or ‘recommended’, clinical actionshould

Table: Anticancer Drugs Approved by FDA with
Labelling Regarding Pharmacogenomic Biomarkers

BIOM ARKERS WITH PHARMACOKINETIC EFFECT

TPMT 6MP, 6TG

UGT1A1 | IRINOTECAN, NILOTINIB

BIOM ARKERS WITH PHARMACODYNAMIC EFFECT

CETUXIMAB, ERLOTINIB, GEFITINIB,

EGFR PANITUMUMAB

KRAS CETUXIMAB, PANITUMUMAB
ABL IMATINIB, NILOTINIB,DASITINIB
C-KIT IMATINIB

HER-2 TRANSTUZUMAB, LAPATINIB
ER TAMOXIFEN
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beconsidered. WhenincorporatingthesePGx markers
intoguiding cancer chemotherapy,improvedefficacy or
reducedtoxicity havebeen observed.

How to do Pharmacogenetic Studies?

Pharmacogenetic discovery research: Two
approaches are commonly used in PGx discovery
research: the candidate gene approach and genome-
widestudies.

» Thecandidate gene approach focusesononeor a
few genesinvolvedindrug metabolism, transport or
targetingpathways. Thismethod hasbeendevel oped
based upon advancesin pharmacol ogy occurring
sncethe1950s. Class ca examplesincludel rinotecan
and UGTIAI polymorphisms, Tamoxifen and
CYP2D6 polymorphisms, EGFR tyrosine kinase
inhibitorsand EGFR polymorphism.

» Genome-wideassociationstudiesincludeall genes
and noncoding sequences of the human genome,
assumingthat all geneticmaterid shaveequa chances
toaffectdrugresponses. Itexaminescommongenetic
variationsfor aroleindrugresponseby genotyping
largesetsof geneticvariationsacrossgenome. Itis
either “ discovery-based” vs* hypothesis-based” . It
relates genetic variationsto clinical outcomeand
identifies associations in genes not previously
suspected. Pathway based studies examine
biologically plausibleassoci ationsbetweencertain
individual polymorphismsandclinical outcomes. It
usud ly combinesmultiplerel ated geneticvariantsto
reveal otherwiseundetectabl eeffectsof individual
variantsonclinical outcome.

Discovery for optimization of anticancer therapy:
Itidentifiesnovel drugtargetsor pathwaysrelatedtothe
drugor disease. Itinturnhelpstogiveustohaveamore
comprehensveunderstanding of themechanismof the
drug. For exampl e, thea most miracul ousdiscovery of
I matinibwhich changed thetherapeuti clandscape of
CML wouldn’t have been possible without
pharmacogeneti cstudiesonmutationsanddrugtargets.

When to do Pharmacogenetic Studies?

1. Classical examples of chemotherapeutic agents:
6-mercaptopurine & TPMT: 6-mercaptopurineisan
anticancer antimetabolitethatisusedtotreat |leukemia
andlymphoma. Theclearanceof 6-mercaptopurineis
subjecttothefunctionof TPMT. Functional deficiency
InTPMT wouldincreasethel evel of 6-mercaptopurine in

vivo and causesseriousmyel osuppression.Duetothe
high rate of polymorphismsin its coding sequence,
activity of TPMT variesgreatly inapopulation. Sofar,
more than 20 genetic variants in TPMT have been
identified. Among them are rs1800462 (G>C),
rs1142345 (A>G) and rs1800460 (G>A), which are
threevariationsthat werefoundtoreduce TPM T enzyme
activity, which led to relatively high levels of 6-
mercaptopurine and severe toxicity in the human
body. Therefore, theFDA hasrecommendedgenotyping
of TPMT SNPsprior totheusageof 6-mercaptopurine.
If any of thethree SNPsitescarry thevariant allelethat
leadsto TPM T deficiency, substantial dosereductionof
6-mercaptopurineshould beconsidered. Eventhough
the FDA has not given the detail s of dose reduction,
another source suggested 10% of origina dose for
homozygousTPMT deficient patientsand 50% of that
for heterozygouspatients.

2. Capecitabine & DPD: Capecitabineisaprodrug of
5-FU that has been prescribed for the treatment of
metastatic breast and colon cancers. In vivo,
capecitabineisactivated through aseriesof catalytic
enzymatic activitiestoform5-FU. DPD isoneof the
enzymes that control the rate-limiting step in 5-FU
inactivationintheliver. Early PGxresearchwithcandidate
gene approaches suggested the association of 5-FU
treatment outcomesandthegermlinevariationsin DPD,
withreduced DPD activity correspondingtolonger 5-
FU hdf-lifeandincreasedrisk of toxicity. To-date, more
than 30 SNPsandinsertions/del etionshavebeenfound
in/neartheDPD gene. Todate, only threevariantshave
been consistently reportedtobesignificantly associated
with grade >3 5-FU toxicities studies. It was also
reportedthat approximately 50-60%of patientscarrying
thesethreegeneticvariantsin DPD developedsevere5-
FUtoxicity.

Cetuximab and panitumumab are two anti EGFR
monoclonal antibodi esthat weredesignedtoinhibitthe
growth and survival of tumor cells with
overexpressed EGFR in colon and head and neck
cancers.However, thesedrugswerefoundtobeinefficient
Insomepatients, eventhoughthey didhavethemutated
EGFR. Later on, several research teamsreported the
association between the resistance of cetuximab/
panitumumaband KRAS mutations. Not surprisingly,
If KRAS isactively mutated, theinactivationof EGFR
by cetuximab or panitumumabwill havenobeneficial
effect in curing KRAS-induced cancers. A
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Pharmacogentic test on the KRAS gene has been
recommended by theFDA beforeprescribing cetuximab
and panitumumabinthetreatment of colon, lung, and
head and neck cancers. Accordingtothedruglabel, only
patients with EGFR-expressing colon cancer
and KRAS mutant negative(wil d-type) aretobetreated
withthesedrugs.

4. Crizotinib & EML4-ALK: Crizotinib is
an ALK inhibitor approvedtotreat non-small-cell lung
cancer (NSCLC). Thefuson EML4-ALK geneisfound
IN3-5%o0f NSCL Cpatients. ThisEML4-ALK fusion
Is a congtitutively activated kinase and leads to
carcinogenesis. Thedrugresistancetocrizotinibwas
soonobservedincertainpatients. L ater PGx research
found the drug resistance islinked to several tumor-
gpecificgeneticmutationsin ALK. Currently, theFDA
has issued ALK positive as detected by an FDA-
approvedtest astheindicator for prescribingthisdrugto
treat patients with locally advanced or metastatic
NSCL C. However,theFDA hasnot yet recommended
PGx testingof thesedrug-resistant variants.

5. Irinotecan and UGTIAI polymorphism: It is a
topoisomerase-1inhibitorwhichisaprodruginitsalf.it
requires activation to its active form SN-38.Hepatic
UGTIA1 causedglucuronidationandinactivationof the
active drug which isthen excreted in bile and urine.
Variant alleleslike UGT1A 1* 28 leadsto significant
increasedamountsof activedrugleadingtolifethrestening
toxicitieslikediarrheaandleucopenia.

6. Platinum agents: Polymorphismsinexcisionrepair
enzymes like ERCC-1 and glutathione dependent
enzymeslikeglutathioneStransferasesareimportantin
predicting responsewith Cigplatin.

7. Tamoxifen and CYP2D6 polymorphisms:
Tamoxifenisconvertedtovaried metabolitesmainly
endoxifenand4OH tamoxifenby CY Pisoforms.There
havebeenmany studiescorrel atingthi spharmacogenetic
associationwithtamoxifenresistanceandefficacy.

8. Polymorphisms in drug transporters: MDRL1 (P-
glycoprotein, ABCB1) P-glycoprotein (PGP), encoded
bytheMDR1gene(ABCBL1),isthebest-characterized
ATP-bindingcassette(ABC) trangporter. PGPisinvolved
inthetransport of many chemotherapeutic agentslike
Adriamycin, Paclitaxd . Thismembraneeffluxtransporter
isalsofoundinnormal tissues, such asthehepatocytes,
kidney,smdlintestine, colon, adrend glands, andcapillary
endothelium of thebrain and testes. Multiple MDR1
polymorphismshavebeendescribedtooccurinvarious
aldiccombinations,

9. Thymidylate synthase and 5-FU: One of the
primary mechanismsof actionof 5-FU istheinhibitionof
thymidylatesynthase(TS) by FAUMP. Clinical resstance
to these TS-targeted agents has been linked to over
expressionof TSintumor. Inrectal cancer patientsthere
avery sgnificant correlationhasbeenreported between
TSER genotypes and tumor downstaging after pre-
operativechemoradiation. TSER genotyping may be
useful inselecting patientswhoarelikely torespondto
treatment with5-FU or itsanal ogues.

Future perspective: Pharmacogeneticsisapromising
fieldinPersonalised/precis onmedicinel thasthepotentia
to reduce the life-threatening toxicity and improve
therapeutic efficacy prior to administration of
chemotherapy. Though promising there are many
challengesand unanswered questionsbeforebringingit
tothefront stageof standardclinical practice.

1. Environmental factorsand concomitant medications
may act as potential confounding factors affecting
pharmacokineticsand pharmacodynamicsmakingthe
Stuationmorecomplex.

2. The concept of tumour heterogeneity makes
Pharmacogenetic studies more complex.It would be
judicioustostudy boththeprimary andmetastaticdisease.

3. Practical genotyping needstobedevel oped.It hasto
beatest thatiseconomical ,cost effective,easily available
tocliniciansandstraightforwardtointerprettheresults A
combinationof multiplebiomarkersandtestsinacommon
test platformwoul d bemoreeconomicandfeasible.

4. Morecomprehens veplatformsincludinggenticand
epigeneticplatformslikeM rami RNA , DNA methylation
and histoneacetylation may bethenormof thefuture.
5. Mitochondrial geneomehasal so attracted attention
andimportanceduetoitspivotal rolein metabolism,cell
differentiationandcel sgnaling.

Conclusion

Withthedeci phering of thehuman genome, science

can proudly say that now weknow how Godwrotethe
Book of Life. Butwehumanshaveto behumbletosay
that westill don’ tknow how toread that Book. Weneed
togofromtheBenchtotheBeds deandthenback tothe
Benchagain.
(Dr  Deepa Philip, Specialist Registrar, Dept of
Medical Oncology, Dr Vikas Ostwal, Consultant
Medical Oncologists, Dept of GI and Breast Medical
Oncology, Tata Memorial Hospital, Mumbai)
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PERSPECTIVE

EPIGENETICSIN CANCER
Introduction

Cancer has traditionally been viewed as a set of
diseasesthat aredriven by theaccumul ation of genetic
mutati onsthat havebeen cons dered themaj or causesof
neoplasia(1). However,wenowknowthatthedisruptions
of epigeneticregul atory mechanismsareal socommonin
cancer (2,3).Therole of genetic mechanismsin the
pathogenesisof cancer isrelatively straightforward:
mutationof tumor suppressorsand/or oncogenescauses
eitherlossor gainof functionandabnormal expression.
Theroleof epigeneticmechani smsisabit morecomplex
andisdeterminedby thechromatinstructureincluding
DNA methylation, histonevariantsand modifications,
nucleosomeremodeling aswell assmall non-coding
regulatory RNAs(4). Wenow know that thegeneticand
epigeneticmechani smsarenot separateeventsincancer
but they intertwine and take advantage of each other
during tumorigenesis. Alterations in epigenetic
mechanismscan|ead togeneticmutations, andgenetic
mutations in epigenetic regul ators lead to an altered
epigenome(5).

Epigenetics and Tumorigenesis

Epigeneticsisthestudy of stableandheritablechanges
In gene expression that are not caused by changesin
the DNA sequence(6). Theterm*“ epigenetics’, coined
by Conrad Waddington,wasorigina lyusedtodescribe
heritable changes in a cellular phenotype that were
independentof dterationsintheDNA sequence. Currently,
itismaost commonly used to describe chromatin-based
eventsthat regulate DNA-templ ated processes(7).

Epigenetic inheritance is important in many
physological processss,indudingdifferentiation, Slencing
of chromosomal domainssuchastheX chromosomeof
femalemammals(Xi), stemcell plasticity, agingand
genomicimprinting. Genomicimprintingisa“ parent-of-
origin” specificaldeslencingorrelativesiencingof one
parental allelecomparedwiththeother parental allele.
Thisprocessismaintained by differentially methylated
regions within or near imprinted genes. Epigenetic
abnormalities also provide information about many
pathophysol ogica conditions,ind udingtumorigenesis(8).

Tumorigenesisisregarded astheprocesswhereby
cells undergo a change involving uncontrolled
proliferation, alossof checkpoint control toleratingthe
accumul ationof chromosomal aberrationsandgenomic
aneuploidies, and mis-regulated differentiation. Itis
commonly thoughttobetriggeredby atleast onegenetic
lesion, such as a point mutation, a deletion or a
translocation, disrupting either oncogenes or tumor
suppressor genes (9). In cancer cells, oncogenes are
activatedthroughdominant mutationsor overexpression

of agene, whiletumor suppressor genesbecomes lenced.
Accumulation of aberrant epigenetic changes, suchas
DNA methylation, histonemodificationsand chromatin
remodeling, isal soassociatedwithoncogenesis. Thus,
neoplasti ctransformationisacomplex multi stepprocess
thatinvolvestherandomactivation of oncogenesand/or
slencing of tumor suppressor genes, throughgeneticor
epigeneticevents, andisreferred asthe” Knudsontwo-
hit” theory (1).

Chromeatin providesthescaffol dfor thepackaging of
our entiregenomeandisamacromol ecular complex of
DNA and histoneproteins. Thebasi cfunctional unit of
chromatinisthenucleosome. It contains147 basepairsof
DNA, whichiswrapped aroundahistoneoctamer, with
twoeachof histonesH2A, H2B, H3, andH4. Ingenera
andsimpleterms, chromatin canbesubdividedintotwo
major regions. (A) heterochromatin, which is highly
condensed, latetoreplicate, andprimarily containsinactive
genes, and(B) euchromatin, whichisrel atively openand
containsmogt of theactivegenes. Studieshavedemondrated
that al the components involved in the coordinated
regulation of the nucleosome are subject to covalent
modification,whichfundamentaly aterstheorganization
andfunctionof thesebas cstructuresof chromatin(10).

Modificationsto DNA and histonesaredynamically
|aiddownandremovedby chromatin-modifyingenzymes
inahighly regulated manner. Therearenow at least four
different DNA modifications(2, 11) and 16 classesof
histonemodifications(12,13). Thesemodificationscan
alter chromatin structure by altering noncovalent
Interactionswithinandbetweennucleosomes. They dso
serve as docking sites for specialized proteins with
unique domains that specifically recognize these
modifications. Thesechromatinreadersrecruitadditiona
chromatinmodifiersand remodeling enzymes, which
serveastheeffectorsof themodification.

Theinformationconveyedby epigeneticmodifications
playsacritical roleintheregulation of all DNA-based
processes, such as transcription, DNA repair, and
replication. Consequently, abnormal express onpatterns
orgenomicaterationsinchromatinregul atorscanhave
profound results and can lead to the induction and
mai ntenanceof variouscancers

Epigenetic Pathways Connected to Cancer

DNA Methylation: Many human genescontain CpG
richregions(CpGidands) attheir transcriptionstart sites
andarenormally unmethylated. M ethylationof cytosine
of a CpG dinucleotide by DNA methyl transferase
(DNMT)enzyme results in repression of gene
expression(14). Aberrant methylation of tumor
suppressor genesis one of the earliest eventsin the
initiationof tumorigeness.

Themethylationof the5-carbononcytosineresidues
(5mC) inCpGdinucleotideswasthefirst described
covalent modification of DNA and is perhaps the
most extensively characterized modification of
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chromatin. DNA methylationisprimarily notedwithin
centromeres, tel omeres, inactive X -chromosomes, and
repeat sequences (2,15). Although global
hypomethylationiscommonly observedinmalignant
cells, the best-characterizedepigenetic aterationsin
cancer arethe methylation changesthat occur within
CpGidands. CpGidandsoccupy approximately 60%
of humangenepromoters most of whichareconditutively
expressed genesand aredefined asa1000-kb stretch of
DNA with GC content greater than 50%. CpGisland
methylation playsanimportant roleintranscriptional
regulation, anditiscommonly atered duringmalignant
transformation (2, 15).

ThreeactiveDNM Tshavebeenidentifiedinhigher
eukaryotes. DNM T lisamaintenancemethyltransferase
that recognizeshemimethylated DNA generatedduring
DNA replicationandthenmethylatesnewly synthesized
CpGdinucl eotides, whosepartnersontheparental strand
aredready methylated (16). Conversely, DNMT3aand
DNMT3Db, athough also capable of methylating
hemimethylated DNA, function primarily asdenovo
methyltransferasestoestablishDNA methylationduring
embryogenesis(17). DNA-hemimethylationiswhen
only oneof two (complementary) strandsismethylated.
A hemi methylatedsiteisasingleCpGthatismethylated
ononestrand, but not ontheother. DNA methylation
caninhibitgeneexpressiondirectly, by inhibitingthe
binding of specifictranscriptionfactors, andindirectly,
by recruiting methyl-CpG-binding domain (MBD)
proteins. TheseincludeMBD1, MBD2, MBD3, and
MeCP2. These in turn function to recruit histone-
modifying enzymes to coordinate the chromatin-
templated processes(18).

Althoughmutationsin DNA methyltransferasesand
MBD proteinshavelong beenknownto contributeto
developmental abnormalities(15),itisonly recently,
based onsequencingof cancer genomes,wehavebecome
awareof somaticmutationsof thesekey genesinhuman
malignancies. Examplesinclude: thepresenceof recurrent
mutationsin DNMT3ain up to 25% of patientswith
acute myeloid leukemia (AML). DNMT3a, is aso
mutated in, myeloproliferative diseases (MPD) and
myelodysplasticsyndromes(MDS). Inadditiontoits
catalytic activity, DNMT3a has a chromatin-reader
motif, the PWWP (proline-tryptophan-tryptophan-
proline) domain,whichmay aidinlocdizingthisenzyme
tochromatin. Somati cally acquired mutationsincancer
may also affect thisdomain (19). Importantly, these
mutationsareinvariably heterozygousandarepredicted
todisruptthecatayticactivity of theenzyme. Moreover,
thelr presenceappearstoimpact prognosis(20).

Incancers, hypomethylationisoftenassociatedwith
oncogenes. c-Myc, atranscriptionfactor that actsasan
oncogene, isoneof thewidely reported hypomethylated
genesincancers. Hypomethylationat specificpromoters
canactivatetheaberrant expression of oncogenesand
induceslossof imprinting (LOI). ThemostcommonL Ol

event dueto hypomethy-lationisinsulin-likegrowth
factor 2 (IGF2 ), which has been reported in awide
rangeof tumor types, including breast, liver, lungand
colon cancer (21, 22). S100P in pancrestic cancer,
SNCG in breast and ovarian cancers and melanoma-
associated gene(MAGE ) and dipeptidyl peptidase 6
(DPP6) in melanomas are well-studied examples of
hypomethylated genesincancer (12, 23).

Inaddition, thetranscriptional inactivationcaused by
promoter hypermethylationaffectsgenesinvolvedinthe
maincelular pathways: DNA repair [nMLH1 (mismatch
repair gene 1), MGMT (O6-methylguanine-DNA
methyltransferase), WRN (Werner syndrome,
RecQhelikase like), BRCA1 (breast cancer 1)], cell
cycle control (p16 INK4a, p15 | NK4b, RB), Ras
sgnaing{ RASSF1A [Rasassociation(Ral GDSYAF-6)
domainfamily member 1], NOREIA}, apoptoss[TM SL
(target of methylation-induced silencing 1), DAPK 1
(desth-associated protein kinase), WIF-1, SFRP1 ],
metastasis[cadherin1(CDH1), CDH13, PCDH10],
detoxification][ GSTP1 (glutathioneS-transferasepi 1)],
hormoneresponse (ESR1, ESR2), vitamin response
[RARBZ2 (retinoicacidreceptor b2), CRBP1] and p53
network [p14ARF, p73(alsoknownasTP73),HIC-
1] amongothers. Thisprovidestumor cellswithagrowth
advantage and increasestheir genetic instability and
aggressiveness(24,25).

Histone Modification

Histonemodificationsinfluencechromatinstructure
which playsanimportant rolein generegulation and
carcinogenesis (26). Chromatin consists of DNA,
histones, and non-histone proteins condensed into
nucleoprotein complexes and functions as the
physiological template of all eukaryotic genetic
Information. Histonesaresmal | bas cprotei nscontaining
aglobular domainandaflexiblecharged NH2terminus
known as the histone tail, which protrudes from the
nucleosome. Regulation of gene expression occurs
through posttrand ational modificationsof thehistone
tails provided by covalent modifications, including
acetylation, methylation, phogphorylation, ubiquitination,
sumoylation, prolineisomerization,and ADPribosylation
(12,27& 28). Posttrand ationa modificationstohistone
tailsgovernthestructural statusof chromatinandthe
resultingtranscriptiona statusof geneswithinaparticular
locus. These modifications are reversible and are
controlled by agroup of enzymes, including histone
acetyltransferases(HATs) and deacetylases(HDACs),
methyltransferases(HM Ts) anddemethylases(HDMs),
Kinases, phosphatases, ubiquitin ligases and
deubiquitinases, SUMO ligasesand proteaseswhich
addandremovesuchmodifications(12, 28). Euchromatin
Is characterized by high levels of acetylation and
trimethylated H3K 4, H3K 36 and H3K 79. Ontheother
hand, heterochromatinischaracterized by low | evel sof
acetylationandhighlevelsof H3K 9, H3K 27 andH4K 20
methylation (29-31). Studieshaveshownthat histone
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modificationlevelsarepredictivefor geneexpression.
Actively transcribed genesarecharacterized by high
levelsof H3K4me3, H3K 27ac, H2BK 5-azacytidine
(H2BK5ac) and H4K20mel in the promoter and
H3K79meland H4K 20mel a ongthegenebody (31).
Genome-wide studies have revealed that various
combinations of histone modifications in a specific
genomicregion canleadtoamore* open’ or ‘ closed’
chromatingructureresultingintheactivetionor represson
of geneexpression (25, 29).

Histone modification patterns are also altered in
humantumors. Recent studieshaveshownthat histone
modificationlevel sarepredictivefor geneexpression.
Actively transcribed genesarecharacterized by high
levels of H3K4me3, H3K27ac, H2BK5ac and
H4K20mel in the promoter and H3K79mel and
H4K 20mela ongthegenebody (31). L ossof acetylation
ismediated by HDA Csthat havebeenfoundtobeover-
expressed or mutatedindifferent tumor types. Aberrant
expression of both HMTsand HDMsis observed in
various cancer types (32). For exampleinactivating
mutationsinthehistonemethyltransferaseSETD2andin
thehistonedemethylaseUT X and JARID1Carefound
inrenal carcinomas(32, 33). H3acetylationand H3K 9
dimethylation candiscriminatebetween cancerousand
nonmalignant prostatetissueand H3K 4 trimethylation
canpredictoccurrenceof prostate-specificantigenserum
level elevation after prostatectomy for cancer (34).
EZH2 (enhancer of zestehomol og 2) expressionisan
Independent prognostic marker thatiscorrel ated with
theaggressivenessof prostate, breast and endometrial
cancers(35).

Non-Coding RNAs

MicroRNAs(miRNASs) aresmall non-codingRNAS
of ~22nucleotidesandareinvolvedinpost trand ational
genesilencing by controlling mRNA translationinto
proteins(36). miRNAsinduceheritablechangesingene
expression without altering DNA sequence and thus
contribute to the epigenetic landscape. In addition,
miRNA s can both regulate and beregul ated by other
epigeneticmechanisms(34). Cancer devel opment and
miRNA profilesarenow being usedtoclassify human
cancers (34, 36, 37). Approximately, 1000 miRNA
geneshavebeencomputationaly predictedinthehuman
genomewitheachmiRNA targetingmultipleprotein-
codingtranscripts. It hasbeen predictedthat miRNAs
regulatethetrand ationrateof morethan 60%of protein-
coding genes(38), and participateintheregulation of
cellular processes. LikemRNAS, miRNAsaremainly
transcribed by RNA polymerase-11 althoughmiRNA
synthesisisknowntooccur by RNA polymerase-111in
those miRNAs that reside near tRNA, Alu and
mammealian-wideinterspersed sequences(34). Thefirst
associ ation betweenaltered expressionof miRNA and
cancer development was described in chronic
lymphocyticleukemiawithchromosome13g14de etion.
ThisdeletionderegulatesmiRNA-15and miRNA-16
(39). Most of the targets of these two miRNAs are

involvedincell growthandcell cycle. Thelet-7isoneof
the most widely studied miRNA familiesin cancer.
Alterations of |et-7 function have been described in
severa human cancer types, including carcinomasof the
head and neck region, lung, colon, rectumandovary. It
actsmainly asatumor-suppressor miRNA (34). miRNA-
145isawell-known tumor-suppressor miRNA down
regulated in many human cancers owing to aberrant
DNA methylationof itspromoter and/or p5S3mutations
(40). ThismiRNA isapluripotency repressor which
regulatessilencingof OCT, SOX2and KL F4inhuman
embryonicstemcells; thesegenesarerequiredfor cell
self-renewal and pluripotency maintenance (41).
Interestingly, itisbecoming apparent that theexpression
of epigeneticregulatory enzymes, suchasDNMT,HATS,
and HMTs, can be controlled by miRNAs (42). In
particular,themiRNA-29family candirectly regul atethe
express onof DNM Tssuchthat downregulationof this
family of miRNAsinsmall-cell lung cancer resultsin
increased expression of DNMT3aand 3b causing a
global genomic hypermethylation and specific
methyl ation-inducedslencingof tumor-suppressor genes,
suchas FHIT and WWOX (43, 44).

Despitethepromiseof epigenetictherapies,inmost
casesavailabletherapieslack specificity. Epigenetic
drugstargeting DNA methylation or DNMTs show
considerabl e cytotoxicity because these drugs cause
oloba demethylationby passivedemethylationor trapping
of DNMTs. Suchunintended consegquenceshavelimited
the use of these drugsfor prolonged periods of time.
BecauseHDA CsandHATsarepart of macromolecular
protein complexes, targeting them can aso lead to
unintended consequences. Thelack of specificity isin
keepingwiththefact that epigenetic modificationsare
not stand al oneprocesses, with synergisticinteractions
between and within marksincreasing complexity of
regulatory control. Theinhibitors designed to target
HMTsandHDMsmainly target cofactorsand/or cofactor
bindingsites, |eadingtoaconsiderabledegreeof non-
specificity inlight of thevast array of enzymesusingthe
sameco-factorstocatalyzemultipleprocesses. Thus, a
more comprehensive structural analysisisneeded to
identify uniquedomain(s) and residuescritical tothe
catalyticmechani smsused by theseenzymes. Increased
understandingof thehi tonecodeandthemacromol ecular
proteincomplexesinvol vedinepigeneticregul ationwil|
hel prefinethetargeting of epigenetictherapies. Thiswill
involvethedesignof socalled smartdrugsthat will target
only specificepigeneticmodifications, either loneorin
combination with other marks. Thus, unless our
understanding of theepi genomecontinuestoimprove
andthekey regulatorsof epigeneticcontrol areidentified,
therapi estargeting epi genetic modificationswithinthe
humangenomewill remainof limitedva ueandrestricted
forwidespreaddisseminationintheclinical setting.

Conclusion

Epigeneticsisarapidly expandingfield, andthestudy
of epigeneticregul ationincancerisemerging. Disruption

16




CANCER NEWS

DECEMBER 2014

of theepigenomei safundamental mechanismincancer,
andseverd epigeneticdrugshavebeenproventoprolong
survival and to be less toxic than conventional
chemotherapy. Theepigenetic modification patterns
associated with the devel opment and progression of
cancer arepotentialy clinically useful.Despitesignificant
advances, challengesremain,includingalack of predictive
markers, unclear mechani smsof responseandresistance,
andrareresponsesinsolidtumors. Thedevel opment of
DNA methylationmarkersmay proveuseful for early
cancer detection, establishing adiagnosisof cancer, or
predictingtheprognos sincancer cases. Recent advances
In epigenomic approaches alow mapping of the
methylation/acetylationstateand miRNA levelsinthe
genome with high accuracy, which may help in the
identification of biomarkers for various diseases.
Understanding themolecul ar eventsthat initiate and
maintain epigenetic gene silencing could lead to the
development of clinical strategiesfor thepreventionand
therapy of cancer.
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INFOCUS

CIRCULATING TUMOR CELLS: A
MULTIPURPOSE TOOL FOR BETTER
CANCER MANAGEMENT

Circulatingtumor cells(CTC) arethecellsshedfrom
theprimary tumor whichgainaccesstocirculationand
are prone to seeding the hospitable sitesto generate
metastasis. Their presence portends poor prognosis,
sgnifyingmetastasisor potential for metastasis. Atleast
inbreast, colonand prostatethesecellsgain accessto
circulationevenbeforepresentation. Nowonder, these
cancersarecons deredsystemicdiseasesfrombeginning.
Besidesbeing part of thetumor once, these carry the
geneticsignaturesof theprimary tumor albeitwiththe
diversity created by clonal evolution. Itisalsopossible
that only theworseandthemost mobileclonescircul ate
which otherwise may get obscured in the enormous
populationof lesser villainsat theprimary Ste. Recognizing
thesemay meanlearningtheworst capabilitiesof thefoe.
I rrespective, thesecellsonceenumerated and harvested
supply uswith preciousinformationonsevera countsas
listedbel ow:

a) Prognosis

b.) Prediction

c.) Asliquidbiopsy totest for molecul ar biomarkersand
detect acquiredmutationsfol lowingtargetedtherapy.

d.) Tomonitor responseto therapy (intermediateend
pointsof responsetotherapy) andintermediateend
pointinpharmacodynamicsanddrugdiscovery.

e.) Ascompaniontoimagingindetermining need and
benefit of surgery.
Beforeembarkinguponthediscussononroleof CTC,

onemay beinterestedtoknow themethodstoassay these

cdls. Thesecdls likeproverbid “ needleinthehaystack”
aretoofewtobecountedby routinemethodsof bloodcell
enumeration. Rough estimatessuggest that onetumor
cell reachescirculationfor every 10°X 10" tumor cells
andthisonetooisdilutedamongstbillionsof haemiccells
providingafina concentrationof 1/ millionto100million
cellsin bloodstream. That isthe problem. However,
ingenious use of severa attributes of these cellsand
soundprincipleof physica scienceshavea lowed many
platformstoenrichthesecellsasafirst step. Someuse
immunoaffinity us ngmagneticbeadsusudly coatedwith
epithelial cell antibody(s) likeEPCAM, MUCL1 or by
placing columnscoated withthesimilar antibodiesand
creatingturbulenceto enhancecontact timefor antigen-
antibody binding to occur and improve cell capture.

Othersrely onszeanddeformability usngmicrofluidics

and el seusing density based centrifugation methodsfor

enrichment. Next stepof enumerationusesflowcytometry,
mol ecul ar methodol ogy or el ectrochemical properties
for counting. Thebas cmethodol ogy of CTCenumeration

isdepictedinFig 1.

Severa methods(Tablel) havebeenlaunchedand
used in research settings. However, lack of analytic
validity leads to variable counts which preclude
comparison acrosspl atformsand hasbeen asourceof
consternation. Itisalsoyet undetermined astohowthe
CTC count or the harvested cells themselves can be
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Fig 1: Principle of CTC counting depicts stages of enrichment and enumeration
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Table 1

Platform

Vendor/ Developer

M ethodology

Immunoaffinity Assay: Positive Selection

using Antibody(s) against Epithelial Cell Antigen

Epcam-coated beads based positive selection using magnetic
beads followed by staining and image analysis. Clinically

Cell Search Veridex validated in metastatic breast, colorectal & prostate cancer.
Only FDA approved platform.
Adna Test Adnagen Immunomagnetic bead enrichment (EPCAM, MUC-1,

mesothelin) followed by nested PCR

Anti-EPCAM, Anti-

Glenn Deng, Stanford

CTC enrichment assay using the combination of anti-CK and

CK Antibody U niversity anti-EPCAM antibodies
Functionalized structured medical wire coated with anti-
Cell Collector Gilupi epcam antibodies placed directly into the blood stream of a
P patient via an indwelling catheter. Stays in the arm vein for 30
minutes and thus enables the capture of CTSCs in vivo.
Biofluidica ctc Biofluidica EPCAM coated chip to capture EPCAM expressing cells

followed by elution & electrical counting

Initial depletion of CD45 followed by EPCAM expressed

Epispot Laboratoire de virologie selection
M icrofluidic Devices
Oncocee Biocept Biotin-tagged antibodies that bind selectively to CTCs
. - I | r mor
Clearcell Clearbridge Label-free technology that uses lateral traps to capture tumo

cells based on size and deformability

Herringbone- chip

Daniel Haber and M ehmet
Toner

M icrovortices are used to significantly increase the number of
interactions between target CTCs and the antibody-coated
chip surface

De novo Sciences

Wayne K lohs Sunitha
N agrath Gil Omenn David

CTC isolation is achieved by flowing a sample over a
proprietary designed set of 56,320 microfluidic capture

Jetta 400 Parkinson K en Pienta chambers. The Systems will then characterize the cells for

downstream analysis.

Size based devices

M icroporous membrance filter allows size selective isolation
Screencell Screencell

of CTCs

. . Lithographically fabricated filters with precision pore
Cellsieve Creatv microtech dimensions
Size and D eformability
Parsortix Angle Uses size and deformability using a wier-type step filter
D ensity

Oncoquick Greiner bio one Porous barrier density gradient centrifugation technology

Immunomagne tic

and physical properties

M agsw eeper

Stanford U niversity

Immunomagnetic enrichment of target cells. Individual
extraction of isolated cells based on their physical
characteristics
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utilizedfor clinica decisonmakingandwhat shall bethe
impact of suchdecision(s) ontheoutcomeof therapy. A
|ot needstobelearnt before CTCsbecomeanimmaculate
exampleof trand ational medicine. All said, CTCshold
enormouspromiseasmultifunctiona biomarkersincancer
management and in drug devel opment by becoming
Intermediateendpoi nt of responsedetermination.

Role of Circulating Tumor Cells in Prognosis

A majorissueincancer management isestablishing
an accurate prognosis, ie, anticipatiing course and
outcomeof thedisease. Thisisthequestionthat notonly
dogsthephysician but a sothepatient. Currently, the
ability toprovideanaccurateprognos sdependslargely
on the TNM stage supported in several organs by
additional morphological featureslikeangiolymphatic
emboli, depthof invasion, patternof invasionat leading
edge, perineurd invasionandmarginsof resections. The
list keepsexpanding, underliningthefact that perfect
formulafor prognostication hasnot beenachieved.

Can“Circulating Tumor Cells’ (CTCs) providean
improved prognosticexactness?A Germangroupstudied
35womenwith*early breastcancer” & enumeratedtheir
CTCspriortoanytrestment, of whom 17testedpositivefor
CTCand 18tested negative. Followup datashowed that
the group that tested negative for CTC had amedian
overall survival of 125months. Incontrast, thegroup
with 5 or more CTC/7.5 ml of blood had a median
overdl survival of only 61 months.

Inonemore study reportedin Lancet Oncology
whichincluded 302 chemonaivepatientswith stagel
tolll operablebreast cancer undergoing surgery for
their primary tumours between February 2005 and
December 2010 at MD Anderson Cancer Center,
Houston showed that “Detection of one or more
circulatingtumor cellsat start of therapy predicted
both decreased progression-free survival (log-
rank P =-.005; HR = 4.62, 95% CI = 1.79-11.9)
and overall survival (log-rank P =.01; HR=4.04,
95% Cl =1.28-12.8)". At 2years, progression-free
survival was 87% among the 73 patientswith one or
more circulating tumour cellsversus 99% in the 229
patientswithnone. Progression-freesurvival was79%
amongthe29 patientswithtwoor moreCTCsand 69%
amongthe16 patientswiththreeor moreCTCs. Overdll
survival was 99% in patientswith no CTCs, 94% in
patientswithoneor moreCTCs, 89%in patientswith
two or more, and 81% in patientswith threeor more.

Thisstark differencein OSinearly breast cancer dso
extended to metastatic breast cancer as published by
Cristofanilli etal. Thestudy populationof 177 received
elther chemotherapy or hormonetherapy, either asfirst-
lineor asubsequent lineof therapy. A cut off threshold
of >5 CTC/7.5 ml was reported as binary notation
capable of conferring prognostic significance. CTC
positivity (>5CTC/7.5ml) wasindependently associated
withapoorer prognosisbeforeinitiationof thenewline
of therapy but also after 3 or 4 weeks of treatment.
Combiningthesetwo sequential CTC counts, patients
withabaselineCTCcount>5CTC/7.5ml but<5CTC/
7.5 ml ontreatment had amuch better prognosi sthan
thosewithapersistent CTC count>5CTC/7.5ml.In
contrast, patientswho devel oped >5CTC/7.5ml after
Initiationof thenew lineof therapy convertedtoapoor
prognosis. Subsequent anaysesof thiscohort suggested
thattheprognosdticvaueof CTCswasindependent of early
assessment by conventiond clinica andimagingcriteria

Inasimilar study at M. D. Anderson Cancer Center;
CTCswerecountedin151 patientsof metastaticbreast
cancer. These patients were al so evaluated for other
prognostic cancer markerslikehormonereceptor and
HER2statusalongwith CA 27.29. Caseswith5or more
circulating tumor cells (CTCs) had amedian overall
surviva of 13.5months. Themedianoverall surviva for
thosewithlessthan5 CTCswasabove29months. The
researchgrouprestedtheir casestatingthat CTCshave
superior andindependent prognosticval ue.

Further, recentresearchindicatesthet CTCevaluation
canbeusedtopredict prognosisfor menwithprostate
cancer. Researchersat Thomas Jefferson University
comparedthelevelsof CTCin37 menwithmetastatic
prostatecancer. Their findingswerenoteworthy. For
menwith5or moreCTCs, themedianoverall survival
wasonly 8.4monthswhilefor menwith lessthan5CTC
themedianoveral survival was48months. Y et another
study measured CTCsin55menwitharising PSA after
surgery for prostatecancer. A rising PSA after surgery
is strongly predictive of prostate cancer recurrence.
Radiationtherapy wasadministeredto 15 patients. Of
these prostate cancer patients, 60% who were CTC
positivehad progressionof thediseaseduringradiation
therapy, whiletherewere nodiseaseprogressonsinthe
CTCsnegativegroup. Additiond studieshaveconfirmed
theseresults.

In another global meta-analysis of 12 articles

containingsurvival outcomesandclinica characteristics
and 15articlescontainingonly clinical characteristicsof
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lung carcinoma, demonstrated hazardratio(HR) for OS
predicted by pretreatment CTCswas2.61[1.82,3.74],
whiletheHRfor PFSwas2.37[1.41,3.99]. TheHRfor
OSpredicted by post-treatment CTCswas4.19[2.92,
6.00], and HR for PFSwas 4.97. Subgroup analyses
wereconducted accordingto histological classification
and detection method. Odds ratio (OR) showed the
appearanceof pretreatment CTCscorrelated withthe
lymphnodestatus, distant metastasisand TNM staging
whilepogt-treatment CTCscorrelatedwith TNM staging
only. Theauthorsconcludedthat detectionof CTCsin
theperi pherd bloodindicatesapoor prognosisinpatients
withlungcancer.

Similar resultshavebeenreplicatedincol orecta and
pancregtic cancer. Inastudy by Romiti A, publishedin
JGastrointestinLiver Dis, atotal of 75colorectal cancer
patientswereenrolled, including54 stagesl-111 and 21
stage IV patients. Overall, 21 (28%) patients had a
positiveCTC count at baseline, significantly associated
withaworseprognos sascomparedtoanegativestatus
(OS: 36.2 vs 61.6 months; P = 0.002). CTC count
remained positiveafter chemotherapy in22.4%of the
patientsand it wasanindependent prognosti cfactor of
OS(P=0.03; Hazard Ratio: 3.55; 95%Cl: 1.1-11.5).
The authors surmised that the presence of CTCsis
associatedwithareduced survival incolorectal cancer
patients.

Roleof CTCshasal sobeenevaluatedinpancrestic
and neuroendocrinecarcinomawith sameprognostic
implicationa beitwithdifferent threshold cut-off.

Thevaueof CTCsinforecastingprognosi sappears
to be on solid terra-firma. “As the number of cells
increases, so doestherisk”. If you havemorecellsin
circulation, theoddsof devel oping distant metastases
increase. That message appearsioud. Y et, it must be
admited that no recommendation or guidelines have
been crafted for evidence based usage of CTCs for
prognostication.

Role in Prediction ( Likely Response to Therapy )

Thepredictiveroleof CTCshaslargely beenstudiedin
breestandespecidlyinrdationtoHER2expressngtumors.
a) Inastudy conductedby MarioGiulianoat Fox Chase
Hospital, Philadel phiaof the 148 patientswithHER2
non amplified disease who were treated with
chemotherapy: 64 (43.2%) received combination
chemotherapy, 45 (30.4%) received single-agent
chemotherapy, and 39 (26.4%) were treated with
chemotherapy plusbevacizumab. Thetreatmentswere

selected according to patient characteristics (such as
age, co-morbidity) andthetraditiond predictivemarkers
inuseatthetimeof therapy administration. A hypothetical
predictivevauefor CTCs,comparingdifferenttrestments
combination, wascomparedwithlow (<5) orhigh(>5)
basalineCTC counts. Combination chemotherapy was
superior tosingle-agent chemotherapy, intermsof PFS,
inboththe CTCgroups, dthoughthebenefit provided by
combinationregimenswasprimarily confinedtopatients
with CTCs >5. With respect to OS, combination
chemotherapy wassuperior tomonochemotherapy only
inpatientswith CTCs>5, but theheterogeneity between
the two subgroups was not statistically significant.
Furthermore, the association of chemotherapy with
bevacizumab was superior to monochemotherapy,
regarding PFS, but only in patientswithahighbaseline
CTC count (HR = 0.88, 95% CI = 0.42 to 1.83 in
patientswithCTCs<5; andHR=0.28,95%Cl =0.12
t00.64, inthosewithCTCs>5; test for heterogeneity P
=0.04).

Alteration in Receptor Status in MBC

Theestrogenreceptor (ER), progesteronereceptor
(PgR) andHERZreceptor arethethreebiomarkersused
in breast cancer management. ER, PgR and HER2
expression hel pmakeaninformed decisionsregarding
therapy. ERand/or PgR positivediseaseearn Endocrine
therapy whileTrastuzumabandother anti HER2drugsare
usadfortumorsoverexpressngHER2. Currently, treetment
decisonsat thetimeof MBCrelapsearegenerally made
based onthereceptor statusof theprimary breast cancer.
However, discordanceinreceptor statusbetweenprimary
tumor and diseaserecurrencehasbeenobservedinupto
10%of patients. Itiseither becauseof clona evolution,a
consequenceof anunstablegenomeof thecancer cellsor
duetoanalready existent cloneof HER2 positivecells
overwhelmedat primary siteby their rarity but observed
incirculationbecauseof itshigher mobility andaggressve
potentials. How shall thosepatientsbetreatedwhoare
negative for HER2 amplification at primary site but
exhibitamplificationinCTCs?Asyet, thereareminimal
data addressing thisissue. Meng et al, retrospective
study on 24 patientswith MBC and HER2" primary
tumour, reportsthat four of ninepatientswithHER2+
CTCs a the time of metastatic disease received
trastuzumab. Of these, one had rapid remission of
symptoms and complete response on imaging, two
patientshad partial responsesand onenoresponse.

Thequestionremai nsopenand continuestobegthe
answer. DETECT |1l randomised phase Il trial
(NCT01619111) shall answer this question. This
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multicentre study compares standard therapy with or
without lapatinibin patientswith MBC after HER2"
primary tumor but with HER2+ CTCs. Should the
DETECT IlI trial demonstrate an advantage for the
additionof anti-HER2therapy inthesetting of aberrant
HER2gain, trestment for patientsmight alsopotentially
expandtoincludeother anti-HER2 agents.

In a study, presented at 2012 ASCO Annual
Meeting, Dr Lucci’s team reported finding HER2-
positivecd|sinthebloodof patientswithHER2-negative
disease. Theteamreportsthat “ Itisactually aparallel
study, wherewetook theblood sampleandwelooked
at themarkersonthat blood sampleto seeif theHER2
statusof thecirculatingtumor cellsisthesameor different
fromtheprimary tumor. What wefoundwasthatina
sgnificantnumber of patients, youcanfindchangesinthe
circulating cells—either HER2 amplificationor HER2
|oss—that aredifferent fromtheprimary tumor,” . This
suggeststhat either: (1) Wehavetolook at the primary
tumoursmorecarefully toascertainif they areredly HER2-
negative or -pogitive; or (2) Some patients may have a
changeintheHER2gtatusof certaincdlsreleasedintothe
circulation. Wedon' t currently know exactly why these
HER2-positivecellsarefound in circulation, but the
Imagesarequiteclear, andthusit opensupawholenew
areafor research. That issomething that could affect
treatmentinthevery near future, andwearecontinuing
that study currently.”

At presentonecan, thereforeconcludethat predictive
significanceof CTCsisnotwell definedandthereisno
hard evidence to recommend search for predictive
biomarkersin CTCs. But let us accept ‘it isjust the
beginning’ and more shall follow with concrete
recommendations.

CTC as Liquid Biopsy

Imagingallowsobtai ningabiopsy frommost metagtatic
sitessansafew andisrelatively cheap and standard of
carebut, fraughtwith seriousmorbidity occasiondly and
ararefatality. Inlight of this, analysisof biomarkerson
CTCisanattractiveoptionand hasbeenalludedtoas
liquid biopsy (Table2). Taketheexampleof nonsmall
cell lung carcinoma on targeted TKI for EGFR that
devel opsacquiredresistance. Insuchastuation, obtaining
abiopsy fromsiteof progressionwill behighly resented
by the patient. He may agree readily if same can be
checkedouton CTCs. Serial assessment of biomarker
statusthereforecanonly beredlistically obtainedfroma
lessinvasiveprocedurelikeharvested CTCs. Thebarriers
to use of liquid biopsy however are many like cost,
availability, vaidatedplatformsandclinical vaidity and
utility of test outcomes. But, needl essto say that concept
isappeding.
Monitoring Response to Therapy

Monitoring responsetotherapy in breast cancer at
diagnosis, after onecycleof chemotherapy and at the
end of oneyear hasbeenusedto prognosticate. But, can
theCTC count after onecycleof chemotherapy beused
tomonitor responseand makedecis ononeffectiveness
of therapy and bring in early change if ineffective?
SWOG S0500isaphasel Il trial that studied treatment
decision madebased on blood|evel sof tumor cellsin
women with metastatic breast cancer receiving
chemotherapy. Theprimary objectivesof thetria being:
I) whether women with metastatic breast cancer and
elevatedcirculatingtumour cells(CTCs) (=5per 7.5mL
of wholeblood) after 3weeksof firstlinechemotherapy
deriveincreasedoverall survival fromchangingtoan

Table2: Merits and Demerits of Liquid Biopsy versus Conventional Biopsy

Tissue biopsy

Liquid biopsy

Invasive, infrequent morbidity & rare fatality

M inimally invasive

M onitoring treatment response/disease course
with multiple biopsies impractical. N ot patient
centric

Easy. Patient friendly. N ot likely to be resented
by patient

Good material. Can be used for several
analyses

Low yield will mean assessment of a few or
single analyte.

N o specialized analytical equipment required

Specialized analytical equipment required

Can be performed at the vast majority of
treatment centers

Can only be performed in certain laboratories
equipped for CTC analysis

All evaluations for biomarkers have well

established clinical utility

Clinical utility of biomarker testing on CTCs not
as yet established
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alternative chemotherapy regimen at the next course
rather thanwaitingfor clinical evidenceof progressive
diseasebeforechangingtoanalternativechemotherapy
regimen; ii) whether these patients derive increased
progression-freesurvival (PFS) from changingto an
alternative chemotherapy regimen at the next course
rather thanwaitingfor clinical evidenceof progressive
diseasebeforechangingtoanalternativechemotherapy
regimen; iii) confirmpreviousfindingsthat patientswith
<5CTCsper 7.5ml of wholebloodoninitial screening
havelonger median OSand PFSthan patientswith<5
CTCs per 7.5 ml of whole blood; iv) determine the
prognosticval ueof sequentialy collected CTCvaluesin
these patients; v) Comparetoxicity between patients
withandwithout el evated CT Csafter 3weeksof first-
line chemotherapy and between the two randomized
treatment arms. This study confirms the prognostic
significanceof CTCsinpatientswithMBCreceiving
first-linechemotherapy. For patientswith persistently
increased CTCsafter 21 daysof first-linechemotherapy,
early switchingtoanalternatecytotoxictherapy wasnot
effectiveinprolonging OS. However, thesurviva was
superior in those who had lower count at 21 days
followingfirstcycleof chemotherapy.

Thisimportantstudy thereforeconfirmstheprognostic
significanceof theCTCsbutfail stoconfirmtheva ueof
switchingregimefoll owingpersistenceof raised counts
postfirst cycleof chemotherapy.

It canthereforebeconcludedthat whileCTCsat 21
days following first cycle of chemotherapy are of
prognostic significance and have the potential for
intermediateendpointin pharmacodynamicsthecountis
of nova uecurrently inmakingtherapy alteringdecision.

As Companion to Imaging in Determining Need
and Benefit of Surgery

Investigatorshaveshownthat CT Cseval uationmay
be more accurate than imaging used to evaluate the
effectivenessof trestmentinmetastaticbreast cancer. In
apioneeringwork performedin 2006, metastaticbreast
cancer patientshad imaging testsdonebeforeand 10
weeks after they began therapy. The results of the
Imaging tests were reviewed by two independent
radiologists. CTCswere measured 4 weeks after the
start of therapy. Theresultswereamazing. Thegroup
that responded totreatment based onimagingtestsbut
had 5or more CTCssufferedapoorer outcomethanthe
cohort with CTCs counts below 5 but less definite
responseonimaging. Thesefindingssuggest that the
levelsof CTCswerefar moreimportant at predicting

survival comparedtotheactual visua changesnotedon
imagingtests. Additionaly, therewasal5%disagreement
intheinterpretationof theimagingtestsbetweenthetwo
radiologists, comparedtolessthan 1%variationinthe
results of CTC testing. The precision of CTCs
enumeration coupledwith superior responsepredictor
demonstratesthepotential of CTCsvisa visradiologic
studies, and seems to be a more robust predictor of
survival thanisradiographicresponse.

Conclusion

CTCsenumerationat severa timelinesisavaluable
prognostic marker. Thevaluehowever, aspredictive
marker has yet not solidified. The increasing use of
precisionmolecul esintreatment of cancer and acquired
resi stancethereof may propel theuseof liquidbiopsy to
seek secondary mutations. Whether theliquid biopsy
canreliably and accurately mirror the changesin the
tumor sites is a question that needs to be answered.
However, thisseemsto beanimportant potential use.
Withthousandsof targeted moleculeindevel opment an
early intermediate endpoint will be handy in speedy
launchof newer drugs. Thispropositionseemsplausible
andcanprovidegiantlegpingrowthof targetedtherapy.

Themethodsof enumerationand harvestingCTCs
aremany butlack analytical vaidity whichinany caseis
by comparison to cell search system (the only FDA
approvedsystem)whichitself hasreceivedcriticismfor
relying on EPCAM based positive selection the
expressionof whichmay actually besuboptimal during
epithelial- mesenchymal transformation. A new system
'Denovo Jetta-400,' ispendingapprova by FDA which
has the potential to separate CTCs on the basis of
physical attributeswithidentificationand biomarker
evaluationontheharvested materia. Suchnew systems
whichpermitflexibility inassessmentof CTCsmay hold
thefuture. AptamershindingDNA/RNA of interest may
also offer improvement over selection by capturing
cellular antigenswhich may expressvariably during
epithelia mesenchymal transformation.

There are several challengesto making CTCsas
multifunctional cancer biomarker but suchchallenges
alsoprovideopportunity forinnovativeandingenious
discoveries. Thelimitof scienceisdecidedby theability
of theman'smindtothink and oncethemindisseeded
by anewthought, theanswerswill emerge. History bears
testimony to thisfact.

(Dr Anurag Mehta, Director Laboratory Services,
Dept of Pathology)
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