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ABSTRACT KEYWORDS
Few of the 22,000 coding genes are transcribed in anormal cell asasilent C_:ancer_ ;
gene is the default position. The role of non-coding RNAs (ncRNA) is Eplgenetlcs_g
essential in identifying the gene to be silenced or transcribed. It is pro- DNA methylation;

posed that transcription depends on nucleosome eviction around the pro-
moter by a chromatin remodelling complex, attachment by a ncRNA,
escorted by a protein, to the DNA sequence, followed by binding of tran-
scription factors. The group of miRNAsisaspecial case of "cCRNAs. There
are two pathways for silencing the gene, one by methylation of lysine 9,
H3K9me2, whichisindependent of polycomb group of proteins (PcG) and
the other through lysine 27, H3K27me3, which is dependent on PcGs. Both
silencing and transcription at ageneticlocus must bereversible. A cancer is
initiated when anyone of the ncRNAS, protein factors or coding genesis
mutated or silenced epigenetically in the cancer stem cell. Thusany clinical
intervention in this delicate process of genetic expression is fraught with

Chromatin modification;
Non-coding RNA.

difficulties and off-target consequences.
© 2009 Trade Sciencelnc. - INDIA

INTRODUCTION

In order to find effective therapy for cancer, we
need to understand the biol ogical mechanism whereby
acancer develops. It hasbeen difficult to link the dif-
ferent cellular and molecular manifestationsof cancer,
such asgrosschromosomal rearrangementsand elimi-
nations, aneuploidy, dedifferentiation of cells, deletions
of shorter DNA sequenceslabel ed asLossof Heterozy-
gosity (LOH), chemica modification of cytosinebases,
mostly involving methylation and demethylation of cy-
tosneat promoter Stesof specific genesbut also across
largesectionsof DNA aswel| assingle-base mutations
in key genes. For the past 40 years, despite an enor-
mousamount of basic and clinical research, theexpla-

nation of all these phenomenahasbeen elusive, until
now. The basis of thisnew understanding began with
thediscovery of interfering RNA inplants, RNAI, which
eventudly ledtomicroRNAs(mMiIRNAS). ThemiRNAS,
the small, 22 nucleotide (nt) endogenous noncoding
RNAs(ncRNAS) arerespons blefor preventing trans-
lation of messenger RNAs(mRNAS) and organizethelr
degradationinthecytoplasm. Inthefutureasour knowl-
edge of ncRNAsexpands, miRNAsmay actually be
viewed asaspecia caseof ncRNA.

Some 93% of the human genome maybe tran-
scribed, from both strands of the DNA into these
NcRNASY. Theintricateand complex systemof n"cRNA
transcription allowsfor anintegrated, tight and tempo-
ral control of trandation of the 22,000 genes, coding
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for human proteins. Wethink that all protein coding
geneswill eventually befound to have at least one or
morencRNAS, regulatingitsproduction. A mechanism
for cancer must necessarily include an understanding of
theroleof thesencRNAsand their organizationinthe
genome. Moreand more, cancer isheingviewed asa
disease of mutations both epigenetic and genetic, which
result in theincorrect assembly of chromatin, thereby
leading to theinappropriatetranscription or Slencing of
along or short section of DNA. Thisinvolvesacom-
plex machinery of "cRNA, proteinintermediates, both
enzymesand structurad components, and the DNA code
itsdf.

Inthisreview, wehavetried to examinemost of the
known factorsthat i nfluence chromatin structure. Two
aspectsthat havecomeinto focusarethedynamicrole
of thenucleosomeasit dipsinand out from under the
DNA chainand ncRNA. Thereview isdivided into
two halves, onethat examinesthenewly discovered
role of ncRNAswith their associated proteinsand its
impact on carcinogeness. The second half looksat the
multimeric proteinsthat reorgani sethe nucleosome, the
PcG complexes, hissonemodificationsof thesdechans,
and the methylation of CpG idands. Finally amecha-
nism of how acancer may evolve, originating with can-
cer stem cellsin colon cancer isdescribed.

1. Roleof noncoding RNA (NcRNA)

Theideaof sequence specific NcRNA controlling
transcription of coding geneswasfirst proposedinthe
late 196052 and then forgotten. Only 1.2% of the 2,851
billion basesof DNA aretrandatedinto 30,675 tran-
scriptsfrom 21,561 protein genes®#. Intronsmake up
30% of the genome but werethought to berapidly de-
graded, and thereforewereignored. ThetermncRNAS
cover al RNAsthat aretranscribed that do not code
for aprotein, including thosetranscriptsthat havea7-
methylguanosinecap at the5’ end and a polyA at the 3’
end. NcRNA ismade up of severa classesof RNA,
some of which have aready been studied for decades,
called the housekeeping ncRNAs. Thesearetheribo-
soma RNAs(rRNA), transfer RNAs (tRNA), both of
which play anessentid roleinthetrandation of mMRNA
into proteins, telomerase RNA, small nuclear RNAs
(sSNRNA), important in splicingout theintronsand small
nucleolar RNAs(snoRNA) which canmethylaterRNA,;

BIOCHEMISTRY (mm—

all of these are transcribed by RNA polymerasel or
[11. TheremainingncRNAsaswell asmRNA aretran-
scribed by RNA polymerasell. A new comprehension
of the enormous amount of mammalian DNA tran-
scribedinto short n"cRNA surfaced with thethird stage
of theFANTOM project, whichamedto cloneadl full-
length mousecDNASs. Thisincluded dl sequencingand
mapping to the genome®.

The researchers used a new technique based on
the cap analysis of gene expression (CAGE) of the
7Me-guanos neof thencRNAswiththeaim of collect-
ing every transcription start sitel®. In addition, every
transcription termination Stewasd so cgptured withgene
identification signature (GIS) and genesignature clon-
ing (GSC) ditag technology; all themethodsallow for
largethroughput analysisand are described in detail ™.
cDNA libraries, extracted from atota of 35,000 mice
toincludeevery ncRNA from all tissues, delivered an
incredible massive collection of 102,281 independent
NcRNA sequences®. ThencRNAshad an extraordi-
nary diversity ranginginsizefrom 20 nt to 100kb, lack-
ing an open reading frame (ORF) and unspliced. Some
63% of the mouse genomewastranscribed into RNA,
athough some 42% never left the nucleusand ahuge
proportion were non-polyadenylated. Thetotal num-
ber of NcCRNA transcriptsisamost fivetimesgreater
than the number of coding genes.

Two human librariesof hepatocarcinomacell lines
(HepG2) dsoyidded thesameresult usng CAGE tags,
indicating thesameleve of transcriptiond diversty oc-
curred in humansasin mice®, Theresultsreved a
network of nested and overlapping transcriptson both
DNA strands, wheretheintron on one strand can be
the part of an exon ontheantisense strand®. Thesame
scenario was true for human chromosomes 21 and
22111, Previous genetiling studies, which had yielded
similar results, had been dismissed asartifactsor tran-
scriptiona noisefromthemicroarray anaysis, anas-
sumption now known to bewrong. Theseresultsthor-
oughly debunk the notion of the existence of ‘junk
DNA’. It also unravels some of the mystery of the ge-
nome, astowhy the nematodeworm with 19,000 genes
and the seaurchin with 23,000 genes have about the
same number of genes as humang*?. To account for
theintelligence of human beings, it was oncethought
humans had at |east 40-140,000 genes but the com-
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plexity isdueto the organi zation and precise program-
ming of its protein coding genesby ncRNAS.

Sense/Antisensetranscripts (SYAS)

A decadeago, it was suggested that antisensetran-
scripts may regul ate transcription of the coding sense
transcript based on results found in bacterid®®. The
FANTOM project reveal ed therewas agreat amount
of sense/antisense (SYAS) transcription of nNcRNASIn
mice. Some 70% of thetotal transcriptshad acompo-
nent that was antisense to another transcript. It was
noted that there were 750 pairs of coding to coding
genes, 1100 pairs of coding to non-coding genesand
about 100 noncoding to noncoding genesoverlapping
at the5' end™. Similarly 900 pairsof codingto coding
genes, 850 coding to non-coding genes and 150
noncoding to noncoding genes overlapping at the 3’
end werefound. Importantly therewasno S/AS over-
lap of exonto exon. Theexpresson of most SASpairs
waspoditively correlated; that is, if the sensetranscrip-
tion was blocked so was the antisense transcription.
Thisisanimportant observationin relationto amecha
nism of cancey.

Many of thencRNAshad extraordinary long tran-
scriptswithout ORFs. Sixty-six regionswereidenti-
fied, each of which mapped outside known protein-
coding loci and which had amean length of 92 Kb,
Itisknown that long ncRNAsexist, such asthe TSIX
NcRNA, a40kb antisenseto XIST inactivatingthere-
dundant X chromosomé*® and 108 kb AIR controlling
imprinting of the IGF2R gend. Alterationsintheme-
thylation statusof thedifferentialy methylated region
(DMR) resultsinthelossof H19 and/or Igf2 biallelic
expression and resultsin malignant cell growth. In
addition, aloss of H19 mRNA has been reported in
many paediatric cancers, in particular Wilm’s tumour.
Thereareatota of 80 genesknownto beimprintedin
the human genome and perhaps many of these 66 re-
gionsarerespons blefor theimprinting of these genes
withthehelp of along ncRNA.

Another key finding isthat the coding geneshave
morethan onetranscription start Ste(TSS) a the5’UTR
region. Inmouse, 58% of CAGE tag mappingsreveded
that coding geneshad two or more dternative promot-
ersand the equivdent figurefor humanswas 5296185,
Thisindicatesthat sel ection of the TSSfor each coding

———— Review

geneisvery complex and sophisticated and can change
depending on the specific requirements. Further the
FANTOM 3 dataalso reved ed anew role of the CpG
idandswhich are often methylated on the cytosineand
prevent transcription factorsfrom binding to the pro-
moter region near exon 1 of acoding protein. Methy-
lated CpG idandsin the promoter region usualy indi-
catesilencing of the gene. Herethe CpG idlandswere
often associated with bidirectiona promoters, oneop-
eratinginthe5’ direction and the other in the 3’ direc-
tion a thesame point onthe senseand antisensestrands.
Thiscould bethe mechanism of how theantisensestrand
initiatesreactivation of the gene. Some 34% of CpG
idands, located downstream of the TSS, functionina
tissue-specific manner. The study of many CpG pro-
moter regionsin cancer may need to bereexamined as
perhapsthemoreimportant aspect maybetheslencing
of theantisense strand, not the sense strand.

The successof the FANTOM projectinmiceled
onto the ENCODE project which analysed 30,000 Kb
or just 1% of the human genomé*?. The30Mb of DNA
was not contiguous but distributed over 44 different
genomicregions. Based onthislimited data, it wascon-
cluded that virtualy most of thegenomewastranscribed.
Just aswith the mouse genome, the vast majority of
these transcriptswas not polyadenylated and did not
leavethenucleus. It ismore useful to think of thege-
nome encoding anetwork of RNA transcripts, rather
than the production of asingleprotein. It revealed five
types of cis-acting regulatory sequences, promoters,
enhancers, silencers, insulatorsand locus control re-
gions. Wholegenometiling arrayshaveidentified other
classes of short transcripts out of morethan 450,000
NcRNAs. TheseincludencRNAS, which map on both
genomic strands, both at thetranscription start sitesand
transcri ption termination sites, of about half of theex-
pressed known protein-coding genes.

Inaddition morethan 10% of thefull-length clones
were pseudo-mRNAS, where some 600 transcripts
were expressed from 20,000 pseudogenesin the hu-
mangenome?, Nearly hdf of the pseudo-mRNAswere
associ ated with transposons, that had become disabled
duetoalL INEX retrotrangposition. Someof the pseudo-
MRNAshad aframeshift which dlowedtrandationwith
different amino acidsinserted. However, sncemuch of
itssequenceisidenticd, the pseudo protein may share
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many of the canonical protein’s interaction and inter-
ferewithitsfunction. One study implicated the pseudo
neurona nitric oxide synthase (pseudo-NOS) transcript
asanatura antisenseregulator of NNOS protein syn-
thesis due to a stable duplex of RNA:RNA in vivo
complexi?Y, It raisestheinteresting question of whether
the proteins from pseudogenes can aso regulate
oNcogenes or tumour SUPPressor genesor can causea
cancer or if not, what mechanism isused to prevent
thar interferenceinthecdll’s biology.

Cancer potential of ncRNASs

It haslong been known that antisensetranscriptsto
oncogenes and tumor suppressor genes such as
Wnt11?2, c-Myc?¥, p53 and Bcl2 could control their
expression but it was not known what to make of this
information. Altered expression of 17 antisensetran-
scriptsfromintronic regionsaswell as 13 miRNAS,
including thelet-7 family, have beenfoundin cancersof
the prostate colon, breast, liver, lung, ovary and feta
tumourg 4]. It may be necessary tore-examineantisense
NcRNA transcripts of other oncogenes to seeif pa-
tientshad amutation in theantisensencRNA inthein-
tron if no mutation wasfoundinthe coding gene.

SpecificncRNAsmay yield much better informa:
tion about the degree of malignancy of acancer or pre-
dictivevaueof lifeexpectancy thanmRNA levels, or
even miRNAS. It has been shown that a study of 23
antisenseintronic NcRNA correlatewith the degree of
tumor differentiation in aprostate cancer’®. In addi-
tion, another ncRNA, MALAT-1, withasize of 8,000
nt, wasfound to have three timesthe expression and
ableto predict metastas sand surviva innon-small-cell
lung cancer'®!. AncRNA, named BC200, only 200 nt
long, normally expressed in neurons but no other or-
gan, wasfound at very high levelsin breast tumourg?.
BC200 could be used asamol ecular marker of inva-
sive breast cancer asit was not expressed in benign
breast tumourssuch asfibroadenomas. Dueto thefact
that cell differentiationiseliminated, it’s possible that
many other ncRNAs could play aprognosticrolein
other cancers.

Tumor suppressor GeneP15and AntisensencRNA

Transcription of thepl5 (INK4B) tumour suppres-
sor gene, which encodes acyclin-dependent kinasein-
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hibitor, regulating cell cycle, isfrequently deleted or
hypermethylated in awide variety of tumors, such as
leukemia, melanoma, glioma, lung and bladder cancers.
A long p15 transcript of 34.8 kb, antisenseto p15 (p15
AS), wasidentifiedinaleukemiacdl ling?". Increased
expression of p15A Stogether with downregulated p15
expression wasshownin 6/11 acute myeoid leukemia
and 5/5 acute lymphoblastic leukemia, an exampl e of
negative correlation of the sense and antisensetran-
scripts. By construction of plasmidsinto HeLaand
HCT116 cells, it was shown that the antisense tran-
script had astrong ciseffect, although aweaker trans
effect on expression. However themechanismdid not
involvethe nuclease, DICER, necessary for miRNA
processing. By chromatinimmunoprecipitation, p15AS
induced histone H3 modification changesinthe pl5
promoter region and exon 1. Thestable changeswere
amarkedincreasein H3K 9me2 and reduced H3K4me2,
histonemarkersfor slencing. However no methylation
of CpG DNA wasfound at the promoter Sites.

Lessdirect evidencefor theroleof antisensencRNA
was found by the use of 21 nt double stranded RNA
(dsRNA) to induce promoter regions of E-cadherin,
p21 and V EGF into human prostate cancer cdll lines?!.
ThedsRNAsweredesignedto avoidrich CpG idands
within gene promoters. E-cadherin wasepigenetically
silenced in HeL acellsdueto methylation of the CpG
island in the promoter region. But dsE-cadherinAS
induced expression only after themethylation of CpG
Steswasstripped by demethylating agent, 5-azacytidine.
Theinduction was sequence specific asthey failed to
activate gene expressionwith dsRNAscomplementary
to promoter sequences for p27, PTEN and APC tu-
mor suppressor genes. The method of activation was
dueto aninduced change of the methylation state on
thelysineresidue of the histone, specifically aloss of
H3K9mes3.

Recent evidence of repression of a gene by a
NCcRNA hassurfaced withastudy of human dihydrofolate
reductase (DHFR)!?, DHFR containstwo promoters,
withthemgjor promoter being responsiblefor 9% tran-
scription of thegene. Therepression of themajor pro-
moter of the gene depended on the ncRNA initiated
from the upstream minor promoter, which terminated
within the second intron of the canonical DHFR. The
specificity of therepression wasdueto the stablefor-
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mation of acomplex between the ncRNA and thema
jor promoter with the general transcription factor I1B.
Of course, the effect was only observed when theregu-
latory ncRNA contai ned the sequence of the core ma-
jor promoter. It formed astabl etriplex sructure of both
strands of the DNA and RNA. However, how thisin-
duces an epigenetic change through chromatin remod-
elling of the nucleosomes, histone modification and/or
CpG methylationisnot known. How doesthisminor
promoter become switched on? Another indication of
itspossbleuniversdity isthat many geneshavedterna
tive promoterswithinthesame5’UTR. The APC gene,
mutationsof which cause Familid Adenomatous Poly-
posis, (FAP) aso hastwo promoters, one major and
oneminort®,

Ultraconserved regions (UCR) Encoding ncRNAs

Searchesfor ultraconserved regions of genomes
across phylaand theanimal kingdomshave been car-
ried out for along time asamethod of discovering a
meaningful rolefor ‘junk DNA.’ It wasn’t until sequenc-
ing of whole genomes delivered amore defined method
for comparison that ultraconserved regions of thege-
nome could beidentified. Now, comparative sequence
analysishasdelivered anumber of ultraconserved ge-
nomic sequences (UCRs), virtudly with 100% i dentity,
acrossten primate species. Half of thesearelocated in
noncoding areaswhile half have been designated ex-
onic asthey overlap mRNA of known protein coding
genes®l, Some 480 genomic regions with ncRNAs
longer than 200 bp were analysed in both normal and
cancer tissued®. They found that tumors of hepatoce -
lular cancers, colorectal cancersand chroniclympho-
cyticleukemias(CLLSs) could bedifferentiated by the
pattern of transcribed UCRs, some up-regul ated and
somedown-regulated. Thisindicated that transcribed
UCRsareinvolved in themalignant process, whether
asdriversof the processor innocent bystanders, isnot
known. Others have found that UCRs can act asen-
hancersof transcription.

It wasa so noted that specific miRNAsnegatively
regul ated thetranscription of UCRS™!. LikemiRNAS,
itwasfoundthat UCRsarefrequently located &t fragile
sitesand genomic regionsinvolved in cancerg®. In
particular miR-155, whichisover-expressedinanag-
gressiveform of CLL, wasableto reducethelevel of

———— Review

two nonexonic UCRs, uc.346A and uc.160 and
upregulated another, uc.348 dueto complementary Sites
withmiR-155°3, Another important UCR wasuc.73A

whichwas consi stently up-regulated in colon cancers.

If uc.73A was knocked out by the introduction of a
syntheticmiRNA, asRNA, in COLO-320 colorecta

cancer cdll lines, then apoptosis of the cellswasin-

creased. If thisisfoundto betruein cancersinvivo, it
indicatesthat uc.73A can behavelikean oncogene. It
was concluded that two types of ncRNAsnamely the
miRNAsandtheUCR actinacomplex regulaory path-

wal inthe progression of acancer.

Pyknons

Other groups searched the human genomefor a
classof nucleotideswith different criteria, namely those
longer than 16 nt that occurred morethan 40timesin
thegenome. Among themillions of discovered classfi-
cations, they found asubset of 128,000 patterns, which
have additiona non-overlapping instances in the
untrand ated and protein-coding regionsof 30,675 tran-
scriptsfrom the 22,000 human genes®!. ThencRNA
patternswerecalled pyknons- aGreek word meaning
dense, frequent and in series. They found that more
than 90% of the coding proteinswere associated with
pyknons. The pyknonsare arranged in different com-
binationsintheuntrand ated regions, but mainly 3'UTRs.
Asanexample, the3’UTR of birc4 (an apoptosisin-
hibitor) contains 100 instances of 95 distinct pyknons.
Of these, 22 were aso present inthe 3’UTRs of an-
other ninegenes.

Thetypical pyknonlengthwassimilar tothat of a
MiRNA, but was definitely different from UCRs, de-
scribed above. Inthe 3’UTR, the inter-pyknon distance
wason theaverage 20 nt, suggesting the possibility that
the pyknonscorrespond to binding sitesfor smal RNAs
andactinasmilar post-trandationd fashiontomiRNAs.
The pyknons coveredintergenic and intronic genomes
and appeared in different orderson both the senseand
antisense strands. However 90% of the pyknons
showed someoverlap with repeat elementsand may
have somerolein repressing transcription from these
sites. However aninteresting finding wasthat 85% of
pyknonsin the non-genic regions have not been found
inrat or mouse genomes. These add another layer of
control of generegulation, but their rolein cancer is
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uncleart®s.

It should be noted that another group of ncRNAS
have beenisolated in Drosphila, called the Piwi-asso-
ciated small RNAs. ThesencRNAs of about 25-30 nt
bind to theArgonaute proteins, the Piwi clade. Small
RNA partnersof Piwi proteinshavebeenidentifiedin
mammadiantestes®. Inmammads, Piwi-RNAsareonly
involvedinthespecidised germ cdlsand play arolein
DNA methylation, specificto oogenesis®. No pheno-
typic abnormalities have yet been detected and they
arenot thought to play any roleintumorigenesis.

MicroRNAsand cancer

MiRNAsplay an extensiverolein carcinogenesis
(for excellent reviews sed®*#2), MiRNAsarencRNAS,
can bepolycistronic or monocistronic, capped withMe-
7-guanosinea the5’ end, 3’ polyadenylated and diced
up with an endonuclease Il and exported to the cyto-
plasm, finalyranginginsizefrom19to 25nt. They are
transcribed aslarge precursors (pri-miRNA), spliced
toagzeof 60to 110 nt fromintrons, exonsor intergenic
regionsby RNA polymerase 1. A subset of miRNAs
has been found to betranscribed by RNA polymerase
111, but only becausethey aretranscribed from within
anAlulocus®. Some 40% of miRNAsare encoded
within introns of known genes and hence are co-
ordinately expressed withthegene. Other miRNAsare
transcribed on the antisense strand to the gene.

Briefly, the mechanism of RNA interferenceisa
processwhereby sequence specific, post-transcriptiona
genesdlencing can beinitiated by ashort dsSRNA, which
can be either amiRNA or asyntheticsIRNA, which
mimicsamiRNA. Thiscan happenintwoways, either
by post-transcriptiond cleavageof mRNA through ex-
tensve complementarity inthe coding regionand/or the
3’untranslated region (UTR) or by translational repres-
sion of themRNA, againinthe3’UTR. When the anti-
sensestrand of dsRNA or theguidestrandisassembled
ontoaRNA-protein complex, called the RNA-induced
silencing complex (RISC), itisthe RISC that cleaves
thetargeted mRNA. Repressed mRNAsaredegraded
in special cytoplasmic bodies, called P-bodies*, or
themRNASscan bere-rel eased intact from the P-bod-
iesto enhancetranslation*”. Groups of mMRNAsthat
form part of ametabolic pathway can beregulated at
onetimeusingamiRNA, whichidentifiesitasapleio-
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tropic regulator of gene expression. Almost 700
miRNAs have been identified and sequenced in the
human genomeand another 500 miRNAsareawaiting
confirmation from experimental datal miRNA registry
at www.microrna.sanger.ac.uk/Software/Rfam/mirna/
index]“,

It isthought that miRNAsregul ate some 30% of
thegenome. In all cancers, an enormousvariationin
levels of expression of miRNAs for both mature
miRNAsand precursors has been found, compared to
levelsinnormal cells. SomemiRNAsare e evated but
most are down-regulated, which will changethe con-
centration of known oncogenes and tumour-suppres-
sors. Inevery cancer deregulation of miRNA concen-
trations contributeto further progression of the cancer.
Itisthought that the decreased expression of miRNAs
contributesto dedifferentiationintumours*’. MiRNAs
such asthe cluster of miR-15ato 16-I, the cluster of
miR-143 to 145 and thelet-7 family function astumour
suppressor genesandthemiR-155, miR-21and miR17-
92 clugtersfunction asoncogenes. ThosemiRNA genes
regul ating hypoxiaare often over-expressed in many
different human cancersin order to supply as much
oxygentothegrowing cancer®. Likewise, themiRNA
signaturefor angiogenesi s should befound to be up-
regulated in cancers, which require an extensive blood
supply for continued growth. Thereisnow an enor-
mous amount of data on specific miRNAs and the
changesinvarioustypesof cancers, listed in“>4,

Further the CpG promoter site of somemiRNAS
canbehypermethylated in cancersand thehypermethyla
tionisaccompanied by histonemodifications, smilar to
the epigeneti c mechani smsused to shut down coding
genes“®l. Thusgenetic changesinmiRNAssuch asre-
arrangementsdueto del etion, amplification or trando-
cation or asingle base mutation or epigenetic events
can rapidly causeatrangition from anindolent chronic
myeloid leukaemia(CML) to an aggressve CMLEI. A
similar scenario could operatein colon cancer where
the progression from an adenomato acancer could be
mediated by achangeintranscription of amiRNA. Until
now, few researchershave consderedlooking a single
base mutationinthe 3’UTR region of a coding gene.
Re-examination of coding DNA in cancerswhereno
mutation of theprotein could beidentified might beworth
the search asinappropriate base pairing dueto varia-
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tionsinthe3’'UTR of the mRNA may be another mecha-
nismfor initiation of acancer. Further polymorphisms
inthe3’UTR, which made a weaker mRNA:mMiRNA
pairing could bethebasisof apredisposition for famil-
ia cancer®y,

However themost important role of miRNAsfrom
aclinical point of view isthat they arediagnostic and
prognostictools, ableto classify cancersand predict
outcomefor cancer patients. By profiling each cancer
inatissueby amicroarray andyss, miRNA expresson
profiles of human cancers can beclassified according
to their common derivation from embryonic endo-
derm®, ThemiRNA expression profilesincolon, liver
pancreas and stomach all clustered together and aso
reflected their state of cellular differentiation®. Profil -
ingmiRNAsin B-cdll lymphoma, breast cancer, papil -
lary thyroid cancer and colorectal cancer can offer a
reliable prognosis. Using a new technique called
MiRAGE, thelargest anadyssof miRNAssofar, atota
of 274,000 RNA tagswasfoundin colorectal cancer
cell lines, with 200 of these being known mature
mMiRNAS, 133 novel candidatesand 112 uncharacterised
MiRNAS®.

The usefulness of this approach isshown by the
problem of diagnosis of metastatic cancerswherethe
primary maignancy isunknown. Thesemakeup 5% of
all cancers world-wide. Profiling of 200 miRNAs
identified 11 out of 17 cancersastotheir correct origin
of primary cancer whereasthe mRNA profileof 13,000
only identified 1 out of 174, However itisnot neces-
sary to carry out such alarge analysis of miRNAS.
Microarraysof only amodest number may besufficient
to classify cancers. For exampl e, the measurement of
levelsof only two miRNAS, miR-143 and miR-145,
showed that acancer waspresentincolorecta cells. In
addition, miRNA profilescould dso predict surviva. A
Sudy of 144 patientswith chroniclymphocyticleukaemia
(CLL), themost common adult leukaemia, aunique
signature of 13 miRNAs could differentiatethose pa-
tientswith agood or bad prognosi %2

A germ-linemutationinthepri-miR-16-1/miR-15a
precursor in apatient with familial CLL and breast
cancer infirst-degree membersof thefamily wasthe
first such case of ahereditary cancer dueto amutation
inmiRNA transcript’®3. Thyroid cancers, inwhichthe
upregulaion of threemiRNAs, miR-221, miR-222, and

———— Review

miR-146 was the strongest, showed loss of the
oncogene, KIT, atyrosine kinase receptor, activein
cdl differentiation. In haf of the cases, thedownregula
tion was associated with germ-line, single-nuclectide
polymorphismsinthetwo recognition sitesin KIT for
thesethreemiRNAS®. Thyroid papillary carcinomais
the most common type of cancer of the thyroid and
many familid caseshaveno knowngeneticbass. There
aremany examplesof miRNA profilesunderlyingdini-
copathological characteristics of cancer types that,
before, werebarely ableto bedistinguished by experi-
enced pathologists.

Another important aspect isthe prediction of those
tumourswhich havemetastasi sed. Application of miR-
10b to cells could induce metastatic behaviour and
measurement of miR-10b in metastatic breast cancer
cell lines correlated with cell invasion®l, Some 9
miRNAswereableto classfy breast tumoursintofive
subtypes, Lumind A, Lumind B, Basd-likeHER2+and
Normal-like®. In addition one miR-155wasableto
di stingui sh oestrogen-receptor (ER) positivetumours
compared to non-ER tumours. Thisaspectissoim-
portant because thedistinguishing molecular character-
isticsof each cancer will determinethe drug treatment
regime.

Processing of MiRNAs and cancer

Another important agpect of miRNA biology isthat
tumorigenesiscan result from mutationsintheenzymes
processing miRNABE, Human DICER mapsto chro-
mosome 14, locus 14g32.13, an area, which iscom-
monly del eted inlung adenocarcinomas, both smokers
and non-smokers. LOH inanearby region, 14g32.31
wasfound in 62% of atypica adenomatous hyperpla-
93, 65% of nonmucinousbronchiolodveolar carcinoma,
both early formsof invas veadenocarcinomaof thelung
aswell as62% of stagell of adenocarcinomabut not
theactual DICER locusg®. Thismay indicatealesion
of theantisensencRNA that regulatesDICER. Thelev-
elsof DICERwereincreased 10-foldin stagel of lung
adenocarcinoma but stage Il lung adenocarcinoma
samplesweresimilar to normd tissueand undetectable
inametastaticlung cancer cell line. Thissuggested only
atransient upregulation of DICER in the very early
stages of lung adenocarcinoma.

Reduced expression of themRNA for DICERIn
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non-small cell lung carcinomawasfound to be associ-
ated with abad prognosig®”. However empirical tests
need to be carried out on each cancer asthe biological
characteristicsdiffer in different tissues. Inaddition, a
microarray analysis of 230 prostate specimens con-
firmed that DICER wasincreased in prostatic neopla-
siaand adenocarcinoma®. Theincreased DICER lev-
e scorrdatedwith clinica stlageand lymph nodestatus.
Thiswasto beexpected asthereisaglobal increasein
MiRNA expressionin prostate adenocarcinoma. Thus
greater DICER activity isassociated with aggressive
cancer features and will be avery useful diagnostic
marker for prostate cancer.

Quantification of miRNA precursorsand miRNA
find concentrationswere measured in tissuesfrom both
hepatocellular and pancreatic cancerg®?. Results
showed that in pancreatic cancer, miRNA increased
level swereregulated at therateof transcriptionwheress
inhepatocd lular cancer, the decreased miRNA expres-
sion resulted from adecreasein miRNA processing.
No matter thereason for thelow levelsof miRNA, this
condition promoted tumorigenesis. Further, theincom-
pletemiRNA processing, caused amarked changein
thetransformed phenotype of the cancer cells.

MiRNAs and p53 gene

Theguardian of thegenomeisan apt titlefor the
transcription factor p53. It acts by repressing thetran-
scription of severa proteins that regul ate different
phrasesof thecdll cyclefrom G1to cytokinesis. Aber-
rationsin the p53 pathway, if p53itself isnot mutated,
arefoundin most cancers. One of themost recent find-
ingsisthat theprotein pS3 directly targetstranscription
of amiRNA, specifically upregul ating miR-34aand
miR-34b/c'%¥, The p53 protein directly bindsto the
genomic region labelled themiR-34apromoter. This
highly conserved perfect consensusp53 binding sitein
mouse, rat dog and cow waslocated just downstream
of thetranscription start sitefor miR-34%4,

Thetranscription factor encoded by the p53 gene
ispost-transcriptionaly activated when DNA damage
isdetected. Doubl e strand breaksmay occur quite of -
ten asdemethylation of the histone, H3K 9me2, onthe
nucleosome at both enhancer and promoter sites of
coding genesto allow the attachment of RNA poly-
merase |1, rel eases hydrogen peroxide, apotent chemi-
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cal(®, Thedetection of DNA doublestranded breaks
activatesATM kinaseswhichinturn phosphorylate ps3.
Phosphorylated p53 inducescell cyclearrest, senes-
cenceand dso can promote gpoptosisif theDNA dam-
ageistoo severe.

MiR-34aisubiquitousy expressed in al tissues,
encoded by its own transcript on chromosome 1p36.
The other two, miR34b/c are expressed by asingle
transcript, mainly inthelung®. Phosphorylation of p53
proteinin H12991ung cancer cellsinduced atota of 32
MiRNAS, but miR-34awasthemost significant. Toa
lesser degree, miR-34b/c correlated with the concen-
tration of p53 proteininmousefibroblasts. Expression
of miR-34awasasufficient conditiontoimmediately
cause cell cyclearrest and gpoptosis, triggered by p53
activation. Inaddition, theconverseisdsotrue-cdl lines
with normal levelsof pS3 protein also havelow levels
of miR-34. Itisnot knownwhich proteinsarethe exact
targets of the miR-34a/b/c upregulation. A massive
reprogramming of gene expression occurred, with en-
richment of genesinvolved in preventing cdl cyclepro-
gression, preventing cellular proliferation, initiating
apoptosis, DNA repair and angiogenesis. By acting
through themiR-34s, p53 protein isenabled to regu-
latealargenumber of proteinssimultaneoudly.

Thereforeamutation affecting the transcription of
miR-34, or amutation in the enhancer or promoter
region of the p53 gene, which compromised bindingto
miR-34 would beasd ective advantagefor cancer cells.
Deletion of miR34ain aneuroblastomaaswell asin
gliomas has been observed®. Region 1p36 isoften
deleted in pancreatic cancer and small non-small cell
lung cancers. A similar role can be described for
c-Myc. So there exists an intricate interaction of
MiRNAs and gatekeeper genes in preventing the
progression of acancey.

MiRNA let 7, K-Ras, RNA binding protein, let 28
and cancer

The complicated regulation of protein-coding
oncogenesisobserved on examination of theRASpro-
teins, with therealization that there are many waysto
initiateacancer by amutationinthisgroup done. The
RASsuperfamily of smdl GTPhindingproteinsplaysa
prominent roleintumorigenesis. They functioninsigna
transduction acrossthe cell membranes, in particular
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activating pathwaysthat coordinategrowthfactors, tran-
scription, cell survival, cell cycleprogression, differen-
tiation and senescence (for areview sed®). Morethan
150 RAS-likegenes have been identified in mamma-
lian genomes. Thereisavery high frequency of muta-
tionsin the three major RAS proteins, H, K and N-
RASincancers. For H-RAS, thefrequency of muta-
tionsin salivary glandsis 20%; for K-RASthe pan-
creas has 59% mutations and thelargeintestine 30%,
and N-RA Smutations occur in the skin and nervous
system at arate of 17%.

It has been recently discovered that the miRNA
let-7 negatively regulatesRAS proteins. Soif |et-7 lev-
elsfadl, RASproteinlevelsincrease. From microarray
analysisof tumour and normal samples, it was shown
that | et-7 expressionwasreduced in 12 of 12 lung can-
cers, four of six colon cancersaswell astwo of three
breast cancerd®. So let-7 isatumour suppressor in
lung cancerswith itsaction mediated partialy through
upregulaionof RAS. Variouslet-7 family membershave
been mapped to chromosoma regions, frequently de-
letedinlung cancers. Sothereareindicationsthat let-7
may be useful as adiagnostic and prognostic marker
for human lung cancerd®. Theexact role of let-7 and
itsinteraction with RAS needsto be examined further,
especidly to seeif thereare other targetsof let-7. One
other knowntarget of |et-7 isthe oncogene HM GA 2,
which codesfor asmadl, non-histone chromatin associ-
ated proteinthat can alter the chromatin architecture™.

Another dueinthiscomplex scenarioisthat anRNA
binding protein, Lin28B, wasfound to regulate let-7
biogenesisby inhibiting the processing of pri-let-7in
the nucleus™. In human hepatocellular carcinoma,
Lin28B isoverexpressed, decreasing let-7 concentra-
tionsand thereforedlowing RAS proteinlevelstoin-
crease. It wasfound that Lin28B overexpression al-
lowed cancer cell proliferation. Itiscomplicated by the
fact that twoisoformsof Lin28B are expressed, differ-
inginthe5’exon, the shorter form having no effect on
let-7 processing. So thisevidence pointsto onereason
why miRNA levelsmay be generally downregulatedin
cancers. Typicdly, itisusud to find nomorethan 20%
of colon cancerswill haveaK-RASmutation, consid-
ered asignificant result™. However, thesethreeresults
takentogether indicatethat theRASBRAF/MEK/ERK
pathwaysmay bedisruptedindl colon, lung and breast

———— Review

cancers. Examination of themost commonmutationin
colon cancer at K-RAS, a G12V mutation, may not
giveatruepictureof theextent of thedisruption of this
pathway asthe miRNA, let-7, could be down-regu-
lated or the processing enzyme, Lin28B, maybe over-
expressed, producing the same effect. So wemust be-
gintolook at the entire pathway, including all known
enzymeinhibitors, rather than ssmply the presence or
absence of one mutation in an oncogene or atumour
Suppressor gene.

2. Multimeric Proteins Effecting Chromosome
Sructure

Assembly of nucleosomes

How doesthecdll faithfully reproducethe 3 hillion
basesin the nucleus, repairing any nucleotide errors,
removing al the nucleosomesand then replacingthem
asthereplicating fork travelsaongthe DNA chain?
How doesthegenome, a thesametimemaintainal the
epigenetic marks, both temporary and permanent ones?
After cell divison, how doesthecell keepdiveavery
small number of transcription sitesfor thefew genes
whichmaintainthespecificity of thetissueand shut down
therest? Any error in this complicated regulation of
housekeeping genesand genes defining an organ, could
eventually lead to acancer and other diseases. Wenow
reglisethisisadynamic process, whichinthebraincan
lead to an increase of neuronal connections but a
marked decreasein activetranscription sites, with age-
ing. The standard picture of the nucleosomeisthat of a
double- stranded DNA, with 147 nucleotideswrapped
twiceover adimer, madeup of twoidentica complexes,
each cong sting of four hisoneproteinsH2A, H2B, H3
and H4 and about 50 nt separatethetwo nucleosomes.
Sowheat factorsinitiatethe unwinding of DNA fromthe
histonesin the nucleosome, what regul atesthe binding
of RNA polymerasell to thiscomplex and theadding
of ribonucleosides to form unspliced heterogenous
nuclear RNA?

Part of theanswer lieswith thediscovery that main-
tenance of geneexpressionisprobably carried out by a
continuous destabilisation and reformation of the nu-
cleosomesat thesite of activetranscription. Thismay
asoinvolveregulatory sequencesinthe DNA, incor-
poration of histonevariants, themodification of histone
tallsand thebinding of chrométin-associ ated proteing for
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areview sed™. Part of thisnew thinkinginvolvesa
modified concept of the histone ‘code.” The chemical
changesonthehistonesdo not stipulateacode, assuch,
whichisread and edited by active enzymes, but rather
the histonemodificationsplay amoresubtleroleinthe
ease of eviction and reformation of the nucleosomes.

Animportant discovery in understanding chroma:
tin activation wasthe observationthat transcription fac-
torshind to genomic siteswherethe nucleosomeshave
been removed, evenin humang™. Thetranscription
machinery is rather bulky and isincompatible with
attachment tothe DNA chainif itiswrapped around
the nucleosome. So the nucleosomeisevicted at the
transcription start Ste. Thebinding of RNA polymerase
Il prevents the nucleosome from occupying the -1
position™!, Itis possiblethe nucleosomeisevicted or
even slides forward or backward along the chain.
Eukaryotic cdlscontain at |east five classes of chroma:
tinremoddling complexes. SWI/SNF, ISWI, CHD(Mi-
2), INO80 and SWRL1. These2 M Damultimeric com-
plexes have acatal ytic AT Pase subunit that provides
theenergy in shifting the nucleosome out of theway in
order toliberatethe DNA chainfor attachment to tran-
scriptionfactord™. The SWI/SNF remodelling factors
areasoinvolved in stem cell differentiation and/or
senescence .

Thelsw2 chromatinremodelling enzymeinyeast,
Saccharomyces cerevisiae, isinvolved in shifting nu-
cleosomes to a position with an energetically
unfavourable DNA sequence™. Thuslsw2 bindsto
both 5’ and 3’ends of genes, just downstream from the
transcription start site but appearsto act inthedirec-
tionof 3’ to 5°. From examination of mutants, it was
found that Isw2 servesto shift nucleosomesonto adja-
cent intergenicregions. Thegeneral modeof action of
Isw2 is to repress transcription from promoters™.
Deletion of Isw2 results in the production of a
noncoding, antisense transcript from the geneon the
opposite strand. One can begin to think of how this
could function in the human genome. If therole of the
equivaent protein, ISWI in humans, isfound to oper-
ateinthe same manner, then ISWI would prevent the
transcription of theantisense ncRNA, perhapsforcing
transcription from an alternative promoter. Thereforea
mutationintheantisensencRNA could play arolein
theinitiation of acancer.
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However, histonevariantsmay alsobeinvolvedin
the processof nucleosomeeviction. Therearedifferent
variantsof H1, H2A and H3, each of theseisthought
to have specific properties and functiong®. Deposi-
tion of the histone variant H2A.Z by the ATP-depen-
dent INO8O into nucleosomes’® may also facilitate
nucleosome eviction or repositioning by destabilizing
the nucleosome structure. So the chromatinismain-
tained inan active state by rapid histoneturnover with
continuous histonereplacement fromH3.3toH3 and
back again™. Thedefault positionisthesilent state.
Other evidence pointsto acetylation of the histone by
histone acetyl transferases(HAT) enzymesas contrib-
uting to the destabilizing event and releasing thenucleo-
somefromtheDNA chain. Itisaso possiblethat the
DNA sequenceitsdf isanimportant factor inthe ease
of nucleosomeassembly and stability.

Polycomb group of proteins, PRC1and PRC2re-
pressive complexes

The paradigms used to understand chromatin
formation haveto alarge extent been devel oped from
our discovery of thebiologica processesusedin plants,
the position effect variegation (PEV) and the ciliated
protoza, Tetrahymena, the lowly worm
Caenorhabiditisand thefruit fly Drosophila; hence,
the names of the protein subunits. There are protein
complexesthat maintain stable states of gene expres-
sion, the Polycomb group (PcG) that maintainthe oft”
state. The PcG componentsareinvolvedinall aspects
of epigenetic regulation®#4, The PcG complexesare
responsiblefor locking up large areas of the chromo-
some, through theformation of bunchesof nucleosomes,
locked together, especidly after their initia expression
inthe embryo has been completed. In the stem cells,
they play arolein keeping genesinvolvedindifferentia-
tion of thetissue silent and also maintaining its self-
renewal capacity. PcG proteinsformlargemultimeric
complexes with avariety of proteins, of two major
types, both repressive, PRC1 and PRC2. It isimpos-
sibleto separate PcG complexesfrom histone modifi-
cations on the nucleosomes as they are intimately
involved and carry out many but not al of theenzymic
activities.

Thereareactually two different mechanismsfor
silencing genes, one based on the polycomb group of
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proteins which recognise the histone mark of
H3K27me3. The other utilizes the histone mark of
H3K9, without theinvolvement of PcG proteins. The
former isinvolved in X-chromosomeinactivationin
femalesaswell asHOX expression during devel op-
ment. In humans, PRC2isresponsiblefor binding the
other PcG complex, PRC1, to thetargeted gene pro-
moter site. Thesearelabelled thewrongway round as
itisPRC2that first bindsto chromatin. PRC2 contains
four core components, a histone methyl transferase,
called EZH2, which trimethylates H3K 27, a strong
epigenetic mark for transcription repression®!, The
other three componentsare protein Embryonic Ecto-
derm Development EED, SUZ12 and EZH1 dl of which
ad EZH2initshistone methyl transferase activity. In
addition, EED, SUZ12 and EZH2, whichdso contains
azincfinger domain, al have RNA-binding activity!®,

Theother repressive PcG complex core, PRC1, is
composed of four major protein groups; Pc (a
chromodomain which readsthelysinemethyl mark on
histone), dRING, (a E3 ubiquitin ligase at histone
H2AK119), the Psc (essential for H2A ubquitylation
enzyme) and PH, azinc finger domain that might be
responsiblefor the spreading of PcG complexesaong
the genome. Thesemulltiprotein complexesof PcG con-
trol transcription through aseriesof stepsthat involve
nucleosomemodification by chromatinremoddlingand
histonemodifications. In Drosophila, thereisonly one
Pc but in mouse and humansthishasexpanded tofive
genes, named after the N-termina chromodomains
which bind to methylated histones, Cbx2, Chx4, Chx6,
Chx7 and Chx8!8". A recent and important discovery
isthat ancRNA wasrequired for recruiting the PcG
complex to chromatin but it wasthencRNA that deter-
mined specificity, asthe Cbx proteins could bind all
types of RNA®, [t is not clear whether this only
required PRC2 or also includes PRC1, as both com-
plexeshavezinc finger domains, which canbind RNA.

Much lessisknown about thelarge protein com-
plex making up theactivetranscription unit in humans.
Thiscould be becausethe situationin mammalsisdif-
ferent to Drosophila, whereactivetranscriptionismuch
more dependent on nucleosome displacement as
described above. Key to this complex isthe SNF2-
like DNA helicase or AT Pase which can change chro-
matin sructureby dtering the hisonecompostionwithin

———— Review

thenucleosome. Severd of these complexeshavebeen
described®!. Theactivetranscription unit in Drosophila
isaheterogeneous group of TrxG proteins. In humans,
they aremade up of SWI/SNF complex, aNURF com-
plex and MLL1-3. The SWI/SNF and NURF com-
plexesareenzymesthat mobilizethenucleosometo open
up or to assumeadifferent shapeto alow accessof the
transcriptional machinery by expending the energy of
ATP®, 1t must also include aHAT, to acetylate the
histonesfor ease of nucleosome eviction. TrxG also
includes nucleosomeremodellerssuch asBrahmaand
Kismet. Other proteinsthat belong to TrxG include
DNA binding proteins, a GAGA factor (GAF) and
Zeste, another histonelysine methyltransferase (HMT)
for lysine 4, H3K4me and another enzyme a
demethylase which can remove methyl groupsfrom
lysine, H3K 4 demethylase (Lid)!®. There may very
well beother proteinsinvertebrateswhich areinvolved
In maintaining an active chromatin. Further studiesmay
show they are al so dependent on specific sequences of
the genome, which arerelated to the Ultraconserved
Regions(UCRYs). It ispossiblethat acertain combina
tion of these UCGs mark asite which should be gener-
aly silenced or congtitutively expressed or dternatively
adstethat can oscill ate between both conditions.

CpG methylation

Oneof thefirst advancesin understanding tumour
genetics was the realisation that a gene could be
slenced by methylation of the DNA, specificaly onthe
5’-cytosine of a CpG dinucleotide, upstream of the
promoter site. If the silenced genewasatumour sup-
pressor, theresultinglossof transcription could resultin
acancer (for reviews see®-%4), A CpG methylationis
catalysed by DNA methyltransferases (DNMT) by
trangferringamethyl group from S-adenosylmethionine
to the cytosinering. In vertebrates about 30% of all
genescontain aCpG idand, about 5,000-7,000 genes,
therest are silenced by adifferent mechanism. Approxi-
mately 70% of all CpG sitesare methylated in normal
human cells, asit isthe main mechanism for shutting
down unwanted retrotransposons, repetitive DNA, sat-
ellite DNA and any foreign DNA. Therearetwo major
eventsin cancer, global hypomethylation, which most
often occursinthelater stages of tumour growth, and
metastases. Theother event ishypermethylation of spe-
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cificgenes, dthoughthiscanincludelargeareasof the
genomeaswell, a timesatota |length of 4 M. These
two processes, hyper- and hypomethylation occur
simultaneoudly, athough we have much moredataon
hypermethylated genes®.

Hypomethylation can cause 70% of norma methy-
lated sites to be demethylated but specific
hypomethylation of some genes can beobserved®. In
astudy of monozygotictwins, it wasfoundthat agingis
duetothemassivelossof DNA methylation, aswell as
hypermethylation of afew specific genes, very smilar
to tumour development, called epigenetic driftl®’,
Moreover, thelink betweenionizing radiation and chro-
mosome instability has been reported. Chronic UV
exposureresultedin global DNA hypomethylationin
mice®. There easefrom transcript repression caused
by hypomethylation allows a large number of
transposons, repeeat e ementssuch asLINE1sandAlus
to beexpressed, causing de etionsand trandocation as
well asagreater number of mitotic combinationg®.

However thisisnot the only reason for chromo-
somal aneuploidy and chaos. New results have shown
that del etion of the H3K 9Me3 mark made by mamma-
lian histonemethyl transferase G9aled to widespread
genomicinstability dueto centrosomedisruption and
not genetic expressioni*®!, Different histone methyl
transferasesact at H3K9. Essentially G9acarriesout
the monomethylation and dimethylation reaction,
whereas the trimethylation mark is carried out by
Suv39h1 and Suv39h2. Thelatter two enzymeshave
redundant rolesin thestructural organisation of thege-
nome and do not cause genomicinstability. Thebasis
of aneuploidy may haveaseparateorigin. Thenuclear
relocation of thelipid phosphatase, PTEN, which regu-
latesPI3K signalling, wasdisrupted by interferencein
itsubiquitylation state. Thisresultedinanincreased num-
ber of chromosomal fragmentswith breakage at the
centromeres and chromosomal translocationg*y,
Thereforeitisthought PTEN might function asguard-
ian of the chromosomal stability. However, more
research focused on hypomethylationisneeded to tease
out thedetailsof thismechanismto understand exactly
why somecancersremaindiploid.

Thereareover 100 genesthat are hypermethylated
and hypomethylated in cancer and it could beashigh
as 400 geneg| http://www.pubmeth.org]*°d, Most
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hypermethylated promoters are occupied aswell by
methyl CpG binding proteins(MBD), whicharemade
up of MeCp2, MBD1 and MBD2. MBD3 is part of
the NURD complex and is recruited to CpG methy-
lated DNA through associationwithMBD2. TheMBD
pattern of tumour cellsishighly characteristic of the
cancer’®, Half of thegenesthat causefamilia cancers
dueto mutationsare hypermethylated in sporadic can-
cers. Measurement of certain CpGs can also play a
rolein prognosis. CpG methylation of ahomeodomain
transcription factor was ableto predict the possibility
that distant metastasesin breast cancer would reap-
pear®, Moreover, the hypermethylation of aDNA
repair protein, MGMT, in untreated patients with
astrocytoma, was a marker of a poor prognosis, re-
lated to agreat number of mutations occurring dueto
lack of repair™®, The CpG methylation pattern of a
few genesin progtate cancer could di stingui sh between
late primary stage tumour, androgen-independent
tumour and metastases™.

Insulator CTCF bindingfactor

Withinacluster of geneswhich aresilenced, some
can be desdl ected by the binding of CTCF, aconserved
protein named from CCCTC-binding factor, which
recognises|ong and diverse nucl eotide sequences™.
However in humans, thisinsulator isaconserved pro-
tein CTCF, withan 11 Zn-finger domainwhich canbind
to 13,800 sites of a 20-mer consensus sequence of
DNA. Thisplaysan essentid rolein protecting key genes
frominadvertent CpG methylation and slencing of the
promoter site. Half of the CTCF binding sitesinthe
human genome werefound at sitesremote from the
transcription site, while the other half werefound in
intergenicregions, whereit was considered theinsula-
tor was segregating alternative promoters, as 52% of
human genespossess severa promoters.

CTCF isacandidate tumour suppressor gene as
point mutationsand Loss of Heterozygosity (LOH) at
16022 produced avariety of cancersin breast, pros-
tateand Wilm’s tumours?®, The 11-Zn-finger protein
can usedifferent combinationsof theZnfinger domain
to bind different DNA target sequences. CTCF bind-
ing Steswerevery far from promoterswith an average
distance of 48,000 nt. Only about 20% of CTCF sites
werenear transcription start Sites. A CTCF was bound
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to the promoter site of retinoblastomagene(Rb) to pre-
vent itsaberrant methylation. In addition, mutations of
the CTCF-binding site on the Rb promoter caninduce
CpG hypermethylation that can spread tothe other CpG
islands of the promoter™®, Thiscould be apart expla-
nation of theclassfication of somecoloncancersintoa
CpG Idand Methylator Phenotype (CIMP) where a
large number of genomic regionsare shut down dueto
hypermethylation™¥, A mutationin the CTCF protein
could prevent itsefficient binding to promoter regions
of hundredsof genes.

M aintenanceof activechromatin

Thefollowing descriptionisan hypothesisof how
an activetranseription Sitemight bemaintained through
histonevariantsand enzymati c additionsto the carboxyl
or aminotermind of thetailsof histones. At thisstage, it
isnot known the exact ordering of events nor whether
all enzymatic changesoccur onall thehistones, nor the
specificity of thedifferent methylasesand acetyl ases.
At theregulatory region or promoter siteof theactive
genelocus, thevariant histone, H3.3ispresent (Figure
1). Someregionsof thegenomeare ‘hot’ as they have
ahigh rate of turnover of nucleosome assembly and
disassembly, in particular promoter regions™. Thesig-
nature of the methylated lysinereside on H3.3K4me
recruitschromatinremodel ling factorsCHD1 and hence
destabilisesthe nucleosoméetl, H3K4me2 definitely
corrdlateswith activechromatinin al studies*'?. Part
of thisprocessa soinvolvesthe acetyl ation and methy-
lation of other lysine groups on the same histone,
H3K9Ac and H3K 79me. Because these modifications
make the nucleosomesunstable, they are continually
evicted and reformed with the interchange of histone
variants, H3.3 and H3.1 which areescortedto the site
with histone chaperone, HIRA. The particular modifi-
cation, H3.3K4me, isvery important in this process
becausethesubstitution of thelysinewith glutamicacid
faillsto maintain the activetranscriptional memory in
nuclear transplant embryos ™3, Another nucleosome
variant, H2A.Z, together with H3.3, also appearsto be
important in nucleosomal destabilization and keeping
transcri ption open™4.,

The addition of an acetyl group on the lysine of
histone H3K9Ac by HAT enzymesisassociated with
activetranscriptionasRNA polymerasell wasaways
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Figure 1 Maintenance of active chromatin. It is postulated that
Histone 3.3 or H2A.Z is dimethylated at H3K9me2 by a histone
methyl transferase (HMTase). The histone is acetylated at
H3K9Ac by histone acetyl transferase (HAT), perhaps escorted
by Asfl protein. The histone is also methylated at H3K4me2 by
another HMTase. A chromatin remodelling protein, SWI/SNF is
recruited by the H3K4me2 mark. The H3.3 containing nucleo-
some is evicted from the promoter site by SWI/SNF, an AT Pase.
The noncoding RNA, with sequence specific to the DNA is es-
corted to the site by an unknown protein, allowing RNA poly-
merase || to bind at the transcription start site.

found at thesesites. It isthought the acetyl group opens
up the histone dueto the neutralization of the positive
chargeonthelys negroup onthehistone. Another novel
modification isacetylation of H3K36Acinyeast, Tet-
rahymena and mammalian cellg'*¥, There is also
another destabilizing histone modification associated
with H3.3 which acetylates K561"3. Modulation of
nucleosome stability isakey mechanismto epigenetic
regulation. Itisthought that the samelysinesite may
competefor acetylation or methylation and that this
could bethe switch between an activeor silent gene
locus. The same applies to H3K9, which can be
acetylated or methylated but never both.
Soitisthought that oneof the membersof the SWI/
SNF group, an AT Paseremodelling complex, such as
Brahma (BRM) or Brahma-related gene 1 (BRGL1),
bindsto acetylated H4 tail sand destabilise the nucleo-
some. Thedifferent ATPaseremodd ling complexesbind
different hormone and transcription factors as only
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BRG1 and not thel SWI complex wasnot found at the
steroid hormone active site*l, Also another histone
escort protein, called anti-silencing function protein
(Asf1), escortsH3 and H4 to sites of assembly!*, It
can aso act asanucleosomeeviction agent, knocking
off theH3-H4 dimer from DNA. Asf1 facilitatesthe
acetylation of histone H3K 56 by the unusual histone
acetyl transferase, Rtt109™8, So histonemodification
of thetailscan anchor the nucleosomestogether or tear
them apart.

It ispostulated that ashort n"cRNA, synthesized in
cisor trans, bound to an escort protein can attach to
theexposed DNA strand, forming atriplex, and begin
theinitiation of transcription. Littleexperimenta evidence
isavailablefor thisstage of the process. It isassumed
the sequence of NcRNA determinesif thencRNA isa
signa for transcription or silencing, perhaps specified
by bindingto different promoter sitesontheonecoding
gene. Thetranscription factorsand RNA polymerase
Il attaches to the DNA and the coding geneistran-
scribed into pre-RNA, processed by the removal of
theintronsand findly, after cgpping and polyadenylation,
the mRNA istransported to the cytoplasmfor tranda-
tion. Perhapsthereisa so acounting system, asassoci-
ated with the X chromosome, so that depending on
how frequently the geneistranscribed, themodification
onthehistonecan vary to makeit more easily acces-
sible. Thereare hundreds of modificationsof the his-
tone amino acids, phosphorylation, sumoylation,
ubiquitination, prolineisomerisation, bes desmethyla-
tion and acetylation. Thiswould mean the gene can
adapt in many different waysto theenvironment ascon-
ditionschange.

Activechromatin coverted to silent chromatin

Moreisknown about the permanent silencing of
chromatinthan theconditionsfor maintaining transcrip-
tion, due to an intensive study of tumor suppressor
genes, hypermethylated and shut downin cancer. Just
assomehistonevariantsareinvolved with activetran-
scription, other histone variants areassociated with Si-
lencing. TheseslencingnudeosomesareH3.1andH3.2
infliesand mammals, which make up alarge propor-
tion of their genome. We havebased thefollowingon
events established for shutting down the second X
chromosomeinfemaled®'9, Thefirst step may bethe

binding of the ncRNA to the exposed DNA double
strand, freeof nucleosomes(Figure 2). Recent evidence
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Figure 2 Active chromatin converted to silent chromatin. It is
postulated that non-coding RNA with sequence specific to the
DNA is escorted to the promoter site. This recruits nucleosomes
H3.1 and chromatin remodelling protein, NuRF. The DNA is
wrapped around the nucleosome. There are two pathways to the
silent state, one is through the PcG proteins, the repressive
complexes, PRC2 and PRC1 via methylation of H3K27me3, which
may act on promoter sites lacking in CpG islands. This attracts
HPla which links the nucleosomes together like a bunch of
grapes. The other pathway utilizes methylation of H3K9me2.
This mark then attracts methyl binding proteins, (MBD) and
DNA methyl transferase (DNMT) which methylates the CpG
islands in the DNA, to silence the gene.

found that ncRNA could co-localiseto the DNA[29,
Thisisasignd for thereinsertion of the nucleosomes,
which areredignedindimersof H3-H4 and H2A-H2B,
and chromatin remodel lingiscarried out by oneof the
ATPase complexes, SWI/SNI. Most of the epigenetic
histone modifications are carried out on the H3-H4
dimer. Thisformationwould partly excludethebinding
of RNA polymerase|l and transcriptionfactorsat the
promoter Site.
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A nucleosomeremodelling and deacetylase com-
plex (HDAC) must act on the DNA sequence for
dlendng. Thesllenced transcription might requireadedi-
cated remodel ling complex, or the sameAT Pase com-
plex, that canreact to both activeand silencing histone
signals. In humans, the combined silencing complex,
NuRD, is known to contain at |east seven polypep-
tides, including histone deacetylase (HDAC1 and 2),
H4 interacting proteins (RbA p46/48), methyl-binding
protein 3(MBD3), MTA-family members (MTA1-3)
and aSNF2-like chromatin-remodel ling AT Pase (M-
2/CHD4)*2, Further, another methyl binding protein,
MBD?2, can aso recruit NURD through other DNA
specificbinding proteins.

Therearetwo mechanismsfor silencing genes, one
based on the PcG group with the histone mark
H3K27me3 and the other based on the histone mark
of H3K9. TheH3K27me3 mark appearsstrongly over
the promoter Sitesof geneswhichlack aCpGidand. It
should be noted, however, that thereare situationsin
which both H3K9 and H3K 27 methylation cansilence
geneexpressonwithout any involvement of CpG DNA
methylation*?2, The binding of ncRNA tothe DNA
recruits a histone demethylase(HMT), one for
H3K4me2 and another demethylase for H3K36 or
other activating methylated marks. The polycomb
repressivecomplex, PRC2, isa sotrangently recruited
by the presence of ncRNA where PRC2 carriesout a
trimethylation H3K27me3 and adeacetylation, HAK 16.
Oneof the subunitsof PRC2 isahistone deacetylases,
RbAp48 and one of the other subunits is a histone
methyltransferase, EZH2, which also dependsfor its
activity onthe presence of EED. H3K27me3isvery
important asitisarecognition sitefor the second PcG
complex, PRC1. Whilethe PRC2 complexissittingon
the DNA, PRC1 is dso transiently recruited by the
NcRNA. PRC1 containsaRinglB enzyme, aligase
whichubiquitinatesH2A K 119ub, allowing compaction
of thenucd osomes. Thisisunusud asubiquitinisalarge
compact globular molecule of 76 amino acids.
Ubiquitination of theother histone, H2B, may havethe
oppositeeffect, that of gene activation(*?3,

Inaddition, a least intheinactivation of the X chro-
mosome, the PRC1 complex can berecruited to the
locus, independently of theH3K27me3 signdl, carried
out by PRC2. That is, Ring1B can act independently of

———— Review

PRC2insilencingthe DNAM?4, To shut downthesys-
tem, theantisense, N"cRNA bindsto histone escort pro-
tenAs1, whichtrangportsit totheopenchainof DNA,
freeof nucleosomes, againtoformatriplex of two DNA
mol eculesand the RNA. Asobservedin Drosophila,
theAsf1 proteinisabletoformacomplex withH3and
H4. In addition there are speciesdifferences, withH4
often much lessmodified than H3,

Methylated histone, HIK26meis ableto attract
chromo protein HP1a, (thedternativenameis Cbx5),
and bind other nucleosomesthrough another HP1a link.
Finally the PRC2 complex isableto bind DNA methyl
transferase, DNM T3aand methylate the cytosine CpG
tolock in the repression. NuRD playsaroleinthis
activity, asitispostulated that theremodel ling activity
of NURD may facilitate access of DNMTsto chroma:
tintemplatefor deposition of methyl groupsat CpG
sited*?Y, In addition thereis again of methylation of
another lysine, H3K 9me, but both mono and di-me-
thylated formsarerepressive. Theintimatelink between
NuRD and DNA methylationwas postulated sincethe
identification of MBD2 and MBD3 withintheMeCPL/
NuRD complex. It wasprevioudy shown that the me-
thyl binding proteins are not asubunit of NURD but
recruit NuRD to methylated DNAR,

Thereissomeindication of how thesilencing sys-
tem may operatein cancer dueto theresearch onim-
printing of the IGFR, IGF and AIR genes and more
recently the HOX genes. Theuseof amicroarray at a
5bp resolution of the HOX genes revealed how
antisensencRNA controlsremodeing of thechromatin
through methylation™. Inmamma sthereare 39 HOX
genes but 407 discrete transcribed regionswerefound
injust four HOX loci A, B, C, D. Some 101 of these
wereexonsand 75 wereintrons, leaving 231 ncRNAS
mainly fromtheintergenicregions. Some74% of these
NCRNA were antisensetranscription from HOX genes.
Surprisingly, the ncRNAswere enriched for specific
DNA sequence motifs, which were considered to be
regulatory sites, either DNA or RNA, operatinginthe
samegenerd areg, incis.

Theregion could bedivided into two separate do-
mains, that either dlowed transcription or weres lenced.
Both HOX and ncRNA transcription werein abroad
domain occupied by RNA polymerase Il and
H3K4me2, amark of expression. However thesilent

e, BIOCHEMISTRY

Hn Tndéan g%wumé



16 Cancer is a disease of a disturbance of chromatin structure

BCAIJ, 3(1) March 2009

Review =

regionswere occupied by PRC2 and the histonemark
of silencing H3K27me3. A specific ncRNA at the
boundary between active and inactive domainsinthe
HOXC locuswas examined moreclosaly. It wasfound
that aprevioudy unknownncRNA, labeled HOTAIR
NcRNA, transcribed from the HOXC, silenced the
HOXD locusby targeting PRC2 with its components
of SUZ12 and EZH2 to methylatethehistonetails. It
has been postul ated that ncRNAsmay guide specific
histonemodification activitiesto discretechrométinlodi.
TheHOTAIR ncRNA wasrequired for methylationon
H3K27me3 by itsHM Tase activity, associated with
PRC2 and thusfor transcriptiond slencing of theHOXD
locug?,

In another exampl e, which appliesto Drosophila
and may belessrelevant for humans, transcription of
three elements of ancRNA, all exactly the same se-
guence at an active site called TRE in the promoter
region of the Ubx gene, were able to each bind a
HM Tase, Ash1i?), The ncRNA transcript of the TRE
bonded to the DNA copy and with Ashl was ableto
causethetranscription of thegene Ubx. Thisoccurred
astheAdhl carried out trimethylation of histonelysines,
H3K4, H3K9, and H4K 20, signal sfor transcriptional
activation, by sitting on the RNA:DNA scaffold and
enzymdicdly convertingthehistones. Thusaprevioudy
dlent transcription Stewasconvertedintoan activetran-
scription site. Itissimilar to themechanism, first dis-
covered inamouse, wherethelong ncRNA XIST that
can actintransto regul atethe chromatin domain of the
extraX chromosome.

Thereisdear evidencethat smal ncRNAscan regu-
late gene expression in cancer cells. Small 21-nt
dsRNAstargeting sel ected promoter regionsof human
genes E-cadherin, p21WAFL/CIP1 (p21), and VEGF
in human prostate cancer cell lineswereableto cause
long-lasting and sequence-specificinduction of thetar-
geted genes. E-Cadherinisepigeneticaly silencedin
cancer Hel acellsbecause of aberrant methylation of
its CpG promoter. However three other 21 nt dsRNAS
from other sitesin the promoter regiondid not initiate
expression of E-Cadherin, indicating this effect was
sequence specific. Inaddition other dsSRNAstargeting
promoter sitesof coding genesp27, PTEN and APC
did not causeincreased geneexpresson, astheresearch-
erswerejust unlucky intheir choiceof sequences. The
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Ago family of proteins are key regulators of RNA
silencing. Humans haveatotal of four closely related
Ago proteins(Agol-4) that interact withthetrigger of
dsRNA andfunctionin target recognition. Further Ago2
wasnecessary for thisactivation, pointing to the possi-
bility that stand separation and removal of one passen-
ger stand of the dsRNA wasimportant for geneactiva
tionto occur®, TheAgo proteinsmay function to deal
with exogenous DNA and may not play aroleinvivo
incarcinogenesis.

Cancer, histones, PcG and DNA methylation

Somemutationshavebeen found inthenucleosome
remoddlling proteins. Not al proteinsin the epigenetic
processwill befound to undergo amutation, as many
which do occur would belethal tothecell, provoking
apoptosis. Thecell can only surviveif mutationstake
placein redundant proteins acting in apathway, which
may al so have an aternative and functional back up
system, eventhough it may beinefficient. Only someof
themorerecent oncogenesand tumour SUppressor genes
will bementioned, asthelistisgetting longer every day
with the discovery of miRNAsand ncRNAs. Among
the many members of the SWI/SNF family, four are
involved with cancer development: PASG/LSH, BRGL,
HLTF and SNF5. The smallest of the complexes,
SNF5, showsinactivating somatic and germlinemuta
tions and playsarolein p53 dysfunction as well as
p21CIP/WAF1 and p16INK4ain malignant rhabdoid
tumourg*?,

Another ATPase complex containing BRG1 (some-
times|abelled SMARCAA4) has been shownto bere-
quiredfor cell cyclecontrol, apoptosisand cell differ-
entiationinsevera biologicd systems. BRG1 playsa
rolein negativeregulation of cell cycle progression by
binding to the Rb*?) and the tumour suppressor pro-
tein p53. Other SWI/SNF membersbindtoc-MYC
and BRCA 1. Both Rb and p53 are master genesinthe
control of cell cycleexit that canlead either to cell dif-
ferentiation or to cell death. Forced expression of BRG1
caused cell death through activation of p53 and should
be considered asatumour suppressor gene*®d, Muta-
tions of the coding sequence of BRG1 werefound in
24% of lung cancer cdll lines*®Y,

M utationsin mouse chromatin-remode ling protein
SNF2, the Lsh genesand human ATRX, have signifi-
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cant effectson global DNA methylation patterng*?4,
Another of the chromatin remodelling enzymesisa
chromodomain helicase DNA binding protein called
CHD. Anexamination of the CpG idandsfor thenine
membersof thefamily of CHD reveded that only one
CHDS5 promoter was methylated™?. This occurred
particularly in gliomas, colon and breast carcinomeas.
So chromatin modifiersrepresent an additional leve of
transcription regul ation that can be disturbed and pro-
voked into tumorigenesig®.

Sincetheproliferating cellsare shutting down genes
regul ating differentiation and tumour Suppressor genes,
it would be expected that therewould be el evated lev-
esof PcGfactors. Thisisexactly what happensasmost
cancer cellshaveelevated levelsof PcGs, all thehis-
tone deacetyl ases, such as SIRT 1 and an essentia com-
ponent of PRC2, the EED protein, whilethese proteins
areundetectablein normd tissue. Inhumans, the PRC1
complex containsthe oncogene, BMI-1, which hasa
RING-finger domain. BMI-1isimportant inthemain-
tenanceof semcdls, in particular thesdf-renewd prop-
erty of stemcells, but playsnorolein differentiation.
Decreasesin BMI-1levelsdownregulatethe expres-
sion of tumour-suppressor genes, such aspl6INK4a
and p14AREF, both of which are often inactivated by
epigenetic meansin colon cancer’™. Thehuman BMI-
1 geneis located on chromosome band 10p13 and
chromosomd trand ocationinvolving thisregion hasbeen
reported to occur ininfant leukaemiaand T-cell malig-
nant lymphomd**¥. Microarray analysisof 71 prostate
carcinomasindicated that patientswith tumourshaving
increased levelsof both BMI-1 and the histone methyl
transferase EZH2 manifest dinicaly aggressivedisease
phenotypes. It wasan indication that patientsweresig-
nificantly morelikely to relapse and develop disease
recurrence after radical prostate surgery®*4., In addi-
tion, microarraysof PcG expression, inasimilar fash-
iontomicroarraysof miRNASs, might bevaluableas
prognostic markersof patient surviva fromacancer**,

Many mutationsintheenzymeschemically modify-
ing histones can cause acancer. Acetylationis present
a low levesinthenorma genomebut in cancer globd
hypoacetylation or hyperacetylation can occur. Altered
histoneacetyl transferases(HATS) occur inleukaemias
dueto fusion proteing**. Only one mutation hasbeen
found in the genes coding for HDAC2 in cancer but

———— Review

they are often over-expressed®3”. A lossof monoacetyla
tiona H4K 16Acand alossof trimethylation at H4K 20
me3 have been found in cancer cell lines of lympho-
cytes, breast, lung and colon aswell asin lymphomas
and colon carcinomasi®*®, This was related to
hypomethylation of repetitive DNA areas, whichindi-
catesalossof differentiation and activetranscription of
inappropriate genes. Other results suggested that his-
tone H3K 9 deacetylation appearsto play acrucid role
intranscriptiona repression of E-cadherinin colorecta
cancerg®*d,

Another higonemethyl transferase (MLL) istrans-
located in haematol ogical malignancieswith over 100
different trand ocationsaround chromosome 11, where
theMLL geneislocated*®., It hasbeen knownfor a
long timethat the histone methyl transferase EZH2is
upregulated in several tumours, lymphoma, prostate,
melanomaand breast’®. Overexpression of histone
methyl transferase, EZH2, occursinlatestagesof pros-
tate cancer and isindi cative of apoor prognosis. In
cancer cdl linesof colon or prostate, thereisevidence
that EZH2 premarksthegenethat isto be shut downin
thenext cdl division; itinitiatesade novo methylation.
The activated EZH2, bound by PcG to the DNA,
trimethylatesthe histone within the nucleosome, spe-
cficaly H3K27me3*1. Inthenext cdl divison, DNMT
methylates the CpG site on the DNA due to the
H3K27me3sgnd. Thuslevdsof activity of theDNMTs
are overexpressed during neoplastic transformation,
especialy in solid tumours, but they do not play any
rolein the selection of the genetic sitesto be closed
down. H3K 27me3 epigenetic mark correlateswiththe
distribution of PcG, sometimesover domainsthat are
hundreds of kilobasesinsize. Thusaltered expression
of EZH2, SUZ12 aswell asBMI-1 hasbeen shownto
occur invery different cancersin humang®,

Oneof themysteriesof cancer that needsresolving
iswhy epigeneticinactivation occurson afunctioning
aldewhentheother dleleismutated or even deleted.
Thisactioninevitably drivesthecell towards carcino-
genes's. Thishasbeen documented with the mismatch
repair gene, MLH142 and CDKN2A (the genethat
encodes p16INK4a) in HCT 116 cellsand many oth-
ersgenes. Thisprocedure appearsto takeplacein
atime-dependent manner so that the cell could be adapt-
ing to agenetic switch asaresult of the mutation*4,
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The other mystery iswhy thisoccursinonly one spe-
cifictissueand not every tissuein thebody, if itisan
inherited mutation. AcuteMye oid Leukemia, aninher-
ited condition, in 50% of casesiscaused by atrando-
cation around chromosome 11. Presumably every cell
inevery other organ a so suffersfrom such deleterious
trand ocationsbut effectively diminatesthesesemcdlls
or their functionisneutraised. Thesameappliestoan
inherited cancer inthe colon cancer disease FAP, where
thegermlinemutated APC geneintheWnt pathway, is
ofteninactivated. In FAPR, every cdll inthebody should
be clogged with large amounts of aberrant MRNA and
dysfunctional APC protein. Possibly silencing of the
mutation aso slencesamiRNA spedificfor differentia-
tion of that particular tissue. Some evidence pointsto
the concept that different genetic eventsinthestem cell
will determinethe phenotypic profileof thetumour. Stud-
ieson papillomasand squamous carcinomas provide
support for this interpretation*. Obviously some
mutationswill automatically lead to gpoptosisand stem
cdl eimination astheresult iscatastrophicfor surviva
of thecell. Other mutations, far more dangerous, alow
the cell to survive because of redundant mechanisms
that can compensate.

A related aspect which urgently requiresan expla
nation isthe question of pathway addiction™. Again
theexampleisFAPR, wherethe APC genedisturbsthe
Wnt pathway. However thiswouldn’t matter if mem-
bersof thesecreted frizzled-rel ated genefamily SFRP1,
2,4 and 5 that encode Wnt antagoni stsremained ac-
tive. Instead, cellscarrying abnormal activation of Wnt
ggnding, such asactivating mutationsof 3-catenin, dso
havethese SFRPgenesepigenetically slenced. A Ssmi-
lar situation devel opswiththe HIC-1 geneinmicg 4,

Theremust be crossta k taking place between CpG
methyl ation and PcG-directed activity, modifying his-
tonesin the stem cells. The high rate of CpG DNA
methylation in some colon cancers (CIMP+) isthought
to be dueto abnormal de novo methylation which oc-
cursinthe very early stages of the cancer**4. About
370 genesin colon cancer weremethylated at least once
out of atotal of 4500 genes examined. Many of these
would have been methylated dueto the induction of
highlevelsof methyl transferase, EZH2 and not neces-
sarily related to growth requirements. Genesin cancer
cdl lines, dlencedinassociation withthe H3K 9 histone

BIOCHEMISTRY (mm—

mark, undergo DNA methylation, sothetwo arelinked
in some manner**, However sincegenescan also be
silenced by the H3K 27me3 mark without DNA me-
thylation, measurement of CpG methylation donewill
giveacons derableunderestimation of thefrequency of
geneslencingin CIMP+ cancers. Themgority of genes
whichlack aCpG island in their promoterswere si-
lenced by the H3K27me3 mark. In prostate cancer
cells, 5% of promotersweresilenced by H3K27me3,
whichincluded 16% of CpG idandsand 84% of non-
CpG idand*7, Thesituation wascomplicated assome
genes contained both marks, H3K27me3 and CpG
DNA methylation, dthough CpG methylation operated
through a pathway independent of PcG complexes.
Thus both CpG methylation and Pc-mediated
H3K27me3 cantarget the same genes. SW48 acolon
cancer cell linewhichis CIMP+ had very few H3K
27me3 marks. It was concluded that different epige-
netic mechanismsmay be specific for tissueand can-
cerouscell lines'#,

Cancer stem cells

Recent studieshave provided evidence of theex-
istence of apopulation of stem cellslocated withina
nichein eachtissue. Stem cellsarecharacterised by an
asymmetricdivisonresulting after divisonintoonestem
cdll and oneproliferativedaughter cell. Thestemcells
continuously repopulate the tissue and replace the
mature cellsin each organ*d. Inthe human colon, the
stem cells are located at the base of each crypt and
therearemillions of cryptd*#9. Proliferative daughter
cellsof themigrating compartment, after fully differenti-
ating, move on their way up the crypt to the surface,
wherethey are sloughed off into thelumen after 5-7
days. It isthought that thefirst genetic dysregulation
that leadsto acancer occursin one of the stem cell,
leading to what has been |abelled the cancer stem cell.
Clonal origin of colon cellswas proven awhile ago,
when an XO/XY individua who had an FAPhad colon
cryptswhich were either XO or XY. The adenomas
werefrom either froman XO cloneoran XY clond™,
Theoriginof acancer inastem cell could explain why
many anti-cancer drug treetmentsreducethetumour to
asmall sizebut the cancer remerges becausethedrugs
have not been ableto eliminate the cancer stem cell
popultion.
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Onemutated stem cell beginsto takeover andre-
placethenon-mutant cellsin theniche, called niche suc-
cession®Y, But every now and again to maintain the
population, thereisastem cdll divisioninwhich no pro-
liferative stem cellsare produced and both stem cells
remain asstem cells. It is calculated that astem cell
becomes extinct every 8 years, about 9-10timesina
lifetime. So evenif amutation doesnot giveagrowth
advantage, themutation may hitch aridethrough niche
succession. If for example, an APC mutation occursin
onestemcell, only onelineage survivestheniche. Thus
the APC ateration will becomefixed or extinct. The
monocryptal adenomas have been known for along
time. Theresulting APC+/- givesthecell agrowth ad-
vantage, asit isableto expand at afaster rate’,

Then asecond mutation or epigeneticlossmay oc-
cur, with perhapstheproliferative cell with both muta-
tions able to move up the crypt. Niche succession
occursagain, followed by clona conversionto acrypt
filledwithAPC-/- cdl g%, Over timetheadenomatakes
over thecrypt leading tofisson of cryptssmply dueto
expansion and another mutation perhapsinamiRNA
leadsto dedifferentiation and an adenocarcinoma?*?,
These mutationscould involve any number of different
coding genesand intergenic regionsand DNA coding
for ncRNA as described above. However theideaof
niche succession, with an 8 year period whereacancer
stem cell becomesfixed, would explain why cancers
develop over avery long period of time, evenwith pa
tientswho have oneinherited allel ewhichismutated.
Thereistremendous new interest in therelationship
between stem cells, progenitor cellsand cancer cells
and exactly what epigenetic changesare occurringin
each popul ation and how doesthisinfluencethe stem
cell. Somewhereinthismix, thewiresare crossed and
perhapsthe semi-active chromatin state getstrand ated
into apermanent silencing of hundreds of genes*>

APC geneand colon cancer

A closeexamination of theAPC gene, might throw
morelight on cancer agtiology. Morethan 300 known
mutationsin APC gene arethought to affect theWnt
signalling pathway, of which theimportant regulator is
[3-catenin, which after trand ocation to the nucleus can
switch onseveral Wnt-specific target genes™. Mostly
APC proteinisfound in the cytoplasm but it shuttles

———— Review

between the nucleus and cytoplasm. A recent study
showed that miR-135aand miR-135b both bindto the
3’ UTR of mRNA for APC and suppress its expres-
sion**¥). Thiswould also induceincreased 3-catenin
and Wnt-sgna ling. Increased miR-135aand b expres-
sionwasa so found in colon cancer cells, despitethe
state of regulation of the APC gene, that iswhether it
was mutated, hypermethylated or wild type. Thisdidn’t
occur innorma colon cells. Thegene, LEMD1, where
miR-135b is located in the first intron was also
upregulated. MiR-135aisencoded by two copiesin
thehuman genome, located inthefirgt intron of STAB1
on 3p21 and inintron 5 of RMST gene on 12g23. It
was not known what was responsible for the
upregulation of themiR-135. ThebidlelicAPC muta-
tion did not seem to betheimportant factor- the patho-
genesiswasdriven by upregul ation of the miR-135a
and b. Thusthe APC mutationsand theincreased ex-
pression of miR-135 worked in synergy to upregulate
the Wnt pathway to an even greater extent. Perhaps
themystery of aninherited genemutation only causing
acancer inoneorgan could berel ated to thedownregula
tion of certain miRNAsneeded for differentiationinthat
organ.

However recent research shows that the protein
APC can bind directly to DNA and prevent DNA
replication*®®, Theinhibition wasnot duetoancRNA
asit wasindependent of transcription. Theinhibition
mapped to the carboxy terminal of the 2843 aalong
protein, adifferent siteto that which bindsto 3-catenin.
Phosphorylation of the serine or threoninein the bind-
ing motif a so reduced inhibition of DNA replication.
However theinhibition of DNA replication would be
expected to prevent proliferation of cellsand prevent
cancersfrom developing.

Thereareat |east three distinct pathwaysto anin-
herited cancer inthe colon. Oneinduced by amutation
inAPC, producing FAP, asdiscussed. Another ishe-
reditary nonpolyposis colorectal cancer (HNPCC),
wherethereisafamilial mutationin oneof theDNA
repair enzymes, MLH1, MSH2, MSH6 or PMS2. This
resultsin random mutati ons of repeat runsof basesas
they fail to be repaired, affecting genes such as
TGFBIIR, E2F4 and Bax. Thefalluretorepair DNA
would result inan early or | ate appearance of cancer,
evenininherited form asit would depend on exactly
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which genesbecamedysfunctional . A third pathway is
through ahyperplastic polyposis (HPP) leading to a
serrated sessile adenomd*®®”. This serrated pathway
typically hasanincreasein microsatellites (M SI-H),
BRAF or K-RA S mutation and hypermethyl ation of
hundreds of genes. The HNPCC and HPP do not have
any APC mutation, both sporadic and familial cases
accounting for 20-30% of cancerg**l. The germline
mutation causing HPP colon cancer, isnot known but
must invol ve an epigenetic mutation, perhapsachro-
matin remodéller, or ahistone modifying enzyme but
not aPcG related protein.

Another pathway that occursin spontaneous can-
cersa so shows hypermethylation, with CIMP+, Smi-
lar toHPP. Thestem cdll isthought to maintain aset of
embryonic genes, which arekept in apoised low state
of transcription to prevent differentiation. Thesegenes
have CpG promoterswhich arekept in astate of biva:
lent promoter domains. They contain both repressive
mark on the histones, of H3K27me3 and the active
mark of H3K4me2!**9, |t is possible that something
interferesinthetranamiss onfromtemporary to perma-
nent silencing, so that the bivalent promoter stateis
wrongly converted into apermanent shut downinthese
genesand thisstateistransferred to the proliferating
cdls Asdiscussed, thereisevidencetherearetwo states
of transcriptional silencing, one mediated by CpG
methylation and the mark of H3K9me3, and another
where the genes lack a CpG island but contain an
enrichment of H3K27me3'%l, So, CpG silencingisa
higher order, wherethe genelocusisdouble- locked to
ensure no transcription takes place. Inacolon cancer
cell line HCT119 which had a double knock out of
DNMT1 and 3b, the CpG controlled genes could be
left in abivalent promoter state if treated first with
histone demethyl ases, followed by trestment with his-
tone deacetylases. These particular CpG promotershad
two marks, that of therepressive H3K27me3 aswell
astheactivemark H3K4me2, ready for low level ex-
pression. Thisisimportant for drug administrationin
patients sothat CpG methylation must beremoved first
by 5’azacytidine in order to then allow inhibitors of
histone deacetylases(TSA) to act toalow alow level
of re-expression of the genes.

BIOCHEMISTRY (mm—

CONCLUSION

Thereare somegenera conclusionswe can make
about theinitiation of acancer fromclinica sudies. For
an oncogene or atumour suppressor gene, the muta-
tion must affect function. Asan exampleamutant of the
human DNA repair gene, O(6)-methylguanine-DNA
methyl-trandferase(MGMT), witheight mutationswithin
the activesite, was as active asthe wild-type protein
and was tolerated with no ill effects, without the
production of a cancer, at least in acell culture®y,
Function mustincludetheability of theantisensencRNA
which regulatesthe coding genetofulfil itsregulating
function. We have not mentioned repair of mismatched
nucleotides, nor that of double strand breaks, which
arerespons blefor theinitiation of many cancers.

From theabovediscussion, itisclear that theinitia
tion and deve opment pathway of acancer isextremely
complex. New discoverieshavehighlighted therole of
NCRNAS, both sense and anti-sense. Theseare utilised
not intheform of SRNAsand RITScomplexesasin
Drosophila, Tetrahymena, and Sacharromyces, but
binding to DNA toform DNA:RNA triplexes. Asde-
scribed above, there areathousand and onewaysthat
acancer could begin. Rel gpsesafter many cancer-free
yearsfromleukemiasand solid tumourssuch asbreast
cancer usualy havetragicresults. Oneof themain cha-
lengesfor thefuturewill bethe development of meth-
odsfor killingtherogue cancer sem cdllsthat re-emerge
after aprevioussuccessful drug treatment.

Recent reviews have highlighted the possibility of
cancer therapy by use of antisense RNA or SSRNA to
knock out particular coding genes. Thiswould bea
mistake, asweknow so littleabout thegenomeand its
system of regulation of transcription and sillencing, and
inparticular thereason for acancer arisingin one spe-
cificorgan. Aswehave seen, itiscomplicated, adeli-
cate balance, with many layers of control, with every
action having areaction, both negativeand positive€2,
The human genomehasevolved over millionsof years
to protectitself fromany injection of foreign DNA from
whatever source. Such crudeinterference asintroduc-
tion of asRNA could initiateacancer inanother organ.

At the moment the best information that can be
obtained from the present knowledgeisasystematic
method of assessing the extent of the growth of the
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cancer, anditslikely prognosisthrough theuse of ar-
rays of miRNASs, PcGs or even perhaps methylated
CpG idandsof specific genes. A better approach for a
curewould bethe devel opment of individuaised anti-
bodiesagainst cancer cellsand aberrant semcdlls. We
should bewell aware of clinical casesand trialsthat
have aready failed. The application of the SRNA
therapy can go badly wrong, asindicated by an expei-
ment on eight young patients suffering from X-linked
severe combined immunodeficiency (SCID)%, The
patients, after injection with aretrovira-based therapy,
thelentivirusvector containing the corrected gene, ini-
tialy improved. However, 30-34 months|ater, two pa-
tientsdevel oped leukaemia, indicating aserious prob-
lemwiththedelivery system astheprovird integration
sitedisrupted akey gene, the LM O-2 gene. Theremay
be other serious problemswith genetherapy, such as
the generation of chromosomeinstability and miRNA
dysfunction. Thorough evauationiseven more urgent
now that human clinical trialsbased on sSRNAsare
already underway and expensivelegal actionmay re-
sult. With sufficient dedi cation and resources, we can
find acurefor cancer, but the route may not bethrough
the genome- as we have tried to show there are just
too many unknowns.
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