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There are two general classes of resistance tecametr drugs: those that impair
delivery of anticancer drugs to tumour cells, ahdse that arise in the cancer cell
itself due to genetic and epigenetic alteratioret #iffect drug sensivity. Impaired
drug delivery can result from poor absorption omaustered drugs, increased drug
metabolism or increased excretion, resulting indo¥evels of drug in the blood and
reducing drug concentration into the tumour nfadsCancer cells become resistant
to anticancer drugs by several mechanisms. Oneissaypump drugs out of cells by
increasing the activity of efflux pumps, such asPAdependent transporters
Alternatively, resistance can also be mediateddoyced drug uptake. Water-soluble
drugs are used to bring into the cell by endoggtos through transporters and
carriers, these mechanisms can be alterated stanstumof* >.

In cases in which drug accumulation is unchangetivation of detoxifying proteins
can promote drug resistance. The activation of xiigiog systems, such as
cytochrome P450mixed-function oxidases, can beaedwafter exposure to any drug
® Cells can also activate mechanisms that repai oiduced DNA damage. Finally,
resistance can result from defective apoptotic\ygays. This might occur as a result
of malignant transformation; for example, in caneéth mutant or non-functional
p53. Alternatively, cells might acquire changesjpoptotic pathway during exposure
to chemotherapy or changes in cell cycle machinghych activate checkpoints and
prevent initiation of apoptosis.

An important principle in multidrug resistance st cancer cells are genetically
heterogeneous, although the process that resuliisciontrolled cell growth in cancer
favours clonal expansion, tumor cells that are egdoto chemotherapeutic agents
will be selected for their ability to survive andow in presence of cytotoxic drugs.
These cancer cells are likely to be geneticallelugieneous because of the mutator
phenotype. So, in any population of cancer cel&g th exposed to chemotherapy,
more than one mechanism of multidrug resistancebeapresent. This phenomenon
has been called Multifactorial Multidrug Resistance

CHARACTERIZATION OF THE HUMAN ABC GENE FAMILY

The ATP-binding cassette (ABC) genes representliaigest family of transporter
genes and many of these genes are implicated sasbBsprocesses and/or drug
resistance’®. The prototype ABC protein binds ATP and uses tigrgy to
transport molecules across cell membranes. Whitekdphobic compounds are the
most common substrates, ABC transporters are ablgansporting metal ions,
peptides and sugars.

ABC genes are abundant in the genomes of bactedaaechaebacteria where their
principal role is in the import of essential mole=t' 2 The yeast genome contains
29 ABC genes, and most of these transporters fuméti move compounds out of the
cell or into intacellular organell&s™

ABC genes are dispersed widely in eukaryotic gersoanred are highly conserved
between species, indicating that most of theseggkaee existed since the beginning
of eukaryotic evolution. There are 25 ABC geneEk.roli, 29 in S. cerevisiae, 56 in
C. Elegans , 56 in Drosophila, 51 in Mouse andn8omo Sapiend

Human ABC genes are localized on 16 different auteess and 2 genes reside on the
X chromosome. Analysis of amino acid sequence al@ms of the ATP-binding
domains has allowed the ABC genes to be classiftedsubfamilies. There are seven
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ABC genes subfamilies in the human genome. Fomibst part these subfamilies
contain genes that also display considerable igemti the trans-membrane (TM)
domains and have identical gene organization, antis intron localization. Five of
these subfamilies are also found in the yeast genandicating that these groups
were established early in the evolution of eukagptand have been retained.
However, the function of ABC genes corresponds lgaor subfamily organization,
and often genes in different subfamilies share msor#arity in substrate recognition
than do genes in the same subfanily

Symbaol Alias Location Movse Lociion Expressian Funcion
ARCAL ARCI Gy 21.1 1221 Lrhicquitcous Cholesierol eflux aneo HIDL
ARCAZ ARCE Cligp 24 2124 Brain Dirug resisiance

ARCAS LRCE, ABCC 16pl22 Lung

ARCAY ARCR 1p22.1 -p2l L2618 Rod photorecs proms Weretinvlidiene-FE efflux
ARCAS 17024 1168 Muacle, heart, tesies

ARCAR 17024 1164 Lives

ARCAT 189p1aa 10044 Spleen, thyvmus

ARCAR 1724 1164 Chvary

ARCAD 17924 11 68 Hearn

ARCALG 17924 Muscle, heart

ARCALZ EO RS Sromach

ARCALR Tpll-qll Lo in all vissues

ARCEIL PGY1, MDR Tpil 510 Adrenal, kidney, brain Mulvidrug resisance
ARCRZ IAP1 Gp2l 17 18.6 Al cells Pepride wanspor
ARCRA AFE Gp2l 17 18.6 All cells Peptide wranspor
ARCEA PGYE 7211 510 Liver PO pranspoi

ARCRES Tpld Lrhicquitous

ARCEG MTARCS El R Mitcchondria [rom rransporn

ARCRET ARCT Hgl2-qgld X 34 Mitcchondria Fe/8 cluster mrmanspor
ARCES MARCI RS Mitochondria

ARCREG 12024 Hear. brain

ARCRIO MTARCE 142 AT Mitochondria

ARCREL SPGP P24 230 Liver Bile salt iransport
ARCC] MEFPL 16p12.1 1G5 Lung, wses, PRMC Dirug resistance

ARCCZ2 MRPZ 1024 1543 Liver Chganic anion efhng
ARCCR NRPA 17921.2 Lung. intesiine, liver Dirng resisiance

ARCCH MR 1942 Prosiate Nucleoside imansport
ABRCCS MRPS =T 16 14 Lhicquitous Nucleoside imnsport
ARCCR MRPS 16141 Kidney, liver

CFTR ARCCT Tl GEl Exccrine rissues Chloride ion channel
ARCCR SUR 11plsl 741 Pancreas Sulfonylurea recep wor
ARCCO SUR2 12p12.1 G670 Hean. muscle

ARCCIN MRPTY Gp2l Lo in all vissues

ARCCT 16gq11-q12 Leww in all vissies

ARCCIZ 16gq11-q12 Lo in all tssues

ARCIN ALD Mo2= c 90 5 Peroxisomes VLCFA transport regulation
ARCDEZ ALDLL, ALDR 12q11-q12 Percadsomes

ARCDE AP, PMPTO 1p22-p2l Peroxisomes

ARCTM PMPRG, PROR 14q24.2 Peronisomes

ARCEL DARP, BENS4T Ovary, wsees, spleen (ligrade nylare binding protein
ARCF] ARCE0 17 20.5 Uhicquitous

ARCEZ 1840 Lrhiquitous

ARCES 1622 Lrhicquitous

ARCG MROE, White 17 AZ-R Libicjuitons Choleswerol ransports
ARCG2 ARCE, MXR, BCRP 62820 Placenta, inwestine Toxin efflux, drog resistance
ARCCH Whine2 sE0 Liver

ARCGS Whiies 17 Liver, intesiine Srerol trnsport

AR 17 Liver, imesiine Srerol Lrnsport

PRMC, peripheral blocd mononuclear cells: VLCFA, very long chain favry acids.

Table I. List of human ABC genes, Chromosomal location aeatéres

ATP-BINDING CASSETTE TRANSPORTERS- PROTEIN STRUCTURE

The ABC genes encode large membrane proteins,areyery difficult to express
and purify in quantities sufficient for crystal stture determination. A small number
of bacterial NBDs have been crystallized and presdme structural information of
the whole proteif®. In addition, the structure of a few bacterial AB&nsporters has
been solved*'® Eukaryotic ABC transporters have been even mefegtory to
structural analysis than bacterial ABC transporing the first three-dimensional
structure for an intact eukaryotiBBC transporter (P-gp) suggests significant
differences with the structures of two prokary&BC transporters in the packimd
the transmembrarme-helices within this protein family/.
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ABC transporters bind and hydrolyze ATP and useetiergy from ATP hydrolysis
to pump compounds across the membrane or to fligeates from the inner to the
outer leaflet of the membrarie® ** Genes are classified into the ABC superfamily
based on the sequence identity of the ATP-bindimgnain(s),also known as
nucleotide-binding folds (NBFs) . NBFs contain residues that are found in other
ATP-binding proteins (the Walker A and B motifsgparated by 90-120 amino acids
and an additional element, the signature or C mlotthted just in front of the Walker
B site >°. ATP residues are bound by residues from both NBss provides a
mechanism where the binding of ATP can induce atambial structural change in
the molecule, sufficient to force the transportedhpound across the membraie
These proteins also possess two transmembrane &Mpins composed of 6-11
membrane-spanning-helices. The transmembrane helices are often ragiderable
angles to the bilayer or even parallel to the memér The functional transporter can
either be a single protein with two NBFs and two @lbmains (a full transporter) or
be a dimer consisting of two half transportersvémntebrates the ABCA and ABCC
subfamilies are composed exclusively of full trasrsgrs, the ABCD, ABCG and
ABCEF subfamily of half transporters and the ABCBfumily contains both half and
full transporters (Fig. 1). The ABCE and ABCF subiees consist of proteins with
two NBFs and no TM domains. These proteins aretrastsporters but they are
clearly evolutionarily related based on analysitheir NBFs**,

Structure Examples

MDR1 (ABCB1)
MRP4 (ABCC4)
MRP5 (ABCCS)
MRP7 (ABCC1)
BSER/SPGE (ABCB11)

MRP1
MRP2
MRF3
MRP&

ABCC1)
ABCC2)
ABCC3)
ABCCE)

oy iy

MXR/BCRP/ABC-P
(ABCG2)

Figure 1. The structure of three categories of ABC transporte

ROLE OF THE NBDs

The overall sequence identity among ABC proteinkovwg especially in the TMDs.
The presence of more conserved NBDs is consistéhttine notion that the varied
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functions of the proteins (e.g. ion channels, lip@hsporters, peptide transporters)
depend on the divergent TMDs; the common featurenwfleotide binding and
hydrolysis, however, require the structurally coned NBDs. Many ABC proteins
from lower organisms contain two identical NBDsdadBD1 and NBD2 of many
other ABC proteins, including P-glycoprotein, havery similar sequences and
functional properties. In contrast, the two NBDsatiier ABC proteins have very
different functional roles. Proteins of this kimciude those of the MRP subfamily
(ABCC) %

Both NBDs are required for proper function of maniama ABC proteins, and a
mandatory positive catalytic cooperativity betweéme NBDs occurs in P-
glycoprotein“®2 In this protein, hydrolysis occurs at only one INBer hydrolysis
cycle, NBD1 and NBD2 are equivalent, and ATP bimnasdomly to either NBD.
Although there are some asymmetries between thé\ios of P-glycoprotein, both
behave fairly similarly from a functional point efew **%°. The current working
hypothesis for CFTR channel gating also proposepa&tivity between NBD1 and
NBD2. The simplest interpretation of single-charaehlysis studies using nucleotide
analogs and mutations at NBD1 and/or NBD2 is tlmgt main effects of ATP
hydrolysis by NBD1 and NBD2 are to “open” and “@dshe channel, respectivéfy
24 However, recent data point towards a more compieture that involves a more
stable nucleotide interaction and a slower rateyolrolysis at NBD1, compared with
NBD2. The NBDs of SUR also have distinct functidfslt has been proposed that
SUR ATPase activity resides at NBD2, while NBD1dsinbut does not significantly
hydrolyze ATP

The structure of the NBDs is conserved among AB@gims, independently of the
degree of primary-sequence homology. The structirddisP, the ATP-binding
subunit of a histidine permeaseSalmonella thyphimuriumis shown in Fig. 2&" %
and represents a model for NBDs structure of AB@&qins. Each NBD is formed by
two arms. One (Arm | in Fig. 2A) contains the basice domain, homologous to the
F1-ATPase (redx—helices and3—sheets), with the conserved motifs A and B (see
Fig. 2B). An antiparalleB-sheet subdomain that interacts with the sugar baset
moieties of the nucleotide is also contained is #rim (AB@, yellow B-sheets). The
basic aspects of binding of the and 3 nucleotide phosphates and Mg2+ are
conserved between ABC proteins and the F1-ATPdsey $hare a “Rossman fold”
consisting of a central core Pfsheets surrounded Iyhelice$®. Motifs A and B are
more than 90 amino acids apart in the primary secpi®f ABC proteins (Fig. 2B),
but are close to each other in the 3-D structuretifVA (also called P-loop) is a
pyrophosphate-binding site that binds tBe and y phosphates of nucleotide
triphosphates. It is located betweef-aheet and an-helix (redp1 andal in Fig.
2B). Most hydrogen bonds are formed between thenqtiaain nitrogens and the
phosphates. Therefore, the residue side chainsvaan consistent with the poor
conservation of the primary sequence of the cenggibn of motif A (GlyX4-Gly-
Lys-Thr/Ser). The conserved Lys contributes mostthef binding energy of the
pyrophosphate/motif A interaction. Motif B is inhaghly hydrophobic3-sheet that
ends in an acidic residue that interacts with MgZhke acidic residue is not the
catalytic carboxylate, but it is necessary for ctetipn of the hydrolytic cycfé. The
other arm of the NBDs (Arm Il in Fig. 2A) contaiasstructurally conserveat-helical
subdomain (AB@, greena-helices, Fig. 2). This subdomain contains-8elices and
motif C (signhature sequence), the most conservgdesee among ABC proteins. It
is likely that this subdomain participates in natige binding and also interacts with
the TMDs. In the hinge region between the arms,stiealled Gly (approximately
equivalent to the~phosphate linker labelled in Fig. 2B, purple laapFig. 2A and
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His loops interact through conserved Gly and Hisidwes with Mg2+ and are
involved in the presentation of the hydrolytic wat€he molecular mechanism of
nucleotide hydrolysis by ABC proteins involves appmation of ATP and Mg2+
and base activation of the attacking water. Thvatihg base is likely a nucleophilic
side chain that donates an electron pair to a watetecule, increasing its
nucleophilicity. This "activated" water then attacthe bond between tH andy-
phosphates.

A

pi p2 1] al i3
I > I = = Gl
MRS ERKL HVDLHOR YO GHEVLICGEY ELQARA COVISHICES RO E TFLRACINFLEXPEE GARVMNG

A
4 i} B2 P |
=> co mptenes a=

Gl RN DGR I A DRONORL FHL L FE TR TRNTF O FRL WS HM TV ENVIMEAPIDNYL GLSXHDARE

2 [V B3 [r o
i S = | S

FRALKYLAKVGIDERA SEOPYHL SGOQOCRVIIARALAMEPOVLL FOEPTSAL DFEL VOEVL A

[34 o3 Bs fih o s
D =) @Eep =) JGElb D

OOLAEE Gl TR Y THEMGE AR S50 F L HOGIEEE GO E OvF GHP OSPRL OOF LK GSLEN

Figure 2. Structure of the nucleotide-binding domaia}.Structure of the ATP-binding subunit of the
Salmonella thyphimuriunhistidine permease, HisP. Model NBD structure wheethelices and3-
sheets are shown as cylinders and flat arrowsgotisgly. b). Primary and secondary structure of
HisP. Cylinders and arrows depicthelices an@-sheets, respectively. The conserved motifs A, @ an
C are underlined, and the-phosphate linker (Gly loop) is marked by a purgitd line. See text for
details and color labelling of the subdomains.

Proper function of ABC proteins requires two “nofin&lBDs 2*?® Nucleotide
binding to the NBD monomers elicits conformatiomdélangesvia an induced-fit
mechanisnt®, which do not seem to be responsible for the patreke that couples
substrate transport and ATP hydrolyés Recent evidence suggests that the two
NBDs interact physically, and it has been propdbed this interaction provides the
power stroke during the transport cycle. The chargstics of the interaction between
NBDs in functional ABC proteins with the completere domain structure (P-
glycoprotein and MRP1) are unknown. However, cyseairosslinking experiments
on P-glycoprotein suggest a Rad50CD-like NBD areamgnt, at least at some stages
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during the ATP binding/hydrolysis cycle. In appareontrast with the Rad50CD-like
model and most of the available data, recent muesgie studies of SUR suggest that
motif C is not directly involved in ATP binding. €hefore, additional experiments
using functional ABC proteins are needed to restteeimportant issue of the nature
of the physical interactions of the NBDs during tinansport cycle in functional
proteins®.

MOLECULAR MECHANISM OF TRANSPORT

The idea that there is a hydrophobic drug-bindimgket in multidrug-resistance
proteins, where hydrophobic substrates bind to pmwetein without specific
interactions can be ruled out based on large eéiffees in affinity for similar
compounds (the proteins are poly-specific rathan thon-specific). Extensive studies
on P-glycoprotein have provided only limited inf@ion on the substrates
requirements’?. Hydrophobicity due to the presence of planar atingroups is
important. A basic nitrogen atom is frequently angered in good substrates, and a
tertiary amine seems associated with high-affimitieraction with P-glycoprotein.
Hydrogen bonds play major roles in the protein-diatgraction, with relevant
electron donor groups in the drugs that are spats#parated by 2.5 or 4.A.
Mutations in P-glycoprotein and MRP1 helix residtiegt can form hydrogen bonds
support their role in the drug-protein interactfén

Dimerization of the NBDs of ABC proteins can expléne cooperativity between the
NBDs and also provide a general mechanism of coggdbetween ATP hydrolysis
and substrate transport. A speculative model ferctitalytic cycle of P-glycoprotein
can be presented based on recent biochemical/saathyand structural data on ABC
proteins and NBDs, as well as biochemical and &irat studies on P-glycoprotein.
The drug can access a high-affinity hydrophobicgevinding site from the inner
leaflet of the membrane or the cytosol, and itdinig to the protein produces a
conformational change in the NBDs that increase# #tfinity for ATP %, Binding

of one ATP to each NBD monomer occurs by interactiwith the core and
antiparallel subdomains, producing a rotation ie #rhelical subdomain that is
coupled to the interaction of tlygphosphate of ATP with the conserved Gly in yhe
phosphate linker (see Fig. 2). ATP binding causB® Mimerization because of the
interaction of the bound ATP with motif C of thehet monomer, sandwiching two
ATP molecules between the NBDs. Hydrolysis of onédPA produces a
conformational change in the TMDs that involves sroent of the helices that form
the drug-binding pocket® 3 with a decrease in drug-binding affinity. The
conformational change increases the exposure ofdtbg to a more hydrophilic
environment in the chamber (reducing binding af§inifrom where it diffuses to the
extracellular solution or is expelled by peristaltorces exerted by the TMDs. ATP
hydrolysis also produces a major decrease in ATidibg affinity at the other NBD
22 \which may result in the release of the non-hydretl ATP. The electrostatic
repulsion between the ADP bound to motif A of onenmmer and the phosphate
bound to motif C of the other monomer destabilites dimer state. Phosphate is
rapidly released after hydrolysis and ADP is reteafierwards (it is the rate limiting
step of the hydrolysis cyclé}. The drug-binding site, however, remains in a low
drug-binding-affinity state and hydrolysis of anettATP is required for resetting the
transporter for a new drug transport cyéfe® Some interesting aspects of the
proposed P-glycoprotein catalytic cycle are thatrblysis occurs at one NBD at any
given time, the NBDs are recruited randomly forrebhgdrolysis cycle, and transport
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of one drug is coupled to hydrolysis of two ATP emlles®. If the P-glycoprotein
catalytic cycle does include hydrolysis of 2 ATg cycle, as supported by the data
and the model proposed by Ambudkar and co-workeisis possible that two NBD
association/dissociation events ocqoer transport cycle, one coupled to drug
transport and the other to resetting of the trarispdor a new cycle (Fig. 3). The
power stroke for substrate transport can be thedton or the dissociation of the
dimers. Since the NBDs and TMDs are tightly assediaassociation/dissociation of
the NBDs may control the “gate” of the translocatpathway formed by intracellular
loops. Tightening of helix packing on the cytoplasiside could be the key step for
substrate efflux (e.g. in P-glycoprotein) and tippasite could be true for substrate
influx (Btu). Alternatively, the gate of the chamben the cytoplasmic side may
always be closed and the dimerization of the NBDsIat produce conformational
changes in the TMDs that reduce drug-binding &ffimind also allow for substrate
movement from (for efflux) or to (from influx) thimner leaflet of the membrane.
Independently of the molecular mechanism, it sedmas for P-glycoprotein the
power stroke for transport is ATP binding, as omgb$o hydrolysis, because the
major conformational and functional changes seepctur at this step. It is possible
that this is the case for ABC efflux pumps, whilgdtolysis provides the power
stroke for the ABC importers by opening the gatéheftranslocation pathway.
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Figure 3. A proposed scheme for the catalytic cycle of P-Bpe ellipses represent the substrate-
binding sites: the ‘ON’ (high affinity) and the ‘GF(low affinity) site. The hexagon depicts the ‘ON
site with reduced affinity for the drug. The gresirctles represent the ATP sites, and the emptyrequa
portrays the ATP site with reduced affinity for temtide. Step I: substrate binds to the high-affini
‘ON’ site of P-gp, and ATP binds to either of thweot ATP sites. Step II: ATP is hydrolysed and the
drug is moved to the lower-affinity ‘OFF’ site. $tdl: Pi is released and the drug extruded frompP-
at this step. Step IV: the ADP and Vi dissociatanfrthe complex, the ATP sites revert to the ‘high-
affinity’ state, but affinity for drug substrate miinues to be low. Step V: following disassociatmmn
the ADP in step IV, an additional molecule of ATRds to the alternate ATP site. Step VI: ATP is
hydrolysed. Step VII: Pi is released. Step Vllle thiisassociation of ADP allows the conformation of
P-gp to be restored to its original state (stepol)nitiate the next cycle. The ADP release apstd/
and VIII (underlined) appears to be rate limitimgthe catalytic cycle. ATP hydrolysis is shown as
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being initiated in the C-terminal ATP site; our @atiggest that the site of initiation of ATP hygsié
may be random, but the two sites operate altegnatel

OVERVIEW OF HUMAN ABC GENE SUBFAMILIES AND
THEIR PHYSIOLOGICAL FUNCTIONS

ABCA SUBFAMILY

This subfamily is composed of 12 full transportdtsat are split into two subgroups
%2 The first group ABCA1-A4, A7, A12213) includes seven genes that map to six
different chromosomes. The second group of ABCAege@BCA5-A6, A8—ADQs
organized into a head-to-tail cluster on chromosamg24. This gene cluster is also
found in the mouse genome.

The expression pattern of the chromosome 17 genessiricted withABCA5and
ABCA10expressed in skeletal muschBCA9in the heartABCAS8in the ovary, and
ABCAGIn the liver. No diseases map to the correspondegipn of the mouse and
human genomes, and the functions are as yet uratbarad. TheABCA subfamily
genes are dispersed in the genome, except forltiséec on chromosome 17. An
alignment of the sequences and phylogenetic asatigsnonstrates that the members
of the chromosome 17 gene cluster form a distinbgsoup. This is consistent with
the genes that have arisen by gene duplicationlysisaof the splice sites of the
genes shows that the chromosome 17 gene clustebenereach have 38 introns,
whereas the othekBCA genes have 50 -51 introns. The location of themst and
the size of the exons are highly correlated am&egchromosome 17 genes, again
supporting a recent duplication. The mouse genolse las a cluster cABCA
subfamily genes related to the cluster on chromesai In contrast, there are no
such genes in thBrosophila or C. elegansgenomes, suggesting that these genes
arose after the separation of vertebrates fronttasnd wormé&?2.

ABCAL controls the extrusion of membrane phosphadipand cholesterol toward
specific plasmatic acceptors, the apolipoproteibhshas been proposed that the
ABCA-dependent step involves the flux of membram@gpholipids (PL), mostly
phosphatidylcoline (PC), toward the lipid-poor rexsicapolipoprotein particle, which
now can accept cholesterol. The ABCA1l-dependentduostatic control of the lipid
content of the membrane dramatically influences glassticity and fluidity of the
membrane itself and, as a result, affects thedhtaobility of membrane proteins
and/or their association with membrane domainspetigal lipid composition. The
proposed activity of ABCAL as a facilitator of taegulfment of apoptotic bodies fits
with this view. Indeed, mutations oed-7, a putativeABCAlortholog, inC. elegans
hampers optimal phagocytosis by precluding thestadution of phagocyte receptors
around the apoptotic particle. TAR&8CA4gene was found to be highly expressed in
rod photoreceptors, and maps to the region of chsmme 1p21 containing the gene
for the Stargardt disease, a recessive childhotidatedegeneration syndrome.
Retinol (vitamin A) derivatives produced in the pireceptor outer segment disks
must be transported to the cytoplasm to be funthetabolized and transported out of
the cell. ABCA4 is believed to mediate this transpxy flipping outwardly modified
phosphatidyethanolamine (PE)Abca4-/- mice display increased alltrans
retinaldehyde following light exposure, elevatediREhe rod outer segments (ROS),
and accumulation of these compounds. Retinoidsutdiie the ATP hydrolysis of the
ABCAA4 protein in vitro, consistent with a role firese compounds as substratis.
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is of interest in the context of lipid transportriotethat photoreceptors represent an
exquisite example ofmembrane dynamics and lipid compositidndeed, disk
membranes are located in the interior of the RObaise from evaginations of the
ROS plasma membrane. Nascent disks are progressiggnized as a discontinuous
stacked array of flattened membranous sacs andadexp toward the apical tip as
additional new disks are formed. The transitionnfreghe base to the tip takes
approximately 10 days, and maintains the ROS atstaah length. The lipid
composition of disk and plasma membranes is draaitidifferent and suggests a
tremendous sorting of lipid constituents at theshaisthe ROS upon disk biogenesis.
During the apical displacement of the disk, théiolesterol content decreases 5-fold,
whereas fatty acid and PL composition is virtualhchanged. The loss of cholesterol
is thought to take place by its exchange out ofREerich disk membrane into the
PC-rich plasma membrane; the relative PE/PC raiagbinstrumental to favor the
movement of cholesterol toward the plasma membdani@g the disk life span. The
proposed PE flippase activity of ABCA-4 may thusviell along a delicate sorting
pathway of the lipid species across the ROS comzants®2.

The ABCA2gene is highly expressed in oligodendrocytes inktan; theABCA7
gene highly expressed in the spleen and thymusfurtation of these genes, as well
as ABCA12 and ACBAL13, is not known, although itt&snpting to speculate that
they similarly participate in cellular lipid homeasis in specialized environments.
This is supported by the recent findings that bABCA2 and ABCA7 share with
ABCAL a sterol dependent upregulatitn

ABCB SUBFAMILY [MULTIDRUG RESISTANCE (MDR)/TAP)]

The ABCB subfamily is composed of four full transjgss and seven half
transporters, and this is the only human subfatoiljave both types of transporters.
The ABCB1(MDR/PGY) gene was discovered as a protein overexpresseeitain
drug-resistant tumor cell lines. Cells that overesp this protein display MDR and
are resistant to or transport a wide variety of roptilobic compounds including
colchicine, doxorubicin, adriamycin, vinblastinegakin, saquinivir, and paclitaxel.
ABCB1lis expressed primarily in the liver and blood brharrier, and is thought to
be involved in protecting cells from toxic agenihie gene is duplicated in mice.
Animals lacking both genes unfortunately displayeay limited phenotype and are
still viable and fertile. However, they have bearwuseful models to identify and
characterize other drug resistance genes. Secu#tidmlesterol, phospholipids (PL),
and other compounds into the bile is critical f@rmal bile function including the
excretion of cholesterol and other sterols andatbsorption of fat-soluble vitamins.
The ABCB4 and B11 proteins are both located in Ither and participate in the
secretion of phophatidylcholine (PC) and bile saltsspectively. Mutations in
ABCB4 and ABCB11 are responsible for several foraisprogressive familial
intrahepatic cholestasis (PFIC). DefectABCB4are responsible for PFIC3, and are
associated with intrahepatic cholestasis of pregnavutations in theABCB11lgene
are found in patients with PFIC2. The process aigan recognition by the class |
histocompatibility genes involves the digestionceflular and foreign proteins into
short peptides and their transport into the ER wltleey form complexes with class |
proteins and are expressed on the cell surface AB@&B2andB3 (TAP) genes are
half transporters that form a heterodimer to transfhese peptides into the ER. Rare
families with defects in these genes display protbimmune suppression, as they
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lack this essential portion of the immune recognitprocess. Altered alleles in the
TAP genes in the rat are associated with restrighality to present certain peptides.
The remaining ABCB subfamily half transporters @eressed in the lysosome
(ABCB9 or the mitochondriaABCB6, B7, B8andB10). One of the mitochondrial
genes ABCB7) is located on the X-chromosome and mutationshis gene are
responsible for X-linked sideroblastic anemia atakia (XLSA/A) phenotype. The
humanABCB9gene can complement the yeast orthologBEB7 Atml. This gene
plays a role in mitochondrial iron homeostasis anthe biogenesis of cytosolic Fe/S
proteins®.

ABCC SUBFAMILY [CYSTIC FIBROSIS TM CONDUCTANCE
REGULATOR (CFTR)/MULTIDRUG RESISTANT PROTEIN (MRP)]

The ABCC subfamily contains 12 full transportersttiperform functions in ion
transport, toxin secretion, and signal transductibhe MRPs studied thus far,
MRP1-5, are all organic anion pumps, but they difflesubstrate specificity, tissue
distribution, and intracellular location, MRPs cometwo structural types, one with
17 transmembrane segments (MRP1, 2, 3, 6), anavitnd.2 (MRP4, 5, 7, 8). Cystic
fibrosis (CF) is an inherited multisystemic disardéaracterized by anormalities in
exocrine gland function consequent to loss of fiomctof the CFTR transporter
(ABCC7). The CFTR protein is unique among ABC pied¢ein that it is a CAMP-
regulated chloride ion channél

The ABCC8gene was identified as the locus for familial et hyperinsulinemic
hypoglycemia of infancy, an autosomal recessiveorder characterized by
unregulated insulin secretion. Subsequent work deitnated that thABCC8gene is

a high affinity receptor for the drug sulfonylureaulfonylureas are widely used to
increase insulin secretion in patients with nondiimsdependent diabetes. These
drugs bind to the ABCC8 and the closely related ABCorotein, and inhibit the
KIR6 potassium channéf. The remaining ABCC genes are nine MRP-relatecsgen
ABCC1 (MRP1lwas identified as a multidrug resistance gene dermdonstrated to
transport glutathione conjugates of many toxic conmus. MRP1 is a prototype GS-
X pump and a remarkably versatile one. It transparvariety of drugs conjugated to
GSH, to sulfate or to glucuronate, as well as aniairugs and dyes, but also
neutral/basic amphipathic drugs and even oxyanidhg oxyanions arsenite and
antimonite and the neutral/basic drugs are co-amasd with GSH. Notwithstanding
this enormous range of substrates transported, M&Rat indiscriminaté®. Similar

to ABCB1, ABCC1 transports and confers resistarweatwide variety of toxic
substrates, but is not essential for growth or grmeent. ABCC1 can also transport
leukotriene C4, a potent chemotactic factor cohtr@ldendritic cell migration from
peripheral tissues to lymph nod&sin the brain, MRP1 has an important function in
the “cleansing” of toxic compounds from cerebrogpifiuid (CSF). These cells
normally contain high levels of MRP1 in their bagelal membrane; an absence of
MRP1 causes etoposide levels to increase ten-fold & QGISF after intravenous
administration of the drug. Obviously, the body de@ basolateral transporter to
protect sperm or CSF. P-gp in the apical membram@ddypump drug into the cavity
rather than protect its content.

MRP2 and MRP1 have about the same size and putat@rebrane topology, and
they both transport a similar large range of orgaamions. However, the tissue
distribution of MRP2 is much more restricted thdmattof MRP1, and MRP2 is
located in the apical membrane of epithelial ¢eNbereas MRP1 is basolateral.
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MRP2 has an important function in the biliary exitne of endogenous metabolites,
such as glucuronosyl-bilirubin, as well as many gexmus compounddMRP2 is
expressed not only in the liver but also in thenkig and the intestine of rats and
humans. There is considerable species differentkeiievel of expression in these
two organs compared to the liver. The most extremample is in rabbits, in which
expression in kidney and intestine is higher thanthe liver. Intestinal MRP2
excretes organic anions into the gut and playdeainoreducing the oral availability
of food-derived carcinogens. Mutations in Mi&P2gene cause the Dubin-Johnson
syndrome. These patients suffer from an inheritedjugated hyperbilirubinemia,
which indicates that bilirubin can enter the hepgtes and is conjugated with
glucuronate, but is not secreted into bile. Becanfsthe similarity in the substrates
transported by MRP1 and 2, one would expect cellsstected with th&IRP2gene
constructs to become resistant to the same rangantidancer drugs asRP1
transfectants. It has been technically difficultvarify this prediction because MRP2
is not routed efficiently to the plasma membraneniost transfected cells. Whether
MRP2 contributes to anticancer drug resistanceatrepts remains to be seen. MRP2
has been detected in renal, lung, gastric, colakeahd hepatocellular carcinomas,
but no correlation between MRP2 and clinical resise has emergédl

MRP3 is an organic anion transporter, basolatékal MRP1 %, and prominently
present in liver, gut, and kidney like MRP2. Thesy upregulation of MRP3 in the
liver under some cholestatic conditions and théitplof MRP3 to transport some
bile salts*® have led to speculations that MRP3 might playla imthe enterohepatic
recycling of bile salts and in the removal of togrganic anions from the hepatocyte
under cholestatic conditiors. MRP3 differs from MRP1 and 2 in that it appears
unable to transport GSH. This may explain why cells transfected with MRie
constructs are not resistant to most of the antmardrugs that are probably
cotransported with GSH by MRP1/2. The only excemio are the
epipodophyllotoxins etoposide and tenipositfe ¥ MRP3-mediated resistance
against these drugs does not require intracel@fBH, and etoposide appears to be
transported by MRP3 in unmodified form. MRP3 isgama in cancer cell lines from
many tissue$d’, but initial studies on MRP3 in a panel of drugiséant cancer cell
lines did not turn up any association between MR®8ls and resistancé. MRP3
levels are high in the adrenal corféxGiven the high affinity of MRP3 for estradiol-
17B-glucuronide, it is therefore possible that MRP3itabutes to the transport of
endogenous steroid conjugat@sGlucoronide and sulphate conjugates of bile salts
are substrates of both MRP1 and MRP3, but MRP3 aigdliates transfer of
monovalent bile salts including glycocholaté®. Glucoronide conjugates
(e.g.,E21BG) seem to be preferentially transported by MRP@mared with GSH
conjugates such as 2,4-dinitropherg/glutathione (DNP-SG) and leukotriene C4
(LTC4) 340

MRP4 and MRP5 are both organic anion pumps, but ia@e the interesting ability
to transport cyclic nucleotides and nucleotide agsl a class of organic anions
apparently not transported by MRP1-3 or 6. Thespart of nucleotide analogs by
MRP4 and 5 can result in resistance to clinicalsed: base, nucleoside, and
nucleotide analogs, at least in transfected ckls ighly overproduce MRP4 or 5.
The rate of cyclic nucleotide transport by thes@sporters is low and the
physiological role of this transport remains todeéined.

Initial studies on MRP5 showed that this proteiramsorganic anion pump, able to
transport acidic organic dyeS;(2,4-dinitrophenyl)glutathione, GS-DNP, and GSH,
and inhibited by sulfinpyrazone. However, substntrug resistance iMRP5
transfected cells was found only for 6-mercaptapi6MP) and thioguanine (TG),
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two purine bases that are definitely not acidfc This paradoxical result was
rationalized when Schuetz et &.discovered that a cell line selected for resistanc
against PMEA, an adenine nucleotide analog, highrexpressed thelRP4 gene.
This suggested that MRP4 and 5 are nucleotidepoatess and that the resistance of
MRP5 cells to thiopurines was a result of conversmf the bases into the
corresponding nucleotides and extrusion of the euntes from the cell by MRP5.
Whereas MRP4 appears to prefer methylated thiolMMRPS5 prefers the
unmethylated thionucleotides. There is no indicatihat MRP5 can transport
nucleoside di- or triphosphate analogs.

Cells with high concentrations of MRP4 are highdgistant to PMEA and AZT and
much less resistant to other nucleoside analogd umseantiviral therapy, such as
lamivudine, ddC, and d4%. MRP4, but not MRP5, confers resistance to stesrtt
incubation with high concentrations of MTX. Like NP, MRP5 can transport
nucleotide analogs with a normal pyrimidine ritigThe list of substrates transported
by MRP4 and 5 was substantially broadened by visictransport studies.
Jedlitschky et al** discovered that MRP5 can transport cyclic GMP #MP
(cGMP and cAMP), and Hopper et &f.recently found this for MRP4 as well. The
affinity for cGMP is higher than for cAMP. There i® indication that MRP4 or 5
can use standard 5’- or 3'-mononucleotides as mathstEstradiol-1fF-glucuronide is
transported relatively well by MRP4. Interestingllge cGMP transport by MRP5 is
efficiently inhibited by the inhibitors of cGMP pblphodiesterase, sildenafil (Viagra),
trequinsin, and zaprinast. The tissue distributbMRP4 and MRP5 is still not well
known. Recent studies suggest tMiRP4is more widely expressed than initially
thought, with the highest levels in kidney and pates Analysis of tissue RNA
suggests tha?iRP5is ubiquitously expressed. The highest levels anad in skeletal
muscle and brain. All attempts to generate antémdiat allow the localization of
MRP5 in tissues with anti-MRP5 antibodies haveefdithus far. This is presumably
because the expression levels are too low, as Hgmdies readily detect MRP5 in
transfected cells. On Western blots MRP5 can bectld in human and murine
erythrocytes, which might explain the observed cGRli&hsport in these cells,
although this needs verification using red cellenfr Mrp5 (-/-) mice. The
physiological functions and possible role in dregistance of MRP4 and 5 remain to
be defined. Obviously, the discovery that these gmntan transport cyclic
nucleotides, notably cGMP, has raised the questiovhether MRP4/5 can affect the
signal transduction role of cGMP by removing it nfrothe cell, which would
supplement the degradation by phosphodiesterasesse Tis also evidence for an
extracellular signaling role for cGMP in kidney arsgveral other tissues, and
MRP4/5 might be involved. Any role that MRP4/5 miagve in drug resistance is
also under investigation. As nucleobase and nuidleanalogs are used extensively
in anticancer and antiviral therapies, there iseptl for MRP4/5 to mediate
resistance to these compounds. 6MP and methotraxateoth used in the treatment
of childhood leukemias and MRP4 is the only druanpsporter known thus far that
can transport both drugé. Expression of multidrug transporter MRP4/ABCC4ais
marker of poor prognosis in neuroblastoma and $® able to confer significant
resistance in vitro to the topoisomerase | poisorotecan and its active metabolite
SN-38. This drug is approved for treatment of cobord lung cancers and shows
promising activity against a number of other cascercluding cervical, ovarian
carcinomas, and also neuroblastothaNo human disease has been associated with
alterations in MRP5, and the Mrp5 knock out moinses, no obvious phenotype. It is
possible, however, that the overlapping substrpeeiicities of MRP5 and MRP4
(and possibly MRP8 and 9) may hide the physiolddigaction of MRP5.
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HumanMRP6is mainly expressed in liver and kidney, likerp6 (MLP-1), its rat
homolog, but low RNA levels have also batsiected in other tissues. The substrate
specificity of MRP6 is still a mystery. Madon et @tested a series of typical MRP
substrates in vesicular transport studies and fawadsport only of BQ-123, an
anionic cyclopentapeptide and an antagonist for #melothelin A receptor.
Endothelin-1 itself was transported by MRP2, but by MRP6. These results
suggest that MRP6 could be a highly selective pufap organic anions.
Amplification of the 3’ part of théIRP6gene was found in leukemia cells selected
for anthracycline (epirubicin) resistante The anthracycline resistance was initially
thought to be due to a new resistance determicahéd the anthracycline resistance
gene,ARA Subsequent work has shown, however, that theil@pin resistance of
cell lines withARA gene amplification can be explained by co-amplifaoa of the
MRP1 gene together with the 3’ half of the adjac®RP6 gene®’. There is no
indication that theMRP6 gene is ever associated with anticancer drug aemist
How defects in MRP6 cause pseudoxanthoma elastianheritable disorder
characterized by calcification of elastic fibersskin, arteries, and retina, is unclear.
Why the loss of a highly specialized pump locatedhe basolateral membrane of
liver and kidney cells would lead to such a geneedl connective tissue disease is
hard to explain. Speculations include indirect @Beon Ca2+ metabolism or elastic
fiber assembly through excretion of cytokine-likganic anionic peptide¥.

ABCD SUBFAMILY [ADRENOLEUKODYSTROPHY (ALD)]

This subfamily contains 4 genes that encode hatfspporters expressed exclusively
in the peroxisome. ABCD1- 4, which are also cakddP, ALDR, PMP70, and
PMPG69, respectively. Interaction between theseeprstwas demonstrated by co-
immunoprecipitation and yeast two-hybrid ass&y®One of the geneABCD1, is
responsible for the X-linked form of ALD, a disordecharacterized by
neurodegeneration and adrenal deficiency, typidallyating in late childhood. The
presentation of ALD is highly variable with adrengegtoneuropathy, childhood
ALD, and adult onset forms. However, there is noaation between the phenotype
of ALD and the genotype at thABCDL1 locus. Cells from ALD patients are
characterized by an accumulation of unbranchedaeul fatty acids, but the exact
role of ABCDL1 in this process has yet to be elu@daThe functions of the other
ABCD family genes have also not been worked out, the marked sequence
similarity (especially for ALDP-ABCD3J suggest that they may exert related
functions in fatty acid metabolism. The in vitro ndenstration of homo- or
heterodimerization of the product of ABCD1 withheit ALDRP or PMP70 suggest
that different peroxisomal half transporter hetéroet combinations are involved in
the import of specific fatty acids or other substsaABCD genes are under complex
regulation at the transcriptional level, and beirggy tightly linked to cell lipid
metabolism, it is not surprising that they sharthwhe ABCA and ABCG subclasses
the sensitivity to the peroxisome proliferator-aated receptor and retinoid X
receptor family of nuclear receptdfs
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ABCE [OLIGOADENYLATE BINDING PROTEIN (OABP) AND ABC F
(GCN20)-NONMEMBRANE ABC PROTEINS] SUBFAMILIES

The ABCE and ABCF subfamilies are composed of gehat have ATP-binding
domains that are closely related to those of tleroABC transporters, but these
genes do not encode any TM domains. The ABCE sulfarontains a single
member, the OABP, ABCEL. This protein recognizegoaldenylate produced in
response to certain viral infectiorté. The ABCE1 gene is the most conserved
member of the ABC gene family and is one of thetnasoaserved genes in vertebrate
and archaeal genom&s This fact alone suggests that the gene playssenéal role
in biology that is common between archae and ewkesy In addition, null mutations
in the gene are homozygous lethal in every orgatihhas been examineaBCE1

iIs essential inXenopusand that suppression of translation or splicinghwit
morpholino oligonucleotides results in the cessatd growth of the embryo during
gastrulation, a period when the germ layers ofeimbdryo are formed and the body
plan of the mature organism is established.

ABCE1mRNA was detectable by reverse transcription-PCRaeytes, and growth
cessation presumably occurs at the point at whioktrof the maternal protein has
degraded. The ABCEL protein was originally identifdue to an interaction with and
inhibition of RNase L, a nuclease induced by irgesh*’. However, RNase L is not
found outside of vertebrates, indicating that

ABCEL1 has alternate functions. The identificatidntlee role of the RLI/ABCE1
protein in ribosome biogenesis and in assembhhefgre-initiation complex of the
ribosome inS. cerevisiagrovides a function that is both essential and ens&l to
eukaryoted®. Therefore this is likely to be the original raiABCE1 and the protein
has adapted interaction with RNase L as a seconfiggtion. The mammalian
ribosome is substantially different from the yedstsome. For example the initiation
complex compnent elF3 has 14 subunits in mammalsoaty 6 in yeast. Therefore
the importance of ABCE1 in mammalian protein iniba required experimental
evidence.

The important role of ABCE1 in protein synthesisidended by the data showing
that the protein is essential imvitro andin vivo translation of mammalian proteins.
Antisera to ABCE1 bloclkn vitro translation of mRNA in rabbit reticulocyte lysates
but not of poly(U) molecules that can be translatetbpendent of initiation factors.
As in yeast, ABCEL1 interacts with the eukaryotigiaion factors elF5 and elF2
components of the pre-initiation complex. Inhibitiof ABCEL in human cells results
in dramatic inhibition of growth, reduction in tlenount of large polysomes, and
incorporation of labeled amino acids into newly thgsized protein. This is
consistent with the results in yeast and supportsitecal role for ABCE1L in the
initiation of translation. The inhibition of ABCElcould have therapeutic
applications. Because the protein is essential tstnor all eukaryotes, specific
inhibitors could be used in the treatment of pa#msy For example, inhibitors
specific to plasmodia, fungi, and/or protozoan piea could be used to inhibit such
organisms as they infect human or other animals.h@&le shown here that ABCE1
inhibitors efficiently suppress the growth of humamor cells. It is known that
tumor cells have a high capacity for protein tratish, and proteins involved in
translation such as S6 kinase, mTOR, and 4E-BPInatecular targets for cancer
therapy. It is possible that cancer cells are nsmesitive to inhibition of protein
translation through ABCE1 than are normal cellsstLABCEL1 is required for the
assembly of HIV-1 and other lentiviruses. Drugg ihterfere with the HIV/ABCE1
interaction could be used as antiretroviral agefite ABCEL protein is unusual in
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containing a Fe-S cluster binding site. It has Ibegn known that Fe-S clusters are
assembled in the mitochondria, and this processssential to the cell. ABCE1
clearly represents one essential Fe-S containioigipi*®.

The ABCF genes each have a pair of NBF, and thedhesacterized member is the
S. cerevisiad5CN20 gene. GCNZ20 is involved in the activationttté elF-2 alpha
kinase. A human homolog, ABCF1 is part of the rdyue complex and may play a
similar role®?.

ABCG (WHITE) SUBFAMILY

The human ABCG subfamily contains six half transgr that have an NBF at the
N-terminus and a TM domain at the C-terminus: #werse of the orientation of all
other ABC genes. ThBrosophilaWhite locus was the first gene located by genetic
mapping. The white protein forms a heterodimer vaither of two other ABCG-
related proteins, brown and scarlet, to transpagnge and tryptophan in the eye
cells of the fly. These molecules are precursorheffly eye pigments. Surprisingly,
there are only BABCG genes in the human genome, whereas there are e in
Drosophilagenome and 10 in yeast. Evolutionary analysidhefyteast genes shows
that nearly all of them diverged a long time agbisTis also evident in analysis of the
position of the introns that shows that they arecomserved among the gerfésThe
only exception is thdBCGlandABCG4genes. This pair is closely related both in
amino acid sequence and in having nearly idenintedn location ABCGLlis highly
expressed in macrophages and is induced by chabesdCG4is highly expressed
in the brain. It will be interesting to see if tkegenes have related functions. The
ABCG5andABCG8genes are located head-to-head on the human chooneo2p15-
pl6, separated by a region of 200 bp. The genebahemutated in families with
sitosterolemia, a disorder characterized by defedtiansport of plant and fish sterols
and cholesterol. Sitosterolemia patients displafjcéat sterol secretion from the
intestine and the liver. This genetic evidencedat#s that the two half transporters
form a functional heterodimer. This is supportedhmsy finding that the two genes are
coordinately regulated by cholesterol. Perplexinghe ABCG5 gene is principally
mutated in Asians; thABCG8gene in Caucasians. This suggests that the psotein
may form both hetero- and homodimers to transgpa@iwide range of dietary sterols
(compesterol, stigmasterol, avenosterol, sitostechblesterol) encountered in the
diet. The mammaliadBCG1gene is also induced by cholesterol and is invbive
cholesterol transport regulation. The analysis @f tines selected for high level
resistance to mitoxantrone that do not overexprA8CB1 or ABCC1 were
instrumental in the identification of theBCG2 (ABCP, MXR1, BCRPgene as a
multidrug transporterABCG2 can use anthracycline anticancer drugs, as well as
topotecan, mitoxantrone, or doxorubicin as substtaTheABCG2 gene is either
amplified or rearranged by chromosomal translocation resistant cell lines.
Transfection oABCG2into cells confers resistance, consistent witliutetioning as

a homodimer. ABCG2 can also transport several dykesdamine and Hoechst
33,462), and the gene is highly expressed in agubation of hematopoetic stem
cells (side population) but not in mature bloodselhe normal function of ABCG2
is not known; however, it is highly expressed imagantal trophoblast cells,
suggesting that it may pump toxic metabolites fribm fetal to the maternal blood
supply. TheAbcg3gene is so far only found in the mouse and othéemt genomes.
The gene is expressed in the spleen and thymubkamdn ATP-binding domain that
is missing several conserved residues in the Walkard Signal domain¥.

15



I ntroduction

ABC GENES AND HUMAN GENETIC DISEASE

Many ABC genes were originally discovered during gositional cloning of human
genetic disease genes. To date, 14 ABC genes hese linked to disorders
displaying Mendelian inheritance. As expected frira diverse functional roles of
ABC genes, the genetic deficiencies that they cailse vary widely. Because ABC
genes typically encode structural proteins, althef disorders are recessive, and are
attributable to a severe reduction or lack of fiorctof the protein. Heterozygous
variants in ABC gene mutations, however, are bemgjicated in the susceptibility
to specific complex disorde?s

CYSTIC FIBROSIS AND CFTR (ABCC7)

Cystic fibrosis is the most common fatal childhabsease in Caucasian populations,
reaching frequencies ranging from 1: 900 to 1:250fis corresponds to a carrier
frequency of 1:15-1:25. The disease is much lessnan in African and Asian
populations, where carrier frequencies of 1:10A.:200 have been estimated. The
disease frequency correlates with the frequendaheimajor allele of the CF gene, a
deletion of three base pairAR508). At least two other populations, however,énav
high frequency CF alleles. The W1282X allele isfdwn 51% of the alleles in the
Ashkenazi Jewish population and the 1677delTA allehs been found at a high
frequency in Georgians and is also present at &dvavel in Turkish and Bulgarian
populations. This has led several groups to hymitbethat these alleles arose
through selection of an advantageous phenotypédnheterozygotes. It is through
CFTR that some bacterial toxins such as choleraEancbli cause increased fluid
flow in the intestine and result in diarrhea. There, several researchers have
proposed that the CF mutations have been seleatad fesponse to these diseases.
This hypothesis is supported by studies showing @ahomozygotes fail to secrete
chloride ions in response to a variety of stimudarand a study in mice in which
heterozygous null animals showed reduced intesfloal secretion in response to
cholera toxin. CFTR is also the receptor &@imonella typhimuriurand implication

in the innate immunity téseudomonas aeruginas@atients with two severe CFTR
alleles like AF508 typically display severe diseases with inadegsecretion of
pancreatic enzymes leading to nutritional deficiescbacterial infections of the lung,
and obstruction of the vas deferens, leading teenrdertility. Patients with at least
one partially functional allele display enough desil pancreatic function to avoid the
major nutritional and intestinal deficiencies angbjects with very mild alleles
display only congenital absence of the vas deferengenetic cause of male
infertility, with none of the other symptoms of CRecently, heterozygotes of CF
mutations have been found to have an increasedudr®y of pancreatitis and
bronchiectasis. Therefore, there is a spectrumevérity in the phe-notypes caused
by this gene that is inversely related to the leMelCFTR activity. Clearly, other
modifying genes and the environment also affeceatie severity, particularly the
pulmonary phenotypes

ADRENOLEUKODYSTROPHY/ABCD1

Adrenoleukodystrophy (ALD) is an X-linked recessidesorder characterized by
neurodegenerative phenotypes with onset typicatlylate childhood. Adrenal
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deficiency commonly occurs and the presentatioAldD is highly variable. AMN,
childhood ALD and adult onset forms are recognizedt there is no apparent
correlation toABCD1 alleles. ALD patients have an accumulation of anbhed,
saturated fatty acids with a chain length of 24e8fbons, in the cholesterol esters of
the brain and in adrenal cortex. The ALD proteitosated in the peroxisome, where
it is believed to be involved in the transport efylong chain fatty acids

FAMILIAL PERSISTENT HYPERINSULINEMIC HYPOGLICEMIA O F
INFANCY /ABCC8

The ABCC8gene is a high-affinity receptor for the drug soifturea. Sulfonylureas
are a class of drugs widely used to increase msdcretion in patients with non-
insulin-dependent diabetes. These drugs bind tcABECS8 protein and inhibit an
associated potassium channel KIR6.2 (KCNJ11). Famil persistent
hyperinsulinemic hypoglycaemia of infancy is anaaoimal recessive disorder in
which subjects display unregulated insulin secretibhe disease was mapped to
11p15-pl14 by linkage analysis, and mutations inABEC8gene are found in PHHI
families. Multiple studies have reported assocratod the E23K variant of Kir6.2
with risk of type 2 diabetes. However, this varibas a very strong allelic association
with the A1369S variant in theBCC8gene. Thus the association cannot be ascribed
to either gene and may be a compound effect of tarilants®.

BILE SALT TRANSPORT DISORDER

Several ABC transporters are specifically expresseetthe liver, have a role in the
secretion of components of the bile, and are resiptn for several forms of
progressive familial intrahepatic cholestasis (BFRFICs are a heterogeneous group
of autosomal recessive liver disorders, charaadrizy early onset of cholestasis that
leads to liver cirrhosis and failure before aduditio The ABCB4 (PGY3) gene
transports phosphatidylcholine across the canalicahembrane of hepatocytes.
Mutations in this gene cause PFIC3 and are adedcwith intrahepatic cholestasis
of pregnancy. The rakbcc2/Mrp2gene was found to have a frame-shift mutation in
the strain defective in canalicular multispecifiganic anion transport, the TR- rat.
The TR- rat is an animal model of Dubin-Johnsordsgme and mutations i BCC2
have been identified in Dubin- Johnson syndromeéeptt. The ABCC2 protein is
expressed on the canalicular side of the hepatoagte mediates organic anion
transport. TheABCB11/BSERyene was originally identified based on homology to
ABCB1 ABCB11lis highly expressed on the liver canalicular membrand has
been shown to be the major bile salt export pumgtalions inABCB11are found in
patients with PFIC3.

RETINAL DEGENERATION/ABCA4

The ABCA4/ABCRgene is expressed exclusively in photoreceptors ravhie
transports retinol (vitamin A) derivatives from thbotoreceptor outer segment disks
into the cytoplasm®. The chromophore of a visual pigment rhodopsitinaé or
conjugates with phospholipids are the likely sudiss for ABCA4, as they stimulate
the ATP hydrolysis of the protein. Mice lackirpbcad show increased all-trans-
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retinaldehyde (all-trans-RAL) following light expo®, elevated
phosphatidylethanolamine (PE) in outer segmentsyraalation of the protonated
Schiff base complex of all-trans-RAL and PE (Nglidene-PE), and striking
deposition of a major lipofuscin fluorophore (A2-E) retinal pigment epithelium
(RPE). These data suggest that ABCR is an outwaddlycted flippase for N-
retinylidene-PE. Mutations in thARBCA4gene have been associated with multiple
eye disorders’. A complete loss of ABCA4 function leads to reiimipigmentosa,
whereas patients with at least one missense dilele Startgardt disease (STGD).
STGD is characterized by juvenile to early adubeimrmacular dystrophy with loss of
central vision ABCA4mutation carriers are also increased in frequen@ge-related
macular degeneration (AMD) patients. AMD patientpthy a variety of phenotypic
features, including the loss of central vision iaftee age of 60. The causes of this
complex trait are poorly understood, but a comlamabdf genetic and environmental
factors have a role. The abnormal accumulationetihoids, caused by ABCA4
deficiency has been postulated to be one mechanyswhich this process could be
initiated. Defects in ABCA4 lead to an accumulatiohretinal derivatives in the
retinal pigment epithelium behind the rettha

MITOCHONDRIAL IRON HOMEOSTASIS/ABCB7

Several half transporters of the MDR/TAP subfarhidyve been localized to the inner
membrane of the mitochondria. The yeast orthologABCB7 Atml, has been
implicated in mitochondrial iron homeostasis, agamsporter in the biogenesis of
cytosolic Fe/S proteins. Two distinct missense mmta in ABCB7 are associated
with the X-linked sideroblastic anemia and ataX&A/A) phenotype. Three more
half transporters from this subfamily, ABCB6, ABCR&d ABCB10 have also been
localized to mitochondri&

STEROL TRANSPORT DEFICIENCIES

Tangier disease is characterized by deficient xftiti lipids from peripheral cells,
such as macrophages, and a very low level of HDhe Tisease is caused by
alterations in thABCAlgene, implicating this protein in the pathway ahoval of
cholesterol and phospholipids onto HDL. Patientthwiypolipidemia have also been
described that are heterozygous #WBCAL mutations, suggesting that ABCA1l
variations may have a role in regulating the lewdl HDLs in the blood.
Subsequently, the sterol-dependent regulationABCAL expression was shown.
Current models for ABCA1 function place it at thtagmma membrane where it
mediates the transfer of phospholipid and cholektarto lipid-poor apolipoproteins
to form nascent HDL particles. The ABCAl-mediatefflug of cholesterol is
regulated by nuclear hormone receptors, such astenoy receptors (LXRs) and the
bile acid receptor (FXR), as heterodimers withn@itil X receptors (RXRs). ABCA1
also plays a role in the engulfment of apoptotidibs. Furthermore, theed-7gene,

an ABCAL ortholog inC. elegansplays a role in phagocytosis by precluding the
redistribution of phagocyte receptors around thepsagiic particle. Recently, two
half-transporter gene®BCG5and ABCG8were characterized, located head-to-head
on the human chromosome 2p15-p16, and regulatetthdoypame promoter. These
genes are both mutated in families with sitostenide a disorder characterized by
defective transport of plant and fish sterols andl@sterol. Most likely, the two half-
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transporters form a functional heterodimer. TRBCG1 gene is also regulated by
cholesterol andABCG4is highly expressed in the liver, suggesting thegse two
genes may also be involved in cholesterol transport

LAMELLAR ICHTYOSIS TYPE 2 (LI2)/ABCA12

Lamellar ichthyosis type 2 is a genetically heterogpus skin disorder characterized
by large, dark, pigmented scales. The disease vegp@d to chromosome 2q33-35,
the region wherdBCA12is located. Mutations iIABCA12were identified in several
LI2 families. It is likely that ABCA12 plays a rolm lipid secretion or membrane
organization in the developing skin. TRBCAL12 gene is also expressed in the
stomach, indicating that it may play a role in mussecretio™.

SURFACTANT DEFICIENCY/ABCA3

Respiratory distress syndrome is an important caafs@eonatal mortality and
morbidity and is often caused by a deficiency ingwsurfactants. Surfactant forms a
lipid rich monolayer that coats the pulmonary aiywand is essential for the inflation
of the lung. Surfactant is produced and secretedimolar type Il cells and consists
of lipids, cholesterol, and specialized proteinbie RBCA3 gene is expressed in
alveolar type Il cells, and the protein is locatize lamellar bodies. Mutations in the
ABCA3gene are an important cause of this disease, anenfs display abnormal
surfactant, elevated surface tension, and abndemsdllar bodies. Although typically
fatal, mild cases have been identified and asstiaith missense mutations in the
ABCA3gene®’,

IVERMECTIN SENSITIVITY/ABCB1

Ivermectin is a highly useful drug that is effeetimgainst a variety of invertebrates,
including helminthes, Onchocerca volvulus (the warausing river blindness), and
mites (including those causing scabies). Ivermestim wide use in both veterinary
and human medicine. Collie dogs frequently disgawpsitivity to the drug, as do
mice that arAbcbla-/-. It was found that collies have a 4bp deletiothe gene and
that at least nine other breeds carry this mutat®CB1 is a drug transporter that is
expressed in many tissues, but plays a particulamportant role in the blood—brain
barrier. ABCB1 mutant collies are also sensitive aonumber of other drugs,
including doramectin, loperamide, and several anter drug$™.

IMMUNE DEFICIENCY/TAP1 AND TAP2

The TAP1/ABCB2and TAP2/ABCB3genes are half transporters that form the pump
in the endoplasmic reticulum that complexes peptidith HLA class | molecules for
antigen presentation on the cell surface. Rare tontin each of these genes have
been identified in patients with immune deficienén allele of theTAP2/ABCB3
gene (M577V) has been identified that is preseBfatn the general population and
is associated with the presence of autoantibodigmiients with Sjogren syndrome.
This allele is also associated with the alteredgméation of peptides on HLA class |
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molecules. Tumor cells can potentially evade theime system by failing to present
class | antigens, and mutationsTiAP genes have been found in cancer cell lines that
are class | negative.

PSEUDOXANTHOMA ELASTICUM/ABCC6

Pseudoxanthoma elasticum is an autosoma recesis@asd characterized by skin
laxity and vision impairment characterized by amnjstreaks and occlusion of blood
vessels. Calcification of elastic fibers is a diagfic feature. PXE is caused by
mutations in theABCCG6 gene. Interestingly, there is considerable vammain the
presentation of PXE even within affected individuad the same family, suggesting
that the clinical manifestations of PXE are biocleaity removed from the function.
ABCCE6 is expressed predominantly in the liver and kidraey is proposed to
transport a critical metabolite into or out of thieod. Mutation carriers cABCC6
variants have been associated with an increasedfrisardiovascular diseaéke

DILATED CARDIOMYOPATHY/ABCC9

Individuals with dilated cardiomyopathy present hwibeart failure and rhythm

disturbances. ABCC9 displays low affinity binding $ulfonylurea and is a major

regulator of ATP dependent potassium channels iactau ABCC9 mutations have

been identified in two patients with dilated cardiwpathy and these variants have
been shown to disrupt catalytic K(ATP) channelngtf-

MULTIDRUG RESISTANCE

Cells exposed to toxic compounds can develop eegist by a number of
mechanisms including decreased uptake, increadedifiigation, alteration of target
proteins, or increased excretion. Several of thesbways can lead to multidrug
resistance (MDR), in which the cell is resistantsaveral drugs in addition to the
initial compound. This is a particular limitatiom tancer chemotherapy and the MDR
cell often displays other properties, such as genmstability and loss of checkpoint
control, which complicate further therapy. ABC gengave an important role in
MDR and several of them are associated with draigsgrort (Table 2).

The best characterized ABC drug pump is &RCB1 gene, formerly known as
MDR1 or PGY1l ABCB1 was the first human ABC transporter cloned and
characterized through its ability to confer a nurliig resistance phenotype to cancer
cells that had developed resistance to chemothehams

®L p-gp efficiently removes cytotoxic drugs and mampmmonly used
pharmaceuticals from the lipid bilayer. Its broatbstrate specificity presumably
reflects a large, polymorphous drug-binding doman domains within the
transmembrane segments. ABCB1 has been demonst@téd a promiscuous
transporter of hydrophobic substrates, hydrophalpigys including drugs including
colchicine, VP16, adriamycin and vinblastine aslasllipids, steroids, xenobiotics,
and peptides® The gene is thought to have an important roleeimoving toxic
metabolites from cells, but is also expressed Its @ the blood-brain barrier and
presumably has a role in transporting compounds the brain that cannot be
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delivered by diffusion. ABCBL1 also affects the phacology of the drugs that are
substrates and a common polymorphism in the gdaetsfdigoxin uptakd Because
P-gp binds many different hydrophobic compoundBag been easy to find potent P-
gp inhibitors. Two inhibitors that are used in thboratory and in clinical trials that
attempted to reverse drug resistance are the oalchannel blocker verapamil and
the immunosuppressant cyclosporin A. As not alltiduig-resistant cells express P-
gp, a search for other efflux pumps was initiatedding to the discovery of the
multidrug-resistance-associated protein 1 (MRPABREC1)>.

Commen Mame  Systematic name  Tissue Non-chemotherapy Chemotherapy Dafacts in References
substrates substrates human disgase
{known and suspected)
PGRMORA ABCEA Iritastine, Meutral and catioric Dioponizicing daunoribizin, Mare krowr; 8
liver, kidney, organic compounds,  vincristine, vinklastine, alterad sansitivity
placenta, mary comimonly actinomycin-C, packtzel, to dnugs
blood-brain used drugs docetaxel, stoposida,
barmien teniposica, bisantrans,
hemobamingtoning (STI-571)
MDR2 ARCE4 Liver Phosphatidicholne,  Paditaxal, virblasting Progressivafamilal 51,23 66,67
somes hydrophcbic nirahapatic
drugs chclestasis
MEFP ABCCH All tizsues Glutatricne and other  Dioxonukicin, apirabicin, Mana known 20-24
conjugates, organic etoposidz, vincristing,
anions, kukotriens C4 - methotraxata
MEF2, ABCCZ Liver, kidray,  Similar to MEF1, non-  Methotrasate, etoposida, Dukin-Jchr=cn 24 5053
SMOAT intestine Eile salt organic anions  doxorublcin, clsplatin, syndrome
vineristing, mitoxantrons
MRF3 ABCCSE Fancraas, Glucuronate and Etoposick, tariposide, More known 3738
kidney, glutathicne conjugatas, methofraxata, cisplating
Intesting, Eile acids vincristing, doxeruzicin
liver, acranal
glands
MREF4 ABCCH Frostata, Muckotide analogues,  Methotraxats, thicpurines Mone known 39,40
tastis, ovary,  organic anions
intestine,
pancreas,
lurg
MREF2 ABCCS Most tissues  Muckotids analogues,  B-Memaptopurine More knowin 41,42
oyclic nuclectides, B-Thicguaning
organic aniors
MREFE ABCCE Liver, kidnay  Arlonic cyclic Unknonn Psaudoxenthoma 45-46 58
pentapeptide clasticum (substrata
Lnknown)
WIKR, ABCG2 Flaczanta, Prazosin Dieorublcin, daunarubizin, Maora krown 252054
BCRF, intesting, mitcxantrons, topctacan,
ABC-P boreast, iver SMN-38
BSER ABCE Livar Eile salts Paclitaxal Progressivefamiial 30,4748,
SPGER ntrahepatic B4 85
chelastasis
ABCAZ ABCAZ Erain, Steroid darivatives, Estramustine Intracsliuar staroid 734,35
monocytes lipids transport

Table 2.Tissue localization and possible functions of AB&hsporters

MRP1 is similar to P-gp in structure, with the epiten of an aminoterminal
extension that contains five-membranespanning dwrattached to a P-gp-like core.
MRP1 recognizes neutral and anionic hydrophobicinaatproducts, and transports
glutathione and other conjugates of these drugsinosome cases — such as for
vincristine — co-transports unconjugated glutatkich > The discovery of MRP1
stimulated a genomic search for homologues, leatinghe discovery of eight
additional members of the ABCC subfamily of tram$gis, of which six have been
studied in some detail. Like MRP1, some of these PgRhave the five
transmembrane amino-terminal extension (ABCC2, AB@&d ABCCS6, also named
MRP2, 3, and 6), whereas others do not. Many MRRIyamembers transport drugs
in model systems and therefore have the potemtiabhfer drug resistanc& Some
anticancer drugs, such as mitoxantrone, are pdostisies for MDR1 and MRP1.
Selection for mitoxantrone resistance results idtidrug-resistant cells that produce
a more distant member of the ABC transporter famiBCG2 — also known as
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MXR (mitoxantrone-resistance gene), BCRP (breasic@a resistance protein) or
ABC-P (ABC transporter in placenta). This transpois thought to be a homodimer
of two half-transporters, each containing an ATRdbig domain at the amino-
terminal end of the molecule and six transmembsageents”.

The first two originalABCG2genes that were cloned from resistant cells encoded
proteins with either a threonine or glycine subgtitl for arginine at amino acid 482,
giving them much broader substrate specificity,luding the ability to transport
doxorubicin. This finding, together with many wedlbcumented mutations ir-GP,
shows that even single amino-acid substitutions dasnge substrate specificity.
Other ABC family members have been associated aviily resistance. For example,
the bile salt export protein (BSEP, also known &CR11), first reported as the
‘sister of P-gp’ (SPGP), is expressed at high kwelliver cells, and in transfection
experiments it confers low level resistance to ip@atl °. MDR3 (sometimes called
MDR?2), a phosphatidylcholine flippase that is clgseelated to P-gp, normally
transports phospholipids into bile, but can tramspaclitaxel and vinblastine, albeit
inefficiently unless it is mutatet]. Finally, ABCA2is overexpressed in estramustine-
resistant cells’®. Estramustine is a nitrogen mustard derivativeoe$tradiol, so
ABCA2 — which is expressed intracellularly in endosoryatilsomal vesicles —
might participate in steroid transport. Althougle tlung resistance protein (LRP) is
not an ABC transporter, it is frequently includeddiscussions of drug resistance, as
it is expressed at high levels in drug-resistaiitices and some tumours. LRP is a
major vault protein found in the cytoplasm and lb@ huclear membrane. Vaults are
large ribonucleoprotein particles that are pregenatl eukaryotic cells. Their shape is
reminiscent of the nucleopore central plug, andntagor vault proteins account for
70% of their mass. Although their role in normalgiblogy is not yet established,
vaultsssrpight confer drug resistance by redistribgitdrugs away from intracellular
targets’’.

ABC TRANSPORTERS IN HUMAN CANCERS

Although it seems likely that cancer cells use savélifferent types of ABC
transporter to gain drug resistance, most clirstadlies have focused on P-gp. Early
studies showed that P-gp was highly expressedlonc&idney, adrenocortical and
hepatocellular cancers. Initially, there was hopat tincreases in P-gp expression
alone could explain cancer drug resistance. Howehkerfailure of these cancers to
respond to drugs that are not P-gp substratesatetichat other factors are involved,
and attention turned to cancers that acquire eesist following chemotherapy. In
seeking to define the role of P-gp in drug resistamesearchers have assumed that P-
gp expression is highest in tumours that are degggrah expression for survival, that
expression impairs response to chemotherapy, atckeitpression levels increase as
tumours become drug resistant. On the basis ofetlassumptions, clinical trials
aimed at increasing chemotherapy sensitivity ingemsistant tumours, through
inhibition of P-gp, have been implemented. So, d®8&SP expression confer drug
resistance in human cancer? Most studies thatlatefeGP expression with clinical
outcome have been small, retrospective, singlétiisin studies with insufficient
power to draw reliable conclusions. One problenhwligsigning a study that provides
statistically valid results is that methods foredting P-gp expression are imperfect.
This is primarily due to the lack of specificity

of many commonly used anti-P-gp antibodies. To darae matters, researchers
also use different methods to quantify expressitm, control for tumour
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heterogeneity, and to account for the presenceoohal tissue in tumour biopsies.
Despite efforts to bring uniformity to P-gp quaitition, it is still difficult to discern
valid from invalid data.

Expression oMRP1 has also been analysed in clinical samples. Adigsoagainst
MRP1 seem to be more specific than those that rezced?-gp, and MRP1 is highly
expressed in leukaemias, oesophageal carcinoman@mgmall-cell lung cancers.
Conclusions about expression levels of other AB@gporters in human tissue await
more extensive analysi§

LEUKEMIA

The most uniform associations between MDR1/P-gpesgion and drug resistance
have been reported in acute myelogenous leukaetNd ), P-gp expression has
been reported in leukaemic cells from about onettbi patients with AML at the
time of diagnosis, and more than 50% of patienteelapse; higher levels occur in
certain subtypes, including secondary leukaemiagp Bxpression is correlated with
a reduced complete remission rate, and a highetence of refractory disease — a
surprising finding, as treatment regimens includeanly the P-gp substrate
daunorubicin, but also AraC, which is not a P-gpsstate®’. Recent studies report
that P-GP expression is associated with a poorer progna#iispugh the magnitude
of the effects on response and survival is probablyas great as initially thought.
These clinical results are supporteddxyvivostudies of leukaemic cells, which have
shown thatP-GP expression reduces the intracellular accumulatiodaunorubicin.

In addition, administration of a P-gp inhibitor reases daunorubicin accumulation in
leukaemic cellS’. MRP1andLRP expression have also been evaluated in leukaemia.
Increased MRP1 expression has been reported in chronic lymphocgnd
prolymphocytic leukaemia cells. Expression leveals kess frequently elevated in
AML cells (10-34%)°" ®1 and these studies lead to different conclusidmsui
whether MRP1 confers a poor prognosis. So far|atgest trial in untreated patients
found no correlation betwediRP1or LRP expression and prognosis, but observed a
correlation betweeRGP expression and prognosis Finally, low expression levels
of BCRP/MXR have been observed in AML céfisTaken together, the clinical data
support a role for PGP in drug resistance in AMLigrds, and for MRP1 expression
in chronic lymphocytic and prolymphocytic leukaemiaAdditional studies are
needed to confirm and extend these findit{gs

BREAST CANCER

Detection of transporters in solid tumour samplas heen more difficult. A 1997
meta-analysis of 31 reports from 1989-1996 founat #1% of breast tumours
expressedP-GP. P-GP expression increased after therapy and was assoaath a
greater likelihood of treatment failure. Howevererte was considerable interstudy
variability, preventing a solid conclusion aboue ttole of P-GP in breast cancer.
Recent imaging studies using 99mTc (technetiumipsabi (Cardiolite), a transport
substrate recognized bR-GP, indicate that its activity is increased in breast
carcinomas®. Whether thVIRP1expression levels associated with breast caneer ar
enough to confer drug resistance is not yet redolv&s MRPL1 is expressed
ubiquitously, it is not surprising that using resertranscriptase polymerase chain
reaction (RT—PCR)MRP1 mRNA can be detected in all breast cancer sangiles
levels comparable to that in normal tissues. Onaumohistochemical analysis of a
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series of resected invasive primary breast carcasoraported a correlation between
relapse-free survival aldRP1expression’.

NEUROBLASTOMA

NB is the second most common solid cancer in yamiglren accounting for 9% of
all childhood cancer¥'. It is characterised by a heterogeneous clinieabbiour that
ranges from spontaneous regression in 10% of sfiscto rapid and largely treatment
resistant progression with fatal outcome. At présqratient risk classification
includesN-MY Cgene amplification, 1p chromosomal deletion, tumsiage, and age
of the child at diagnosi§> ° Amplification or overexpression of th&-MYC
oncogenas present in about 25-30% of primary untreated ,NBsch is associated
with advanced stage disease, rapid progression wafigvourable prognosi§’.
Moreover, this patient subgroup often demonstratesultiple drug resistant (MDR)
phenotype that develops from exposure to chemgikater agents and increases
with intensity of the therapy accommodated. NB ttreent includes induction
chemotherapy, maintenance of high dose chemotheregiotherapy, tumour
surgery and consolidation therapy. Chemotherapgurbtocols combine alkylating
agents with microtubule active drugs, topoisomerabkibitors and antibiotics. Anti-
neoplastic drugs are effectively used in the treatnof NB patients. Following initial
treatment with cytotoxic drugs, NB tumours are hygthemoresponsive, displaying
significant partial or complete remission in ab80€6 of tumours, even those with
unfavourable prognostic outcorfié Although many high-risk NBs initially respond
to the first cycles of intensive chemotherapy, tlfi@guently become refractory to
treatment as the disease progreskies1YC clearly contributes to the drug-resistant
phenotype of NB, as amplification of this oncogenstrongly associated with rapid
tumor progression and poor prognoSis’® The role ofMDR1 gene in mediating
multidrug resistance in neuroblastoma is still eacl Chan and associatés
demonstrated thaP-GP expression in neuroblastoma independently predlitbe
poor outcome, but other studiesMDR1 expression in this malignancy have failed
to confirm these result¥. Controversy regarding the contribution of MDR1the
chemoresistant phenotype was heightened by a studigh reported thaP-GP
expression in neuroblastoma was restricted to tmmal infiltrating stroma cell$®.

In neuroblastoma cell lines, induced to differetetiny exposure with retinoic acid ,
MDR1 expression increases in parallel with other markémeuronal differentiation
™ and this increased expression was not associaitidthe expected decrease in
accumulation of cytotoxic drugs. As result of thessparate data, the contribution of
the MDR1 gene to either drug resistance or to patient ouécamneuroblastoma
remains ill-defined.MDR1 gene expression failed to predict for outcome his t
tumour, butMRP1 gene expression is a powerful prognostic indicéorchildren
with neuroblastoma’® High MRP1 expression but lowMDR1 expression was
observed in tumours with-MY Camplification and the expression of these two gene
was not correlated in this subset of tumddrdigh levels ofMRP1expression were
strongly associated with reductions in both survarad event-free survival. Altough
MRPL1is a direct target of N-My€, a multivariate analysis demonstrates tiatlYC
amplification had no prognostic value wh&tRP1 expression was included as a
prognostic factor, may be N-Myc governs the traipsion of critical genes, such as
MRP1, conferring multidrug resistanc€. Although available evidence strongly
suggests that MRP1 is critically associated witke tirug-resistant behavior of
primary NB 2, this drug efflux pump does not appear to mediaséstance to either
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alkylating agents or platinum compound’s Members of both these classes of
compounds, such as cisplatin and cyclophosphanaicke,commonly used in the
treatment of NB. Thus, despite the high level§/6tP1observed in many aggressive
NBs at diagnosis, the use of these non-MRP1 substirags may explain why the
majority of NB do initially respond to chemotherapevertheless, over half of these
previously responsive tumors will eventually relapsith chemoresistant disease,
suggesting the development of additional drug-taste mechanisnis. Also MRP4

is expressed in primary neuroblastoma and alsov&expression is significantly
associated withN-MYC amplification andMRP1 expression. The drug resistance
phenotype of MRP4 has to date been thought to epassnprimarily nucleoside
analogues (including antiretroviral agents) andhoeexate. MRP4 is also able to
confer significant resistance in vitro to the taggmynerase | poison irinotecan and its
active metabolite SN-38. This drug is approved tf@atment of colon and lung
cancers and shows promising activity against a munolb other cancers including
cervical, ovarian carcinomas, and also neuroblastdrike MRP1, also highMRP4
expression correlate with poor clinical outcom@é@uroblastom&®.

OTHER SOLID TUMOURS

Variability in expression is also a problem for etlsolid tumours. In ovarian cancer
samples, 16-47% were found to expred3-GP, as measured by
immunohistochemistry. Critical analysis of thes¢éad®&veals thaP-GP is expressed
by only about 20% of ovarian cancers when sample® waken at diagnosis. This
makes it difficult to demonstrate a correlationvietn expression and outcomes,
such as disease- free survival, particularly gitka importance of cisplatin in
therapy. In lung cancer sample8lDR1 mRNA expression was reported to be
increased in 15-50% of tumours. The incidenc®BiP1 expression is much higher
(about 80%) in small-cell lung cancer (SCLC) sarmplRP1 expression was
detected in 100% of non-small cell lung cancers@NGS),with higher levels noted in
30% of the samples — this might not be surprisgigen its ubiquitous expression in
normal lung tissue. Immunohistochemical studiesfiomed the predominantly
plasma-membrane localization pattern of MRP1. Gitles low levels ofMDR1
expression and the nearly ubiquitous expressioMRP1, lung cancer should be an
excellent model in which to evaluate the role of RIRspecific inhibitors. Sarcomas
represent another malignancy in which P-gp expsasseems to be important for
drug resistance. Immunohistochemical studies oh bsxdft-tissue sarcomas and
osteosarcomas revealed a strong association betR«ggnexpression, relapse-free
survival and overall survival. Other methodologié®wever, have been used to
substantiate and refute these findings, and thasebben no consensus regarding the
effect of P-gp on survival in sarconiés

DEVELOPMENT OF DRUG RESISTANCE ABC-MEDIATED

Three mechanisms have been proposed to understandrhalterated expression of
ABC transporters can result in drug resistanceuiman tumours (Fig. 4). According
to intrinsic resistance model, tumor cells are imgically resistant due to high
constitutive expression of ABC transporters. Thghhexpression may be a reflection
of the expression levels in the tissue of origior @xample, colon) or a result of a
change in the expression of a tumor suppressor @gep53) during progression to
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the malignant state that influences ABC genes trgoton. In this scenario,
chemotherapy has little effect on the intrinsicaftgistant tumor. Acquired resistance
model is the result of inherent genomic instahilityus an initially sensitive tumor
acquires a subpopulation of mutant cells that cistely express high levels of
ABC transporters. In this scenario, chemotherapylieates drug-sensitive cells, but
the resistant subset of cells survives treatmethinaay ultimately replicate.

INTRINSIC

W
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C maa — o0t - n 1
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Figure 4. Models of drug resistance in tumour cells. Thregppsed mechanisms (intrinsic, acquired
and inducible) by which overexpressionMDR1 can result in drug resistant in human tumours.

Finally, the inducible resistance model proposs thsubset of tumor cells within a
drug-sensitive population are able to rapidly (arahsiently?) induce ABC genes
expression in response to stress stimuli. Upon &x@oto chemotherapy, sensitive
cells are killed, but the inducible subset increadee expression of ABC genes,
permitting survival and repopulation. Whether/hosnd ABC transporters levels
remain elevated in surviving tumor cells in thendal setting has not yet been
investigated®.

ROLE OF TUMOUR STEM CELLS IN THE DEVELOPMENT OF
DRUG RESISTANCE

The discovery of cancer stem cells in solid tumohes changed our view of
carcinogenesis and chemotherapy. One of the urfepteres of the bone marrow
stem cells that are required for normal haematemies their capacity for self-
renewal. In the haematopoietic system, there areethdifferent population of
multipotent progenitors-stem cells with high capador long-term renewal, stem
cells with high capacity for short-term renewal,damultipotent progenitors that
cannot renew but differentiate into the varied diges in the bone marro{{. The

multipotent progenitors and their derived lineageslergo rapid cell division,
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allowing them to populate the marrow. The facttrat tdetermine the self-renewing
capacity of a cell, and how cancer cells acquire ability , are not yet understood.
Pluripotent stem cells that possess both self-reh@apabilities and the ability to
generate an organ-specific, differentiated repextof cells exist in organs other than
the haematopoietic system and these can be sttmligdin better insight into the
stem-cell biology of a tumour. The concept of orgéem cells is difficult when one
considers the many different cell types and fumgi@f an organ, but emerging
evidence indicates such pluripotent stem cellstekisthe normal mammary gland,
for example, three cell lineages have been destrbemyoepithelial cells that form
a basal cell layer, ductal epithelial cells, andkfproducing alveolar cells. Although
transplantation studies in mice have demonstrdtatlrhost mammary cells have a
limited capacity for self-renewal, clonal populaisothat can recapitulate the entire
functional repertoire of the gland have been idmati In an elegant study, human
mammary epithelial cells derived from reduction maoplasties were used to
generate non-adherent spheroids (designated marheresp in cell culture and
demonstrate the presence of the three mammaryiresdiges. More importantly, the
cells in the mammospheres were clonally derivedyiging evidence for a single
pluripotent stem cell’®. These same approaches are being used to isaldte a
characterize breast cancer stem cells. In the hapmatic system as well as in other
normal tissues, the normal stem cell must be betfirenewing and pluripotent.
Although stem cells can self-renew, they are gdlyeqaiescent, spending most of
their time in GO. Because stem cells can repair tDBIA as they self-renew, they
have the potential to accumulate mutations acquafest exposure to carcinogens. If
tumours arise from stem cells, the accumulatiothe$e mutations might be what we
have come to recognize as the ‘multistep processaafinogenesis’. So do cancer
stem cells arise from normal stem cells, or do #ugse from differentiated cells that
acquire self-renewal capacity, or both? Does thmatm resistance of normal stem
cells to radiation and toxins contribute to thduia@ of some cancer therapies? How
can we exploit our knowledge of stem-cell biologyspecifically target these cells
and improve therapy?

CANCER STEM CELLS

Cells with stem-cell qualities have been identifiednalignancies of haematopoietic
origin and in some solid tumours. The existencswath a population would imply
that the stem cell represents the cell of origintfie tumour, as illustrated in Fig.'s
One can predict that such cancer stem cells remresdy a small fraction of a
tumour, as they possess the capability to regemeratimour, and most cancer cells
lack this regenerative capability. Studies of acuotgelogenous leukaemia have
shown that only 0.1-1% of all cells have leukaemigating activity *>. These
leukaemia-initiating cells have many markers andopprties of normal
haematopoietic stem celt& # So it is believed that leukaemia arises fromeanst
cell that becomes transformed and gives rise targel population of clones that
proliferate but cannot self-renew or fully diffeterte. Similar populations of self
renewing cells, such as those that carry the chsomal translocation
t(9;22)(gq34;911), which forms tH&CR—-ABLfusion gene, have also been identified in
patients with chronic lymphocytic leukaemia andoctic myelogenous leukaemia
(CML) ®. Evidence for the existence of a pluripotent @elsolid tumours includes
clinical observations with human teratocarcinonaasexperiment of nature in which
differentiated tissuesuch as muscle and bone can appear in the tumass, raad
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from the observation that mouse teratocarcinomia cah produce a normal mouse.
Instead of haematopoietic markers, stem cells ifiethtfrom solid tumours usually
express organ-specific markers. In eight of ninendwu breast cancer samples, for
example, a tumorigenic stem-cell population wasitbthat expressed the unique cell
surface marker profile CD44+CD24—/low Lif%This population was enriched 50- to
100-fold with cells able to form tumours in micenelresulting tumours possess the
phenotypic heterogeneity found in the original tum@opulation, including both
tumorigenic and non-tumorigenic cells. In anothtedg, overexpression of the WNT
family of genes, important regulators of normal delvelopment, led to expansion of
the mammary-stem-cell pool and cancer suscepyibikinally, stem cells with a
capacity to self-renew and undergo pluripotentiffiecentiation have been isolated
from human central-nervous-system tumofits® These cells were reported to
express CD133, a cell surface antigen known orilgin@s a marker of
haemiytgpoietic stem cells and later observed aarlemof stem cells in other normal
tissues”.

Stem cells Multipoterit Cammitted Mature cells

- progenitors progenitors
Marrrial |:|@@—©— @— GG@

l Mutation in stem osll

[ Proliferstion
Additicnal mutationis) in stem cell
af in progenitor cells

[ Proliferation

| Gell death

[ Immune svasion

[ Self-renswal

Figure 5. Normal stem cells give rise to multipotent progenitells, committedprogenitors and
mature, differentiated cells. Mutations in a stegtl give rise to a stem cell with aberrant prokfiéon

and result in a pre-malignant lesion. Additionaltations lead to the acquisition of further increhse
proliferation, decreased apoptosis, evasion ofitiraune system, and further expansion of the stem-
cell compartment that is typical of malignant tumsu

The exact origin of pluripotent stem cells in tumswmight vary. They could arise
from the malignant transformation of a normal stesil that has accumulated
oncogenic insults over time. Alternatively, thegimal tumour cell could be a more
differentiated cell that develops the capacitydontinual self-renewal, thus acquiring
the properties of a stem cell. Distinguishing betwéhese two might be difficult.
Evidence that cells other than stem cells can aeqine ability to undergo self-
renewal has been recently provided in studies examithe progression of CME.

The chronic phase of the disease occurs when acgiracquires the expression of
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the BCR—ABL fusion protein, leading to increasedliferation of cells within the
granulocyte—macrophage progenitor pool and theiwndtream progeny. It is
hypothesized that progression to blast crisis ¥edl@dditional genetic or epigenetic
events that confer progenitor cells with the capatd self-renew, making them
indistinguishable from a leukaemic stem cell. Fertproof is needed to confirm that
progression to blast crisis occurs at the levahefprogenitor pool, but the proposal
that the stem-cell compartment is not rigidly deéinis attractive and suggests a
degree of plasticity in cancer. Cancer stem cellgh(either inherent or acquired
capabilities for self-renewal) give rise to cellsat lack long-term self-renewal
capability but retain a finite ability to dividen Inormal physiology, this would be
called ‘differentiation’, as the cell acquires tsaspecific to its place in the tissue. But
in cancer, cells lack the ability to undergo difietiation into phenotypically mature
cells. A limited amount of differentiation often @® occur, giving rise to the well-
known histopathological and molecular distinctidmstween tumours. In fact, the
further along this pathway the cancer cell travétge more differentiated and the
more like its normal counterpart it becomes, adoglg demonstrating a slower
growth rate. Where the so-called ‘de-differentiatedhours fit along this continuum
is uncertain, but it is possible that self-renemdght be a property that represents a
higher order of differentiation. Therefore, the canstem cell shares many properties
of the normal stem cell. It is generally acceptédttnormal stem cells show
properties that provide for a long lifespan suclredative quiescence, resistance to
drugs and toxins through the expression of sevAfd@ binding cassette (ABC)
transporters, an active DNA repair capacity, andsistance to apoptosis. It follows
that cancer stem cells might also possess thestarese mechanisms. The paradigm
that drug resistance originates in the stem-ceknplype might stimulate new
strategies for the development of anticancer thesap

DRUG TRANSPORTERS IN STEM CELLS

Stem cells have many properties that separate ttemmature, differentiated cells.
In addition to their ability to self-renew and @iféntiate, they are quiescent, dividing
infrequently. They also require specific environtsecomprising other cells, stroma
and growth factors for their survival. One partanly intriguing property of stem
cells is that they express high levels of spe@BC drug transporters. For example,
haematopoietic stem cells express high leve SREG2 but the gene is turned off in
most committed progenitor and mature blood cBllsThe two ABC transporter-
encoding genes that have been studied most exédnsiv stem cells ardBCBJ,
which encodes P-glycoproteifh andABCGZ® #”. Along with ABCC], they represent
the three principal multidrug-resistance genes ttaate been identified in tumour
cells. These genes, members of the ABC-transpettperfamily, are promiscuous
transporters of both hydrophobic and hydrophilimpounds® *’.These transporters
also have important roles in normal physiologyhe transport of drugs across the
placenta and the intestine (more accurately, thentien of drugs in the intestinal
lumen), and are important components of the blomalrlband blood—testis barriers.
By using the energy of ATP hydrolysis, these trantgys actively efflux drugs from
cells, serving to protect them from cytotoxic ageMlice deficient in eitheAbcg2
Abcblor Abcclare viable, fertile and have normal stem-cell cormpents. This
indicates that none of these genes are requirestéon-cell growth or maintenance.
However, these knockout mice are more sensitivehéoeffects of drugs such as
vinblastine, ivermectin, topotecan and mitoxantrauensistent with a role for these
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ABC transporters in protecting cells from toxind1\eTdrug-transporting property of
stem cells conferred by these ABC transporters isngortant marker in the isolation
and analysis of haematopoietic stem cells. Mos$$ eglcumulate the fluorescent dyes
Hoechst 33342 and rhodamine 123, but stem celleadoas these compounds are
effluxed byABCG2and ABCB] respectively. Because thepn’t accumulate these
fluorescent dyes, stem cells can be sorted byatoitg cells that contain only a low
level of Hoechst 33342 fluorescenCe These cells are referred to as ‘dull cells’ or
‘side population’ (SP) cells. The term side popolatwas coined because during
flow-cytometry analysis, SP cells are visualized asnegatively stained ‘side
population’ to one side of the majority of cells amensity dot plot. A large fraction
of haematopoietic stem cells are found in the Sfetiisn and when isolated from
mice and transplanted into irradiated mice, smalinbers of these SP cells can
reconstitute the bone marrow, demonstrating thedelcells are pluripotent. SP cells
can be isolated from many tissues including thenbtareast, lung, heart, pancreas,
testes, skin and liver, and these cells might sepre lineage-specific stem cells
8 Hoechst-33342 staining of bone marrow fradVCG2null mice fails to detect SP
cells. However, the lack of staining for SP celtxurs not because these cells are
absent, but because the lackABCG2expression allows these cells to accumulate
Hoechst dye and become fluorescént

SP CELLS IN TUMOURS AND CELL LINES

Once it was recognized that stem cells were predantly found in the SP fraction, it
became possible to sort and purify stem cells frotally any population of cells or
tissue. SP cells were identified in 15 of 23 nelasfoma samples and in
neuroblastoma, breast cancer, lung cancer andagioima cell line&®. Furthermore,
analysis of several cell lines that had been maiethin culture for long periods of
time demonstrated a small population of SP cefisthe rat glioma C6 cell line, a
population of SP cells was separated from a pojpulatf non-SP cells. Through the
use of growth factors, investigators maintainesgéheells in culture, and showed that
only the SP cells gave rise to both populationsaoeduced cells with both neuronal
and glial markers that were tumorigenic in mi€eThis latter study provided strong
evidence that in this cell line the SP populatieftected a population with a capacity
for self-renewal and limited maturation. Howevéistisolation approach is imperfect
as the SP compartment is composed of stem andteoneglls, and some stem cells
are not in the SP fraction. For example, non-stethtamour cells often express
ABCG2and ABCB1 These genes are highly expressed in drug-resistis, and
histopathological studies have reported increasggdression of the ABCB1
transporter in more differentiated tumours In addition, in a range of cell lines,
differentiating agents induce expressionACBJ inhibit cell growth, and increase
the expression of markers of maturatih Additional limitations exist in using
cancer cell lines cultureth vitro to study stem-cell biology and drug resistance.
Although SP cells and cells with stem-cell progerthave been reported in cultured
cell lines, it is difficult to reconcile the hypahis that only a small fraction of cells in
culture possess stem-cell characteristics with rdpd doubling time of cells in
culture. Current paradigms envision a small stethemmpartment possessing cells
with the capacity for perpetual self-renewal erigtialongside a much larger
proliferative compartment with cells that have wmité ability to proliferate before
presumably arresting and/or undergoing apoptogiesé@ paradigms can explain the
low cloning efficiency of most cell lines, theirdfficiency at colony formation in soft
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agar, and their limited tumorigenicity. However,neoof these models can explain
how the stem cells remain a constant fraction efttital population, if indeed they

do. Any proposal will require stem cells to divislewly, and must recognize that in a
cell line derived from a solid tumour the numbercedls undergoing apoptosis is
relatively small. One possibility is that thereas interchange of cells between a
proliferative compartment and the stem-cell podiafTsuch an interchange might
occur is not improbable, as the cell line almostasely originated from a stem cell

with a proliferative advantad@.

ABC TRANSPORTERS AND NEURAL STEM CELLS

The anatomical location and lineage specificiti€ésSN&Cs were only established
when they were finally identified in the subependymegion and in the hippocampal
dentate gyrus (DG), where they divide to generabggnitors that migrate along the
rostral migratory stream to differentiate in théaotory bulb or to integrate into the
surrounding hippocampal neural circuitry, respettiv’:. Similar to HSCs, these
nestin+ NSCs may be defined operationally as tleds can continuously self-renew
and have the potential to generate intermediatenaaire cells of both glial and
neural lineages®. Furthermore, NSCs have also been reported terdiffiate into
hematopoietic cellS®. Tumor-tropic NSCs have also been observed inpperal
malignancies apart from those primary brain maligmes. Reactive astrocytosis
induced by inflammatory cytokines released by ngteo in response to a
pathological process is characterized by an iner@aglial fibrillary acidic protein
(GFAP), showing that GFAP is a marker in the défdaration of NSCs into
astrocytes. In the brain, the proteins MRP1, MRRd IRP5 (ABCC family) were
clearly localized, by confocal laser scanning nscapy, to the luminal side of brain
capillary endothelial cell§*. The MRP4 and MRP5 proteins were also detected in
astrocytes of the subcortical white maftér Notably, MRP5 protein was present in
pyramidal neurong®. Another study has revealed that MRP1 and MRP5navee
abundant in various brain cells than the other lfammembers though MRP3 and
MRP4 could also be detected in astrocytes. MRRepr®tmay thus contribute to the
resistance of the brain to several cytotoxic antivimal drugs®’. A recent real-time
reverse transcription-polymerase chain reaction-PRR) assay has been used to
investigate the specific expression pattern ofABE subfamily-A transporters in the
brain and has shown that neurons express predotlyinABCAl and ABCA3
astrocytes expresABCA1l, ABCA2 and ABCA3nicroglia express ABCAl and
oligodendrocytes expressBCA2 and ABCA3 %°. With its expression in liver and
brain, ABCB1 — the prototype of the B subclass minsporters — and ABCAL
regulate the high-density lipoprotein levels in gfl@asma and cholesterol contents of
several cell types in these organs. Most intergstithe ABCB1 transporter also
shows strong expression in neurons of the hippooarfgrmation, particularly in the
granule cells of the DG. Volkt al * have demonstrated neuronal upregulation of
ABCB1expression in the CA3/CA4 region and hilus of kiyigpocampus formation
24 h after inducing a status epilepticus in rairtaln general, however, ABCBL1 is
predominantly localized in the apical membrane agiltary endothelial cells which
form the Blood Brain Barrier, and in epithelial lsebf the blood-cerebrospinal fluid
barrier, while other cell types in the brain shatttd or no expression under normal
conditions™.

The SP phenotype in mouse NSCs was probably dteet@xpression oABCB1
Recent results show that NSCs from mouse forelaancontained in a population
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distinct from the SP°’. Moreover, other research data show that the ABCA2
transporter is widely expressed in early neuragjpnitors developenh vitro from ES
cells . ABCA2 expression in the adult mouse and rat brains seent® region-
dependent because it is limited to the oligodendrodineage — unambiguously
excluded from astrocytes— and to a subset of @r@ABAergic inter-neurons and
pyramidal glutamatergic neurons where it could bealized to lysosomal-related
organelles. ABCA2 has also been suggested to barlkemof neural progenitors as it
is expressed in the subventricular zone of therdateentricle and the DG of the
hippocampal formation, sites of continual neurogeheén the adult brain, and in
nestin+ cells differentiateth vitro from ES cells. It was only very recently that the
distribution and functional properties of the tpamters were studied in human neural
stem/progenitor cells (hNSPCs). It was found tharemthan half of the hNSPCs
within neurospheres expressed nestin, an NSPC mé&kehermore, all nestin+ cells
simultaneously expressedBCB1 Moreover, when the hNSPCs were isolated by
fluorescence activated cell sorting (FACS) using ABCB1 antibody, there was an
increase in nestin+ cells compared to cells separay control IgG. Taken together,
these results suggest that this ABC transporter neantribute to neural
stem/progenitor cell expansiam vitro. Further study revealed that cultured hNSPCs
expressed functiondABCB1as well asABCG2 at the cell surface, and that their
expression was downregulated during differentiatafnhNSPCs, similar to the
downregulation of ABCG2 in HSCs at the stage oédige commitment” ' It was
observed that both ABC transporters were downrégdiladuring hNSPC
differentiation, together with nestin downregulatiand GFAP upregulation. The
downregulation of nestin and upregulation of GFA® @nsidered to be indicators of
stem/progenitor differentiation or maturation, athetrefore it was proposed that
ABCB1 and ABCG2 may be markers of neural stem/pndgecells, and may have a
functional role in upholding the undifferentiatetss of hNSPC&” 1% Consistent
with this idea, it was found that ABCG2 had a highbstrate-stimulated ATP-
hydrolysis activity in these cells, further suggastthat the ABCG2 transporter was
functionally active in hNSPCs and may play a reguiarole in the maintenance of
the undifferentiated state, possibly through matluda the uptake of small
hydrophobic molecules involved in differentiatidff. The biological activities of
ABCB1 and ABCG2 in stem cells are part of the ndrrmissue regeneration
mechanism, probably conferring protection of thealbratem cell population from
cell death and enabling preservation of homeostasier extreme stress conditions.
Interestingly, the correlation between nestin ABCB1expression in hNSPCs, and
inhibition of ANSCPs proliferation by an ABCBL.1 ititior (cyclosporine A) at a very
low dose, suggested that the ABC transporter maytriboite to neural stem/
progenitor cell expansioff: *°© While ABCA2 shows higher expression in nestin+
mouse neural progenitors, at later developmengajest it undergoes a conspicuous
downregulation, persisting only in limited subsetslifferentiated neuron¥. Based
on these results and the observations that the &&tSporters are expressed at high
levels in hNSPCs but are downregulated in diffeadetl hANSPCs, these genes could
potentially function as putative NSC markers inimilar way as p21CIP/WAF or
musashi-1. For instance, while a high expression ABCB1/ABCG2reflects
maintenance of proliferating NSCs in an undiffelzied state, low expression
characterizes progenitors differentiating into m@&sr and astrocytes, which by
themselves do not (or only at a very low level) ressABCB1/ABCG2at the end of
differentiation (Fig. 6% **) The published studies on NSCs support the hypisthe
that ABCB1 (MDR1) might be more important than ABZ@ controlling the

specific phenotype of NSC&'® in contrast to the HSCs where ABCG?2 is involved
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in the SP phenotype and considered as its molecderminant. In short, ABC
transporters have emerged as an important newdfdltvestigation in the regulation
of stem cell biology, and manipulation of this &st may promote stem cell
amplification via a common defence mechanism adbptethese cells through their
high expression of ABC membrane transportérs

ABC TRANSPORTERS AND HEMATOPOIETIC STEM CELLS

The developmental programs that regulate gene ssipre profiles are tightly
controlled and can lead to cancer if perturbed.idareasing number of genes are
being characterized that can function as lineagticted transcription factors,
directing hematopoietic cell differentiation. Foxaenple, GATA-1 is required for
erythropoiesis, PU.1 for myelopoiesis, and Ikaraslymphopoiesis, with crosstalk
possible between factors modulating differentiatidhe differential gene expression
patterns that direct hematopoietic stem cell (HS€f-renewal versus differentiation
are less well characterized, but are of greatéstéf’. The cells enriched for long-
term repopulating activity have been shown to esprie Sca-1 antigen, the c-kit
receptor tyrosine kinase, but none of a cocktaitlifferentiation lineage markers .
Isolation of stem cells based on the efflux of fesrent dyes has also been an
efficient method to further purify stem cells, ardhas been demonstrated that
Rhodaminel23 (Rho123) retention is low in the npghitive hematopoietic cells.
While the Rho-low fraction provides long-term resttution following injection into
lethally irradiated mice, the Rho-high fraction yides only short-term repopulation
192 Hoechst 33342 is another fluorescent dye usetsddation of stem cell fractions.
In combination with Rho123 staining, Hoechst lowoRbw cells are highly enriched
for stem cell activity®*

The first identified candidate transporter for #fflux of fluorescent dyes in HSCs
was MDR1/ ABCB1. The P-gp is highly expressed orB&bhematopoietic cell$®
suggesting that efflux pump activity could be raspble for the low retention of
Rho123 in primitive subsets of cells. TG®34 gene codes for a transmembrane cell
surface phosphoprotein that has been generallyptat@s being a stem cell marker
based on engraftment following bone marrow tranmgpleon into baboons, humans,
and mice'®.. However, in recent years, this has become a pdicontroversy in the
field. It was first shown that murine HSCs could ®B34 negative®. Soon after,
Goodell et al. demonstrated that a highly enriched stem cettifvsa termed side-
population (SP) cells could be isolated followingeghst 33342 staining”.

Human SP cells expressed low to undetectable l@fe®D34, and the CD34— 38—
cells could acquire CD34 during cultuf¥. ABC transporter activity is involved in
the differential Hoechst staining, since the SPdauld be eliminated by treatment
with verapamil a known inhibitor of P-gp functioimterestingly, other studies have
also demonstrated that both mouse and human CD8UWs @an be derived from
CD34- cells. Transplantation studies in fetal sh&8palso showed repopulating
activity in the CD34- population. The concept eeal\that CD34 expression may be
up-or down modulated and that HSCs may therefor€Da4+ or CD34—. Isolation
of murine bone marrow with the cell surface manileenotype of Scal+/c-kit+/lin—
(KLS) can be used to enrich for SP cells, thus shgwignificant overlap between
the two populations.
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Figure 6. Schematic illustration of the effect of ABC trangigoss on stem cell proliferation and
differentiation. (1) Expression of ABC transportéespecially ABCB1 and ABCG?2) in stem cells like
the NSCs, HSCs or pancreatic stem cells is thotgbe essential for thein vivo proliferation and
probably their self-renewal activity. (2) Enforcerpression of ABCB1 or ABCG2 leads to enhanced
proliferation in HSCs. (3) Downregulation of ABCBdr ABCG2 in HSCs is observed with the
differentiation of HSCs. (4) Downregulation of tBR8C transporters in NSCs is observed with the
differentiation into astrocytes or neurons. (5) Thgothesis suggests that expression of the ABC
transporters in NSCs may have an effect on NS@mdifitiation or proliferation, such that significant
upregulation of ABCB1 or ABCG2 expression may léadan increase in self-renewal of NSCs, and
correspondingly, a decrease in ABCB1 or ABCG2 esgian may lead to increased differentiation of
NSCs.

A common factor in all of these studies with HoecBB/CD34low/+ cells or KLS
cells is that primitive hematopoietic cell poputets capable of repopulating hosts
express ABC transporter activity. It has now becoobear that two specific
transporters with unique substrate specificity difeerentially expressed in this SP
fraction during early hematopoietic differentiatidrhe phenotypes of knockout mice
lacking expression of the two murimadrla and mdrlb homologs to the human
MDR1 have been relatively mild, with each strainmo€e showing normal health and
viability °” 1% mdriaandmdribknockout mice did show altered pharmacokinetics
for a number of anticancer agents and hyperseigitovthe pesticide ivermectin. No
significant hematologic defects were observed. Hame numerous other ABC
transporters have been identified in recent yehes tould serve compensatory
endogenous functions. A growing family of MDR-asated proteins, as well as the
half-transporters have also been described. A nopeecentage of SP cells was
recently described in the bone marrow framdrla-1b—/—mice, suggesting the
presence of another transporter that has beengusyi uncharacterized regarding
expression in primitive hematopoietic celfs Further, inhibition of SP cell staining
with either 2-deoxyglucose, a general inhibitorAGfP synthesis, or with verapamil
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in the mdrla-1b—/-background indicated that this activity was duexpression of
an ABC transporter. This was not an entirely newcept, since P-gp expression
studies in multidrug resistant myeloid leukaemidlscdrom patients showed
dissociation of P-gp expression and dye effli% These initial studies strongly
suggested that alternative transporters may beeacti hematopoietic cells. The
breast cancer resistance protein (BCRP), alsodcARCG2 [30], was subsequently
identified and characterized as a novel stem catisporter'®. ABCG2 has been
most studied within hematopoietic cell populatio®BCG2 is the transporter
responsible for the Hoechst 33342 dye efflux patter cells within the side
population (SP) region and this population does express MRP1-4, although
MDR1a is expressed. Microarray analyses of cDNAnfrmurine hematopoietic cell
populations have identifiedABCG2 expression only within the most primitive
subpopulations (C-Kit positive/Thyl low/Scal positlineage negative 3'°. No
other ABC transporter expression was identifiechimitthis fraction, consistent with
the hypothesis that although there is consideraierlap of ABC transporter
expression in various cell population8BCG2 is relatively restricted to more
primitive cells. Human stem cell products, incluglinone marrow, peripheral blood
progenitor cells, and umbilical cord blood haveoal®en evaluated foABCG2
expression. In human bone marroddBCG2 mRNA expression was highest within
the CD34+/CD38-/lineage negative/KDR+ populatiod afso the SP+ populatidf
Umbilical cord blood and cytokine-mobilized periphleblood progenitor cells also
contain measurable ABCG2-positive populations, Wwhiare co-enriched with
immunomagnetic selection for CD133+ and CD34% It is currently unknown
whether the recently described human CD133+/CD33C Hexpresses ABCG2. In
addition to expressingBCG2 the CD34+/lineage negative/SP+ hematopoietic cell
population expresses aldehyde dehydrogenase wlashbben shown to protect
hematopoietic stem cells from the active metal®lité cyclophosphamide. This
suggests that primitive cell populations posses®raé different mechanisms for
protection against environmental toxins, a feathet would necessarily complicate
anticancer therapy, since cancerous cells typicalise from primitive cell
populations and could take advantage of these giratéemechanisms. Additional
evidence suggests that ABCG2 may be expressed lymphoid progenitor cell
population in cord blood. The lack of P-gp expressin a Hoescht-effluxing cell
with a primitive immunophenotype is highly suggestiof ABCG2 expression,
although this was not directly testedBCG2 expression has also been reported in
early erythroid and natural killer cell populatioris both mice and humart§ 8
Little is known about the significance &iBCG2expression or dye efflux in these
populations. The recent finding that protoporphyKih is an ABCG2 substrate
suggests a possible physiologic role in early e€oythcell populations. Measurement
of ABCG2mRNA expression by real-time RT-PCR has been studs a potential
tool for quantifying primitive HSC. One preliminastudy showed a higher level of
ABCG2 mRNA expression in cord blood mononuclear cellsngared to bone
marrow and peripheral blood, and also a correlaibABCG2 mRNA levels with
CD34+ and CD133+ cell frequency in mobilized PBSE. Therefore, one
interpretation is thaBCRPexpression may define primitive quiescent HSCsred®
MDR1 may be expressed in more “activated” repojndati SC.

DRUG RESISTANCE IN CANCER STEM CELLS

Cancer cells can acquire resistance to chemotheogps range of mechanisms,
including the mutation or overexpression of thegdrarget, inactivation of the drug,
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or elimination of the drug from the cell. Typicallgpmours that recur after an initial
response to chemotherapy are resistant to multijplegs (they are multidrug
resistant). In the conventional view of drug resise, one or several cells in the
tumour population acquire genetic changes thaterodfug resistance (Fig. 7a).
These cells have a selective advantage that allosva to overtake the population of
tumour cells following cancer chemotherapy. Basedhe tumour stem-cell concept,
an alternative model posits that the cancer stelis ege naturally resistant to
chemotherapy through their quiescence, their capdor DNA repair, and ABC-
transporter expression (Fig. 7b).As a result, astisome of the tumour stem cells can
survive chemotherapy and support regrowth of thmotwr. In a third model of
acquired resistance, drug-resistant variants of ttheour stem cell or its close
descendants arise, producing a population of muljidesistant tumour cells that can
be found in many patients who have recurrence dir tltancer following
chemotherapy (Fig. 7c).

a MDR calz

Figure 7. a) In the conventional model of tumour-cell drug stmince, rare cells with genetic
alterations that confer multidrug resistance (MOBM a drug resistant clone (yellow). Following
chemotherapy, these cells survive and proliferfitening a recurrent tumour that is composed of
offspring of the drug-resistant clort&). In the cancer-stemcell model, drug resistancebeamediated
by stem cells. In this model, tumours contain alsp@pulation of tumour stem cells (red) and their
differentiated offspring, which are committed tgarticular lineage (blue). Following chemotherapy,
the committed cells are killed, but the stem cellsich express drug transporters, survive. Thebg ce
repopulate the tumour, resulting in a heterogenéwmsur composed of stem cells and committed but
variably differentiated offspring:) In the ‘acquired resistance’ stem-cell model, tth@our stem cells
(red), which express drug transporters, survive ttierapy, whereas the committed but variably
differentiated cells are killed. Mutation(s) in tlsirviving tumour stem cells (yellow) and their
descendants (purple) can arise (by mechanisms asighoint mutations, gene activation or gene
amplification), conferring a drug-resistant phempaty As in modeh, the stem cell with the aquired
mutations could be present in the population betfiogeapy.d) In the ‘intrinsic resistance’ model, both
the stem cells (yellow) and the variably differatgd cells (purple) are inherently drug resistaat,
therapies have little or no effect, resulting imtwr growth.
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The same mechanisms that allow stem cells to adesenunutations over time,
producing the long term consequences of exposurerddiation or carcinogens,
would then allow cancer stem cells to accumulateatians that confer drug
resistance to their abnormally developing offsprifgs an example, genetic
alterations such as those that upregu€B1expression in human leukaemia and
lymphoma cells could have originated in the steri t&. In a final ‘intrinsic
resistance’ model, both the stem cells and theakbyri differentiated cells are
inherently drug resistant, so therapies have litleno effect, resulting in tumour
growth (Fig. 7d).

An example of the latter is an intrinsically rearst cancer such as renal-cell cancer,
in which ABCBLlis expressed in all cells and contributes to chberapy tolerance.
In this case, the resistance phenotype of the casman cell persists in the
committed, abnormally developing progenitors tr@anprise the proliferative pool of
cancer cells. So in the cancer-stem-cell model rafydesistance, tumours have a
built-in population of drug-resistant pluripoterglls that can survive chemotherapy
and re-grow. Again, a parallel with normal stemlselan be found in stem-cell-
driven recovery of normal tissues following chenestpy. The rapid relapse
observed with some tumours, at times within onelecyaf chemotherapy, has a
normal-tissue parallel in the repopulation of thend marrow by normal
haematopoietic stem cells and the recovery of theasa of the gastrointestinal tract,
both of which usually occur within one 3-week cycgmilarly, tumour recurrences
that occur months to years after an original respoto chemotherapy can be
modelled on the slower recovery that is observet tair follicles.

Although it is therapeutically attractive, the hyipesis that the intrinsic properties of
stem cells alone provide the basis for drug restganight be too simplistic. Recent
studies of imatinib (Gleevec) resistance in pasiemith leukaemia provide an
example of how ABC-transporter-mediated efflux tans cells could facilitate, but
not be solely responsible for, the acquisition ofjared mechanisms of drug
resistance. Imatinib has been recently shown tbdik a substrate and inhibitor of
ABCG2, making it susceptible to efflux by a stenll ¢bat expresses this ABC
transporter?** The initial studies that reported imatinib-reaisgtleukaemia cells
described *acquired’ mutations in the kinase donediABL in patients with CML or
with acute lymphoblastic leukaemia associated W{h22)(q34;gq11). These findings
indicate that although the expression of drug arters by the cancer stem cell
might provide some level of drug resistance, anumed mutation in ABL could
confer higher levels of drug resistance. Althoulgase mutations might have arisen
during therapy, their existence before the adnmalisin of imatinib has not been
excluded. Indeed, pre-existing mutations that aordsistance to imatinib have also
been described in a subset of patients. Thesenfisdare reminiscent of the Goldie—
Coldman hypothesis, proposed more than 20 yearsthgba small percentage of
cells in a population harbouring intrinsic mutasoconfer drug resistance®. The
Goldie-Coldman hypothesis would theorize that #eacquiring the mutation is the
stem cell. Although the expression of ABC transpartcould render stem cells
resistant to drugs, it is not the sole determinaintesistance, as the DNA-repair
capacity of the cell and the reluctance to enteptgsis could be equally or more
important. Generally regarded as quiescent anddnoding, stem cells would be
expected to be inherently refractory to drugs theget either the cell cycle or rapidly
dividing cells. To the extent that quiescence isimportant mechanism of drug
resistance in stem cells, agents will have to besldped that are effective in non-
dividing cells. For example, studies with imatirhave shown that blocking BCR—
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ABL-positive cells at the G1/S boundany vitro had no significant impact on the
ability of imatinib to induce apoptosis, indicatitigat imatinib is effective in non-
dividing cells®.

MECHANISMS AND STRATEGIES TO OVERCOME
MULTIPLE DRUG RESISTANCE IN CANCER

By inhibiting the main transporters of chemotheralpygs, it was thought that drug
resistance could be avoided and tumour cells etitaoch Therefore, much effort has
been devoted to the development of inhibitors ofCABansportersThere are many
studies to overcome MDR by inhibiting MDR transjgost to suppress or circumvent
MDR mechanisms. The use of anticancer drugs thaldcescape from the ABC
transporters might be a solution to avoid drugstesice. Anticancer drugs which are
not the substrates of ABC transporters are alkyatirugs (cyclophosphamide),
antimetabolites (5-fluorouracil), and the anthrdieye modified drugs (annamycin
and doxorubicin-peptide). Another method to overeassistance to anticancer drugs
is to administer compounds that would not be tdkiemselves, but would inhibit
ABC transporters. The compounds that would reveesestance against anticancer
drugs are called MDR inhibitors, MDR modulators, RDreversal agents or
chemosensitizers. They may modulate more than oasgorter. Clinical trials
helped to unravel the problems associated with @oatibon chemotherapy of
anticancer drug(s) together with an MDR inhibit®he first factor to be determined
before embarking a clinical trial is to identifyettA\BC transporter protein involved in
drug resistance and to utilize an anticancer dnagywould benefit from inhibition of
that transporter protein. The anticancer drug(gized should match the transporter
protein being inhibited. The second factor is tonitar the plasma concentrations and
in vivo effectiveness of the tested MDR inhibitararder to verify that an effective
inhibitory concentration was in fact achieved invoui The pharmacokinetic
interaction between the anticancer drug(s) andMb& inhibitor must be searched
and avoided to prevent a reduction in anticanceg dosagé™®.

FIRST-GENERATION MDR MODULATORS

Inhibiting P-gp and other ABC transporters has begtensively studied for more
than two decades. Many agents of diverse struetdefunction that modulate MDR
have been identified, including calcium channel cklys (e.g., verapamil),
calmodulin  antagonists, steroidal agents, proteinnade C inhibitors,
immunosuppressive drugs (e.g., cyclosporine A)jbantics (e.g., erythromycin),
antimalarials (e.g., quinine), psychotropic pheraatimes and indole alkaloids (e.g.,
fluphenazine and reserpine), steroid hormones atesteroids (e.g., progesterone
and tamoxifen), detergents (e.g., cremophorEL) aundactants. First-generation
MDR drugs had other pharmacological activities e not specifically developed
for inhibiting MDR. Their affinity was low for ABGransporters and necessitated the
use of high doses, resulting in unacceptable hwmticity which limited their
application. Clinical trials with first-generatiddDR drugs failed for various reasons,
often due to side effects. Many of the first-getiera chemosensitizers were
themselves substrates for ABC transporters and etadpwith the cytotoxic drugs
for efflux by the MDR pumps. Therefore, high seruwoncentrations of the
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chemosensitizers were needed to produce suffigr@rdcellular concentrations .
These limitations prompted the development of nbenwosensitizers that are more
potent, less toxic and selective for the P-gp @herABC transporters®.

SECOND-GENERATION MDR MODULATORS

Second-generation chemosensitizers were designeztitwe the side effects of the
first generation drugs. Second-generation MDR mamidus have a better
pharmacologic profile than the first generation poends, still they retain some
characteristics that limit their clinical usefulsesCo-administration of an MDR
modulator usually elevate plasma concentrationsnofnticancer drug by interfering
its clearance or inhibiting its metabolism and exion, thus leading to unacceptable
toxicity that necessitates chemotherapy dose ramhgctin clinical trials down to
pharmacologically ineffective levels. The affinity second-generation MDR drugs
towards ABC transporters was too low to producaiant inhibition of MDR in
vivo at tolerable doses. Many of the anticancemsdrare substrates both for ABC
transporter proteins and for the cytochrome P4%@nizyme 3A4. Most of the
second-generation MDR chemosensitizers are alsstrats for cytochrome P450
3A4 and metabolized by this enzyme. The competiteveen anticancer agents and
MDR modulators for cytochrome P450 3A4 activity magsult in unpredictable
pharmacokinetic interactions. Co-administrationaoMDR drug may significantly
elevate plasma concentrations of an anticancer ldyugterfering with its clearance
(e.g., via biliary elimination) or metabolism (g.gia the cytochrome P450 system).
This would increase the concentration of an anteanrug leading to unacceptable
side effects, necessitating dose reductions dowphi@rmacologically ineffective
levels. However since the pharmacokinetic inteaastibetween chemosensitizers and
cytotoxic agents are unpredictable, reducing theedd a cytotoxic agent may result
in under- or over-dosing in patients. The unprexdild effects of second-generation
MDR modulators on cytochrome P450 3A4-mediated anggabolism limits the use
of these second-generation modulators in the tesattiof multidrug resistance. ABC
transporters have well defined physiologic rolefsero involving the elimination of
xenobiotics, in regulating the permeability of ttentral nervous system (blood—brain
barrier), the testes, and the placenta, thus ptexerhese systems from being
exposed to cytotoxic agents circulating in the bloblost of the second-generation
MDR chemosensitizers are substrates for ABC tramsp&amily. Inhibition of these
transporters could lessen the ability of normalscehd tissues to protect themselves
from cytotoxic agents. Inhibition of non targetrisporters may enhance adverse
effects of anticancer drugs. Side effects due tdutagion of MDR protein in normal
tissues, especially blood-brain barrier should benitored carefully to avoid
neurological responses. Because of these probl&iidR inhibitors have not
improved the therapeutic efficiency of anticanceugs unless such agents lack
significant pharmacokinetic interactiohs.

THIRD-GENERATION MDR MODULATORS

Third-generation molecules have been developed/¢ocome the limitations of the
second generation MDR modulators. They are not looétzed by cytochrome P450
3A4 and they do not alter the plasma pharmacokiseif anticancer drugs. Third-
generation agents specifically and potently inhibigp and do not inhibit other ABC
transporters. None of the third-generation agesgtetl so far have caused clinically
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relevant alterations in the pharmacokinetics of ¢beadministered anticancer drugs.
Because of their specificity for P-gp transportewsd lack of interaction with
cytochrome P450 3A4, third-generation P-gp inhiisitooffer significant
improvements in chemotherapy without a need fomutberapy dose reductions.
Several such compounds are currently undergoingcali trials in several cancer
types. Schering AG has developed a quinolone dere/&IDR modulator (MS-209).
It is used in combination with the anticancer didgxetaxel) in advanced solid
(breast and lung cancer) tumors. One of the masnising third-generation P-gp
inhibitors is an anthranilamide derivative taricaidXR9576) which is developed by
NCI/Xenova/QLT Company. In phase | and Il studiethwaclitaxel and vinorelbine
in ovarian cancer, tariquidar gave successful tesud phase Il trials have been
initiated with tariquidar in patients with non-sialell lung cancer. It binds
specifically and non-competitively to the P-gp puwifh a high affinity and potently
inhibits the activity of the P-gp transporter. Tauidar inhibits the ATPase activity of
P-gp. Tariquidar is more potent and its inhibitacgion on the P-gp transporter pump
lasts longer in comparision to the effects of firahd second- generation P-gp
modulators. In none of the clinical trials, taridar caused alterations in the
pharmacokinetics of the coadministered cytotoxicendg such as paclitaxel,
vinorelbine, or doxorubicin in patients with solidmors. This allows the use of
standard doses of these chemotherapeutic agemhisuivihe need for dose reduction.
However, clinical trials with new third-generatiagents are ongoing with the aim for
a longer survival in cancer patients. This effemtinues, but none of them has found
a general clinical use so far.

NOVEL APPROACHES TO STRUGGLE WITH MDR MECHANISMS

The difficulties encountered with MDR inhibitors Jea led several alternative
approaches to MDR therapy. These approaches caliviged in two groups. One
group of studies consists of trials designed tabibiMIDR mechanisms in novel ways
and the other group focuses on trials to circum\MBR mechanisms. There are
several approaches to inhibit mechanisms involved regulation of MDR
transporters. MDR protein gene expression in tucedls is induced upon treatment
with cytotoxic drugs, whereas this gene expressisninhibited by several
pharmacological inhibitors that affect the signglipathways. It was demonstrated
that taxol stimulated MDR1 and cytochrome P450 38%¥P3A4) gene expression
via its direct interaction with and activation dfet nuclear steroid and xenobiotic
receptor (SXR) which led to increased drug reststaand faster drug clearance .
Hence, antagonists of the nuclear steroid and xetiolseceptor may be utilized in
conjunction with anticancer drugs to cope with ithduction of MDR1 and CYP3A4
117 Recent advances in antisense oligonucleotidentdobies suggest an alternative
and more specific way to cope with MDR than the cseventional MDR inhibitors
118 Downregulation of ABC transporter proteins andyenes involved in cancer cell
resistance using antisense oligonucleotides mayigeoan efficient approach to
overcome MDR.

Recent studies clarified the role of ceramide aseeond messenger in cellular
apoptotic signaling events. A decrease in ceranpideuction increases cellular
resistance to apoptosis. It was demonstrated tlnabsgylceramide (GC), a simple
glycosylated form of ceramide which results froravalted GlcCer synthase activity
accumulates in multidrug resistant cancer cellstantbrs derived from patients who
are less responsive to chemotherdPy*?° Overexpression of recombinant Glc-Cer
synthase (GCS) confers resistance to adriamycirt@ndramide in GlcCer synthase-
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transfected human breast cancer cells, suggesiatgdrug resistance is related to
stimulation of glucosylation of ceramide and thsut&ant inhibition of drug induced
apoptotic signaling®’. Blocking the glycosylation of ceramide has bebove to
increase cancer cell sensitivity to cytotoxté§'?* Drug combinations that enhance
ceramide generation and limit glycosylation haveerbeshown to enhance
effectiveness of chemotherapy by inducing apoptisisancer cell model&? 24
The role of GlcCer synthase in drug resistance wesionstrated directly by
antisense suppression of GlcCer synthase expresgionMDR cells %
Downregulation of ceramide glycosylation using G@stisense in adriamycin-
resistant breast cancer cells restored cell seitgitio adriamycin®?®. In another
study, a novel amino-ceramide analog was showmltbit GlcCer synthase and
thereby elevate ceramide production in MDR celtdaacing drug-induced apoptosis
7 These findings assign biological significance deramide metabolism and
provides a promising approach to struggle with desgistance. These results indicate
that GlcCer synthase contributes to drug resistan84DR cells by attenuating drug-
induced formation of apoptotic ceramide and suggeat GlcCer synthase may
represent a novel drug target in cancer MDR.

Living cells needs MDR mechanisms for their nornmpdlysiology. Therefore,
researchers prefer to circumvent rather than dyreichibit MDR mechanisms.
Developing anticancer drugs that are poor substfareABC transporters might be a
good strategy in cancer therapy. Another approacto iprevent formation of new
blood vessels which is called angiogenesis. Fong time, it is believed that tumors
induce angiogenesis to provide an adequate blopdlhsdior oxygen and nutrients.
New vessel formation are inhibited using anti-aggitc factors. However, most of
the anti-angiogenic factors have other effectshencells which limit their treatment.
A major dose-limiting toxicity factor for anticancelrugs is to avoid complete
eradication of bone marrow stem cells. Gottesmaal. gfroduced multidrug resistant
bone marrow cells by transfecting them with vect@sying the MDR1 cDNA. This
procedure allowed them to apply a chemotherapetgigimen at otherwise
unacceptable doses, and thus overcoming MDR’

Recent studies suggest that a mutant ABCG2 pratean ideal candidate for human
stem cell protection and for use as a selectabkkanan gene therapy. The cDNA
encoding this protein is relatively small (aboutkB) and the active dimer is
spontaneously formed in the overexpressing cellaceSthe R482G variant of
ABCG2 has different substrate specificity than wikl-type protein, this mutant has
a special advantage in gene therapy applicatfSns

The exact mechanism of MRP1 involved multidrug sesice has not been clarified
yet, though glutathione (GSH) is likely to haveoterfor the resistance to occur. N-
acetylcysteine (NAC) is a pro-glutathione drug. Buthionine (S,R)-sulfoximine
(BSO) is an inhibitor of GSH synthesis. Recentlyhas been investigated the effect
of NAC and BSO on MRP1-mediated vincristine and atabicine resistance in
human embryonic kidney (HEK293) and its MRP1 transfd 293MRP cells. Human
embryonic kidney (HEK293) cells were transfectedhva plasmid encoding whole
MRP1 gene. Both cells were incubated with vincristined aloxorubicine in the
presence or absence of NAC and/or BSO. N-acetgmysincreased the resistance of
both cells against vincristine and doxorubicine.cbmtrast, BSO decreased NAC-
enhanced MRP1-mediated resistance, indicating itfthiction of MRP1-mediated
resistance depends on GSH. The results indicateNAC and BSO have opposite
effects in MRP1 mediated vincristine and doxoruiecresistance and BSO seems a
promising chemotherapy improving agent in MRP1 expressing tumor cells.
underlying the potential anticancer action of pldifdvonoids await further
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elucidation. Further in vivo studies of these btoar constituents is necessary in
order to develop flavonoid-based anticancer strased hese studies demonstrate that
antioxidants may have diverse effects in the cyiotty of chemotherapeutic drugs
depending on their other pharmacological propemgh may predominate their
antioxidant effect$®

TRANSCRIPTIONAL REGULATION OF ABC DRUG
TRANSPORTERS

Herculean efforts over the past decade in the afdenscriptional regulation have
shown that the fate of a gene is determined byctimeplexity and accessibility of a
myriad of response elements within the promotenvek as by the complement of
transcription factors available to interact witteske element®. The composition of
these factors is influenced by both the intra- exlacellular milieu, which can vary
tremendously during the life of the cell. Thus, dymnc multiprotein complexes form,
the nature of which is grossly dictated by promatehitecture yet subtly influenced
by different signals, leading to profound regulgitewitches. Superimposed upon this
regulation is a dynamic chromatin ultrastructurentmlled by cofactors that
transduce signals from promoter-bound proteins he basal transcriptional
machinery. Thus, it appears that each subset oésgéenregulated by specialized
multiprotein complexes that include both commonik@®mponents (the basal or
general transcription factors), as well as unigoponents that tailor a complex for
the transduction of signals initiated by particuldevelopmental, metabolic or
environmental stimuli.

CONSTITUTIVE (UNINDUCED) TRANSCRIPTION OF THE ABC
TRANSPORTERS

Almost half of all genes transcribed by RNA polyass Il (Pol 1l) contain a TATA
box. In promoters that contain this element, at fegent is the recognition and
binding of the TATA box by a general transcripti@ctor, TBP. Through a series of
protein—protein interactions, Pol Il is recruitem the TATA element and initiates
transcription 25-30 nucleotides downstream. Howndeaption is nucleated in
promoters that lack the TATA box (TATA less promgleis less clear, although
many contain an initiator (Inr) element that encasges the transcription initiation
site and conforms to the consensus sequence PY{PY)Al-T/A-Py-Py %’
Although both the TATA box and the initiator elerheseem to serve similar
functions with respect to recruitment of the traion complex, some selectivity in
protein requirements suggests a fundamental diféerén the way these two classes
of promoters are regulated. Interestingly, all lné human drug-related transporters
examined to date lack an appropriately positiondd A box (the humanMRP2
promoter was reported to contain a TATA-like elemdut its location over 400 bp
upstream of the transcription start site makeartfionally irrelevant), while several
of their rodent homologues are TATA-dependéht Transcription of MDRL1 is
regulated instead by an Inr element, first ideatifthrough in vitro studies indicating
that deletion of sequences downstream of +5 deetdeatongation of correctly
initiated transcripts to undetectable levéf€ Transient transfection studies then
defined the sequences between -6 and +11 as suffiéor proper initiation of
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transcriptionin vivo*2 3% Although Inr's have not yet been functionally céised in
promoters of other drug transporters, examinaticth® published sequences identify
consensus or near consensus Inr's within the premmaf theMRP2 (GTACTTT)
andBCRP(CCACTGC) gene¥’.

GC BOXES AND CCAAT ELEMENTS

‘GC’ elements and ‘CCAAT’ boxes are among the mdsijuitous Pol Il promoter
elements and are found in the majority of TATA I@ssmoters. Each element can
interact with different families of proteins thrdugsequence-specific DNA
recognition. Since mutation or removal of thesanglets often leads to a complete
loss of transcription, the proteins that interagthwthese elements were initially
referred to as constitutive or ‘basal’ transcriptiactors. However, this label can be
misleading, since more recent studies have shoatrtlibse factors are often essential
for mediating activation by exogenous agents, @aldrly those that regulate
chromatin structure. Like most ‘TATA less’ gendise MDR1 promoter includes
both an inverted CCAAT box (-79 to -75), that iatets with the trimeric
transcription factor NF-Y¥*' and a GC rich element (-56 to -43) that interagith
members of the Sp family of transcription fact@pecifically Sp1l and Sp3* 132
Transfection analysis of promoter constructs mdtateone or both of these elements
indicate the requirement for each element in thestttive (i.e. operative under
normal growth conditions) expressionMDR1in some cell lines. Interestingly, early
studies suggested that the YB-1 protein, a genglatgy protein that preferentially
interacts with RNA and single stranded DNA, speaity interacts with théiDR1
inverted CCAAT box to mediate transcriptiéh However, YB-1 does not interact
with double stranded oligonucleotides containing MMDR1 CCAAT box; indeed, it
interacts only with a single stranded oligonucl@eticontaining this element.
Moreover, mutations within th®IDR1 CCAAT box that abolish transcription and
NF-Y binding have no effect on the interaction oB-Y with the single-stranded
oligonucleotide**, strongly suggesting that NF-Y, not YB-1, is tlaetbr regulating
MDR1 through the CCAAT element. Nevertheless, althoagtrect involvement of
YB-1 in MDR1 transcription appears unlikely, a nuienlof studies have linked the
expression or nuclear localization of YB-1 withiaorease itMDR1>** *3*as well as
MRP1expressiort®®. Whether YB-1 is activated in parallel with drugrtsporters as
part of a global stress response or whether tiseaedirect non transcriptional role of
YB-1 in their regulation remains to be determin&thstream within theMDR1
promoter (-110 to -103) lies an other GC elemeat th incapable of interacting with
Sp1'* but may interact with another member of the Spilfaor the highly related
Kruppel factor family of transcription factor”. Immediately downstream and
overlapping this GC-rich region is an inverted MEDelement (-105 to -100)
(multiple start site element downstream 1; iIMEDatthvas first described in the
hamsterMDR1 orthologue, pgpl, and shown to be involved inabtvation of that
gene in drug-resistant celf§®**° Functional disruption of iIMED, either through
mutation of the element or the use of a transamati decoy to sequester IMED-
binding proteins, results in a decreasMiDR1 transcription, although a role for this
element in resistance-specific activation of thenan homologue has yet to be
established. GC elements are also important fostdtative expression of a number
of other drug transporters. GC elements withinNiP1 promoter (-91 to +103) are
essential for optimal activity, and Spl has be@wshto interact with these elements
141 The MRP3 proximal promoter contains several GC element§ (8-21) that
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have been shown to interact with Spl; removal @ tegion decreaseSIRP3
transcription*2. TheBCRPpromoter is TATA less and contains several puaSpl
binding sites; sequences 300 bp upstream of tinsdrigtion start site are sufficient
to confer basal promoter activity’{ Two functional GC boxes have been identified
in the ABCA2gene; these elements interact with Sp1, Sp3 anbdrtin-specific Sp4
family member'**. Interestingly, the proximal promoter MRP2 although TATA
less, appears to lack a proximal promoter GC elén@eoconsensus Spl site has been
identified at position —1709, but has not yet bé&amctionally tested MRP2 does
contain a putative CCAAT box that apparently intésawvith YB-1 rather than NF-Y

in vitro but this element is not required for consive transcriptiort®>.

TUMOUR SUPPRESSORS,ONCOGENES ANCMDR1 TRANSCRIPTION

High levels of expression of multidrug transportars often observed in drug-naive
tumours, even when the tissue of origin exhibitelior no expression of the
corresponding gene. Hence, constitutive MDR1 or Mitae expression is likely

regulated in some cells by components that aredvedan malignant transformation.

It has been well established that tumours deveb@ @esult of both uncontrolled
proliferation and an intrinsic ability to escapdl aeath, mediated by the altered
expression of various oncogenes and tumour suppressteins. Recently, it has
become apparent that altered expression of segeoalth and death controlling

proteins can adversely affect drug therapy in twaysv (1) by altering the cell's

ability to respond to death signals and (2) byueficing the transcription and thus
the expression of drug-resistant genes.

p53

The first evidence that a tumor suppressor prateiid influence the expression of a
drug-resistant gene came from the observation thid-type p53 repressed
transcription of theVDR1 gene**® 7 Although a number of mechanisms had been
proposed for this repression, this repression idiated by a direct interaction of p53
with a novel binding element within the proxinMDR1 promoter (-72 to -40) (Fig.

8) 8 making MDRL1 the prototype for a new class of p53-repressednpters.
Binding of p53 to this element, termed the HT (h&athil) site, appears to induce a
novel tetrameric conformation of p53 that convegr&s3 from an activator to a
repressor, perhaps through the differential recreitt of cofactor$®. Repression by
wild-type p53 has also been reported for the mamsehamsteMDR1 homologues,
while other studies suggest an activating role5# pn the murinendrl promoter in
response to DNA damage and strés§Vild-type p53 has also been shown to repress
transcription of the humaMRP1 promoter**® **® and loss of p53 expression is
correlated with increaseRP1 expression in colorectal cancét Although the
mechanism mediating the repressiomMiRP1has not yet been defined, there is some
indication that it may involve deactivation of protar-bound Sp1*.
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Fugure 8. Schematic of the consensus head-to-head (HH) piBAgy site shown to mediate
activation of target genes by p53 (top) and the cmmsensus head-to-tail (HT) site found within the
MDR1 promoter and shown to bind p53 and mediatedpbesssion of MDRL1 transcription.

Paradoxically, several common mutant p53 proterasadle to activate, rather than
repress, theMDR1 promoter **® at least one of these mutants activa#BR1
through a cooperative, and apparently mutant-spediiteraction with the Ets-1
transcription factor at a binding site within thexmal promoter region (-69 to -63)
151 This type of direct effect has not been obserwéth the MRP1 promoter,
although it is reasonable to consider that mutatiohp53 that inhibit its ability to
repressMRP1 transcription could be viewed as indirect ‘actorat. The role of p53
in the regulation of drug resistance genes is ntbtout controversy. Indeed, there are
a few cases where opposing effects were observeiffénent cells or under different
conditions. Therefore, the complexity of these eyst should not be underestimated,
and it is important to keep in mind that the irdtee architecture of the individual
promoters, the complement of endogenous p53 (motantld type), the presence or
absence of other p53 family members, as well astians in cell- and tissue-specific
co-effectors of p53 activity are all likely to in#nce the ultimate transcriptional
readout in a given cell, tissue or tumor type.

Fos/Jun (AP-1)

There is some evidence, albeit indirect, that tRelAcomplex may be involved in the
transcription of several drug transporters. AP-1his general term for transcription
factor complexes composed of members of the FosJandoncogene familieS?
AP-1 is constitutively expressed in many cell typasd DNA binding by the
complex is induced by serum stimulation, phorbdeesand a variety of growth
factors; it is also induced by various stress dliiniilevated levels of c-Fos have been
demonstrated in a number of drug-resistant cedisliwhen compared to their drug-
sensitive counterparts. Inhibition of PKA, an induof the AP-1 complex, was found
to decrease the expression of hunBR1 in the P388 leukemia cell lin&>
however, PKA has also been implicated in regulatognSpl, complicating the
interpretation of these data. A similar line ofcamstantial evidence comes from
studies of the c-Jun NH2-terminal protein kinad¢K)] which also activates AP-1.
In human KB-3 cells, adriamycin, vinblastine andpetside (VP-16) activate jun
kinase (JNK), and this was found to be associatétl an increase inVIDR1
expression at the mRNA lev8l. Two multidrug-resistant variants of KB-3, KB-A1l
and KBV1, showed increased basal levels of INKvaigtwvhen compared to the KB-
3 parental cell line. Putative non consensus AMdlibg sites have been reported in
human and rodent classRA-GP promoters. While the AP-1 site in the murine
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homologue mediates the repression of this geneAlhd-binding elements in the
promoters of the hamster (-55 to -49) and humareg¢-121 to -115) are involved in
transcriptional activatiori®. Moreover, cells transfected with c-Jun exhibitigher
level of expression oMDR1 RNA and P-gp protein. Th&RP1 promoter also
contains a putative AP-1 site (-498 to -492) timéracts with a complex containing
c-Jun and JunB®* Interestingly, levels of this complex were in@ed in highly
resistant HG9AR cells as compared to their paratahterparts, although the role of
this element in the regulation MRP1in response to inducers has yet to be evaluated
fully. Similarly, the MRP2promoter contains a consensus AP-1-binding elemant
has not yet been functionally testgd

Ras/WT-1

The MDR1 gene is also a target of the ras/raf $liggapathway**®. Initial studies
indicated that signaling by ras converges on theri@€ binding site for the zinc
finger transcription factors Spl and Sp3, locat&fliwthe proximalMDR1 promoter
1% Egr-1, a ubiquitous immediate early factor, and-#y the Wilms' tumor
suppressor protein, also interact with GC sequertbesugh their zinc-finger
domains. Interestingly, both Egrl and WT-1 recograzsite within theMDR1 GC
element that overlaps the Sp1/Sp3-binding sequéndeed, activation oMDR1 by
TPA is mediated by Egr-1° and suppressed by WT-1°. A similar GC element
resides within the promoters of sevdviRP genes, suggesting a potential role for the
Ras pathway and WT-1 in their regulation as wellappears, therefore, that the
regulation of the expression ®fiIDR1, and perhaps other drug transporters, by
Ras/Raf and WT1 involves a complex interplay ofs$i@iption factors within a very
discrete promoter region. To add to this complexityas recently been shown that
the activation of phospholipase C (PLC) by a variet inducers activateMDR1
transcription through an upstream element (-1069@). This activation is enhanced
by co-expression of constitutively active v-raf doldcked by a dominant-negative
form of raf or by inhibitors of the mitogen-actiedt protein kinase, suggesting that
|736LC delivers the Ras/Raf signal to MM®R1 promoter through a distinct binding site

APC

Mutations in the tumour suppressor gene adenomaiolyposis coli (APC) have
been documented in greater than 80% of all spotaelieditary colon cancers. Loss
of APC function leads to the nuclear accumulatibf-gatenin, a co-activator for the
transcription complex TCF/LEF (T-cell factor/lymptoenhancer factor). A recent
study showing that TCF/LEF activates tNEDR1 promoter provides one possible
explanation for the overexpressionMDR1, and subsequent ‘intrinsic’ resistance, in
many colorectal cancet?’. In initial studies, the authors identified sever&F/LEF
sites lying between —1813 and —261 within MBR1 promoter. Recently, they have
extended their observations to the murMBR1 homologues by analysing mdrla
expression in Min/+ mice, which contain a mutanélel of the murine APC locus
encoding a nhonsense mutation at codon 850. Likeahgmwith germline mutations in
APC, Min/+ mice are predisposed to intestinal adeamdormation. Using this model,
they have observed aberrant induction of the Mdydae product, even in nascent
microscopic adenomas of Min/+ mice. Interestingyyn/+ mice devoid of the mouse
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mdrl homologues developed significantly fewer itited polyps, suggesting a role
for P-gp in their genesis®
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Figure 9. Promoter elements and DNA-binding factors involiedhe transcriptional regulation of
MDR1

CONSTITUTIVE OVEREXPRESSION IN DRUG-RESISTANT CELLS

Tumor cell lines selected for resistance to MDRgdrmost often exhibit constitutive
overexpression of MDR1 or one of the other MDR-a&ged transporters. Although
frequently the result of gene amplification, thigegexpression can also be mediated
at the level of transcription, particularly in tbase of the MDR1 gene. Any drug-
selected mutations/ alterations in any of the fadpathways that are involved in
regulation of the transporters could result in ¢ibmsve up-regulation, and future
studies are likely to identify other mechanismstiner cell types.

MED-1/IMed

A mechanism described for the constitutive increasthe transcription of #-GP
gene was defined for the hamster p-gpl homologueg Bensitive cells utilize a
single transcription start site, while drug resistaells initiate transcription from
several downstream sité¥' 14° Activation of the additional start sites is medihby

a novel downstream element, GCTCCC/G, designatedEd3-1 (multiple start site
element downstreantj®. The MED-1 element interacts with a multiprotedmplex
that is currently under investigation and functionghin a chromatin complex.
Interestingly, it has also identified an invertedEDFL complex, that we had termed
iIMED, upstream of the initiation site of the humslDR1 promoter’®. Mutation of
IMED decreases transcription in drug sensitivesgedluggesting a function of this
element in constitutive MDR1 transcription. Althduds role in drug-resistant cells
has not been directly investigated, a recent stugygests that binding of one of the
MED-1 (iMED) complex partners may be increased ringdresistant leukemia cells
159 possibly linking iIMED to the activation ®fIDR1 in certain drug-selected cells.
Interestingly, several other drug transporterduisiog MRP1 and MRP2, also utilize
multiple start sites; whether a MED-1-like elementnvolved in their regulation is
under investigation. MEF-1, a 130-kDa protein, tediiDR1 promoter-enhancing
factor 1 (MEF1), has been shown to activdieR 1 transcription through an upstream
promoter element (-118 to -111). Significantly,stigrotein was present in a drug-
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resistant HL60 subline, but not in the drug sewmsitiL60 parent celld®® thereby
suggesting a direct role MDR1 activation following drug selection. An interegin
correlate has been found in MCF-7 cells, whereppiears that the same promoter
element binds an inhibitory complex containing N&-&nd c-Fos in parental cells,
but not in resistant MCF-7/ADR celt§’. The mechanism by which MEF1 or iMED
regulatesMDR1 transcription, the interplay between MEF1 and NB#ekFos and the
frequency with which these complexes are involvedViDR1 activation in drug
resistant cells remain to be determined.

STRESS INDUCTION OF DRUG RESISTANT GENES

Given the role of MDR1 in protection against enmimental adversity, it is not
surprising that theMDR1 gene is highly responsive to stress signdlsMDR1
inducers include heat shock, partial hepatectonmflammation, exposure to
carcinogens including chemotherapeutics, hypoxi @W and X irradiation. The
effect of these inducers on the transcription dieotdrug transporters has just begun
to be investigated. Heat shock activatioMidR1 gene expression by heat shock and
heavy metals was first reported by Gottesman andariers®* and proposed to be
mediated by a single mechanism. A heat-shock ele(fSE) identified at position —
152 to —178 was shown to interact with heat-shackol (HSF); a second HSE like
element (99 to —66) bound to a protein complexcitviwvas largely unchanged upon
heat shock® However, the functional role of these elementkdat-shock response
was not evaluated. More recently, it has been shihah activation by heat-shock
requires the interaction of HSF1 with the —152/-H®E, while activation by other
stress agents, including arsenite, butyrate angboside occur independent of
thisHSE and HSF1°3. Indeed, activation by these and other stressciemduhas been
shown to occur through another promoter regionctviwve have termed th&DR1
enhancer’

INFLAMMATION (GR AND C/EBPb)

The *acute-phase response’ is a general term éocdmplex changes that take place
in mammals in response to inflammatory stimuli sashbacterial infection or burn
injury. This response is often experimentally siatedd in rodents by the
administration of bacterial lipopolysaccharide (PSn response to LPS,
macrophages secrete inflammatory cytokines suchtasgleukin (IL)-1, IL-6 and
TNF, which in turn act on the liver to induce awba in that organ’s gene expression
program, resulting in the synthesis of a rangecotexphase proteirfS. Most of the
analyses of the expression of drug transportermglunflammation have relied on
the rodent model system; thus, data have beennelotg@irimarily for the transcription
of the rodent homologues. Although not necessdiiigctly applicable to the human
genes, the high degree of promoter conservationngnfiamily members, together
with the similar response of the human and rodemeg to inflammatory agents,
suggests that similar transcription pathways existder acute-phase condition,
GP genes are induced in the livef. Interestingly, at least two transcription factors
that are known to be induced during the acute-phesgonse have been shown to
regulateP-GP gene expression in some cell lines. Studies choug in a number of
laboratories have shown that the IL-6-induced CAAfhancer-binding protein
(C/EBPb) can activate the mouse and humdR1 genes in transfection assays (-
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147 to -139 in the human ger&y '®® The homologous region in the hamstegpl
promoter also contains a C/EBPb binding site aatidbtivation through this site can
be modulated by the binding of the glucocorticcédaptor (GR)'®. These results
suggest that this element may be important as ea dfitcrosstalk between the
inflammatory signals, mediated by cytokines throuGhEBPb, and the anti-
inflammatory signals, mediated by glucocorticoidgotigh their receptor. The
C/EBPb inducer IL-6 was also shown to indud&P2 expression and activity in
human hepatoma cell iné§”; the presence of a C/EBPb-binding site within the
upstream region of thBIRP2 promoter (-356 to -343) suggests that this in@aas
mediated at the level of transcriptidf. A number of studies have suggested a role
for glucocorticoids in the transcription ¢iIDR1 homologues, but the responses
appear to be cell type specific. Using the mougmatwmna cell lines Hepa 1-6 and
hepalclc, it was found that the synthetic glucoomid, dexamethasone, elicited an
increase in the expression of the two mumfieR1 homologues, mdrla and mdrlb
188 Nuclear run-on analysis indicated that this inseoccurred at least in part at the
transcriptional level and could be abrogated by pnetein synthesis inhibitor
cycloheximide, suggesting that GR was influencimg promoter through an indirect
mechanism. A similar increase in humBiDR1 RNA levels was observed in the
HepG2 human hepatoma cell line. In rat primary hapdes, however,
dexamethasone treatment led to a decrease in nedgbssion, and no increase was
seen in the non-hepatoma mouse LMtk- and NIH3TBlioels or in the human HelLa
cell line upon dexamethasone treatment, suggetitatighe effect is cell line specific.
A glucocorticoid response element (GRE) has beentified in the promoter of the
hamsterMDR1 homologue,p-gpl This site, between -96 and -83, mediates the
repression of pgpl transcription by GR in both OX&hinese hamster lung cells and
a human osteosarcoma cell line, U2-OS. The GRHap&a binding site for CEBPb
and it appears that GR represpgpltranscription by interfering with the actions of
CEBPb, as both sites are required for repressiorodetur. Interestingly, these
elements are conserved in the hurivibR1 gene andViDR1 transcription can also be
repressed by GR in some cell types, suggestingatsmilar mechanism may be
involved. Treatment of rats with dexamethasoneeiasesMRP2 mRNA in vivo,
although the mechanism underlying this increasenbaget been determinétf. The
fact that glucocorticoids are currently used in mobéherapy for many tumors,
including chronic lymphocytic leukemias, lymphomasjltiple myelomas and breast
cancers makes an understanding of the role of thesaones in the regulation of
drug transporters an important goal.

HYPOXIA

The microenvironment of many large, rapidly growiwgmours lacks a sufficient
vascular supply, resulting in oxygen deprivationhgpoxia. Prolonged hypoxia has
been linked to metastasis, since it increases genamstability, genomic
heterogeneity, and may act as a selective pressute@mour cell variants®. This
hypoxic environment results in the induction of mastress—response genes,
including glycolytic enzymes, pro-angiogenic fast@nd pro-inflammatory genes.
Apropos of this, it has recently been shown tRaBP expression is increased in
hypoxic cells, and that this increase is mediatgthypoxia-inducible factor-1 (HIF-
1), a transcription factor that normally resideshia cytoplasm of normoxic cells and
is believed to be shuttled to the nucleus upon kigpetress. HIF-1 activates the
MDR1 promoter through a consensus binding sequence&C(B'Ts3’; -49 to -45) that
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overlaps the GC element involved in constitutivel amducible expression. Indeed,
preliminary evidence suggests that the GC-bindirgggin Spl may be involved in
the hypoxic response. These results may in pataexthe observation that hypoxic
tumour cells are more refractory to anticancer &yén

CARCINOGENS

Most early studies on the effects of carcinogen®-dpP expression concentrated on
the rat genes. These genes are induced by a nwhkenobiotics including 2,3,7,8-
tetrachlorodibenzo-p-dioxin, 2-acetylaminofluorene (2-AAF) and 3-
methylcholanthrené®. The transcriptional mechanism underlying thisvation was
elusive until it was shown that activation of radntb by 2-AAF involves an NF-kB-
binding site at position -167 to -158 within theoproter. 2-AAF was found to
activate mdrlb through the generation of reactive oxygen spedesiing to the
activation of kB kinase, the degradation of IkB@and the activation of NF-KY°.

A different mechanism has recently been shown tdiate hepatic induction of the
humanMDR1 gene by 2-AAF. In this case, the carcinogen atgs@hosphoinositide
3-kinase and its downstream effectors Racl, NAD(®ldase and Akt, resulting in
activation ofMDR1 through an upstream binding site (-6092) thatudeks an NF-
kB-binding site*".

CHEMOTERAPEUTICS

Considerable evidence has accumulated to indideé the expression of drug
transporter genes can be transiently induced jporese to chemotherapeuticé*’
This was first reported in CCRF-CEM/ ActD cellsttlexhibited an increased steady-
state level of MDR1 RNA following short-term exposuto actinomycin 02 this
increase was mediated, at least in part, at thel lefstranscription. Early studies
indicated that the MDR1 promoter region from -186%6 was involved in activation
by actinomycin D'’ this region was further delineated to #®R1 enhancesome.
Although it was initially assumed that only thoseigs associated with the MDR
phenotype would induce the expressiorPe&EP genes, more recent studies indicate
that MDR1 transcription can also be induced by non-MDR drsgsh as antifolates
and hydoxyurea’™. In this study, induction ofMDR1 was associated with
morphological indications of cell damage, suggestithat increasedP-GP
transcription may be part of a general cellularpoese to damaging agents.
Interestingly, some drugs, such as mitomycin C,psegs the activity of MDR1,
although the mechanism by which this occurs hasbeen determined’ **’ It
should also be noted that overexpressioMBR1 in response to chemotherapeutics
was shown to be a result of changes in mMRNA statibn and translational initiation
in several leukemia cell lines, with no appareanscriptional componenf®. Thus, it

is likely that multiple mechanisms exist in diffate cell types that either
cooperatively or exclusively reguladdDR1 gene output. While few studies have
focused on the regulation of other drug transpsrtey chemotherapeutic agents,
MRP2, MRP3andMRP5were shown to be induced in liver HepG2 cells isplatin,
although the mechanism underlying this inductiors wat investigated’®.
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‘MDR1’ ENHANCEOSOME

It has been well established thdDR1 gene expression can be activated by UV
radiation, differentiation agents such as sodiurntyfate and retinoic acid, HDAC
inhibitors, phorbol esters and certain chemotherape (Fig. 10). Recent studies in
our laboratory indicate that the signals from léide divergent stimuli converge on a
region of theMDR1 promoter that we refer to as thdDR1 enhancesomé™! 18
This region includes binding sites for the trimetrianscription factor NF-Y and the
Sp family of GC-binding transcription factors. Tdlger, these DNA-binding proteins
cooperate to recruit the histone acetyltransfef@&2AF to theMDR1 promoter,
resulting in the acetylation of promoter-proximalstbnes and subsequent
transcriptional activation that is likely mediateg further chromatin remodeling.
Recently, chromatin immunoprecipitation studiesehalentified a ‘switch’ in DNA-
binding Sp family members following induction. Siesl are presently underway to
determine whether this change in binding factosuilte in recruitment of new co-
activators/co-repressors to tMDR1 promoter, and whether other factors that have
been shown to bind to thHdDR1 GC element are also involved in stress response
through the enhancesome complex. Although the nmémimaby which each agent
transduces the signal that results in promoteratobn has yet to be determined, the
role of the MDR1 enhancesome in the regulation of transcriptionabyariety of

stimuli makes it an attractive target for therafeirttervention ",

NUCLEAR RECEPTORS AND TRANSCRIPTION OF DRUG
TRANSPORTERS

While many ABC transporters are ubiquitously expeels high levels of expression
are usually restricted to a limited number of teswr cell types where they
transcriptional regulation of ABC drug transportpesform a specialized function.
One organ that depends on the action of ABC trameysoto carry out its prescribed
function is the liver. In addition to MDR1, whick involved in lipid transport and
drug biodistribution and is activated during inflaation and partial hepatectomy of
the liver, several other drug transporters are lired in liver function, including
MRP2, MRP3 and BSEP (ABCB11). The major physiolagiole of MRP2 is to
transport conjugated metabolite sinto the bile bamlas, while MRP3 is localized in
the basolateral membrane of the hepatocytesangpweis similar metabolites back
to the bloodstream. This may explain why mutatibM&P2 leads to Dubin—Johnson
syndrome, characterized by elevated levels of utliv, increased urinary
coporphyrin | fraction and deposition of dark pigrhén the liver. Monoanionic bile
salts are secreted into bile canaliculi by the baé export pump BSEP. Given the
functional relationship among these transportetsisinot surprising that their
transcription is regulated through similar mechansisinvolving nuclear hormone
receptors. Nuclear receptors are comprised of alyfawh transcription factors that
function as heterodimers to regulate target prommotBXR (retinoid receptor) is
present in all heterodimers; the second partnarcetes the substrate ligand and the
target promoters that will be activated. The nuchkeaeptor proteins that have been
shown to be involved in transcription of drug tpamders include retinoic acid
receptor (RAR), farnesoid receptor (FXR) steroitvated receptor (SXR;
P(pregnane)XR in rodents) and constitutive andnestaceptor (CAR). The RXR-
containing heterodimers regulate a broad range egfatic metabolic functions,
including bile acid synthesis, fatty acid and oryst metabolism, and cytochrome
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oxidase drug metabolism. RARN complex with RXRx has been shown to regulate
transcription of the raMRP2 promoter through a binding element located in the
upstream promoter region (-422 to -398) (Densonl.et2000); the cytokine ILA
suppresses activation through this site. AlthoughMDR1 promoter is activated in
neuroblastoma cell lines by all-trans retinoic a@dRA), activation appears to be
independent of RAR/RXR binding and is instead medidy the differential binding
of Sp family members to the GC element within MBR1 enhancesom&. FXR,
when combined with RXR and bile salts as its ligandiates feedback control of
bile acid synthesis'®. Both BSEP and MRP2 are targets of the FXR:RXR
heterodimer. An FXR response element identifiethexhumarBSEPpromoter (-192
to -180) mediates the activation BEEPtranscription by bile salts; a similar element
exists in the raBSEP promoter (-64 to -52). Moreover, FXR-/- mice exhilai
dramatic decrease in the expressioBSER consistent with the role of this receptor
in regulation of BSEP transcription. Notably, lithocolic acid, a potemducer of
choleostasis, decreases the transcriptio BSEP by antagonizing the activity of
FXR, implicating FXR and loss of BSEP in intrahépaholeostasis®’. An atypical
promoter element has been identified within theM&P2 promoter (-401 to -376)
that interacts with FXR and mediates transcripti@eéivation. This binding site also
mediates the transcriptional regulation MRP2 by PXR (SXR) (a receptor for
xenobiotics such as rifampin, phenobarbital, tagtdirimazole and hyperforin) and
by CAR *#. Interestingly, the humaMDR1 promoter has also been shown to be
regulated by the interaction of SXR:RXR with a paoder element8 kb upstream of
the transcription start sité* **> Taken together, these results suggest that &otiva
of drug transporters through multiple nuclear récep can alter the efflux, and
therefore the pharmacokinetics and bioavailabilify a variety of compounds,
including chemotherapeutic agents. Notably, dedpigepresence of putative nuclear
receptor binding sites within tidRP3 promoter, regulation diIRP3by bile salts in
enterocytes is mediated by the interaction of thbafetoprotein transcription factor
(FTF) with theMRP3 promoter (-229 to -138f° how this promoter is regulated in
liver cells is presently under investigation.NfDR1 promoter several of the binding
sites for transcription factors overlap, and in tregses it is not yet known whether
multiple factors can co-occupy their cognate prandite at the same time, or
whether their interaction with the promoter is naliyi exclusive. Keep in mind that
most of the studies identifying these factors wesdormed in tissue culture cells and
the relevance of these findings to the in vivaiabn, particularly in the clinical
setting, remains to be determined.

Trichostatin A Butvrate

Chemotherapy all-trans Retinoc Acid

f_.p UV Irradiation

CCAAT Box Spl Site

Figure 10. A variety of environmental signals, including teosxduced by hormones (ATRA),
radiation, HDAC inhibitors (TSA, butyrate), someecahotherapeutics, phorbol esters and others
converge on th&DR1 enhanceosome, which includes the DNA-binding pmet&p1, Sp3 and NF-Y,
the histone acetylases P/CAF and P/300. dependirgmrditions, the transcription factors Egrl, WT-1
and the co-repressor HDAC1 may also be found gpitbeoter.
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TARGETING TRANSCRIPTIONAL REGULATION OF ABC
TRANSPORTERS GENES.

p53

The frequent occurrence of p53 mutations in humamcer has led to numerous
investigations evaluating its role as a potenhalapeutic target. By restoring wt p53,
investigators have sought to either: (1) revertritadignant phenotype or (2) enhance
drug sensitivity. These goals are based on avail&bvidence that although not
conclusive suggests that: (1) restoration of p9Bhaive an impact on the malignant
phenotype and (2) mutant p53 confers drug resistadamerous investigators have
shown that levels of p53 above a certain ‘threshaldhost invariably lead to
apoptosis or to enhanced drug sensitivity '* Several studies have shown that wt
p53 can be introduced using viral vectors, andatreglable reagents can achieve the
‘threshold’ levels required to bring about apoptostudies to date have employed
conventional vectors and also explored innovativetegies to exploit the p53 status
of cancer cells. The first clinical trials attenmgjito restore wt p53 function utilized
retroviral vectors that constitutively expressed pthder the control of the actin
promoter **. Following intratumoral injection, expression 063 and enhanced
apoptosis were observed in the injected tumors,imrnkdree of nine patients limited
evidence of tumor regression was noted. While #teoviral vector used in these
studies proved to be inefficient, this study pr@dda first ‘proof of principle’, and
became the catalyst for further studies. Subseqgstnties have used adenoviral
vectors. Advantages of the latter include the Bbib infect cells in all phases of the
cell cycle, relative ease of growth to high titensd the capacity to accommodate
inserts of large size. Its major disadvantagesudelthe frequent occurrence of
antibodies in the general population, prefereriial not exclusive infection of cells
expressing the coxsackie adenovirus receptor (Cai) au-integrin and its lack of
selectivity, so that it infects normal cells, mastably liver, with high efficiency®.
Despite its limitations, Adp53 vectors appear towsdl tolerated and expressed in
most patients. Clinical trials have shown antituractivity in patients with squamous
cell carcinomas of the head and neck and nonsiellifung cancer (NSCLCY®. In
evaluating these strategies, one must be mindftlgh3 participates in regulating the
expression of a wide range of genes with diversetians and that some of these
genes may have unanticipated roles in a vectofisaefy. Thus, some of the genes
expressed following infection with a p53-expressamenovirus may modulate a
‘bystander effect’ by which uninfected cells arendaed as a result of the expression
of genes in infected cells. For example, p53 maljréctly regulate angiogenesis by
modulating the expression of vascular endotheliwth factor (VEGF) and
thrombospondin'®. p53 also participates in the expression of imsliie growth
factor 1-binding protein (IGF1BP), an antagonisinsiulin-like growth factor 1 (IGF-
1), a growth factor implicated in tumor cell suraiv™.
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YB-1

The Y-box-binding protein YB-1 has multiple funat® including regulation of gene
expression. Nuclear localization of YB-1 regulatéBR1 andMRP1gene expression
that is known to confer the multidrug resistant ptgpe in tumor celld®. YB-1 is
involved in several aspects of drug resistance, iamgl an important regulator of
pleiotropic resistancé®. YB-1 overexpression with increased nuclear localization
occurs in many malignant diseases (e.g., breastrsmoall cell lung, osteosarcoma,
ovarian, and colon carcinoma; refs. 19-23). Funioge, YB-1 mRNA is highly
abundant in glioblastomas and malignant melanomas ia involved in the
progression of prostate cancEf. Several studies indicate that YB-1 positively
regulates cell proliferation and it was shown thé@-1 translocates from the
cytoplasm to the nucleus at the G1-S-phase transitf. Recent evidence suggests
that activated Akt is involved in nuclear translioma of YB-1 and blocking of
phosphatidylinositol 3-kinase/Akt pathway may tliere be helpful for overcoming
chemoresistancé®. The use of replication-competent adenoviruses dancer
therapy receives widespread attention, especially the treatment of tumors
insensible to current treatments. YB-1 facilitat€l-independent adenoviral
replication by targeting the adenoviral E2-laterpoater in multidrug-resistant cancer
cells ¢ In addition, the adenoviral protein E1B55k is atwed in nuclear
translocation of YB-1. Given that complexes contagnadenoviral proteins E4orf6
and E1B55k play critical roles in productive infect as well as in nuclear
translocation of YB-1, targeting YB-1 by a recondnh E1/E3-deleted adenoviral
vector expressing E1B55k and E4orf6 will be capatbleanslocating YB-1 into the
nucleus and in consequence to replicate and desttragr cells. E2-early is only
needed in little amounts at the very early statantéction, whereas E2-late acts
throughout the whole cycle in quite considerablamdiiies. The E2-early promoter is
active at early times postinfectioi> Because YB-1 acts through the E2-late
promoter, it represents a suitable target for gricmhdenovirus development. E1A
mutant adenoviruses with reduced S-phase inducttiow tumor-selective
replication **°. Adenoviral expression of E1B55k and E4orf6 mesianuclear
translocation of YB-1 in tumor cells. Nuclear treotstion of YB-1 only takes place
when cells are infected with WT adenovirus or X8ilBut does not occur with an
E1B55k-deleted adenoviral vector or an E1-deletdehaviral vector (and therefore
lacking E4orf6 expression) expressing E1B55k und@MV control %
Conditionally replicating adenoviruses have showmamced anti-tumour activity
when combined with chemotherapy or radiation arfth been suggested in several
reports that irradiation or chemotherapy createseamironment that is more
conductive to adenoviral infection or replicatiomgluding our own data showing that
cytostatic drugs cause an increase of nuclear Bdl concomitant viral replication
193 As mentioned earlier, YB-1 regulates, besidegmthctors, the expression of the
drug-related transport proteins MDR1 and MRP1. Y¥Bs$ociated oncolytic
adenovirus Xvir03 causes inhibition of these geXe®03 inhibits the expression of
multidrug resistance—related gen®DR1 and MRP1 Because both genes are
regulated by YB-1, this indicates that the recreittnof YB-1 via the complex
E1B55k/E4orf6 to the adenoviral E2-late promoterreisponsible for this effect. This
Is supported by the observation that the expredsi of MDR1 was unaffected by
an El-deleted adenoviral vector expressing E1B5%dteu CMV control. Nuclear
translocation of YB-1 by XvirO3 leads to resensitian of tumor cells to cytostatic
drugs; thus, the potential of radiation and chematpy is restored. Chemotherapy,
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on the other hand, yields an increased expressidnnaclear localization of YB-1
and in consequence enhances YB-1-associated ada&neylication.

This reveals a link between chemotherapy and wrafhy based on the cellular
transcription factor YB-1. XvirO3 is to our knowligel the first oncolytic vector that
possesses as a single agent the potential of degrating two multidrug resistance—
related gene$IDR1 and MRP1 Due to their low homology, it is unlikely that a
potent, nontoxic inhibitor for both proteins coldd developed. It is possible propose
a model termed Mutually Synergistic Therapy (MUS#&hich highlights the existing
relationship between YB-1-associated virotherapyh@enone hand and chemotherapy
on the other hand. Thus, combining YB-1-dependeotherapy with chemotherapy
is beneficial for both treatments. This theoretitaldel may be helpful in developing
new combined strategies involving YB-l-associatetotherapy for cancer
intervention to augment the effectiveness of cwiatodrugs and extend patient
survival*%®

THE RISE OF DNA METHYLATION AND THE IMPORTANCE
OF CHROMATIN ON MULTIDRUG RESISTANCE IN CANCER

Thus far, we have discussed transcription as theraation between transcription
factors and their cognate DNA binding sites. Howewiperimposed upon the
regulation mediated by those interactions is the of chromatin in permitting this
interplay to occur. The basal transcriptional stdtehromatin is inactive — the DNA
wrapped in a nucleosomal complex is generally iassible to transcription factors.
However, chromatin is a dynamic structure that ik signals from the
environment to trigger changes in chromosomal gechire. A number of elegant
studies have shown that covalent modifications h&f amino-termini of the core
histones in nucleosomes are critical to the reguiatof transcription. These
modifications, which include acetylation, methyatj phosphorylation and
ubiquitination, appear to occur in sequential patdeleading to the hypothesis that
their intercommunication provides a ‘histone cotl&t, when deciphered by other
components of the transcriptional machinery, signdior transcriptional
activation/deactivation®’. Two classes of chromatin-targeted proteins hasenb
identified that act as on/off switches for trangtidnal competence: chromatin
remodeling proteins and chromatin-modifying enzymé&3hromatin-modifying
enzymes, specifically histone acetylases (HATSIdme deacetylases (HDACs) and
DNA methylases, have been shown to be involvechénregulation of théViDR1
gene (Fig. 11).

The silencing of gene expression is associated d&hacetylated histones, while
histone acetylation neutralizes the positive chavfighe lysine-rich histone tails,
thereby weakening the interaction of histones whih negatively charged DNA and
generating an ‘open’ chromatin conformation. Momov acetylation of the
transcription factors themselves can add an adhdititayer of regulation to this
process. Histone acetylation is reversed by theraatf the histone deacetylase
(HDAC) family of chromatin-modifying enzymes. HoWwese modifying enzymes are
recruited to specific promoters at specific timestill under intensive investigation.
However, a general model proposes that HDACs amiited to the promoter by
sequence- or modification-specific proteins, thgrebaintaining the gene in a
hypoacetylated, inactive state. In response to ifpestimuli, transcriptional
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activators recruit the HATs that acetylate histonessulting in conformational
changes within the nucleosomal array. Treatmerttet$ with the HDAC inhibitors
trichostatin A or sodium butyrate leads to thewatton of MDR1 transcription and
associated hyperacetylation of MDR1 proximal-proendtistones®. This activation

is mediated by the HAT protein, P/CAF, which isrteted to the promoter via its
interaction with a transcriptional complex that teemed theMDR1 enhancesome.
Interestingly, activation appears to be limiteccédls that already express detectable
levels of MDR1 RNA. In the few cell types in which thdDR1 gene is silenced,
altering the equilibrium of chromatin acetylatios not sufficient to activate
transcription. Recent studies suggest that this beathe result of hypermethylation
of theMDR1 promoter, which acts as the ultimate ‘lock-dowhgene expression.

The role of DNA methylation in transcriptional sileng is due to the capacity of
methylated DNA to assemble repressive chromaticoaspared with conventional
unmethylated chromatin. An increasing body of emaie indicates that DNA
methylation significantly contributes to the actiea and repression of many
different genes, includingdDR1 °. CpG methylation alone is not sufficient to
instantly confer repression® ' Rather, the targeting and sequences of repeessiv
complex specifies a transcriptional block. Indeelddromatin accessibility studies
demonstrated that DNase hypersensitivity was retlirca cell line where thRIDR1
promoter was hypermethylated, compared to cell Wiere the promoters were
hypomethylated, indicatingUDR1 promoter methylation imposes a restrictive
chromatin environment. The methyl-CpG-binding piot2 (MeCP2) protein, a
strong transcriptional repressor, was identifiedotalize to hypermethylatedDR1
chromatin and was associated with methylation degen silencing. MeCP2
localization was correlated with hypermethylatiomdaMDR1 transcriptional
silencing, as MeCP2 was absent from the hypomd#t/jaromoter in those cell lines
that expresseMDR1
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Figure 11.Hypothesized epigenetic models fdDR1 activation.

Robust MDR1 expression was only obtained when demethylatiaiuéed by 5-
azacytidine treatment was accompanied with TSAtrireat. MeCP2 silences
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transcription by recruiting the co-repressor mSitk8jacl and Hdac2 via an
interaction with its transcriptional repressor dam@RD). Treatment with TSA has
been shown to partially overcome TRD-mediated =poa. However, the failure of
TSA to reactivateMDR1 demonstrated that Hdac inhibition is not the only
mechanism of repression associated with MeCP2. meaently, MeCP2 was shown
to interact with a protein complex containing mdtitansferase activity specific to
histone H3 lysine residue 9 (H3K9). Loss of MeCR#&whown to reduce the level of
H3K9 methylation at the in vivo gene targei19, implicating H3K9 methylation as
a second mechanism, in addition to Hdac mediatpdession, by which MeCP2
functions to repress gene expression. InterestingBK9 methylation has also been
shown to direct CpG methylation in Neurospora CGxagsd Arabidopsis thaliana,
implicating that the reverse association is als@sgme. However this reverse
mechanism is yet to be identified in mammalianscell

The histone modification, methylation of H3K9, isedvily associated with
heterochromatin. Targeted disruption of the mousendiogues of the H3K9
methyltransferases, Suv39hl and Suv39h2, resuitelisruption of pericentromeric
heterochromatin and loss of H3K9 methylation. W&s also demonstrated in yeast,
as CIrd (H3K9 methyltransferase) was shown to beessary for transcriptional
silencing at centromeric heterochromatin emphagizihe roles that H3K9
methyltransferases and H3K9 methylation play inaldsthing and maintaining
heterochromatic states. Evidence also now indicétes H3K9 methylation is
involved in regulating euchromatic gene silenciiGK9 methylation was localized
to regions of silenced developmentally regulatedegein chicken, and silenced
tumour suppressor genes in cancer. Furthermoreandign changes in H3K9
methylation in response to gene activation havenbdemonstrated at several
promoters. The human methyltransferase Suv39H1G®a were targeted to the
endogenou¥EGF-A promoter, inducing gene silencing and thus demmatisg that
H3K9 methylation can initiate silencing. H3K9 mdttion is thought in part, to
mediate repression by providing a docking sitetifiar transcriptional repressor, HP1,
and HP1 was later demonstrated to recognize ardifispdly bind methylated H3K9.
loss of the H3K9 methyltransferase, Cir4 in yeagtss shown to be necessary for
transcriptional silencing at centromeric heteroamatin, and localization of Swi6, a
HP1 homolgue. Whether HP1, or H3K9 methylation dbates toMDR1 silencing is
not clear?®

The ABCG2promoter in renal carcinoma was found to be methgi®”. This can be
of therapeutic importance because renal carcinafidimes UOK121 and UOK143,
having a methylateABCG2promoter and expressing a lower level of ABCG2,ever
found to be more sensitive to ABCG2 substrate dr@msistent with the role of
DNA methylation inABCG2silencing, incubation of methylated cell lines UGK
and UOK143 with 5-aza-dC, a specific inhibitor B methyltransferase, resulted
in upregulation ofABCG2expression in a concentration-dependent mannehadt
been suggested that DNA methyltransferases mayomgt on chromatin that is
methylated at lysine 9 on histone H3 (H3K8} %°® Indeed, H3K9 methylation is
sufficient for initiating a gene repression pathway vivo 2% Modifications
(methylation and deacetylation) of histone H3 assdethat theABCG2promoter and
DNA methylation of the CpG island coordinately cagencing of thABCG2gene.
The ABCG2expression in the methylated cell lines (UOK121 &it@K143) can be
restored by b5-aza-dC treatment, and the reactivatis associated with
hyperacetylation of H3 at lysine 9. Thus, apartnmfrademethylating theABCG2
promoter, 5-aza-dC also resets the histone codigchémg it from methylation to
acetylation at H3K9. MBD proteins mediate silencimiggenes by facilitating the
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establishment of a repressive chromatin environri@nt® These proteins recruit
chromatin remodeling enzymes such as histone ddases and mSin3 to the DNA
with their transcriptional repression domains, tinga an inactive chromatin
configuration®*’?% ChIP assays demonstrated binding of MeCP2, MBII2AC1,
and mSin3A to the CpG island region in UOK121 ar@dK143 2, ChIP analyses
also revealed that 5-aza-dC treatment in UOK121 a@d&143 cells facilitated an
enrichment of acetyl-H3, a release of MBDs (i.e.e@P2 and MBD2), and a
decreased occupancy of HDAC1 and mSin3A onABEG2 promoter, consistent
with a more open chromatin conformation that waalldw transcriptional activation.
Taken together, the data support the notion thatADNethylation dependent
formation of a repressor complex in the CpG islaadtributes to inactivation of the
ABCG2gene®. The binding of the MBDs to methylated DNA restitsecruitment
of HDACs to support transcriptional repression. HIBAC inhibitor depsipeptide
could upregulatdBCG2expression most effectively when it is unmethylatetto a
lesser extent when is heavily methylated. This satggthat DNA demethylation is
more critical than histone acetylation for BCG2gene chromatin to switch from a
transcriptionally non permissive to a permissiveafiguration. In this regard, the
repressive histone code, MeH3K9, was found bindstgngly to the proximal
ABCG2promoter in the methylated cell lines, which was aftected by depsipeptide
treatment?®. In contrast, depsipeptide did reduce the assoniaf MeH3K9 with
the ABCG2 promoter in the unmethylated cell line. This mayplain why
depsipeptide has less effect on upregulatioMBECG2in the methylated cell lines
than in the unmethylated cell lif&". A similar finding has been reported f6MR1
transcriptional silencing in fragile X ceft&”.

DNA methylation can confer a selective growth adage to cells when it occurs in
the promoter regions of genes repressing the esipre®f tumor suppressor genes,
resulting in the development of cané&r %% Since ABCG2 normally functions as an
efflux transporter, the physiological significancé this methylation-dependent
repression in cancer is not clear.

Whether the repression ABCG2would provide an advantage to the cell, or merely
be an epiphenomenon, is open to speculation. Rlegarcdf whether ABCG2
repression could be of benefit to cancer cells, itlemtification of patients whose
tumours have repressed ABCG2 could be importantig®ithat are substrates for
ABCG2 would be expected to be more effective irhsaipatient population. A more
important role ofABCG2 methylation could be that in normal physiology. &en
methylation is believed to be the basic mechanism the establishment and
maintenance of genomic imprintifd’. Imprinted genes are marked in the male and
female germ lines and retain the molecular memotheair parental origin, resulting
in allelic expression differences. However, gengulation at the promoter level
during normal growth and development is not welllenstood. Furthermoré&BCG2

is normally expressed in the placenta and in stettis & ' The possible role of
promoter methylation in regulatiBCG2expression in stem cells and their progeny
has not been evaluated. Since it would requireaismi of different populations of
cells, including stem cells, progenitor cells, aedminally differentiated cells, this
pursuit must await progress in the identificatioh specific markers for cells at
different stages of development.

The role of chromatin in the regulation of otheugltransporters has not fully been
investigated. Activation of th&MRP7 promoter by TSA has also been observed,
although the mechanistic basis of this activaticms mot been elucidated’.
Interestingly, in HepG2 cells, TSA repressed trapsion of theMRP2gene through
an upstream region (-517 to -197), suggesting dmmomatin modification may
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permit binding of a repressor complex to this pren&; TSA had no effect on the
expression oMRP3in these studies.

CHEMOTHERAPY CAN INDUCE LOSS OF METHYLATION

A dominant role for CpG methylation iMDR1 silencing indicates that the
methylation mark may need to be removed in ordeaciuire Pgp mediated MDR.
Long term selection for drug resistant cell linessvassociated with hypomethylation
of the MDR1 promoter, however the extended kinetics of thease suggested that
selection of hypomethylated drug resistant clonas the primary mechanism for the
loss of methylation. Several studies have shown demethylation of theM DR1
promoter does occur during the course of clinidansotherapy, resulting in the
activation ofMDR1 expression. This raised the intriguing questionvbiether the
cytotoxic action of chemotherapeutic drugs coulduce active demethylation of the
MDR1 promoter. Alternatively, methylation may be a penerat mark of theVIDR1
promoter, and instead, the observed loss of mdtbglanay have been due to the
selection of cells with a reduced methylation pattand hence, resulted in increased
MDR1 expression following drug treatment. A proteinhwitemethylase activity has
not been conclusively identified that can reverddADmethylation, even though
evidence exists that demethylation does occurraesgenes over time.

MBD2, a methyl-binding domain protein associatedhwmnethylation dependent
silencing, was demonstrated to have demethylasgbddjes that were promoter and
time dependent. However similar activity for MBD2r& not demonstrated in other
studies, therefore, there is only weak evidencestwpport a scenario whreby
chemotherapeutic drugs coul direct a putative deytete activity to the MDR1
promoter to reverse the methylatiofl

THE Myc/Max/Mad NETWORK AND THE TRANSCRIPTIONAL
CONTROL OF CELL BEHAVIOR

The Max network comprises a group of nuclear trapgon factors whose functions
profoundly affect cell behaviof**These factors possess two common attributes.
First, members of the network are a subset ofdhgel class of proteins containing
basic helix-loop-helix zipper (bHLHZ) motifs. Thidomain is known to mediate
protein-protein interactions and DNA bindifty. Second, each of the members of the
network utilizes its bHLHZ domains to form individudimers with Max, itself a
small bHLHZ protein (Fig 12). Association with Marsults in the formation of a
heterodimer possessing sequence-specific DNA bgnaind transcriptional activities.
Max itself can homodimerize and bind DNA, but sivtix homodimers appear to be
transcriptionally iner*> #® The ability to modulate transcription is derivedm
specific domains within the Max interacting factersich, in turn, appear to mediate
associations with specific
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Figure 12. Max-interacting proteins. Max forms heterodimerghwinembers of the Myc and Mad
protein families as well as with the Mnt (or RoxjdaMga proteins. Each of these proteins interacts
with Max through its bHLHZ domain.

coactivators or corepressors, resulting in the &iom of higher-order complexes.
Because Max-interacting proteins homodimerize pgoori their own and therefore
bind DNA weakly, it can be argued that it is throute highly specific association
with Max that the activities of these proteins amanifested. In general, Max
interacting proteins have short half-lives and rtheosynthesis is highly regulated.
Max, on the other hand, is stable and constitutiepressed, suggesting that the
regulation of the network is largely dependent twe tabundance of the Max
associated transcription factdrs' 2% Our understanding of the Max network grew
out of research on th®IYC oncogene familyMYC was originally defined as an
oncogene (WYC) transduced by a number of avian retroviruses ldapaf potently
inducing neoplastic disead¥. Subsequently 8YGC, the cellular homolog of MYC,
was identified and eventually shown to be a menober family of proto-oncogenes
comprising cMYC, N-MYC andL-MYC (Fig. 13). These genes are considered proto-
oncogenes in the sense that alterations in theictste and expression have been
linked to a wide variety of human and other anin@aicers?°?** The proteins (Myc)
encoded byMYC family genes are predominantly localized in thd oekleus, and
their expression generally correlates with celllifgration. When it was shown that
the N-terminal region of Myc could function as artscriptional activation domaf®
and that the C-terminal region possessed homologyHLHZ proteins®®, it was
widely assumed that Myc proteins would form homo-heterodimers, bind DNA,
and function as transcriptional activators. Becausigher dimerization nor specific
DNA binding could be readily demonstrated for Myexcept at high protein
concentrations, a search for novel Myc interactees initiated, leading to the
identification of Max. Max was shown to interactesgically with all Myc family
proteins, and the resulting heterocomplexes reeegthie hexameric DNA sequence
CACGTG (belonging to the larger class of sequekoesvn as E-boxes, CANNTG)
at concentrations at which binding by either parta®ne is undetectabl&’ %%
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Importantly, Myc requires Max to activate transtop of genes containing E-box
binding sites*®. Furthermore, Myc has been shown to repress triatis at certain
target promoteré™. The transcription activation function of Myc iethated at least

in part by recruitment of a histone acetyltransfereHAT)**.
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Figure 13. Structural domains of Myc oncoproteins. MB1 and M&@mains are higly conserved
within this family and are required for transactiva functions. MB2 is also required for the
interaction with co- transcriptional activator TRRPTAD is a transactivation domain.

The fact that Max is expressed in the absence af g to the question of whether
Max might have additional dimerization partnersisTphrompted a search for new
Max-interacting proteins by the use of expressioniog and two-hybrid screens. In
this manner, two novel, but related, Max-interagtibHLHZ proteins were
discovered, Mad1l and Mxil, followed later by Mad8daMad4 ?** These four
proteins, considered to compose the Mad proteirilyaimehave much like Myc in
that they have only weak homodimerization and DNAding capacities but readily
heterodimerize with Max and bind the E-box consensaequence. However, in
contrast to Myc, which activates transcription edrpoters proximal to E-box sites,
the Mad-Max heterodimers act as transcriptionalaggors at the same binding sites.
Each of the Mad proteins acts as a repressor bgciasmg with the mSin3
corepressor compleX? Also, in contrast to Myc, expression of Mad fanproteins
appears closely linked to terminal differentiatfdfi Max interacts with at least two
other bHLHZ proteins in addition to the Myc and Manily members, Mnt (also
called Rox) and Mga. Both of these proteins posgesscriptional activities which
appear to be context dependent. Thus Mnt, simdathe Mad family proteins,
recruits the mSin3 corepressor complex and repsesarscription in some, but not
all, cell types™* #** Mga contains two functional DNA-binding domairmspHLHZ
region, which interacts with Max, and a BrachyuryTebox domain. Activation of
transcription by Mga at T-box binding sites depeadshinding of Max to the distal
bHLHZ domain, suggesting that dimerization with Méisplaces a repressor or
induces a conformational change in M4 Although yet other Max-interacting
proteins are likely to be identified, the basic limgts of the Max network are
emerging. Max is a stable, ubiquitously expressedem with little transcriptional
activity of its own. The ability of Max to heteraderize with several distinct groups
of highly regulated proteins (outlined in Fig. I2psults in transcriptional activation
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or repression directed at specific sets of targeteg. Furthermore, the different
complexes may have antagonistic properties whasetins play out at the level of
chromatin structure. The involvement of these pmnstan key biological events

suggests that network function may be critical gowwth and development. Indeed,
the recent report that targeted deletion of Maxltsesin very early embryonic

lethality in mice underscores the importance of Mapendent functiorfs>.

‘ﬁasic region

Figure 14. a)Structure of heterodimer Myc-Max bound to DNBY; Structure of heterodimer Mad-
Max bound to DNA.

BIOLOGICAL FUNCTIONS OF MYC

The intense scrutiny with whidiY C has been studied over the last 15 years derives
mainly from its apparent involvement in a wide rargf cellular processes including
proliferation, differentiation, and tumorigenesiky the following sections we
summarize the evidence faMYCs role in both normal and abnormal cellular
behavior, with special attention to the effectslefegulated expression iy C.

INDUCTION BY MITOGENIC SIGNALS

One of the most compelling ideas abbCis that it functions to drive proliferation
in response to diverse signals. This notion arfixes several broad lines of evidence
which will be briefly reviewed here. Firdt)YC family genes are broadly expressed
during embryogenesis, and targeted deletioresMiY Cor N-MYCgenes in mice lead
to lethality in midgestation embryds$®?*? Second, there is a strong correlation
betweenMYC expression and proliferation. This probably appteesll MY C family
genes but has been most extensively documented-KkoYC MYC expression is
known to be induced in many cell types by a widegeof growth factors, cytokines,
and mitogens**?*> The increase iMYC levels has been shown to occur through
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both transcriptional and post-transcriptional meisms?*® and appears to occur as

an immediate early response to most mitogenic factsuggesting that thelYC
regulatory region is a nexus for multiple growthgral response pathways.
Regulation of translation initiation also occuroopmitogenic stimulatiod*”. For a
number of receptors (including those for interledR macrophage colony-
stimulating factor, Epo, epidermal growth factdatplet-derived growth factor, and
antigens), it can be argued that inductionvdC is a necessary, but probably not
sufficient, component of the mitogenic responsereéduer, a failure to inducklYC

in response to mitogenic signalling inhibits quesdccells from entering the cycle. In
contrast, ligands such as transforming growth fatteta and gamma-interferon,
which in some settings act to inhibit proliferatiaiso cause rapid down-regulation
of c-MYC expressiorf**. ThusMYC expression strongly correlates with growth and
proliferation.

MYC OVEREXPRESSION

The idea that Myc plays a critical role in the geohtive process is also consistent
with results from experiments involving its ectopxpression in a variety of different
cell types under a range of conditions. In thespeaments,MYC expression is
uncoupled from its normal physiological regulatidris overexpressed and cannot be
down-regulated MYC overexpression in cycling cells has been repottededuce
requirements for growth factors, block exit frometicell cycle, accelerate cell
division, and increase cell siZ8¥%*! In the absence of survival factors, c-Myc
overexpression elicits a proliferative response lmatds to apoptosis through a
mechanism at least partly dependent on the Arf-M@®2 pathway >°%2>*
Experiments with primary murine embryo fibroblagt$EFs) demonstrate that loss
of p53 or Arf greatly attenuates c-Myc-induced apsfs and permits cells to survive
crises and proliferate continuously in the absesfceerum?3 In some cell types,
MY C requires coexpression of other genes (sucRAS JUN, andFOS in order to
drive entry into S phasé* Myc levels rapidly diminish during the terminal
differentiation of many cell types, and enforcedpmssion of Myc inhibits or
modulates terminal differentiation of myoblastsjtieroleukemia cells, adipocytes, B
lymphoid cells, and myeloid cells among others. réhis some evidence that Myc
may not directly interfere with the programmed @gsion of differentiation genes
but rather is incompatible with the cell cycle endgtjuired for terminal differentiation
214 However, not all differentiation events involvellccycle arrest, and there are
indications that Myc may play a role in advancirdjalong pathways of epidermal
and hematopoietic differentiation. Perhaps Myc ngpartant for changes in cell
growth and metabolism that are required for lineagamitment.

MYC DEREGULATION IN TUMOURS

The ability of overexpressed Myc to facilitate fetation and inhibit terminal
differentiation fits well with the fact that tumauof iverse origins contain genetic
rearrangements involvingY Cfamily genes. These rearrangements include rettbvir
transductions, amplifications, and chromosomal di@rations, as well as viral
insertions, and in general are thought to incréa¥€ expression levels and prevent
MY Cturnoff rather than alter the function of the Myo#ein through mutatioff®%2*
> Indeed, many of the genomic alteration$M¥C result in increaseMYC mRNA
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levels through increased transcription initiatiolecreased transcription attenuation,
and augmented stability of thBIYC messenger RNA?°. However, although
mutations in the Myc protein are relatively raréey nonetheless do occur,
particularly in retrovirus-transducédYCgenes and in translocatitly C genes™. It
has been suggested that these mutations influerywés Nfansactivation ability by
altering binding to inhibitors such as the retira@bma protein (Rb) or p107 or by
modulating the effects of serine and threonine phosylation required for full
transcriptional activity’*. Another possibility is that the transcriptiondfeets of
mutations are secondary to alterations in Myc pmotegradation. Myc family
proteins have short half-lives, on the order of M-min *° and, although some
instances of stabilization have been detected,a$ weported earlier that in most
tumour-associated Myc proteins, stability was rmsistently affected®” 2°® More
recently, it has been discovered that Myc degradais carried out through the
ubiquitin-mediated proteosome pathwdy” ?®° and that many tumour-related
mutations in Myc result in significant stabilizati@f the proteir®®. Furthermore,
activated Ras, an oncoprotein that collaboratel Wiyc in the transformation of
primary cells, has also been reported to indudeilitation of Myc protein®®’. The
molecular consequences of Myc stabilization arenomln, but the heightened
stability must contribute to an overall increaséMiyic protein levels and is likely to
exacerbate the transcriptional effects of Myc. His tregard it is intriguing that the
highly conserved region called Myc box Il (see Bglowhich is essential for
transformation and at least some of Myc’s transiomal activities, has also been
shown to regulate Myc protein turnové®. There is also evidence that c-Myc
translation can be regulated by the switch from agparently inefficient cap-
dependent mechanism to a capindependent intebwdame entry site within the 50
untranslated regiof® This has been shown to occur during apoptosieels as
serum stimulation and has been suggested to atsease the rate of Myc translation
during transformatioi®2. The idea that the tumor-associated Myc mutatgerse to
activate Myc is attractive. However, a study systecally examining the effects of
these mutations on Myc function in tissue cultuelischas revealed that they have
little if any effect on transformation, proliferati, apoptosis, or target gene
expression?®®. Indeed the most common Myc mutation found in Btisk
lymphomas, T58lI, confers decreased transformingiggtwith no evident change in
apoptosis compared with wild-type Myc. These resuitay reflect important
differences between in vitro transformation assaysl in vivo tumorigenesis.
Furthermore, the maintenance of apoptotic fundtaimese Myc mutants may simply
come from the ability of tumoUr cells to circumveyc-induced cell death by other
mechanisms such as loss of p53 or Arf activitieridi®s of Myc’s role in
oncogenesis indicate that augmented Myc levelsacese through transcriptional,
post-transcriptional, and post-translational medras. Several recent studies using
murine models of epithelial and hematopoietic tfamsation have demonstrated that
high MY Clevels are continuously required to maintain thdtigenic phenotyp&*
%65 Because, as described above, Myc overexpressitissue culture cells can result
in extended proliferation, it seems likely that gameffects occur in tumour cells and
that secondary mutations in other genes cooperéte MYC to generate overt
tumours. Another, not mutually exclusive role foydmay be to induce genomic
instability 2°% 2% 267 Although the mechanism for this has not beenbéisteed,
instability might generate cooperating mutationther genes. A large number of
genes that cooperate wiMYC in mouse models of lymphomagenesis have been
identified.
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While in many cases the functions of these coopwyajenes are unknown, recent
work suggests that an important subset is likehadb by abrogating the apoptotic
function of Myc. This notion had surfaced earliehem it was found that the
antiapoptotic protein Bcl-2 inhibited Myc-inducegagptosis in tissue culture cells
and also promoted lymphomagenesis in mice in cotttion with Myc?®® #*° More
recent experiments have demonstrated that in méeeying a c-MYC transgene
whose expression is directed to lymphoid cellg~{EYC mice) ?”° the MYC
overexpressing progenitor cells exhibit high ratésspontaneous apoptosis and
contain an intact Arf-Mdm2-p53 checkpoint pathwdy. However, lymphomas
derived from these same mice display spontaneadivation of the p53 pathway
through mutation or loss of p53 or Arf or via elgga of Mdm2 levels’’?, nicely
echoing the findings in MEFS® and in K562 cells, where Myc has also been shown
to antagonize the effects of p53. As expected fthase resultsMY CGtransgenic
mice with hemizygous or nuARF alleles showgreatly accelerated lymphomagenesis
271 as do E-MYCmice lacking p53'% The importance of Arf and apoptosisniyc
induced lymphomagenesis was strikingly underscosedxperiments demonstrating
that the protein encoded by the cooperating ona@@MI1 is a member of the
Polycomb class of repressors that acts to supgrga®ssion from thénk4a locus,
which encodes Arf and p16INK4d>. Moreover, loss of one or botimil alleles
inhibits lymphomagenesis ingBVYC mice by increasing Arf-dependent apoptosis
27 This work represents perhaps the clearest exaofiglenechanism through which
Myc collaborates with other genes during tumourlatvan. It is likely that other
cooperating oncogenes will similarly act to evade apoptosis inducing activity of
deregulatedYC.

TRANSCRIPTION ACTIVATION AND THE Myc BOX Il RIDDLE

When introduced into cells, Myc can activate traipsion of synthetic reporter genes
containing promoter proximal E-boxes in both yesmsi mammalian cell§™ ¢ |n
addition, Myc stimulates natural E-box-containingmpoters or sequences derived
from putative Myc target geneg® #">2'7 This transcriptional activity appears to
require two regions of Myc: the C-terminal bHLHZdaim and the N-terminal
transactivation domain comprising the first 143 mmniacids 2% 2% 2% The
implication from these results is that Myc heteroeiizes with the ubiquitously
expressed endogenous Max to permit sequence-sp&iA binding followed by
Myc-dependent activation of transcription. Thisc@nsistent with many studies in
which Myc bHLHZ mutations, leading to the loss @fsaciation with Max and/or
decreased DNA binding, serve to abrogate Myc’s sttaptional activation and
biological activities. Further evidence supportinige necessity of Myc-Max
interaction for transcriptional activation comesnr experiments exchanging HLHZ
domains of Myc and Max as well as altering the dination specificity of the zipper
regions so that the mutant proteins dimerize wabheother but not with their wild-
type counterparts. These altered-specificity Myd Btax proteins fail to function on
their own but are dependent on each other for &itimg transcription, proliferation,
transformation, and apoptosis® ?’° Interestingly, artificial Myc homodimers
generated through altered dimerization specifizijacing mutations are deficient in
biological function and transcriptional activatisuggesting that an interaction with
Max is required for Myc-Max DNA binding or transgtional activity. The
dependence on Max for Myc function is consisterthwither studies demonstrating
that Myc-Max complexes can be detected in cells #trad Max alone has little
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transcriptional activity'” ?*> Taken together, these experiments suggest agdiirdn
between Myc-Max heterodimerization and transcridloactivation. While it seems
likely that Myc’s transactivation is crucial to ifsinction, these studies offer no
formal proof.

The region of Myc responsible for gene activatitime (transactivation domain, or
TAD) was initially defined by using fragments ofMyc protein fused to the DNA
binding domain of the yeast Gal4 protefii>. These experiments mapped
transcriptional activation to a segment lying bedswemino acids 1 and 143, which
encompasses two regions, Myc box | (MBI; from apprately amino acids 45—-63)
and Myc box Il (MBII; approximately amino acids }2813), containing sequences
highly conserved among the different Myc family f@ios throughout evolution. An
N-terminal region containing both MBI and MBIl (amai acids 41-143) exhibits the
highest transcriptional activity of any of the Nftenal Myc fusion proteins (Kato et
al 1990). In this context, deletion of either MBINBII, as well as at least part of the
sequence lying between them, diminishes transonptiactivation potential 10- or
50-fold, respectively. In biological assays, MBlat®n was found to attenuate only
Myc transforming activity while an MBIl deletion owpletely abolished it*®°.
Although MBIl is clearly required for Myc’s trangiming function, its role in
transcription has been controversial. This is beealeletion of MBIl from the full-
length c-Myc protein has little effect on activatiin transient assays using either
synthetic reporter genes or promoters derived fpoimative Myc target genés’. On
the other hand, a careful study of the E-boxesh@gromoter ofa-prothymosin, a
putative Myc target gene, shows that deletion of IM&8iminates Myc-induced
activation at sites distal to the promoter whiléation of more-proximal sites does
not require MBI

Proliferation
& Transformation

Figure 15. Factors which interact with Myc. CTD domain inluttHLHZ", and interacts with Max
and other factors. NTD domain includes MB1 and M@gions involved in interactions with other
proteins involved in transcriptional regulationramatin remodelling and apoptosis.

However, this detailed analysis has not been pmddron the promoters of other
target genes. Other work bearing on MBIl and tratrgation involves a naturally
occurring variant of Myc, Myc-S (residues 101-439wid-type Myc), which lacks

the majority of the transactivation domain but iregaMBIl. Myc-S has repression
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activity but does not appear to function as a @atigator in transient assays’
Nonetheless, Myc-S can induce the expression ah#er of endogenous Myc target
genes. The correlation between the biological fonst and the transcriptional
activities of MBIl is controversial because MBIllshbeen shown to be important for
Mycinduced repression. If MBIl is not required factivation, then we might well
conclude that cell transformation by Myc is mor@eledent on gene repression than
on activation. Perhaps one problem is that assaysywsynthetic reporter genes,
while capable of demonstrating the intrinsic adiowa or repression functions of
transcription factors, may not faithfully reproducthe chromatin context
characteristic of endogenous target genes. Indieedinding that MBIl interacts with
a coactivator complex with HAT activity argues fdiBII's involvement in
chromatin-dependent activatiott.

MECHANISMS OF Myc TRANSACTIVATION

The initial excitement generated by tleeoveries that Myc heterodimerizes with
Max, binds DNA, and activates transcriptioon gave way to the disappointing
realization that Myc’s ability toansactivate both engineered reporters and putative
endogenous target genes wafatively weak generally ranging from 3- to 10efol
transactivation when assayedmammalian cells. In general, transactivation doms
function by facilitatingrecruitment of the basal transcription machinetiyezidirectly

or indirectly. In nearly all cases, TAD function involves interacBowith other
proteins. Althoughthe N-terminal Myc TAD has been shown to assocwith a
number of proteins, few provide obvious clues te mirechanism of Myc-induced
activation. A striking exception has been the rédagentification of a novel nuclear
cofactor called TRRAP as a Myc-binding proteifRRAP was identified by using
Myc-TAD as an affinity reagent to isolate interagtiproteins and was shown to
require MBII for binding®®2. The TRRAP sequence is homologous to the ATM/PI-3
kinase family, although amino acid changes in tbi#ve-site region suggest that
TRRAP is unlikely to possess kinase activit§ Concomitantlystudies of the yeast
Saccharomyces cerevisia€éentified a protein highlyrelated to TRRAP as a
component of the SAGA complex, a molecular asserobiaining the HAT GCN5
and other components which facilitate TBP positigrif> 234

Figure 16. Myc regulates chromatin structure in close proxyymd E-Box sequenze. MBIl domain
determines the recruitment of TRRAP and GCNS5.
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A mammalian counterpart of SAGA has been identiff@dWhile it is still unclear
whether this entire complex is associated withMlye TAD, a recent report indicates
that HAT activity coimmunoprecipitates with Myc pean bothin vitro andin vivo
23! The recruitment of the TRRAP-GCN5 complex plaBg, and specifical ly the
MBII region of Myc, among the group of transcriptad activators. When considered
with earlier work indicating that Mad-Max and MntaM dimers repress transcription
through recruitment of a corepressor complex catgi histone deacetylase
(HDAC) activity ?®°, these findings produce a satisfyingly symmetrigaiv of Myc
and Mad functions and immediately suggest that Myd Mad antagonism stems
from the opposing enzymatic activities directed doiv histone modification.
Although many of the Mad proteins are induced dutarminal differentiation, when
Myc is downregulated, there is also evidence of N&adily and Mnt expression in
proliferating and quiescent cells. One possiblelanation for this is that the Myc-
Max complex exhibits weak transactivation actiMitycause its major role is not to
fully activate targets but rather to augment theeasibility of regions of chromatin
that have closed through the action of Mad- or klsgeciated deacetylases. The
region of chromatin opened through Myc would persutbsequent binding and
activation by constitutive transcription factorsi¢s as USF). This view of Myc-Max
as a derepressor has received some support froemtreerk on the cyclin D2
promoter. Induction of a conditional Myc can actesaéxpression of the endogenous
D2 gene, although Myc is inactive in transient gssaith the D2 promoter. When
Mad-Max is used to repress the promoter, then Myt induce its expressidH’.
Interestingly, induction of cyclin D2 mRNA can alfe achieved by treatment of
cells with a HDAC inhibitor. This suggests that My@ay function most efficiently in
a context of repression. Myc has also been linkedan SWI/SNF-like ATP-
dependent chromatin remodelling complex. A receport showed that Myc can
interact in vivo with the SNF5 homolog INI1 throutytyc’s bHLHZ domain and that
putative dominant interfering forms of INI1 and BREBSNF2 can block Myc
transactivatiorf°®,

Because INI1 is a strong candidate tumor suppre€8piits potential role as a
positive mediator of Myc function is somewhat puzgl A major unanswered
question is whether INI1 acts to displace Max frdma HLHZ region or forms a
ternary complex with Myc and Max. Perhaps bindifighe INI1 complex to Myc
alters Myc’s target specificity or transcriptioradtivity. In any event, it is intriguing
to imagine that Myc recruits both histone-modifyiagd chromatin-remodeling
activities. A number of other interesting proteihave been identified as being
capable of associating with Myc and possibly inficiag activation (or repression).
For most of these proteins, functional informati®timited, and it still remains to be
determined whether interactions occur when the npast are expressed at
physiological levels.

TRANSCRIPTIONAL REPRESSION BY Myc

For a number of years it has been observed thét leigls of Myc expression in
transformed cell lines correlate with down-reguatiof specific mMRNAs. These
MRNAs include those encoding cell surface protesnsh as the class | HLA
molecules in melanoma cells, tlad@ A1 integrin in neuroblastomas, and the LFA-1
(aL B2 integrin) cell adhesion protein in transformeddds as well as H-ferriti**

° . More recently a DNA element required for Myc-rizgeld repression has been
demonstrated to lie within the promoters of repedstarget genes, indicating that
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Myc repression is likely mediated at the transaipdl level>*°. These studies have
raised two major questions: first, what is the nagiém of Myc repression and,
second, what roles do repression and activatioy iplaMyc’s biological functions?
Do repression and activation cooperate to faadithtyc function, and are they
antagonistic or separable independent activitieds® question of mechanism again
leads to the highly conserved MBII region. MBIl isquired for repression of the
growth arrest gen&AS1and for the down-regulation of the C/EBPand the
albumin promoter in transient ass&ys ?*° However, the region of Myc spanning
residues 96-106 appears to be required for dowmatgn of the cyclin D1 mRNA.
Taken at face value, these studies indicate tleaetare at least two regions involved
in repression and that these regions are contawtédh the transcriptional activation
domain. Evidence suggesting that Myc repression regyire both recognition of a
specific DNA sequence and interaction with specdfroteins has accumulated. A
number of Myc-repressed targets contain a subasgitiator elements (INRs;
consensus, YYCAYYYYY, where Y is a pyrimidine basd#)ich are usually, but not
invariably, present at TATA-less promoters. OtheycMepressed genes, such as
GADDA45 do not contain INR sequences; rather, represgipears to be mediated by
a GC-rich region that is potentially recognized§1 and p53°. INR elements are
recognized by TFIID as well as a number of reguiatproteins, such as the
transcription initiation factor TFIl-I, YY-1, andhé POZ domain protein Miz-1.
Interestingly, the last three proteins have be@onted to associate with the bHLHZ
region of Myc ** While there has been little follow-up on the ilitreports
involving Myc interaction with TFIl-I, the associah of Miz-1 with Myc has been
recently confirmed and shown to promote stabil@atof Myc by inhibiting its
ubiquitin-dependent degradatiéf’. Perhaps a stable Myc-Miz1 interaction blocks
the ability of Miz-1 to initiate transcription aR-containing and other promoters.
Similarly, high Myc levels in the cell are thougtat sequester YY-1 and prevent
transcription of one of its target genes, althoagiother report suggests that the
effects of YY-1 on Myc are indirect*®. There is also evidence that a naturally
occurring Max protein variant (dMax) lacking a lwasegion and helix 1 can interact
with c-Myc to block its transcriptional activatidanction but promote its repression
activity 2>, Perhaps the common theme underlying Myc repressia loss of Myc
E-box binding function, for example by displacemeafitMax by other bHLHZ
binding proteins, permitting Myc to associate wahd sequester positively acting
transcription factors (e.g. Miz-1). Here the roleMBII in recruiting TRRAP-HAT
might involve not acetylation of chromatin at E-bsites but rather an inhibitory
acetylation of the sequestered transcription factbmdeed, there are several reports
of acetylation altering protein specificity andisity **

Myc represses also the p21 promoter, which encfotate cyclin-dependent kinase
inhibitor, through the short GC-rich region juststneam of the transcription start site,
although Myc does not appear bind directly its poten c-Myc does not need to
heterodimerize with Max for repression of p21 proenothis proximal region of the
p21 promoter lacks Myc-canonical binding sites, bomtains multiplr Sp1-binding
sites and a potential Inr element. c-Myc mediat2dl pepression is independent of
histone deacetylase activity (Fig. 17).
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Figure 17.Multiple factors employ distinct mechanisms to e the p21 promoter. Myc exerts their
action through the proximal promoter region. Myccaoproteins tend to interfere with positive
regulators of p21 transcription, such as p21 andlMi

What is the relative importance of Myc’'s activati@amd repression functions?
Unfortunately, an unequivocal answer to this quests not available. Recent data
from DNA microarray experiments attempting to detiere the effects of Myc
overexpression on global gene expression profilage lkdemonstrated that multiple
genes are both activated and repressed by Myc,thétimajority being activated*
However, the relative importance of activated amgreéssed genes cannot be
accurately assessed at this point. Nonethelesseinhs likely that both activation and
repression are required for Myc biological functi@nly when we learn more about
the molecular details of Myc’s transcriptional ftinas will we be able to generate
mutations permitting us to distinguish the consegae of activation vs repression.
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CELL CULTURES

Human neuroblastoma Tet21/N, SHEP cells were gnowDMEM containing 10%
FBS and 50g/ml gentamycin. Human neuroblastoma SH-SY-5Y, LAnd LAN-
5 were grown in RPMI medium 1640 containing 20% FB# 50ug/ml gentamycin.
HL60, P493, Kazumi-4,K562, KG1A cells were grown RPMI medium 1640
containing 10% heat-inactivated FBS and@ml gentamycin.

RNA EXTRACTION

The step by step protocol is described for cultwats grown in two 100-mm dishes,
containing 1-1,5 x 107 cells per dish. Removerttegium and add slowly 1ml of
PBS1X. wash and remove. Harvest the cells usingsimnytreatment and when the
cells detach from the culture dish, add 1 volumdre$h medium and transfer the
sunspension to a tube. Centrifuge for 5 minuted G0 rpm, then remove the
supernatant. Add 1-1,5 ml of TriReagent (SigmapePigently up and down and
incubate for 5 minutes at room temperature. Add |8G#f chloroform and vortex for
10 seconds. Incubate 5-10 minutes at room tempera@entrifuge fo 5 minutes at
12000rpm at 4°C. transfer acqueous phase in a niegvan add 750l of isopropyl
alcohol. Mix gently and incubate for 5-10 minutésa@m temperature. Centrifuge at
12000rpm for 10 minutes at 4°C. remove the supama@nd wash the pellet with 1,5
ml EtOH 75% treated with DEPC and centrifuge atQ®fom for 5 minutes at 4°C.
remove the supernatant and dry the pellet. Thesuspend the pellet in 30-30 of
DEPC-treated water and heat the sample at 55°C0foninutes.

THERMOSCRIPT RT-PCR SYSTEM

The ThermoScript RT-PCR was designed for the seasand reproducible detection
and analysis of a RNA molecules in a two-step psc@&hermoScript RT, an avian
reverse transcriptase with reduced RNase H actiwiis engineered to have higher
thermal stability, produces higher yields of cDNa&d produce full-length cDNA.
cDNA synthesis was performed using total RNA wiliga(dT).

In a 0,2-ml tube, combine primer (oligo(dT)ugtotal RNA and dNTP 10mM mix,
adjusting volume to 1@l with DEPC-treated water. Denature RNA and primays
incubating at 65°C for 5 min and then place on \6ertex the 5X cDNA Synthesis
buffer for 5 sec just prior to use. Prepare a mmasaction mix on ice, with 5X
synthesis buffer, 0,1M DTT, RNaseOUT (4QW), DEPC-treated water and
ThermoScript RT (15unitgdl). vortex this mix gently. Pipet gl of master reaction
mix into each reaction tube on ice. Transfer thegda to a thermal cycler preheated
to the appropriate cDNA synthesis temperature acdhate for 100 min at 50°C.
terminate the reaction by incubating at 85°C famf. Add 1ul of RNase H and
incubate at 37°C for 20min. Add 80 of MQ-water for each reaction and store at -
20°C or use for gPCR immediately. Use only pt®f the cDNA synthesis reaction
for gPCR.

SYBR GREENER gPCR
SYBR GreenER gPCR SuperMix (Invitrogen) for ICycigra ready to use cocktalil

containing all components, except primers and tateplfor real-time quantitative
PCR (qPCR) on ICycler BioRad real time instrumethigt support normalization
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with Fluoresceina Reference Dye at final concemmnabf 500nM. It combines a
chemically modified “hot-start” version ofadDNA polymerase with integrated
uracil DNA glycosilase (UDG) carryover preventioechnology and a novel
fluorescent dye to deliver excellent sensitivity the quantification of target
sequences, with a linear dose response over anarge of target concentrations.
SYBR GreenER gPCR SuperMix for ICycler was suppéed 2X concentration and
contains hot-starfTadDNA polymerase, SYBR GrenER fluorescent dye,ul¥
Fluorescein Reference Dye, MgCHINTPs (with dUTP instead of dTTp), UDG, and
stabilizers. The SuperMix formulation can quantéyer than 10 copies of a target
gene, has a broad dynamic range, and is compatitilenelting curve analysis. The
TagDNA polymerase provided in the SuperMix has beeamubally modified to
block polymerase activity at ambient temperatuadieying room-temperature set up
and long term storage at 4°C. Activity is restoedter a 10-minutes incubation in
PCR cycling, providing an automatic hot start focreased sensitivity, specificity
and yield. UDG and dUTP in the SuperMix prevent is@mplification of carryover
PCR products between reactions. dUTP ensures nilgadraplified DNA will contain
uracil, while UDG removes uracil residues from $ngr double-stranded DNA. A
UDG incubation step before PCR cycling destroys emytaminating dU-containing
product from previous reactions. UDG is then inated by the high temperatures
during normal PCR cycling, thereby allowing the difiqgation of genuine target
sequences. Fluorescein is included at a final garatgon of 500nM to normalize the
fluorescent signal on instruments that are comf@atiith this option. Fluorescein
can ajust for non-PCR-related fluctuations in fesmence between reactions and
provides a stable baseline in multiplex reactidagram real time instrument for
PCR reaction as shown following: 50°C for 2 minutedd (UDG incubation), 95°C
for 10 minutes hold (UDG inactivation and DNA polgrase activation), 40 cycles
of: 95°C for 15 seconds and 60°C for 60 seconds.nfidtiple reactions, prepare a
master mix of common components, add the apprepvisiume to each tube or plate
well, and then the unique reaction components template, forward and reverse
primers at 200nM final concentration). Cap or dbal reaction tube/PCR plate, and
gently mix. Make sure that all components are @& blottom of the tube/plate,
centrifuge briefly and place reactions in a pretbéareal-time instrument
programmed as described above.

MTT ASSAY

MTT assay is a laboratory test and a standard icoétric assay (an assay which
measures changes in colour) for measuring celpialiferation (cell growth). It is
used to determine cytotoxicity of potential medatiagents and other toxic materials.
Yellow MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-dipheafitetrazolium bromide, a
tetrazole) is reduced to purple formazan in theoahiondria of living cells. A
solubilization solution (usually either dimethyllfexide or a solution of the detergent
sodium dodecyl sulfate in dilute hydrochloric adslladded to dissolve the insoluble
purple formazan product into a colored solutione Tdbsorbance of this colored
solution can be quantified by measuring at a aesaivelength (usually between 500
and 600 nm) by a spectrophotometer. This reductaltes place only when
mitochondrial reductase enzymes are active, ancefthre conversion is directly
related to the number of viable (living) cells. Wiihilne amount of purple formazan
produced by cells treated with an agent is comparigll the amount of formazan
produced by untreated control cells, the effectagsnof the agent in causing death of
cells can be deduced, through the production afse-desponse curve.
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MTT stock solution: 5mg/ml (Promega) in RPMI-1640theut phenol red. This
solution is filtered through a Oy filter and stored at 2-8°C.

MTT working solution: 1:10 diluition of the 5mg/retock

Wash cultured cells with warm RPMI-1640 withot pbered. Prepare MTT working
solution. Add MTT working solution into wells beiragsayed, for example 1 ml for
each well of 12-well plate. Incubate at 37°C fon®0 to 3hrs (this time depends on
cell density and cell type). At the end of the ibation period, the medium can be
moved if working with attached cells. the convertdygk is solubilized with 1ml
acidic isopropanol (0,04M HCI in absolute isopropanPipette up and down several
times to make sure the converted dye dissolves ltetyp Transfer the dye solution
with the cells into a 1,5ml eppendorf tube and girge at 13000 rpm for 2 min.
transfer the supernatant into a new eppendorf tbsorbance of the converted dye
is measured at a wavelenght of 570nm with backgt@uivtraction at 650nm. For the
measurement, use Beckman DU-600 Spectophotometeatigposable plastic.

MULTI-DRUG EFFLUX ASSAY

The Multidrug Resistance Direct Dye Efflux Assayt KChemicon) includes two of

the best characterized and most commonly useddnudtiresistance ABC transporter
substrates, DIOC2(3) and rhodamine 123. The kiblesaresearchers to directly
assess the functional activity of the MDR1, MRPH &CRP membrane pumps in
living cells under physiologic conditions by didgctmeasuring the relative

fluorescence of cell populations that actively ed# fluorescent multidrug resistance
transport substrates.

Cold Efflux Buffer — In a sterile field, mix the ntents of the 200 ml sterile 5x
RPMI-1640 bottle (200 ml) and 800 ml sterile wat&ssue culture grade) in a sterile
1 liter bottle. With a sterile pipet, add 34.5 ritloe sterile 30% BSA to obtain sterile
efflux buffer. If desired, to maintain sterilitydd 1 ml of Gentamicin Solution,
1000x, and mix. Chill on ice for at least 2 h befarsing in the assay. Open the
container only in a sterile environment. Store @dugportion at 4°C for up to 12
months. Discard if contamination is evident. Appnoately 10 ml Efflux Buffer total
is required for each test.

Warmed Efflux Buffer — Remove an aliquot of Coldl&t Buffer and warm to 37°C
at least one hour before use in the assay; keepter bath at 37°C until use.
DiOC2(3) Loading Buffer — On the day of the assdijute DIOC2(3) Solution
1:1000 in the desired amount of Cold Efflux Bufférvolume of 250 ul per test is
required. Invert 5-10 times to mix. Keep on iceiluadding to cells. Protect solutions
containing DIOC2(3) from prolonged exposure to tigh

Rhodamine 123 Loading Buffer — On the day of theagsdilute Rhodamine 123
Solution 1:100 in the desired amount Cold Efflu¥fBu A volume of 250 ul per test
is required. Invert 5-10 times to mix. Keep on imetil adding to cells. Protect
solutions containing Rhodamine 123 from prolongegbsure to light.

Note: The user has the choice of using either DIOC2(3Rbodaminel23, or both
as two separate experimental points, as an effltobg in a given experiment,
depending on the application of the user.

Warmed Efflux Buffer containing 22 uM Vinblastine Gn the day of the assay,
dilute Vinblastine Solution 1:1000 in Warmed EfflBuffer. For tests to assess
vinblastine inhibition of dye efflux, a volume of il per test is required. Keep at
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37°C until use. Warmed Efflux Buffer containing DMS- On the day of the assay,
dilute DMSO 1:1000 in Warmed Efflux Buffer. For tego assess dye efflux in the
absence of vinblastine, a volume of 1 ml per tesequired. Keep at 37°C until use
Propidium lodide Buffer — Dilute Propidium lodidgo8k Solution 1:50 in Cold
Efflux Buffer before use in flow cytometry. A volwerof 0.5 ml per test is required.
Protect solutions of Propidium lodide from prolodgexposure to light. (Optional)
Cold efflux buffer or other antibody staining buffeontaining 0.01% sodium azide.
Needed if staining with an antibody will be perfadnafter the efflux assay.

Amounts of reagents reguired per test:

treatment

item 4°C 37°C + 37°C + 37°C +
DMSO vinblastine | experimenta
1 compound
cells 25x100r [25 x 10° or [25x 10° or [ 2.5 x 10° or
more more more more
D1OCH(3) or 025 ml 0253 ml 025 ml 0.25 ml

Rhodanune 123
Loading Buffer

Cold Efflux 7.5 ml 7.5 ml 7.5ml 7.3 ml
Buffer (for

washing)

Cold Efflux 1 ml
Buffer (for
efflux step)

Warmed Efflux 1 ml
Buffer + DMSO

Warmed Efflux 1 ml
Buffer +

vinblastine

Warmed Efflux 1 ml
Buffer +
experimental
compound

Propidium 0.5 ml 0.5 ml 0.5ml 0.3 ml
Iodide Buffer

Assay Protocol

Note. Because membrane transport mediated by MDR1, MRRIL BCRP is a
complex process that is highly dependent on malfigttors, such as physiological
conditions of the target cell population, intracgdr ATP status, the degree of
expression of MDR1, MRP1 and BCRP, and fluoresdget concentration, some
parameters may need to be adjusted for each expetahseries. At the same time, it
Is essential that all temperature conditions and diaeformulations strictly
correspond to the underlying protocol.

Grow cell line of choice in its appropriate mediuhime cells should be kept in media
lacking multidrug resistance substrates for attlesme week (selective drugs may
interfere with dye efflux). Antimicrobial agentsggar not to interfere with multidrug

resistance ABC transporter function and may beushed in the media. Media should
be replaced one day before the assay. Approximatglyx 100000 cells are required
for each testAdherent cells should be dislodged from plates tapdard methods,

and used in the assay in suspension. Count cellsul@te the total number of cells
required for the number of tests to be performed, @ke volume necessary to get

74



Materials and Methods

the desired number of cells. Centrifuge cells a 20g for 5 min. Discard the
supernatant and retain the cell pellet. Resuspemaédll pellet at 1 x 106 cells/ml in
cold DiOC2(3) or Rhodamine 123 Loading Buffer.

Note: At this step, cells intended to be used in sepaests can be loaded with the
fluorescent dye of choice in one tube. Minimizétligxposure of dye-containing
samples by handling quickly when in ambient ligintgd performing incubations in
containers that offer protection from light.

For loading with DIOC2(3), incubate for 15 min a®i For loading with Rhodamine
123, incubate for 30 min to 2 h on ice. Centrifugds at 200 x g for 5 min. Remove
supernatant. Resuspend pellet in 2.5 ml Cold Efffuffer per 106 cells. Repeat
previous step. At this point, distribute resuspehdells into different tubes for each
different treatment. For an initial confirmation gecificity of efflux, use 3 tubes,
each containing 625 pl (2.5 x 105 cells).

Note: An initial characterization of the time course gfedefflux by each individual
cell type is strongly recommended. For time coangeeriments, the quantity of cells
undergoing the same treatment can initially beipuhe same tube. For example, for
n time points, puh x 2.5 x 100000 cells(x 625l at the cell density given in step 8)
into one tube for each treatment.

Centrifuge cells at 200 x g for 5 min. Remove sop&nt. Resuspend cells in the
following media, at 1 ml per test containing 2.500000 cells:

A. 37°C-Warmed Efflux Buffer containing DMSO
B. 37°C-Warmed Efflux Buffer containing vinblastine
C. Ice-Cold Efflux Buffer

Immediately transfer tubes andB to a 37°C water bath. Do not perform incubations
in an incubator, which does not have adequate teahype control. Keep tub& on
ice. Incubate for the desired time period.

Note: For time course experiments, remove 1 ml aliquais ftheincubation tube,
add to Cold Efflux Buffer, and immediatesturn the incubation tube to its proper
incubation temperature toontinue the time course. Cell types with high |k
MDR1 expressioffe.g. KB-8-5-11 or KBV-1 cell lines) tend to effliyes within 15
min. Cell types expressing lower amounts or endogenolRM (e.g. normal
lymphocytes or hematopoietic stem cells) will reg3i0 min to 3 h tefflux dyes.

Add 5 ml Cold Efflux Buffer per test, and immedigtput the tube on ice.

Note: Low temperatures stop the efflux reaction. For tiooeirse experiments, the
earlier time points may be kept on ice at this paintil all of the samples are
collected.

Centrifuge at 200 x g for 5 min in a refrigeratedntifuge at 4°C.Remove

supernatant. Resuspend cells in 1 ml per testX2B5 cells) Cold Efflux Buffer.
Centrifuge at 200 x g for 5 min in a refrigeratedntifuge at 4°C.Remove
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supernatant.(Optional) If antibody staining of sedlubjected to the efflux assay is
desired, use a PE-conjugated antibody and perfoenstaining using ice-colauffers
after the efflux phase is completedr analysis by flow cytometry, resuspend cells in
0.5 ml per test ColdPropidium lodide BufferFor analysis in a fluorescence plate
reader, resuspend cells in 0.25 ml et Cold Efflux Buffer. Maintain on ice until
analysis by flow cytometry or fluorometry. Celfsay be kept on ice for several
hours. Longer times are natcommended, as prolonged exposure to the dyes and
vinblastine can b&oxic to the cellsAnalyze by flow cytometry, with DIOC2(3) and
rhodamine 123 on FLRE (if employed in step 18) on FL2, and Pl on FC8llect
2500-10,00Cvents Alternatively, cell suspensions can be dispenstxthre wells of

a blackwalled96-well plate and measured in a fluorescence plasgler at an
excitation wavelength of 485 nm and an emissionalength 0530 nm.

ChIP- CHROMATIN IMMUNOPRECIPITATION

The step by step protocol is described for cultwats grown in two 100-mm dishes,
containing 1-1,5 x 107 cells per dish. Two 100-rdishes are used for each
immunoprecipitation. In the specific case the protois intended for human
neuroblastoma cells growing adhesively. Minor aiients have to be introduced for
other cell types especially for those growing ismension. Based on our experience,
one of the most critical steps in performing Ché§ards the conditions of chromatin
fragmentation, which need to be empirically setarpeach cell types employed

In each plate add 270 pl formaldehyde from a 37%ckstsolution and mix
immediately. Incubate samples on a platform shdker 10 minutes at room
temperature. In each plate add 500 ml glycine feo@5 M stock solution and mix
immediately. Incubate on a platform shaker for lihutes at room temperature.
Transfer the plates in ice and remove the mediuarvést the cells with a scraper
and then centrifuge at 1500 rpm for 4 minutes ild c@ntrifuge, then keep samples
on ice. Remove the supernatant and wash pellea&stivith 10 ml ice-cold PBS1X/
1 mM PMSF. After each washing centrifuge at 15060 rfor 5 minutes at 4°C.
Remove supernatant and resuspend pellet in 50€etddld Cell Lysis Buffer. Pipet
up and down 10-20 times, then incubate on ice @minutes. Centrifuge at 3000
rpm for 5 minutes at 4°C. Remove supernatant asuspend pellet in 600 ul ice-cold
RIPA buffer. Pipet up and down 10-20 times, thecubate on ice for 10 minutes.
Sonication of crosslinked cells is performed in tdistinct steps. First, cells are
sonicated with a Branson Sonifier 2 times for 1&osels at 40% setting. Next, cell
samples are further sonicated with the Diogene Upimr for 20 minutes at high
potency in a tank filled with ice/water in order teep cell samples at low
temperature during sonication. Centrifuge sampte$4800 rpm for 15 minutes at
4°C. Transfer supernatant to a new tube and pee-tfsate by incubating it with 50
pl of Immobilized Protein A (Pierce) for 15 minutesthe cold room at constant
rotation. Centrifuge samples at 3000 rpm for 5 rreawat 4°C. Take the supernatant,
after having saved 50 ul aliquot for preparationlMPUT DNA, and add 5 pg of
specific antibody. Rotate the sample O/N in thelecobm. Add 50 ul of Immobilized
Protein A (Pierce) and incubate by constant rotatior 30 minutes at room
temperature. Centrifuge the sample at 4000 rpn®b forinutes at room temperature.
Remove the supernatant and proceed to wash the.déadeach wash, incubate the
sample by constant rotation fro 3 minutes at roemperature and the centrifuge at
4000 rpm for 2 minutes at room temperature. Wasimds with 1 ml Ripa Buffer.
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Wash 4 times with 1 ml Washing Buffer. Wash 2 timath 1 ml TE buffer. Remove
the supernatant and add 200 pl TE buffer to theldeAdd 10 pg RNAse A and
incubate at 37°C for 30 minutes. Add 50 pl Protetn& Buffer 5X and 6 pl
Proteinase K (19 mg/ml). Then, incubate at 65°@ ishaker at 950 rpm for 6 hrs.
Centrifuge at 14000 rpm for 10 minutes at 4°C, ttransfer the supernatant (250 pl)
to a new tube.

Extract once with phenol/chlorophorm/isoamylalcon@ecover the aqueous phase
(200 pl) and transfer to a new tube. Add 100 ul GuEfer to the remaining
phenol/chlorophorm fraction and re-extract DNA. Resr the aqueous phase and add
it to the previous one. Extract once with chlorophiiso-amyl-alcohol. Recover the
aqueous phase (200 pl) and transfer to a new Adge.1 pl glycogen (Glycogen is
20 mg/ ml stock solution), 10 pg Salmon Sperm, Mallimes Na-acetate 3M pH
5.2, and 2.5 volumes of cold ethanol100% Vortex pretipitate at -80°C for 40
minutes. Centrifuge at 14000 rpm for 30 minute4°&. Remove the supernatant and
wash pellet with 200 pl EtOH 70%. Resuspend IP-Divl INPUT samples in 50-
100 pl 10 mM TrisHCI pH 8. Use 2-4 ul of IP-DNArfReal Time PCR analysis.

Cell Lysis Buffer: RA Buffer Washing buffer
5 mM PIPES pH 8 19@NacCl 100mMTrisHCI pH 8
85 mM KCI 1% NP40 500mM LiC
0,5% NP40 0,5% NaDoc 1% NP40
1 mM PMSF 0,1% SDS 1% NaDoc
Protease inhibitor cocktail (Roche) 50 mMsHCI pH 8

1 mM PMSF

Protease inhibitor cocktail (Roche)

DUAL-STEP CHROMATIN IMMUNOPRECIPITATION

The step by step protocol is described for cultwats grown in two 100-mm dishes,
containing 1-1,5 x 107 cells per dish. Two 100-rdishes are used for each
immunoprecipitation. In the specific case the protois intended for human
neuroblastoma cells growing adhesively. Minor aients have to be introduced for
other cell types especially for those growing isgension. Based on our experience,
one of the most critical steps in performing Ché§ards the conditions of chromatin
fragmentation, which need to be empirically setarpeach cell types employed

Remove medium and add 2 ml PBS 1X/ 1 mM PMSF tt gdate and scrape cells
at room temperature. Pool together the cells framm plates and centrifuge at 1500
rpm for 5 minutes at room temperature. Wash cédlepwith 20 ml PBS1X/ 1 mM
PMSF at room temperature and centrifuge at 15@0 figr 5 minutes. Repeat this
step 3 times. Resuspend pellet in 20 ml PBS1X/ 1 RWSF. Add disuccinimidyl
glutarate (DSG) to a final concentration of 2mM amik immediately. DSG is
prepared as a 0.5 M stock solution in DMSO. (Notetubate for 45 minutes at
room temperature on a rotating wheel at mediumag8eLl0 rpm). At the end of
fixation, centrifuge the sample at 1500 rpm for héhutes at room temperature.
Wash cell pellet with 20 ml PBS1X/ 1 mM PMSF atmotemperature and centrifuge
at 1500 rpm for 5 minutes. Repeat this step 3 tinREsuspend pellet in 20 ml
PBS1X/ 1 mM PMSF. Add 540 pl formaldehyde from &a33tock solution and mix
immediately. Incubate samples on a rotating whewl I5 minutes at room
temperature. Add 1 ml glycine from a 2,5 M stockuson and mix immediately.
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Incubate on a rotating wheel for 10 minutes at réemperature. Centrifuge samples
at 1500 rpm for 4 minutes in cold centrifuge, ttkeep samples on ice. Remove the
supernatant and wash pellet 3 times with 10 mcad-PBS1X/ 1 mM PMSF. After
each washing centrifuge at 1500 rpm for 5 minute$°’&. Remove supernatant and
resuspend pellet in 500 ul ice-cold Cell Lysis BuffPipet up and down 10-20 times,
then incubate on ice for 10 minutes. Centrifug8@@0 rpm for 5 minutes at 4°C.
Remove supernatant and resuspend pellet in 600epdald RIPA buffer. Pipet up
and down 10-20 times, then incubate on ice for irfutes. Sonication of crosslinked
cells is performed in two distinct steps. Firstllsare sonicated with a Branson
Sonifier 2 times for 30 seconds at 40% setting. tNerll samples are further
sonicated with the Diogene Bioruptor for 20 minugdigh potency in a tank filled
with ice/water in order to keep cell samples at l@mperature during sonication.
(Note 3) Centrifuge samples at 14000 rpm for 15wutas at 4°C. Transfer
supernatant to a new tube and preclear lysate bybating it with 50 pl of
Immobilized Protein A (Pierce) for 15 minutes irettold room at constant rotation.
Centrifuge samples at 3000 rpm for 5 minutes at. 4T@ke the supernatant, after
having saved 50 pl aliquot for preparation of INPDNA, and add 5 pg of specific
antibody. Rotate the sample O/N in the cold roomid A0 pl of Immobilized Protein
A (Pierce) and incubate by constant rotation form3@dutes at room temperature.
Centrifuge the sample at 4000 rpm for 5 minutesoam temperature. Remove the
supernatant and proceed to wash the beads. Forwessih incubate the sample by
constant rotation fro 3 minutes at room temperatune the centrifuge at 4000 rpm
for 2 minutes at room temperature. Wash 4 timeé Witml Ripa Buffer. Wash 4
times with 1 ml Washing Buffer. Wash 2 times withmil TE buffer. Remove the
supernatant and add 200 pl TE buffer to the befdis.10 ug RNAse A and incubate
at 37°C for 30 minutes. Add 50 pl Proteinase K BuBX and 6 ul Proteinase K (19
mg/ml). Then, incubate at 65°C in a shaker at $80 for 6 hrs. Centrifuge at 14000
rpm for 10 minutes at 4°C, then transfer the sugamt (250 ul) to a new tube.
Extract once with phenol/chlorophorm/isoamylalconH@ecover the aqueous phase
(200 pl) and transfer to a new tube. Add 100 ul GiEfer to the remaining
phenol/chlorophorm fraction and re-extract DNA. Resr the aqueous phase and add
it to the previous one. Extract once with chlorophiso-amyl-alcohol. Recover the
aqueous phase (200 pl) and transfer to a new Adge.1 pl glycogen (Glycogen is
20 mg/ ml stock solution), 10 pg Salmon Sperm, Mallimes Na-acetate 3M pH
5.2, and 2.5 volumes of cold ethanol100% Vortex pretipitate at -80°C for 40
minutes. Centrifuge at 14000 rpm for 30 minute4°&. Remove the supernatant and
wash pellet with 200 pl EtOH 70%. Resuspend IP-Div@l INPUT samples in 50-
100 pl 10 mM TrisHCI pH 8 Use 2-4 ul of IP-DNA fBeal Time PCR analysis.

Notes

1).We have tested several crosslinking agents dnoju DSG (disuccinimdyl
glutarate), EGS [ethylene glycol bis(succinimidgsmate], DMA (dimethyl
adipimidate) and DSS (disuccinidimyl suberate)oum conditions, DSG was the one
that worked best, although we also obtained gosdltewith EGS.

2) Sometimes, insoluble aggregates form when DSfelaed to cells resuspended in
PBS 1X . However, this seems not to preclude tlieieficy of the crosslinking
reaction.

3) Through this procedure we could efficiently fragnt chromatin in a range
between 500 and 200 bp. As stated above, this csitigal step that must be
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empirically set up for each cell line tested. Fgaraple, HL-60 cells that grow in
suspension, are sonicated with a Branson Sonifiemés for 30 seconds at 40%
setting and subsequently with the Biogene Bioruptoa full power for 30 minutes.
This procedure allows fragmentation of HL-60 chréméo a size range of 1000-500

bp.

LUCIFERASE ASSAY

The Dual-Luciferase® Reporter (DLR.) Assay SysteRrofnega) provides an
efficient means of performing dual-reporter ass&yshe DLR. Assay, the activities
of firefly (Photinus pyrali} andRenilla(Renilla reniformis also known as sea pansy)
luciferases are measured sequentially from a siegtaple. The firefly luciferase
reporter is measured first by adding Luciferaseafkdeagent Il (LAR Il) to generate
a stabilized luminescent signal. After quantifyitige firefly luminescence, this
reaction is quenched, and tRenillaluciferase reaction is simultaneously initiated by
adding Stop & Glo® Reagent to the same tube. Tlp 8t Glo® Reagent also
produces a stabilized signal from tRenillaluciferase, which decays slowly over the
course of the measurement. In the DLR. Assay Sysberti reporters yield linear
assays with subattomole sensitivities and no enumgeactivity of either reporter in
the experimental host cells. Furthermore, the nategl format of the DLR. Assay
provides rapid quantitation of both reporters eitinetransfected cells or in cell-free
transcription/translation reactions.

Note: The LAR II, Stop & Glo® Reagent and samples shob&l at ambient
temperature prior to performing the Dual-Lucife@s&ssay. Prior to beginning this
protocol, verify that the LAR Il and the Stop & @dReagent have been warmed to
room temperature.

The assays for firefly luciferase activity aRenillaluciferase activity are performed
sequentially using one reaction tube. The followingtocol is designed for use with
a manual luminometer or a luminometer fitted witle eagent injector.

Predispense 100ul of LAR Il into the appropriatenber of luminometer tubes to
complete the desired number of DLR. Assays. Prodgrentuminometer to perform a
2-second premeasurement delay, followed by a 16rsemeasurement period for
each reporter assay. Carefully transfer up to 2@|ckll lysate into the luminometer
tube containing LAR II; mix by pipetting 2 or 3 tes.Do not vortex. Place the tube

in the luminometer and initiate reading.

Note: We do not recommend vortexing the solution at Stéyortexing may coat the
sides of the tube with a microfilm of luminescealusion, which can escape mixing
with the subsequently added volume of Stop & Glo@agent. This is of particular
concern if Stop & Glo® Reagent is delivered inte thbe by automatic injection.

If using a manual luminometer, remove the sampbe twiom the luminometer, add
100l of Stop & Glo® Reagent and vortex brieflynhix. Replace the sample in the
luminometer, and initiate reading.Discard the neactube, and proceed to the next
DLR. Assay.
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CO-IMMUNOPRECIPITATION AND GST-PULL DOWN ASSAYS

The interaction between different proteins is ass@dy immunoprecipitation and
Western blotting. Cells are washed two times in RB$ PMSF (0,1%) and lysed in
the following buffer for isolation of nuclei: HepedmM, NaCl 50 mM, EDTA
1mM, DTT 1mM, NaPirophosphate 1 mM, NaOrtovanadafe mM,
Nafluorophosphate 1 mM, PMSF 1 mM, protease inbib{Complete, ROCHE).
Nuclei are lysed in Tris-Cl pH 7,5 50 mM, NaCl 180n, EDTA 10 mM, DTT 1
mM, protease inhibitors. Nuclear lysate (1 mgymnunoprecipitated with antibody
to HDAC (Upstate), N-Myc, SP1 (Upstate) overnightt®C. The day after, specific
immunoprecipitated material is incubated wilOul of slurry-beads protein A,
allowing the link between our specific antibody apbtein A. The beads with
immunocomplexes are washed five times with nuclgsis buffer + NP40 0,25%
and boiled in Laemmli sample buffer for 5 min &0iC. Eluted proteins are
separated by SDS-PAGE and analyzed by Western blot.

For GST pull-down assay HEK293 cells are transtectdth pRK7-SP1-HA
construct and harvest 48 hrs after transfectionll (yesates are pre-cleared by
incubation with GST-saturated glutathione beadslftwr. lysates are incubated with
GST-N-Myc 1-88, GST-N-Myc 82-254, GST-N-Myc 249-3éidd GST-N-Myc 336-
644 for 1 hr at 4°C followed by incubation with tdthione beads for 1hr. bound
protein are eluted with sample buffer and subjette8DS/PAGE and analyzed by
Western blot.

SOUTHERN BLOT

Southern blotting is the transfer of DNA fragmefitam an electrophoresis gel to a
membrane support. The transfer or a subsequentiaaresults in immobilization
of the DNA fragments, so the membrane carries ammanent reproduction of the
banding pattern of the gel. After immobilizatiothet DNA can be subjected to
hybridization analysis, enabling bands with seqeetw a labeled probe to be
identified. The blotting is performed onto a pagtcharged nylon membrane with an
alkaline buffer. The advantage of this combinatia that no post-transfer
immobilization step is required, as the positivelyarged membrane binds DNA
irreversibly under alkaline transfer conditions.eTimethod can also be used with
neutral nylon membranes but less DNA will be regdin

Digest the DNA samples with appropriate restricteorzymes, run in a agarose gel
with appropriate DNA size markers, stain with eilnd bromide, and photograph
with a ruler laid alongside the gel so that bensliuans can later be identified on the
membrane. The gel should contain the minimum agacmsmcentration needed to
resolve bands in the area of interest and shoukd hmam thick. The amount of DNA

that must be loaded depends on the relative abgedarthe target sequence that will
subsequently be sought by hybridization probingisRithe gel in distilled water and
place in a clean glass dish containtfi) gel volumes of 0,25 M HCI. Shake slowly
on a platform shaker for 30 min at room temperatiites step results in a partial
depurination of the DNA fragments, which in turrade to strand cleavage. The
length reduction improves the transfer of longetenoles.pour off the HCI and rinse
the gel with distilled water. Add ~10 vol of 0,4MaRH into the dish and shake
slowly on a platform shaker for 20 min. This is tenaturation step. Set up the
transfer via downward capillary transfer in a glaksh filled with enough 0,4M
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NaOH solution. The transfer pyramid is composed2e8 cm of paper towels,
Whatman 3MM nylon membrane and gel. An O/N trans$esufficient for most
purposes. Make sure that the reservoir of 0,4M Naf@#Es not run dry during the
transfer. At the end of the transfer remove theepapwels and filter paper and
recover the membrane. Rinse the membrane in 2XBI&€s on a sheet of Whatman
3MM filter paper, and allowto air dry. Baking or Udfosslinking is not neede with a
positevely charge membrane; in fact UV crosslinkisgdetrimental. Store the
membranes dry between sheets of Whatman 3MM papesel/eral months at room
temperature.

HYBRIDIZATION ANALYSIS OF DNA BLOTTED

Heat pre-hybridization buffer at 65°C and equilteréhe membrane in 50ml of this
buffer. Incubate on a rotor for 1hr. Then elimin#étés solution and incubate with
10ml of pre-hybridization buffer for 3hrs, addingh@ of placental DNA previously
denatured at 100°C for 5 min. Labell the probe. TWiegaprime (Biosciences)
systems allow DNA from a variety of sources to &eelledin vitro to high specific
activity with 32P and other radionuclides. Dissolne probe to be labelled to a
concentration of 2,5-25ng/ in TE buffer. Place the rquired tubes from the
Megaprime system, with the exception of the enzyateépom temperature to thaw.
Leave the enzyme at -15°C to -30°C until requiged return immediately after use.
Place 25ng of template DNA into a microcentrifugke and to it add fil of primers
and the appropriate volume of water to give a tet@ume of 5@l in the final
reaction. Denature by heating to 95-100°C for 5utgs in a boiling water bath. Spin
briefly in a microcentrifuge to bring the contembsthe bottom of the tube. Keeping
the tube at room temperature and add the nucleotidd reaction buffer followed by
radiolabelled dNTPs and enzyme. Mix gently by gipgtup and down and cap the
tube. Spin for a few seconds in a microcentrifugéring the contents to the bottom
of the tube. Incubate at 37°C for 10 minutes awd top the reaction by the addition
of 5ul of 0,2M EDTA. Denature the labelled DNA by heagtito 100°C for 5 min,
then chill on ice. At the end of pre-hybridizatimmove the buffer and add 10 ml of
hybridization buffer with the denatured probe. Ibate O/N at 65°C and then wash
2-3 times the membrane with 50ml of washing bu#fie85°C for 45 minutes for each
washing. Place the membrane in a x-ray film casseith a sheet of autoradiography
film on top of themembrane. Close the cassette expbse at -80°C for 1 week.
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TRANSCRIPTIONAL REGULATION OF ABC TRANSPORTERS GENE S IN
NEUROBLASTOMA CELL LINES.

Some ABC genes, such &RP1/ABCCland MRP4/ABCCd4represent predictive
prognostic markers of a poor outcome for childreurnblastomd® "2 A strong
association betweeN-MY C amplification or overexpression and enhanced swoél
MRP1andMRP4has been demonstrated in neuroblastoma tunioufs It has been
previously shown that N-Myc regulates t&P1gene, interacting with a putative E-
box element in addition to otheis-acting factors’™. It is therefore of interest to
investigate whether other members of ABC geneslyatain be directly regulated by
N-Myc oncoprotein. To address this issue we contpammnscriptional profile of the
48 human ABC genes with that NEMYC We used a NB cell line stably transfected
with N-MY C construct, the transcription of which is under toatrol of the rTET-
inducible expression system (Tet21/NJ. The transcriptional level of each ABC
gene was evaluated by gRT-PCR during a time cowitdetetracycline and cluster
analysis was performed using CIMminer microarrayl {&ig.1). ABC genes can be
grouped in four different clusters, differently celated withN-MY C expression. A
first group represents ABC genes, the expressionhi¢h don’t change during time
course with tetracycline; a second group identiC genes, which are positively
correlated withN-MYC down-regulation; whereas a third group of ABC &gn
presents a transcriptional profile contro-corredatégth N-MY C expression. Finally,
transcriptional profile of several ABC transportgysnes are not here represented
because they are not expressed in Tet21/N cell Faeticularly interesting is that
three ABC transporters, and preciselyRP1/ABCC1 MRP4/ABCC4 and
MRP3/ABCC3 have great clinical relevance. High levels ¢fiIRP1/ABCCland
MRP4/ABCC4 associated with low levels dfIRP3/ABCC3represent the most
predictive marker of poor clinical outcome in neuestoma (Haber et al, data
unpublished).
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Figure 1. Relative mRNA expression of ABC transporter gemes determined in TET/21-N
neuroblastoma cells as a function of N-Myc downtagon. (A) Cluster analysis performed using the
CIMMiner microarray tool. (B) Relative expressiof ABC transporter genes positively (top) or
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negatively (bottom) regulated by N-MYC in TET/21¢d¢lls at different time points of tetracycline
treatment.

Although MRP3 shows structure homology with MRPId aiRP4 transporters,
normally involved in chemoresistance, there isen@ence of a clear association
between MRP3 and drug resistance phenomenon. Tiy ¥eat ABC transcription
profile was also correlated with that dfMYCin other cell lines, their mRNA levels
were evaluated in five human neuroblastoma cedslinvhich express different levels
of N-Myc. Figure 2b shows a cluster analysis diagraf ABC expression across
these five neuroblastoma cell lines. ABC genes gigaded by N-Myc were highly
expressed in Lan-1 and SK-N-BE where the oncogemenplified or overexpressed,
whereas their expression was lower in SH-SY-5Y,N6&6H and SHEP (with low
level of N-MYQ). Otherwise MRP3/ABCC3was expressed in those cells, whisre
MY C expression is low, while its transcription resdlttecreased wheN-MYC was
amplified or overexpressed.

Based on the results of the gRT-PCR analysis, weetbre propose that N-Myc is a
transcriptional activator for several ABC genes antranscriptional repressor for
MRP3/ABCC3

CELL LINE CLUSTERING ANALYSIS

RELATIVE mRNA EXPRESSION OF N-MYC TARGET ABC GENES ABCF3

WITH RESPECT TO THEIR MEAN EXPRESSION IN R
NEUROBLASTOMA CELL LINES
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Figure 2. mRNA expression of ABC transporters was determiriedfive distinct human
neuroblastoma cell lines and correlated with thitNeMYC. Results show that in most cases
transporter gene expression was significantly higmeells overexpressing N-MYC.

N-Myc AFFECTS DYE AND DRUG EFFLUX IN NEUROBLASTOMA CELL
LINES

To determine how N-Myc can influence drug respomse have compared the
sensitivity of several neuroblastoma cell lineshemoterapeutics commonly used in
therapy. Cells were incubated with increasing cotregion of some
chemotherapeutic agents, such as vincristine ardrdbicin, which are transported
by MDR1, MRP1 and BCRP transporters. Furthermooapodubicin and vincristine
forms an integral part of the therapy of many diildd solid tumours, including the
therapy of neuroblastoma. High-risk neuroblastoomaaurs, highly correlated with
N-MYC amplification, demonstrated drug resistance agathese compounds.
Therefore, it was important to understand whethdfiy¢ might induce cellular drug
resistance against these agents.
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Cell survival to these compounds was measured by M3say. Following 72h of
continuous exposure to each compound, the cellsliméth amplification or
overexpression dil-MYCdisplayed an ID50 of more than five times highert the
neuroblastoma cell lines with low expressiomMeMY Citself (Fig. 3).
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Figure 3.N-MYCexpression levels correlate with cell resistacdrtigs.

In order to understand whether the increasedtaesis in NB cell lines witiN-MYC
overexpression could be associated with increaffbdk activity, we evaluated the
accumulation of two dyes, Rhodamine and DiOC2, et2I/N in absence of
tetracycline (Tet21/N -) or following its additigiet21/N+).

DIOC2 is highly specific for Mdrl, and is not trgasted by the related multidrug
resistance protein, MRP®’. Rhodamine 123 is effluxed by MDR1 and to a lesser
extent by MRP1, and thus serves as a more broadatond of total cellular efflux
activity. Another member of the ABC family, breasancer resistance protein
(BCRP), weakly transports DIOC2, but does not fpansRhodamine 125% We
evaluated the functional activity of the MDR1, MRBAd BCRP membrane pumps
by directly measuring the relative fluorescencecefl populations that actively
extrude fluorescent multidrug resistance transpalistrates. The efflux activity of
MDR1 and its relatives is highly temperature sévsitThey optimally function near
37°C, but are effectively inactive at 4°C. ABC sparters-expressing cells preloaded
with MDR1 fluorescent substrates retain the dye aotisequently have high
fluorescence when incubated at 4°C. Converselig icelubated at 37°C more readily
efflux the dye and show reduced fluorescence (37EIMSO,). A specific inhibitor,
vinblastine, was also used as a substrate for M&xRILit competitively blocks efflux
of DIOC2(3) and Rhodamine 123. Inclusion of exceswblastine in the efflux
reaction at 37°C therefore results in high fluoeese (37°C + vinblastine).
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Consistent with the results of cytotoxicity assilyMyc can influence the efflux of

specific ABC transporters substrates, directly ueficing their transcriptional

activity. Indeed, a highly significant reduction ithe amount of each specific dye
retained in the cell was observed in cells witthligMY C expression but not in cells
whereN-MYCis silenced (Fig. 4). In presence of vinblastihe, fluorescence of cell

populations resulted unchanged, demonstrating tiat efflux of these dyes is
specifically controlled by MDR1, MRP1 and BCRP.
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Figure 4. The efflux activity of ABCB1/MDR1, ABCC1/MRP1 andBCG2/BCRP was compared
between TET/21-N —TET (high N-Myc) and TET/21N +T@dw N-Myc).

N-Myc REGULATES TRANSCRIPTION OF ABC GENS BY BINDIN G
DIRECTLY TO THEIR PROMOTERS

To confirm the direct association of N-MYC with tpeomoters of ABC genes up-
regulated by N-Myc itself, ChIP studies were parfed in Tet21/N- cell line. Each
ABC promoter was evaluated for the presence of miaaband non-canonical Myc
binding sites (E-Box) by bioinformatic tools. Weetkfore searched for E-Box motifs
located within a distance of 2 Kb on either sidetlé transcriptional start site.
Immunoprecipitated DNA was analyzed by gPCR usiaigspof primer flanking the

specific binding sites. ChIP results indicated thetterodimer N-Myc/Max binds the
promoters of tested ABC genes in close proximitythte transcriptional start site.
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abcbl represents an exception, because its praneéer not bound by N-Myc, thus
it could be proposed as a secondary target of N-diygmprotein (Fig. 5).

ChIP analysis confirmed that N-Myc is directly agated with nine ABC genes
(ABCA2, ABCB9, ABCB10, ABCC1, ABCC4, ABCE1, ABCBCFR andABCGJ.
However, the binding of Myc at its consensus segeeappears to be required, but
not always sufficient for transcriptional activati¢Frank et al.; Fernandez et al.).
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Figure 5. N-Myc is a direct regulator of several ABC trpager genes and binds ABC transporter
promoters in close proximity to the transcriptidarssite.

To demonstrate that N-Myc binding to ABC promotatisectly affected their
transcriptional activity, we performed a luciferasgsay. For each ABC gene, we
have cloned the promoter into luciferase expressiector. Luciferase assay was
performed in Tet21/N, and we have evaluated pronaatgvity in dependence of N-
Myc expression. For ABC genes directly bound by MeMuciferase assay displayed
a decreased promoter activity whAMY C was downregulated, by suggesting that
the binding of the oncoprotein is necessary forr tinenscriptional activation (Fig. 6).
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Figure 6. c-Myc role on ABC gene transcription is recapitathby transient transfection assay. ABC
transporter promoters were cloned into a luciferapmrter vector. Constructs were testet in Tet21/N
cells as function o€-MYC expression (+/- Tetracycline). TRBCA10gene was used as a negative
control in that it does not respond to N-Myc.

N-Myc REPRESSES THE ABCC3 PROMOTER BY INTERACTION WITH
TRANSCRIPTION FACTOR SP1

Myc exerts its biological functions at least in tpanrough the transcriptional
regulation of target genes. The best understooctifumof the protein is its ability to
activate genes through recruitment of several atitig cofactors to DNAZ®.
Interestingly, MYC can acts also as transcription@pressor. Indeed, detailed
evidence has accumulated to suggest that cell-ayhilbitory genes and other genes
such asMAD4 andNDRG2are repressed by c-My&>. Three alternate mechanisms
have been proposed that might explain repressiog-klyc. The Myc mediated
repression does not require DNA binding, but irdtBom with some transcriptional
activators such as Miz-1, Sp-1 and SMAD. Theseofactinteracting with Myc, lose
their transactivator function by determining anilifion of gene transcriptiofi’®.
Based oPABCC3transcriptional profile in Tet21/N and in some radastoma cell
lines (Fig.1 and 2) we proposed that N-Myc miglgulate negatively its expression
acting as a repressor. Since there is a signifitardtional overlapping between c-
and N-Myc, we hypothesized that also N-Myc may esprtranscription through a
mechanism similar to that of c-Myc.

] ] ] || ]
-1500 -1000 -500 -250 0 +250 +500
I SP1 biding site STARTSITE —Jlll— CpGlslands

Figure 7. Schematic representation ABCC3gene promoter. The localization of the CpG island
indicated by sky-blue line, while Sp1 binding sitee represented by the vertical red lines.
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Thus, we have analyzedlBCC3 promoters for the presence of Sp-1 binding sites.
ABCC3 promoter doesn’t contain E-Boxes in close proxmid its transcriptional
start site, whereas GC boxes and Inr element ae¢dd around its start site (Fig. 7).
Thus, we have evaluated the binding of Sp1 todgmate sites and we have checked
if also N-Myc could bindABCC3 promoter on GC boxes through its specific
interaction with Spl. We have tested this hypothésia Dual-Step ChIP assay.
Conventional ChIP technique, using a single formlaydie cross-linking step, is
insufficient to detect the binding of transcriptidactors that participate to the
regulation of gene transcription by interactinghwdther proteins, associated with
promoters, but not with DNA. To overcome this peosh| we thought of using the
cross-linking agent DSG (Di(N-succinimidyl)glutaeatin addition to formaldehyde
that may improve the formation of covalent linksviseen proteins and stabilize the
association of proteins to DNA, though not diredilgund to it. Based on other
studies we set up a dual cross-linking ChIP prdtdbat we have successfully
employed to improve immuno-precipitation of com@sxn which tested factors are
not in direct contact with DNA. SpecifieaBCC3 promoter region supposed to be
engaged with Spl and N-MYC were analyzed by qPCR féMnd that either Spl or
N-Myc bind ABCC3promoter on a specific region located between +&@+500bp
and containing three GC boxes (Fig. 8). This figditogether with the evidence that
we was not able to detect N-Myc binding ABCC3 promoter using conventional
ChIP (data not shown), supported the hypothesis Nhllyc can represe®\BCC3
transcription through a direct interaction with Spit not with its DNA promoter.
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Figure 8. N-Myc repressesBCC3gene transcription. Dual cross-linking ChIP andmitative PCR
were applied to Tet21/N- cells. Fold enrichmenadafiven DNA region immunoprecipitated with anti
N-Myc, Max or Spl antibodies was calculated asrtt® between the enrichment obtained with a
specific antibody and that obtained with the preaiime serum. p21 represents positive control for N-
Myc mediated repression.
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To investigate the role that these GC box elemplatg in the regulation oABCC3
reporter constructs were generated and transigaihgfected into Tet21/N cells. The
highest level oABCC3promoter activity was observed with the full Iemgiromoter
reporter construct, which contains all three GCdmxn Tet21/N+ cells, whens-
MYC is downregulated. On contrarpBCC3 promoter activity resulted decreased
whenN-MYC was switched on (Tet21/N-), indicating that N-Mgpresse®ABCC3
promoter. When transfection assay was performeld mibmoter reporter construct
that doesn’t contain these three GC boxes, the @iemactivity was lower and didn’t
change in dependence ®f-MYC expression. The effects of increasBdMYC
expression orABCC3 promoter activity were examined also in a co-tfactson
assay with a plasmid which contain8&1 coding sequence under the control of a
CMV promoter (pRK7SPJ. Also in this caséN-Myc was able to repress the wild
type promoter activity, but not influenced the wityi of deleted construct, indicating
that the region ofABCC3 promoter which contains the three GC boxes, lacate
between +250 and +500bp, is required for N-Myc raedi repression (Fig. 9).
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Figure 9. ABCC3promoter requires the Spl core region for N-mywession. Luciferase activity of
the two reporters ABCC3 amiABCC3 was determined in presence (- TET) or abs€ncTET) of
N-Myc expression and normalized to that of renilla

To determine whether N-Myc repression of tABCC3 promoter is based on
interactions between N-Myc and the transcriptiortda Sp-1, we co-transfected N-
Myc-FLAG vector and HA-Spl vector in HEK-293 celiné and performed

Immunoprecipitations using antibody against HA-Spllowed by immunoblotting

with antibodies against N-Myc-FLAG. We also perfesnco-immunoprecipitation
assay in SK-N-BE in order to detect endogenougant®n. Nuclear extracts were
prepared and subjected to immunoprecipitation v@gil antibody, followed by
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immunoblotting with N-Myc antibody. Using these ags we have observed
association between N-Myc and Sp1l (Fig. 10a).

To identify the region of N-Myc that is responsilide interaction with Sp1, we used
GST-fusion protein containing four different domaiaf N-Myc (A1-88, A82-254,
A249-361 andA336-644). These GST-fusion proteins were used ift-down
experiments with extract from HEK-293 cells tracséel with the plasmid expressing
SP1 (pRK7-SP1). We identified that two N-Myc donsai{f82-254 andA336-644)
are involved in interaction with SP1 (Fig. 10b)
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Figure 10. N-Myc is associated with Spk) Immunoprecipitation (IP) with HA antibody was
performed with nuclear extracts from HEK-293 cetlmnsiently tranfected with mammalian
expression constructs encoding N-Myc-FLAG and Sp{-Hollowed by immunoblotting with
monoclonal anti-M2 Flag antibody). Immunoprecipitation (IP) with Spl antibody was penfied
with nuclear extracts from SK-N-BE neuroblastomdl diee, followed by immunoblotting with
monoclonal anti-N-Myc antibodyc). HEK293 cells were transfected with pRK7-Sp1-HA &Y -

HA and harvested 48h after transfection. Pull-d@assays were performed by incubating lysates with
GST or GST-N-My&1-88, GST-N-My&82-254, GST-N-Myf249-361, GST-N-MyA336-644 for

1h at 4°C followed by incubation with glutathioneddls for 1h. bound proteins were subjected to
SDS/PAGE followed by immuniblotting with anti-HA ginody.
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c-Myc IS ALSO A POSITIVE AND DIRECT REGULATOR OF SE VERAL
ABC TRANSPORTER GENES.

Many haematological malignancies are often assatiatso with alterations in the
level of c-MYC expression. Understanding how c-Myc can promote ldukemic
phenotype will provide novel tools for designing nmcefficient drugs to promote
regression of leukemic tumours. We have testechyipothesis that, like N-Myc, c-
Myc could play a critical role in the insurgence dvtig resistance phenomenon in
CML and AML, may be controlling the expression @@ drug transporter genes.

To achieve this aim, ABC genes expression was madt in HL60, a human
promyelocytic cell line in whicte-MYC is overexpressed and can be turned off by
treating cells with DMSO, and in P493, a lymphotdas cell line modified to
overexpres€-MYC under a tet-off promoter. In these cell lines, ae examined
the expression level of all forty-eight human ABfLigl transporters as a function of
c-MYC silencing. Their transcription profiles was detered by gRT-PCR and
described by cluster analysis (Fig. 11). Our resdémonstrated that c-Myc affected
the transcription of several ABC genes, sucithBE€A2, ABCB10, ABCC1, ABCC4,
ABCE1, ABCF1, ABCFandABCF3 a majority of which, has been found implicated
in chemoresistance.
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Figure 11. Transcriptional profiles of ABC drug transporteenga as function af-MY C expression.
The analysis was performed in P493 and HL-60 aedisl Relative mRNA expression of all 48 human
ABC transporter genes was determined by qRT-PCR fasiction ofc-MYC silencing. The analysis
describes those genes that are positively or negatregulated by c-Myc or for whiclke-MYC
silencing has no effect on their expression. Gettesexpression of which is totally absent in thve t
cell lines, are noy listed in the cluster study.
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Furthermore, performing ChIP assay, we have demaisst a direct binding of c-
Myc to the promoters of the ABC genes positivelgulated by c-Myc itself (Fig.
12).

ABCA2 ABCB9 ABCB10 ABCC1 ABCC4

ABCE1 H ki ABCF1 ABCF2 ABCG2 ABCB1

Figure 12. c-Myc is a direct transcriptional regulator of ABi@nsporter genes.

DNA METHYLATION AND CHROMATIN STRUCURE MAY PLAY AK EY
ROLE IN MULTIDRUG RESISTANCE IN CANCER.

These data were compared to those obtained in Met&l line and the results show
that both c-Myc and N-Myc appear to control a largember of ABC transporter
genes. Venn diagram (Fig. 11b) shows that nine commenes are positively
regulated by c-Myc and N-Myc. AlthougABCB1 and ABCG2seemed not to be
regulated by c-Myc, however, these genes were xyotessed either in P493 or in
HL60 and for this reason we couldn’t exclude thd¥lyc was involved in their
transcriptional control. Epigenetic events may uafice ABCB1 and ABCG2
transcriptional regulation. These two genes areresged at high levels in
haematopoietic stem cellsut they are turned off in most committed proganétod
mature blood cells". Several studies have demonstrated that methylaifothe
ABCBL1 promoter was linked with a lack ABCB1 expression in cell lines and
samples from patients that were diagnosed with Aktiyte lymphocytic leukaemia,
chronic lymphocytic leukaemia, colorectal canced diadder cancef*. Thus,
ABCB1promoter methylation imposes a restrictive chramathvironmentHowever,
when treated with a DNA demethylating agent (5'-Aaleoxycytine), P493 cells
showed reactivation of several ABC genes, includAB§CB1landABCG2 otherwise
silent (Fig. 13).
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Figure 13. Transcriptionale reactivation of some ABC genebfuing the treatment with| 8V of 5'-
Aza-2'-deoxycytine for 72 h in P493 cell line.

Based on the evidence that Abcg2 plays a key rolegulating drug resistance in
leukaemia malignancies, we focused our attentiothenchromatin structure of its
promoter. The reactivation oABCGZ2 following treatment with 5-Aza-2'-
deoxycytine, allows us to hypothesize that its pptanand more specifically the Myc
binding sites present in it, are methylated in 3d8lls, thus inhibiting Myc binding
as previously proposed. In order evaluate the methylation &BCG2 promoter in
P493 and HL60 cell lines we have performed a SontlBdot analysis. We have
digested genomic DNA with Mspl, which recognizesl aseaves CCGG elements
independently of their methylation status; Hpalhieih cleaves the same sequence
only when demethylated; and Pmll which recognizeg Minding site (CACGTG)
but is sensitive to methylation status of this sepe. The results showed that, in
these cell linesABCG2 promoter was hypermethylated, even if Myc bindsigg
remained unmethylated (Fig. 14).
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Figure 14. Southern Blot analysis 0ABCG2 promoter.Genomic DNA (15 pg) digested with the
indicated enzymes was electrophorezedn agarose gel and analyzed by Southern bloidigdation.
The ABCG2probe extends from the promoter region to withie doding sequenc®osition of the
Hpall/Mspl sites are shown schematically over BCG2gene diagram. The digestion profile of
genomic DNA with Mspl was quite different from thatHpall, indicating that several CpG sites were
methylated. We digested P493 and HL60 genomic DIé& avith Pmll, which cleaves E-Box site
(CACGTG) only when demethylated. The digestion ieofor Pmll, if compared with EcoRI
digestion profile, showed that the only one N-Mycinding site was unmethylated.

c-Myc CONTROLS EXPRESSION OF ABC DRUG TRANSPORTERS IN
CD34+ HEMATOPOIETIC PROGENITORS

The treatment of haematological malignancies agp&aibe unsatisfactory in child
and adult patients with acute myeloid leukaemia. iAportant problem in the
treatment of acute myeloid leukaemia is caused Ipyeaexistent or acquired drug
resistance. P-gp/MDRL1 is strictly associated witfauourable outcome in paediatric
ALL patients, whereas MRP1 and BCRP do not seeptatyp a major role in this type
of leukaemia. Also in the treatment of chronic oy leukaemia several patients
does not respond and others lose response dueagment. CML is linked to a
acquired genetic abnormality. Identification of B8€R-ABL kinase fusion protein as
a central player in the pathogenesis of CML leadedevelop of a selective inhibitor
of this fusion protein, named imatinib. The resis&@to this chemotherapeutic agent
can be due to overexpression/amplification of BCB-Ainase or to emergence of
its mutant isoform&®%. In addition, BCR-ABL itself may regula#BCG2expression
via AKT activity, suggesting that ABCG2 may be adiator of imatinib resistance
302 Moreover also the overexpression ABCB1 and its protein seems to be
responsible for resistance to imatinib and inhilsitof this transporter are able to
restore the drug sensitivity>. Thus, like AML, also CML presents a drug resis&@n
strictly related to ABC transporters expressiortifi@rmore, we have investigated the
expression ot-MYCand ABC genes in chronic myeloid leukaemia (CMb)order

to verify whether high expression levelsmMYC may affect transcription of ABC
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drug transporters also in CML cells. CML is chaesited by the Philadelphia (Ph)
chromosome translocation, which generat&CR-ABL fusion gene. This
rearrangements is detected in about 95% of patigitks CML and, because of its
constitutively activated tyrosine kinase activitlyjs considered to be the causative
molecular abnormality in CML. BCR-ABL may positiyelegulate c-Myc expression
304 CML is characterized by high levels oMY Cexpression and a large expansion
of the CD34+ stem cell population in the periphdlabd>°> 3% We have performed
a transcriptional analysis cfMYCand ABC genes (QRT-PCR) in CD34+ cells from
newly diagnosed chronic phase (CP)-CML patients, \@a have found that several
ABC genes, particularlyABCC1 and ABCC4 were overexpressed in CD34+
population if compared to entire population of moadear cells from which stem
cells have been purified (Fig. 15).
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Figure 15. c-Myc controls expression of ABC drug transporiar€D34+ hematopoietic progenitors.
a) Relative expression of c-MYC and ABC genes of @bgell population was compared to that of
the entire population of mononucleated cells (MNEgach colored bar (up) or dots (below)
corresponds to a single patient. ABCA7 which hasnbased as a negative control results to be
repressed in CD34+ cells as compared to MNC cb)lsMann-Whitney statistical test applied to
results of panel A confirms that the expressiorlef analysed genes is significantly differenttie
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two cell populations . Results are reportedA&d values which were calculated as the difference
between Ct of the ABC mRNA and Ct of the GUSB mRdBed for normalization of qRT-PCR.

Particularly interesting is thaABCG2is expressed in CD34+ population and its
expression is correlated to thataMYC This result indicated th&BCG2promoter

is probably demethylated in CD34+ cell populatidrCML patients, and that in this
condition c-Myc is able to act directly on its tsanption. Finally, through ChIP
assay, we have confirmed that c-Myc was physicadigociated with promoters of
ABC drug transporter genes in CML or AML derivedl€¢Fig. 16).

ABCA2 ABCB9 ABCB10 ABCC1 ABCC4

KASUMI-4

FEY
o 8
g ¢

K562
H

KG1A
£

kasms o
Kens

2
) ||
851

ABCF2 ABCG2 ABCB1

KG1A
K62
KASUMI-4.

KG.A
"
-]
-

Ks62
HL6O

+E Nom
T

i
f
f
§
5

Figure 16. c-Myc is physically associated with promoters of @BIrug transporter genes in CML

derived cell lines. To demonstrate that c-Myc cameatly control transcription of ABC tranporter

genes in CML we have performed ChIP in three distiell lines: KGla derived from AML and

expressing the CD34 antigen (control); K562 Ph+, ot expressing the CD34 antigen; Kasumi-4
Ph+ and expressing the CD34 antigen.

It is remarkable thaABCG2is expressed in KGla cell line, derived from AMhda
expressing the CD34+ antigen. These cells are btbchkt an early stage of
development and remain in the proliferative poalisg parameters of staminality.
For this reasonABCG2 promoter remained unmethylated, allowing the c-Myc
binding to its cognate site.
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Resistance to chemotherapeutic agents is a magtaab for successful treatment of
cancer. The failure of the curative treatment afoes patients often occurs as a result
of intrinsic or acquired drug resistance of the duns to chemotherapeutic agents.
The resistance of tumours occurs not only to alsiogtotoxic drug used, but also
occurs as a cross-resistance to a whole rangeugt drith different structures and
cellular targets. This phenomenon is called mudtiglrug resistance (MDR).
Multidrug resistance (MDR) severely limits the etieeness of chemotherapy in a
variety of common malignancies and is responsibtetlie overall poor efficacy of
cancer chemotheragy’.

Therefore, understanding how chemoresistance develod eventually how it can be
contrasted becomes crucial to fight cancer effettivChemoresistance of cancer
cells is in part caused by misregulation of thevéagtof membrane proteins, named
ATP-binding cassette transporters, responsiblettier efflux of chemotherapeutic
agents in cancer celld * Such misregulation may be achieved by mutations
affecting the biophysical and biochemical properted the transporters or by an
increase in their expression level. The human gencodes for forty-eight functional
ABC transporter genes, which can be grouped interssubsets (from A to G) based
on their degree of sequence homold%y A common strategy adopted to overcome
drug resistance in tumours is based on the admatiet of compounds that inhibit
ABC transporters in association with chemotherapeagents, normally used in
therapy'*”. Although these ABC inhibitors are not toxic themes, they might
inhibit ABC transporters also in normal tissueshamting adverse effects of
anticancer drugs. Side effects due to modulatioPABEL transporters in normal
tissues, especially blood-brain barrier should benitored carefully to avoid
neurological response. Thus, considering the lengaccess of available treatment
modalities for the therapy of multidrug-resistanimbur cells, alternative and
complementary strategies need to be developed. séwge oligonucleotide
technologies and oncolytic adenovirus strategyesgmt two novel approaches to
struggle with MDR mechanisms and are based on apalility to restore normal
transcriptional levels of ABC transportefs. For this reason, establishing how the
forty-eight human ABC genes are regulated at trpisen level and which
transcription factors concur to such a controlriscial to understanding the role of
ABC transporters in physiological as well as inhpdbgical contexts, such as cancer.
Although many studies have focused on the transon@l regulation of the
ABCB1/MDR1gene, which encodes the P-glycoprot&inyet very little is known
about the molecular mechanisms underlying transoripf the large family of ABC
transporter genes. A recent study by Gottesmarcalhehgues has proposed that the
definition of the transcription profile of all fgrteight genes may be important in
predicting the possible arising of a multidrug sémnce phenotype in a given type of
cancer’®® 3% Considering recent data showing that 2.9 mill@w cases of cancer
were diagnosed in year 2004 and over 1.7 milliamcea deaths occurred in Europe
alone *° it is clear that any improvement in predictingestoresistance or in
preventing its arising will have a strong impact the quality of patient’s life and
healthcare costs.
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CANCER CHEMORESISTANCE: THE RELATIONSHIP BETWEEN N- Myc
AND MULTIDRUG TRANSPORTERS IN NEUROBLASTOMA TUMOURS

Although many high-risk neuroblastoma tumours all§i respond to the first cycles
of intensive chemotherapy, they frequently becoefeactory to treatment as the
disease progresses. Multidrug resistance in neastiyha is particularly apparent in
patients whose tumours exhibit amplification or mgrpression of theN-MYC
oncogene. N-MYC clearly contributes to the drug resistance phereotygf
neuroblastoma and it represents one of the moseipoMindicators of poor outcome
in this diseasé® "© However, high levels oN-MYC gene expression is strongly
predictive of poor prognosis in older children witAuroblastoma, but not in infants
31 The N-Myc oncoprotein is associated with incréaggowth potential and
tumorigenicity 3 and appears to act as a transcriptional regulgperhaps
influencing the transcription of critical genes ahved in multidrug resistance
phenomenon, such as ABC transporter genes. Oningesstudy, performed by
Manohar et al, demonstrated that N-Myc acts as transcriptioaeivator on
regulation of theMRP1/ABCCIpromoter in human neuroblastorfiaThe expression
of the MRP1gene at high levels in primary neuroblastoma tusquedicts reduced
event-free survival and shorter overall survivalcinildren with this neoplasn?.
Furthermore, since N-Myc regulates expressioABEC1,it has been observed that
N-MYC amplification or overexpression has no prognostedue when MRP1
expression is included as a prognostic fattor

In this study, we show that several ABC transpsrtgmnes, includingBCC1, can be
regulated by N-Myc, defining the role of the onamtpin in the development of a
multidrug resistance phenotype in neuroblastomadedd, we analyzed the
transcriptional profile of all forty-eight human ABtransporter genes infd&MYC
inducible neuroblastoma cell line (Tet21/N) and feend that the expression of
several ABC genes, such aBCA2, ABCB1, ABCB9, ABCB10, ABCC1, ABCC4,
ABCE1, ABCF1, ABCF2, ABCFand ABCG2 , paralleledN-MYC expression,
indicating that a subset of ABC transporter geraes lze positively regulated by N-
Myc itself. Furthermore, we found an inverse regafabetweerN-MYCand another
subset of ABC transporter genes, which seem toepeessed by the oncoprotein.
Specifically, for this latter group, we focusedtbe regulation of thdABCC3/MRP3
transcription by N-Myc. Indeed, a coordinate expi@s of ABCC3/MRP3,
ABCC1/MRPland ABCC4/MRP4influences the aggressiveness of neuroblastoma.
Multivariate analysis reveals that overexpressioh o ABCC1/MRP1 and
ABCC4/MRP4when associated with low transcription ABCC3/MRP3 represents
the stronger prognostic marker of poor outcomeerablastoma tumour (Haber, M.
et al. unpublished).

A strong correlation betwedd-MYC expression and transcriptional levels of these
ABC drug transporter genes has been demonstradgedrabther five neuroblastoma
cell lines, which differ from each other to expresi$erent levels of N-Myc protein.
In particular, ABC genes positively regulated by Mye display higher
transcriptional activity in neuroblastoma cell knavith N-MYC amplification or
overexpression than cell lines expressing low kwel the oncoprotein. On the
contrary, ABCC3/MRP3 presents a lower transcriptional activity in those
neuroblastoma cell lines with high levels of N-Myather than in cell lines where the
oncogene is not expressed. This transcription arsalyperformed in several
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neuroblastoma cell lines as well as in tNeMYC inducible system (Tet21/N),
allowed us to hypothesize that N-Myc may play eciaurole in the development of
multiple drug resistance in neuroblastoma, mediatine transcriptional regulation of
several ABC transporter genes.

Furthermore N-Myc, acting as transcriptional regui@f ABC transporter genes, can
affect drug resistance in human neuroblastoma. #e®pned MTT assay to evaluate
the survival of different neuroblastoma cell linedter treatment with some
chemotherapeutic agents commonly used in therapgh sas vincristine and
doxorubicin. We found that neuroblastoma cell linegth amplification or
overexpression ofN-MYC are extremely resistant to chemotherapeutic agents
indicating that N-Myc expression may predict drugsistance due to ABC
transporters. Indeed, N-Myc is able to affect daiffjux in human neuroblastoma
cancer cells. In th&l-MYCinducible cellular system, we show that cellultiiug of
two dyes, such as Rhodaminel23 and DIOC2, is deetdeaherN-MYC is down-
regulated. Since these fluorescent molecules a@fgpsubstrates of ABCB1/MDR1
and related transporters like ABCC1/MRP1 and AB@E&RP, their decreased
efflux, detected in absence of N-Myc, indicatet tiegulation of ABC transporters by
N-Myc itself may affect drug transport outside ted.

Evaluating the association of the N-Myc/Max heteraplex with ABC transporter
promoters at its specific cognate sites, we caerafizat N-Myc can directly regulate
transcription of ABC transporters. Formaldehyde RChksay performed in Tet21/N
cell line reveals that N-Myc is a direct transaator of many of the ABC genes
identified by transcriptional analysis. In agreemeith previous report§?® 32 we
observed that most Myc binding sites localize tedmted CpG islands and are
proximal to the gene transcription start site, ®sfiog that the N-Myc/Max
heterocomplex may preferentially function closethie transcription start site. We
show that, with the exception 8BCB1/MDR1N-Myc/Max is physically associated
with the promoter of all transporters upregulatgd\bMyc itself, suggesting that N-
Myc directly control the transcription of severalB& transporters acting as
transactivator factor. Regarding ABCB1/MDR1 we mep that N-Myc regulates its
transcription through a secondary mechanism, ev¥enonflicting reports exist
regarding the correlation betwe®&hDR1 and N-MYC Indeed, an experimental
vitro metastatic neuroblastoma model reported that N-Myectly regulated
MDR1gene expression. In this model, the degree of tesigtance directly correlated
with the expression levels bEMYCandMDR1expressiori™2. However, although P-
glycoprotein expression was reported to be a predimarker of outcome in
neuroblastoma patients in some studies™ other series have failed to show any
correlation’® !> Furthermore in contrast tdRP1, the level of expression 61DR1

is lower in tumours withN-MYC amplification compared to those without
amplification’® ' Finally, to confirm that N-Myc binding affectsetranscriptional
activity of ABC promoters upregulated by N-Myc ifsduciferase assays were
performed with a series of ABCs promoter/reportenstructs. Thus, we could
recapitulate, in a transient transfection assayCAdBomoters activity as a function of
N-MY Cexpression. Furthermore, we can state that theyd4hding on tested ABC
promoters is required and sufficient to activatrthranscription. However, we show
that N-Myc may control some ABC transporters traipdion also by acting as
repressor. In particular, we provide the first evide to indicate that human
ABCC3/MRP3is a real N-Myc down-stream regulated gene. c-vbmresses some
target genes through three different mechanismgravie-Myc acts by interacting
with other transcription factor, such as Mizl, Sgdid Smad, and blocking their
transacting activity” > *® The mechanisms of repression of c-Myc is diffefeom
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that of activation, which is dependent on the dirbmding of the Myc/Max
heterodimer to the E-Boxes in the target genesgheement to this proposition, the
N-terminal MBIl of c-Myc is required for the repsien, but not for activatior®.
Thus, when c-Myc acts as repressor, it binds a OiM@moter region through an
interaction with another transcription factor andt rdirectly. Furthermore, in
literature there are few studies about c-Myc mediatepression, but there is no
evidence regarding N-Myc mediated repression. Hewesgince c- and N-Myc
present a significant functional overlapping, wedihesized that also N-Myc may
repress transcription of its target genes by iwterg with other factors, such as
Mizlor Spl.ABCC3/MRP3promoter contains three Spl binding sites (GC ,box)
whereas no E-Box is found in close proximity to th@nscriptional start site. We
evaluated the binding of N-Myc in the region wh&€ boxes are located. However,
to achieve this aim we set up a new technique, dabnal-Step ChIP. Through this
novel approach, we overcame some limits of normf@dPCIn Dual-Step ChIP, to
improve the formation of covalent links betweentpitos and stabilize the association
of proteins to DNA, though not directly bound tpvte used cross-linking agents in
addition to formaldehyde. Through this technique,sliow that either Sp1 or N-Myc
bindsABCC3/MRP3promoter the +200bp to +500bp region containingtigia Spl
binding sites. Furthermore, we show, by transianiférase assay, that this region is
strictly required for N-Myc mediated repressionABCC3/MRP3n neuroblastoma.
To test that N-Myc really interact with Sp1, we fpemed a co-immunoprecipitation
assay and a GST pull down assay and we establigtadhe central and DNA
binding domain of N-Myc are involved in interactiovith Spl. It is clear that the
association of N-Myc tcABCC3/MRP3core promoter is mediated by Spl and in
agreement with this speculation, the deletion ef #p1 binding sites abolished the
repression of N-Myc completely. Clinical drug réarsce in human neuroblastoma, as
in other cancers, is believed to be a multifactgpi@cess involving the action of
multiple gene pathways. High-risk neuroblastoma dura develop resistance
phenotype where cancer cells become resistant tsinadusly to different drugs with
no obvious structural resemblance and with diffecaflular targets. It is reasonable
that several ABC drug transporters with differemvsrate specificity are involved in
the development of this phenotype. In our studyshew that in neuroblastoma cell
lines with amplification or overexpression8fMYC the transcription levels of some
ABC genes result increased, influencing the drugnsisieity to some
chemotherapeutic agents. Therefore we proposeNHdyc play a key role in the
insurgence of drug resistance, because it acts Itain@ously regulating the
transcriptional levels of several ABC genes. Mar§CAtransporters upregulated by
N-Myc, such as ABCA2, ABCC1, ABCC4, ABCG2 pumps glmolecules from the
cytosol to the extracellular medium. However, ingldular drug concentrations often
remain high in drug resistance cells and thereflaraénot explain how drug pumping
at the plasma membrane confers multidrug resistaReeent work indicates how
drug sequestration in cytoplasmic organelles catowt for these paradoxical
results. The intracellular drug distribution is nfeatl in many MDR cell lines,
leading to increased drug sequestration in aciésicles, such as theansGolgi
apparatus, recycling endosomes, and lysosomeswidl by transport to the plasma
membrane and extrusion into the external mediumceSimost anticancer agents
target DNA or nuclear enzymes, sequestration of dnucytoplasmic organelles will
lead to decreased drug-target interaction and biyerdecreased cytotoxiciti® 3’
Some ABC transporters up-regulated by N-Myc, suieiABCB9 and ABCB10, are
expressed in mitochondria and lysosomes respegtaali may contribute to alter
intracellular drug concentration. N-Myc controlshet development of
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chemoresistance phenomenon mainly acting as tréwvesac factor. However, we
provide the evidence th&BCC3/MRP3s repressed by N-Myc. Although, MRP3 is
thought to increase elimination of bile salts frtme hepatocyte, it is expressed also
in normal human adrenal gland, in the cells of zbea fasciculata and in the zona
reticularis *®, Most neuroblastomas arise from the adrenal glamis may develop
anywhere along the sympathetic ch3ifi Thus, we hypothesize th&tRP3may be
silenced during the development of neuroblastomaotu at the same time witk-
MY C amplification or overexpression. Furthermore, sbteroidal anti-inflammatory
drugs induceMRP3 expression in colorectal cancer and seems to\mdvied in the
suppression of tumorigenesis. Initial studies on MRP3 in a panel of drug-resist
cancer cell lines did not turn up any associatietwkeen MRP3 levels and resistance
37 and clinical studies have revealed that low e>xgioesof ABCC3 when associated
with high transcriptional levels #&BCClandABCC4 is indicative of poor outcome
in primary human neuroblastoma (Haber, M. data bhgited). These evidences
support the hypothesis thABCC3 may act as tumor suppressor gene and for this
reason it might be necessary to silence its exjpresisiring tumour development.

et ‘: X

ABCC3 “‘
PO

N-Myc mediated N-Myc mediated
transcriptional activation transcriptional repression

Figure 1. Coordinate regulation of ABC drug transporter gebgdN-Myc in human neuroblastoma
cell lines.

Taken together, this study indicates that N-Mycypla key role in controlling the
development of drug resistance phenotype in humeuroblastoma, operating a
direct and concerted regulation of multidrug resise genes, acting either as
transactivator or as transcriptional repressor .{JigFor these reasons, strategies
aimed at inhibitingN-MY Cmay have therapeutic potential in children witlgr@gsive
neuroblastoma, above all N-Myc may represent a dowam target to control the
insurgence of drug resistance.

CANCER CHEMORESISTANCE: THE RELATIONSHIP BETWEEN c- Myc,
MULTIDRUG TRANSPORTERS AND EPIGENETIC EVENTS.

Our study propose that, like N-Myc, also c-Myc @aw crucial role in the

development of drug resistance phenomenon in lenieaecell lines, such as
lymphoblastoid and promyelocytic cell lines-MYC overexpression has been
demonstrated in many human malignancies and inwelved in the neoplastic
transformation process. So far, no lines of evidehave been provided about its
ability to control the drug resistance in canceccérding to our findings c-Myc can
control transcriptional activity of several ABC drtransporters, by directly binding
their promoters at its cognate sites. Like N-MycMyc may induce an
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overexpression of ABC transporters, such as ABGR2CC1, ABCC4, involved in
the pumping of drug molecules from the cytosol ke textracellular medium.
However, like N-Myc, also c-Myc is involved in thetracellular drug distribution,
controlling transcriptional levels of ABC transpend, such as ABCB9, ABCB10,
localized in cytoplasmic organelles. Therefore, geMmay regulate drug
concentration in tumor cells increasing drug effdxumour cell and increasing drug
sequestration in acidic vesicles, suchtrassGolgi apparatus, leading to decreased
drug-target interaction and thereby decreased ayitwty. Altered intracellular drug
distribution and the overexpression of drug effluxmps are usually associated in
cancer cells which develop drug resistance.

Finally, either N-Myc or c-Myc are direct transaetior of ABCE1transporter gene.
Although this gene is a member of the ATP-bindiragsette (ABC) multigene
family, it is mainly involved in the inhibition ofibonuclease L, a nuclease induced
by interferon in mammalian cells. Human ABCEL1 iatd#s also with the eukaryotic
initiation factors elF5 and elF2 components of phne-initiation comple¥, thereby
Myc proteins, inducingABCE1 overexpression, control translational process,
determining a dramatic increase of cellular growth.

It is interestingly to note that in leukaemia datles, c-Myc is not able to control
transcriptional levels oABCB1andABCG2.Both these genes seem to be silenced in
some leukaemia cell lines. RegardihBCB1some studies implicated epigenetics in
the control of its transcriptio>. The ABCB1/MDR1 promoter region, including
exon 1 and intron 1, is GC rich and constitutesp& @sland according to specified
criteria. Several studies demonstrate that metioylaif theABCB1/MDR1 promoter

is linked with a lack oMDR1 expression in cell lines and samples from patidrds
were diagnosed with AML, acute lymphocytic leukagmchronic lymphocytic
leukaemia, colorectal cancer and bladder cancer.fi@dings demonstrate that also
ABCG2 promoter is methylated in leukemia cell lines, reve Myc binding site
continue to be unmethylated, indicating that otheterochromatic markers may
avoid the binding of c-Myc on thABCG2 promoter. Furthermore, we demonstrate
that treatment with 5’-Aza-2’-deoxycytine resulte ia activation of ABCG2
expression, as well as other ABC transporter gefesrefore, epigenetic events play
a crucial role in controlling ABC transporter gesepression. Recently, the 5-Aza-
2’-deoxycytine (decitabine) has been approved ler tteatment of myelodisplastic
syndromes and other kind of leukaemias. Decitalsiree hypomethylating agent and
at low concentrations is considered to exert itsicancer effects by inducing
hypomethylation of tumour suppressor geffésHowever we propose that its effects
may be broader and may lead to reactivation ofrageaes, such as some ABC drug
transporters, promoting the development of drugistasce phenomenon and
increasing the aggressiveness of the tumour. Fkinalhe treatment with
demethylating agents may play a critical role irsmagulating Myc transcription
functions during tumour development, allowing theding of the oncoprotein at the
promoters, such a8BCG2 promoter, and causing altered expression of itgetar
gene, otherwise silenced. Interestingly, hypometinyh correlates also with
overexpression of-MYC and an increased frequency of hematological tushaur
mice 3“2 For these reasons, the therapy with demethylatiggnts could result
ineffective and dangerous in treatment of cancer.
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CANCER CHEMORESISTANCE: THE ROLE OF c-Myc IN CONTRO LLING
EXPRESSION OF MDR IN HEMATOPOIETIC CANCER STEM CELL S.

Recent findings have demonstrated that cells wiinscell qualities are present in
malignancies of haematopoietic origin and in sowle sumours. The existence of
such population would imply that the stem cell esgnts the cell of origin for the
tumour. Cancer stem cells are likely to share mafnhe properties of normal stem
cells that provide for a long lifespan, includinglative quiescence, resistance to
drugs and toxins through the expression of seV&B& transporters, an active DNA-
repair capacity and a resistance to apopt65idhis observation supports a novel
point of view on how drug resistance may be acldelsg cancer cells. In the
conventional model of tumour cell drug resistamaee cells with genetic alterations
that confer multidrug resistance (MDR) form a drugsistant clone. Following
chemotherapy, these cells survive and prolifer@atdorm a recurrent tumour that is
composed of offspring of the drug resistant cloimethe alternative model, drug
resistance can be mediated by stem cells. Accotdinlgis model, tumours contain a
small population of tumour stem cells and theifedéntiated offspring, which are
committed to a particular lineage. Following chehsoapy, the committed cells are
killed, but the stem cells, which express drug gpamters, survive. These cells
repopulate the tumour, resulting in a heterogend¢omeour composed of stem cells
and committed but variably differentiated offsprifigThe drug transporting property
of normal and cancer stem cells conferred by ABGQgdransporters represents an
important marker in the isolation and analysis aEmatopoietic stem cells. Most
cells accumulate the fluorescent dyes Hoechst 33Bd42Rhodamine 123, but stem
cells do not, as these compounds are effluxed b BEBCRP and ABCB1/MDR1,
respectively. Because they don’t accumulate thieseescent dyes, stem cells can be
sorted by collecting cells that contain only a Idevel of Hoechst 33342
fluorescence. These cells are referred to as ‘sajrilation” (SP) cells®. A large
fraction of haematopoietic stem cells are founthm SP fractiori®. The exact origin
of pluripotent stem cells in tumours might vary.eytcould arise from the malignant
transformation of a normal stem cell that has aedated oncogenic insults over
time °. Alternatively, the original tumour cell could bemore differentiated cell that
develops the capacity for continual self-renewlalistacquiring the properties of a
stem cel? Distinguishing between these two might be difficEvidence that cells
other than stem cells can acquire the ability tdemgo self-renewal has been recently
proposed in studies examining the progression oérsb myelogenous leukaemia
(CML) %% The chronic phase of this disease occurs whetera sell acquires the
expression of BCR-ABL fusion protein, leading tareased proliferation of cells
within the granulocyte-macrophage progenitor paad ¢heir downstream progeny.
Furthermore, the progression to blast crisis folaadditional genetic or epigenetic
events that confer progenitor stem cells with theacity to self renew, making them
indistinguishable from a leukaemic stem cell. Fbese reasons, the stem cell
compartment is not rigidly defined, suggesting grde of plasticity in CML, and
generally in cancef® ® It was therefore important to identify the popida that
contains leukemic stem cells in CML and to idenéfients leading to the progression
of leukaemia, the outcome of these events, andotber of their appearance in
leukemic stem cells and their precursors.

In our study, we isolated a stem cell populatianfmewly diagnosed chronic phase
(CP)-CML patients. Indeed, CD34 is a glycophospbtgin expressed on early
hematopoietic precursor cells, which can be eaglntified and purified by
immunological tecniques. Immunophenotype of bonerowa (FACS analysis) in
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CML patients revealed a broader CD34+ cell popoathan that revealed in healthy
donors. The number of CD34+ progenitor cells presiduseful diagnostic and
prognostic information regarding the evolution oMC Furthermore, in chronic
myelogenous leukaemia, cancer stem cells CD34«lzaeacterized by the t(9;22)
(934;911) reciprocal chromosomal translocation dofwsome Ph), which forms the
BCR-ABLfusion gene®’. We find that these cancer stem cell populatiopresses
high transcriptional levels of several ABC drugnsporter genes if compared to
those observed in the entire population of monaarctumour cells from which
CD34+ stem cells have been purified. We show tlst@MYCis highly expressed
in CD34+ stem cells fraction and that it is almesénced in mononuclear tumor
cells. Therefore, we can hypothesize that, in CMIDQ34+ cancer stem cells are
mainly responsible to develop aggressive formshi kind of leukaemia, and that,
expressing high levels of several drug transpartbesy may repopulate the tumour
after chemotherapy, spawning a tumour mass conhpletgactory to treatment with
chemotherapeutic agents. It is interesting to poirttthat in patients with a response
to imatinib there is a significant decrease in thenber of CD34+ cells, whereas
samples from patients with imatinib-resistant Chiicrease number of granulocyte-
macrophage progenitofs. Resistance to imatinib is generally seen in p&ievho
display a genomic amplification dCR-ABLor point mutations in the BCR-ABL
kinase domain. However, resistance to imatinib rbaydue to overexpression of
some ABC transporter$°. Indeed, imatinib is a good substrate for the ABG{Bug
pump3?® whose expression is regulated by c-Myc. FurtleepABCG2promoter is
often silenced in leukaemia. However, we show t6&34+ cancer stem cell
population derived from CML patients express®BCG2/BCRP This evidence
support the model for which high-expression/hypdmietted ABCG2 cells has an
advantage during chemotherapy.

In Kazumi- 4, a cell line derived from a Ph+ CMAtent and that expresses the
CD34 antigen, we show that c-Myc is directly asated with the promoter of ABC
genes highly expressed in CD34+ cancer stem CEdken together, our findings
support the hypothesis that c-Myc, acting as actlitensactivator of several drug
transporters, play a key role in controlling thevelepment of drug resistance in
cancer stem cells. In CML, it is also known tha¥?Y Cexpression is required for the
oncogenic effects of BCR-ABL and that the overegpien ofc-MYCis mediated by
BCR-ABL itself, through the Jak2 kinad¥" **® How c-Myc might do in CD34+ Ph+
cells was still unknown. In our study we proposat ttne possible effect of c-Myc in
CD34+ Ph+ cells is linked to its capacity to depelirug resistance, by inducing
transcriptional activity of some ABC drug transgost Therefore, through this
mechanism, c-Myc may mediate the outward-directeahsport of imatinib,
determining the failure of chemotherapeutic treatne CML.
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