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AAABBBSSSTTTRRRAAACCCTTT

ThegoalofthisinvestigationistoevaluatetheefficienciesoftheFIAU
(1-(2'-fluoro-2-deoxy-D-arabinofuranosyl)-5-iodouracil)andFIRU (1-(2'-fluoro
-2-deoxy-D-ribofuranosyl)-5-iodouracil)asapotentialtracerforreportergene
imagingwithmicroPET and γ-cameraimagingofherpessimplexvirustype1
thymidinekinase(HSV1-TK)-expressing cellsxenograftedin mice.[*I]FIAU
and[*I]FIRU have2'-arabinofluoroand2'-ribofluorosubstitution,respectively.
ToexaminethecharacteristicsoftwodifferentconfigurationsofFIAU and
FIRU, a series of biological evaluations were performed in HSV1-TK
gene-expressing cells and mice with HSV1-TK gene-expressing tumor
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xenograft.
FIAU andFIRU wereradiolabeledwith[124I],[125I]and[131I]usingaH2O2

oxidizing agent and purified by high performance liquid chromatography
(HPLC).Theirradiochemicalpurity was <99% by HPLC.Forcytotoxicity
analysis of FIAU and FIRU, MCA rat hepatoma cells and MCA-TK
(HSV1-TK-positive)cellsweretreatedwithFIAU,FIRU,orGCV (ganciclovir)
andtheirviabilitiesweremeasuredbytheMTS method5dayslater.FIAU
wasmoretoxicthanGCV inMCA andMCA-TK cellswhileFIRU wasless
toxictothebothcelllines.Cellularuptakesof[125I]FIAU and[125I]FIRU were
analysedat0.5h,1h,2h,and4hposttreatment.Theuptakesof[125I]FIAU
and[125I]FIRU byMCA-TK cellswere30.2and15.0%ID,respectively.The
uptakesbyMCA-TK cellswerehigherthanthosebyMCA cells.[124,131I]FIAU
and[124,131I]FIRU wereadministeredtomicebearingMCA orMCA-TK cells.
MolecularimagesofthetreatedmicewereobtainedwithamicroPET and γ

-cameraatvarioustime-points.[124I]FIAU and[124I]FIRU exhibited7.11and
0.15%ID/gintheROIs(regionsofinterest)oftumorregion,respectively.In
themicroPET imageanalysis,[124I]FIAU showed higher%ID/g valuesthan
[124I]FIRU inthebothtumormousemodels.Imagingoftumorcelltrafficking
inmicecarryingmetastasizedMCA-TK tumorswasobtainedwith γ-camera
atseveraltimepoints.However,metastasizedregionsofthetumorswerenot
localized.
TheexperimentalresultsinthisthesissuggestthattheradiolabeledFIAU

can be utilized as an efficientimaging agentforlong term trafficking of
HSV1-TK-expressingcells,suchasvariedtypesofstem cellsandimmune
cells.

Keywords:Reportergene,HSV1-TK,FIAU,FIRU,PET,γ-camera
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ⅠⅠⅠ...IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN
Thereportergeneconcepthasbecomea standard in variousmolecular

biology protocols[1-6].In general,thefunction ofthepromoterand other
regulatoryregionsofageneareassessedthroughtheregulatedexpressionof
areportergene.Imagingoftransgeneexpressionislargelyindependentofthe
vectorusedtoshuttlethereportergeneintothecellsofthetargettissue,
whereanyofseveralcurrentlyavailablevectorscanbeused(eg,retrovirus,
adenovirus,adeno-associated virus,lentivirus,liposomes,etc.)[3].Reporter
genes include cytosine deaminase (CD),green fluorescence protein (GFP),
luciferase (LUC) and herpes simplex virus type 1 thymidine kinase
(HSV1-TK)[1-8].
Varied reportergenes encoding reporterproteins thatcan be efficiently

detectedinalivinganimalthroughinjectionofspecificsubstrateshasbeen
developedforanumberofdifferentexperimentalpurposes(Figure1).Methods
forrepeated,non-invasive,andquantitativeimagesofgeneexpressioninliving
animalsarerapidlyemergingandchangestudiesofgeneexpressioninvivo[3,
9].Noninvasive imaging oftransgene expression would be ofconsiderable
valueinmanyongoingandfutureclinicalgenetherapytrialsbydefiningthe
location,magnitude,andpersistenceoftransgeneexpressionovertime[10-11].
Recently, HSV1-TK is the most widely used "reporter genes" for

radiotracer-basedmolecularimagingusingmicroPET (micropositronemission
tomography),SPECT (single photon emission computed tomograpy),and γ

-camera.Ithasbeen alsoutilizedasa"suicidegene"forgenetherapy of
cancer.Small-animalmicroPET imaging ofinvivoexpressionofHSV1-TK
using corresponding reporter probes provides valuable information for
monitoringgenetherapyofcancers[6,12-16].
Themammalianthymidinekinase(TK)isakeyenzymeinthedenovo
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pathway of DNA synthesis. This rate limiting enzyme catalyzes the
monophosphosphorylationofthymidinetodTMP.ThemonophosphatedTMPis
subsequently converted to diphosphate dTDP and then triphosphate dTTP.
Ultimately,dTTPbecomesasubstrateusefulonlyforDNA synthesisbutnot
forRNA synthesis[17].Also,HSV-TK enzymeforthefirsttwostepsof
phosphorylationismoreactivatedwithnon-naturalnucleosideanalogues,and
cellularkinaseisactivatedforthefinalstep[18-20].
IncontrasttothemammalianTK enzyme,whichphosphorylatesthymidine

preferentially,HSV1-TK hasasubstantiallybroadspecificity.Forthisreason,
ithasbeen possibleto develop highly effective,butlesstoxicanti-herpes
virus agents such as acyclovir (ACV) and ganciclovir (GCV). Also,
2'-fluoro-2'-deoxyuridinederivativesareprimarilyphosphorylatedonlybythe
HSV1-TK enzyme. This difference in substrate specificity has made
HSV1-TK anexcellentchoiceforcancergenetherapy,bothascytotoxicity
andasreportermechanism [6,12,15,21,22].
Tjuvajevetal.,assessedwhetheranimalimagingwithradiolabeledFIAU

(1-(2'-fluoro-2-deoxy-D-arabinofuranosyl)-5-iodouracil) [10, 23, 24] was
sufficiently sensitive to monitor HSV1-TK gene expression after in vivo
retroviraltransductiontos.c.pre-establishedRG2(ratgliomacell)andW256
(mammarycarcinomacell)tumors.FIRU wasaccumulatedhighlyselectivelyin
tumorsexpressingtheHSV1-TK genes[25].
Severalnucleosides,ribosyloracyclic nucleosides having a radiolabeled

pyrimidineorpurine (Figure2),havebeenreportedasapotentimagingagent
todetecttheexpressionofHSV1-TK gene[10,12,17,21,26-29].
In a numberofresearches,compounds with fluorine in the 2'and 3'

positionsofdeoxyribosehavebeenstudiedastherapeuticandimagingagents.
Additionalmodifications within the sugar ring have been introduced to
synthesizevariednucleosideanaloguessuchasFIAU andFIRU [30,31].FIAU
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hasa 2'-fluoro substituentin thearabino configuration whileFIRU hasa
2'-fluorosubstituentintheriboconfiguration.Accordingtopreviousstudies,
FIAU andFIRU weremoredesirablesubstratesfortheHSV1-TK enzymes
[10,17,21,27-29].
Imagingprobessuchasradiolabelednucleosideanaloguescanbeusedto

assess vectortargeting,to evaluate the levelofsuicide gene (HSV1-TK)
expression,andtoquantitativelymonitorthelevelofthetherapeuticenzyme
duringgenetherapy[26,32].[124I]isaradioisotopethatcanbevisualizedin
PET becauseofthepositronreleasefrom theradio-iodinenucleus.[131I]has
been used in nuclearmedicineasan imaging isotopefor γ-cameraand a
radiotherapeuticagent.Otherradioisotopesarealsousedinnuclearmedicine
(Table 1).Nuclearmedicine techniques,such as PET and γ-camera,can
providerepeated,non-invasiveandquantitativeassessmentsoftheexpression
ofgenes in tissues and organs.In animalmodels,imaging ofHSV1-TK
transducedmalignanttumorswassuccessfully acquiredby microPET and γ

-camera[13,33-37].MicroPET and γ-cameraaresensitivemodalitiestoobtain
quantitativeimagingdata.Also,theyrequiredonlynanogram amountofprobe,
whichisnontoxic.CharacteristicsofmicroPET and γ-cameraaresummarized
inTable2[38,39].
In thisstudy,FIAU and FIRU wereevaluated theireffectivenessas a

potentialtracerforimaging ofHSV1-TK expression with microPET and γ

-camera.Also,thebiologicalinvitroandinvivocharacteristicsofFIAU and
FIRU,whichhaveadifferentconfigurationat2'position,wereexaminedand
comparedtoeachother.



- 4 -

FFFiiiggguuurrreee111...RRReeepppooorrrttteeerrrgggeeennneeeeeexxxppprrreeessssssiiiooonnnaaannndddtttrrraaappppppiiinnngggooofffnnnuuucccllleeeooosssiiidddeeeaaannnaaallloooggguuueeesssiiinnnccceeellllllsss...
Herpes simplex virus type 1 thymidine kinase,HSV1-TK;thymidine kinase,TK;
thymonophosphate,MP;diphosphate,DP;triphosphate,TP.
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FFFiiiggguuurrreee222...TTThhheeeccchhheeemmmiiicccaaalllssstttrrruuuccctttuuurrreeesssooofffHHHSSSVVV111---TTTKKK eeennnzzzyyymmmeeesssuuubbbssstttrrraaattteeesss(AcadRadiol,
2005;12:798-805)
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TTTaaabbbllleee111...TTThhheeeccchhhaaarrraaacccttteeerrriiissstttiiicccsssooofffrrraaadddiiioooiiiooodddiiinnneee

Radio isotope Half-life time Energy (KeV) Decay mode Application

123I 13.2 days 159.10 γ γ-camera

124I 4.18 days 511 β, γ PET

125I 60.14 days 35.46 Electrons In vitro

131I 8.04 days 364.48 γ, β γ-camera
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TTTaaabbbllleee222...TTThhheeeccchhhaaarrraaacccttteeerrriiissstttiiicccsssooofffiiimmmaaagggiiinnngggmmmooodddaaallliiitttiiieeesss
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ⅡⅡⅡ...MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDD MMMEEETTTHHHOOODDDSSS

111...MMMaaattteeerrriiiaaalllsss
Carrier-free sodium [125,131I]iodide were purchased from Korea Atomic

Energy Research Institute(KAERI,Daejeon,Korea)and carrier-freesodium
[124I]iodidewasproduced by using 50MeV cyclotron in KoreaInstituteof
Radiological and Medical Sciences (KIRAMS,Seoul,Korea).FIAU was
purchasedfrom FutureChem (Seoul,Korea)andFIRU waskindlyprovided
from the Laboratory ofRadiopharmaceuticals,KIRAMS.The MCA-RH7777
(MCA,CRL1601)rathepatomacelllinewaspurchasedfrom ATCC.Thymdine
kinase(TK)-transducedMCA cells(MCA-TK)[40]werekindlyprovidedfrom
Dr.KwonofMolecularOncologyLaboratory,KIRAMS.3-[4,5-dimethylthiazol-
2-yl]-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetraxolium,innersalt
(MTS)waspurchasedfrom Promega(Madison,USA).
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222...PPPrrreeepppaaarrraaatttiiiooonnnooofffrrraaadddiiiooolllaaabbbeeellleeedddnnnuuucccllleeeooosssiiidddeeeaaannnaaallloooggguuueeesss
RadioiodinatedFIAU andFIRU werepreparedbyiododestannylationusing

carrier-freesodium [124,125,131I]iodideand 30% H2O2 (Sigma,St.Louis,USA)
oxidizing agent.Carrier-free sodium [124,125,131I]iodide in 0.01 N NaOH was
addedintoareactionvialcontaining 0.1-0.5mlofdistilledwater.FIAU or
FIRU (each100 μg)inethylalcohol(Sigma,St.Louis,USA)wereaddedto
thevial.Two μLof1N HCl(Sigma,St.Louis,USA)wasaddedinorderto
reachpH 4-5.Fifty μLof30% H2O2wasaddedtothereactionmixture,which
wasthenincubatedfor30minatroom temperature.
TheresultingradioiodinatedFIAU andFIRU werepurifiedbyreversephase

high-performanceliquidchromatography(HPLC;Younglin,Seoul,Korea)with
C-18column(3.9×300mm,Waters,Milford,USA)usinggradientelutionwith
distilledwaterandethanol(Sigma,St.Louis,USA)[41].Theelutionconditions
ofHPLC isshowninTable3.Theconcentrationofethanolcontaining0.1%
trifluoroaceticacid(Sigma,St.Louis,USA)wasincreasedfrom 5% to80%
overaperiodof20minataflow rateof2mL/min:5% ethanolelutionfor
1-5min,80% ethanolgradientelutionfor5-20min,and5% ethanolisocratic
elution for20-35 min.Theretention timeofradiolabeled compounds were
determined using a UV and radioactivity detector(Raytest,Straubenhardt,
Germany) [41].The radiochemicalpurity was determined by thin layer
chromatography (solvent;dichloromethane/methylalcohol,9/1).The solvent
was evaporated undera stream ofargon gas and the[124,125,131I]FIAU and
[124,125,131I]FIRU wasformulatedinasalinesolution.Thechemicalstructuresof
[124,125,131I]FIAU and[124,125,131I]FIRU nucleosideanaloguesareshowninFigure3.
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TTTaaabbbllleee333...HHHPPPLLLCCCcccooonnndddiiitttiiiooonnnsssfffooorrrppprrreeepppaaarrraaatttiiiooonnnooofff[[[111222444...111222555,,,111333111III]]]FFFIIIAAAUUU aaannnddd[[[111222444...111222555,,,111333111III]]]FFFIIIRRRUUU
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AAA)))[[[111222444,,,111222555,,,111333111III]]]FFFIIIAAAUUU

(i)Na[*I],0.01N NaOH,EtOH,
(ii)1.0N HCltopH 4.0-5.0,30% H2O2,30min

BBB)))[[[111222444,,,111222555,,,111333111III]]]FFFIIIRRRUUU

(i)Na[*I],0.01N NaOH,EtOH,
(ii)1.0N HCltopH 4.0-5.0,30% H2O2,30min

FFFiiiggguuurrreee333...TTThhheeerrraaadddiiiooo---lllaaabbbeeellliiinnngggaaannndddccchhheeemmmiiicccaaalllssstttrrruuuccctttuuurrreeeooofff[[[111222444,,,111222555,,,111333111III]]]FFFIIIAAAUUU aaannnddd
[[[111222444,,,111222555,,,111333111III]]]FFFIIIRRRUUU...RadiochemicalpurityofFIAU andFIRU was>99%.
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333...CCCeeellllllllliiinnneeeaaannndddcccuuullltttuuurrreee
MCA and MCA-TK cells were grown in Dulbecco's modified eagle's

medium (DMEM;Welgene,Seoul,Korea)supplementedwith20% horseserum
(Gibco,Carlsbad,USA),5% fetalbovine serum (FBS;JHR Biosciences,
Lenexa,USA)and1% penicillin-streptomycin(Gibco,Carlsbad,USA).Medium
waschangedtwiceorthreetimesaweek.Thecellswereculturedat37℃ in
a5% CO2atmosphere.TheMCA-TK celllinewasselectedinthepresence
ofG418(600㎍/mL;Gibco,Carlsbad,USA).

444...AAAssssssaaayyysssfffooorrrcccyyytttoootttoooxxxccciiiccciiitttyyyaaannndddccceeellllllppprrrooollliiifffeeerrraaatttiiiooonnn
MCA and MCA-TK cells(2×103 cells/50 μL)wereseeded into 96-well

plates.GCV (Sigma,St.Louis,USA),iodinatedFIAU,oriodinatedFIRU was
addedtoeachwell(0-10mM/0.1mL).Afterincubationfor5daysat37℃
under5% CO2,MTS wasadded to each well(317 μg/mL).Following an
additional2hincubation,proliferationofthetreatedcellswerequantifiedby
measuring theabsorbanceofculturemediaat492nm witha96-wellplate
reader (GENios,TECAN Co.,Boston,USA).Reference wavelength was
quantifiedbyabsorbanceat650nm.
ThecytotoxicitiesofFIAU andFIRU werecomparedtoeachother,which

havedifferentsugarring structurefrom each other.GCV wasused asa
standardreferencenucleosideanalog.ForpreparationofGCV,FIAU,orFIRU
solution,the nucleoside analogues were solubilized in dimethylsulfoxide
(DMSO;Sigma,St.Louis,USA)toreach5% concentration.Thenucleoside
analoguesolutionsweredilutedwithcellculturemediatoreach5% DMSO
concentration.Thetrypanbluedye(Sigma,St.Louis,USA)exclusionassay
was used in conjunction with examination of cellular density using a
hemocytometer.Allexperimentswereperformedintriplicate.
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555...CCCeeelllllluuulllaaarrruuuppptttaaakkkeeesssooofffrrraaadddiiioooaaaccctttiiivvveeeiiiooodddiiinnneee---lllaaabbbeeellleeeddd FFFIIIAAAUUU
aaannndddFFFIIIRRRUUU
MCA and MCA-TK cellswereplated in 6-wellplatesatadensity of

5×105 cells/welland incubated at37℃ for24 h.When reached 80-100%
confluence,eachwellwasincubatedwith[125I]FIAU and[125I]FIRU (1 μCi/2
mL)for0.5,1,2,and4hat37℃ under5% CO2atmosphere.Thecellsrinsed
threetimeswithDulbecco'sphosphate-bufferedsalinewithoutMg2+ andCa2+

(Welgene,Seoul,Korea),andadherentcellswereharvested.Theradioactivity
ofharvestedcellswasdeterminedby γ-counter(PerkinElmer,Waltham,USA).
Theradioactivitiesoftriplicated samplesweremeasured atdesignated time
points.Theaccumulationofradiotracerswascalculatedasthepercentageof
thetracerdoseaddedtothemedium.
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666...SSSuuubbbcccuuutttaaannneeeooouuussslllyyy aaannnddd iiinnntttrrraaavvveeennnooouuussslllyyy xxxeeennnooogggrrraaafffttteeeddd nnnuuudddeee
mmmiiiccceeeaaasssaaatttuuummmooorrrmmmooodddeeelll
Five to six-weeks-old female BALB/c nu/nu mice (SLC,Hamamatsu,

Japan) were used to establish a tumor model.MCA (1×106 cells) and
MCA-TK cells(1×106 cells)suspendedin100 μL ofserum-freecellculture
medium were subcutaneously transplanted into both shoulders.In orderto
prepare a mouse modelcarrying two differentxenografts,the transduced
MCA-TK cellsweretransplantedintherightshoulderwhilewild-typeMCA
cellsweretransplantedintheleftshoulderasanegativecontrolinthesame
mouse.Tumorgrowth wasassessed by measuring bidimensionaldiameters
with calipers.The mice carrying subcutaneous tumors of a volume of
approximately1,000mm3wereusedforinvivoimagingexperiments.

Topreparemetastatictumormodels,MCA (5×106 cells)and MCA-TK
(5×106cells)wereinjectedintoeachmouseviathetailvein(n=3).After4h,
1week,and2weekspostinjection,γ-cameraimagingwasperformed.
Forin vivo trafficking imagesof[131I]FIAU cellularuptakes,MCA and

MCA-TK cellswereincubatedin10mLofthemedium containing1mCiof
[131I]FIAU at37℃ for2.5h.Then,thecellswerecentrifugedat1,500rpm for
3minandwashedtwice.Thecellswerefurtherculturedinthefreshmedium
for 20 h, harvested, and then resuspended in 0.2 mL volumes of
phosphate-bufferedsalineforinjection.ThepreparedMCA (3-5×106cells)or
MCA-TK (3-5×106cells)wereinjectedintomiceviathetailvein.
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777...IIImmmaaagggiiinnngggoooffftttuuummmooorrr---xxxeeennnooogggrrraaafffttteeedddmmmiiiccceeewwwiiittthhhaaammmiiicccrrroooPPPEEETTT
aaannndddaaa γγγγ---cccaaammmeeerrraaa
Thetumorsizereachedavolumeof1000mm3at approximately3weeks

aftersubcutaneousimplantation.[124,131I]FIAU or[124,131I]FIRU wereadministered
tomicecarryingthetumorsthroughthetailvein.Themicewereplacedina
spread-supinepositiononawarm-bedslat.
Themicewereanesthetizedwith2% isoflurane(Choongwae,Seoul,Korea)

beforetheinjectionof[124,131I]FIAU and[124,131I]FIRU and1.5% isofluraneduring
allscanning timeforimaging.Forthyroid-blocked images,themice were
intraperitoneallyinjectedwith1mgofsodium perchlorate(Sigma,St.Louis,
USA)beforei.v.injectionof[124,131I]FIAU and[124,131I]FIRU.
MicroPET imageswereobtainedusingamicroPET system (microPET-R4;

ConcordeMicrosystems,Inc.,Knoxville,USA).Imageswereacquiredat1h,3
h,5h,8h,12h,24h,48h,and 132h afterinjection of[124I]FIAU or
[124I]FIRU (approximately300 μCi/mouse).Eachimagewasobtainedfor30min
at the designated time points.The acquired images were reconstructed
accordingtopre-determinedcalibrationfactors.
The γ-camera (Emission computed tomography; ZLC3700S, Siemens,

Munich,Germany)imagesofmicewerescannedatvarioustimepointsafter
injection of[131I]FIAU or[131I]FIRU (approximately 300 μCi/mouse).The γ

-camera images were acquired up to 200,000 counts with the pinhole
collimatorshavingafocallengthof9cm andadiameterof4mm.Allofthe
imageswerereconstructedwithacorrectionforcenter-ofrotationerror.Theγ

-camerawasfittedwithahigh-energyhigh-resolutioncollimatoranda364
KeV photopeakenergywindow for[131I].
For imaging of metastasized tumors,at the designated time points

[131I]FIAU (approximately 200 μCi)was injected to the mice intravenously
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implantedwithMCA-TK cells.Imageswith γ-cameraweretakenat24hpost
injection.
Forcelltraffickingimages,MCA andMCA-TK cells,whichareincubated

with[131I]FIAU,wereinjectedintothemiceviathetailveinand γ-camera
imagesweretakenat30min,6h,24h,48h,and72hpostinjection.One
weeklater,[131I]FIAU (approximately200 μCi)wasre-injectedthroughthetail
veininthesamemouse,and γ-cameraimageswastakenat5hand30h
postinjection.

888...IIImmmaaagggeeeaaannnaaalllyyysssiiisss
Images analysis was performed with quantification of[124I]retention in

HSV1-TK expressionregions.Thevalueof%ID/g wasestimatedfrom the
acquiredPET imageswithpre-determinedcalibrationfactorsintheregionof
interest(ROI)placedontumors.TheratioofMCA-TK toMCA tumorregion
%ID/gandMCA-TK tomuscle%ID/gwerecalculated.

Thecrosscalibrationfactor(CCF)wasappliedtomakeaccurateobservations.
TheCCFwas1inthisexperiment.
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ⅢⅢⅢ...RRREEESSSUUULLLTTTSSS

111...RRRaaadddiiiooolllaaabbbeeellliiinnngggooofffFFFIIIAAAUUU aaannndddFFFIIIRRRUUU
Radiolabeling of the FIAU and FIRU with 124I, 125I, and 131I were

successfully achieved by the iododestannylation reaction in good yields
(60-80%)(Fig.4).Radiochemicalpurityofthecompoundswas<98%.
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FFFiiiggguuurrreee444...RRReeevvveeerrrssseeeppphhhaaassseeeccchhhrrrooommmaaatttooogggrrraaappphhhyyy eeellluuutttiiiooonnn ppprrrooofffiiillleeeooofff[[[111222444,,,111222555,,,111333111III]]]FFFIIIAAAUUU aaannnddd
[[[111222444,,,111222555,,,111333111III]]]FFFIIIRRRUUU...(C-18column,3.9mm ×300mm,EtOH/H2O=5:95(0min)to8:2(20
min)[v/v],flow rate:2.0mL/min)
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222... CCCyyytttoootttoooxxxiiiccciiitttiiieeesss ooofff nnnooonnn---rrraaadddiiiooolllaaabbbeeellleeeddd nnnuuucccllleeeooosssiiidddeee
aaannnaaallloooggguuueeesss
Thecytotoxicities(IC50)ofGCV and itsiodinated analoques,FIAU and

FIRU,wereexaminedbytheMTSmethod. InMCA-TK cells,IC50rangeof
variouscompoundswasfrom 1.026×10-3to7.271×10-8M (Figure5andTable
4).
FIAU (IC50,7.271×10-8 M)wasshowntobemoretoxicthanFIRU (IC50,

1.026×10-3M)inMCA-TK cells.FIRU wasmuchlesstoxicthanGCV (IC50,
4.443×10-8 M) in the same cells.The same compounds exhibited less
cytotoxicities to MCA cells,compared with MCA-TK cells.IC50 of the
dissolvingsolution(DMSO)was1.292×10-2M inMCA-TK and1.016×10-2M
inMCA cells.
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FFFiiiggguuurrreee555...CCCyyytttoootttoooxxxiiiccciiitttyyyooofffFFFIIIAAAUUU,,,FFFIIIRRRUUU,,,GGGCCCVVV aaannndddDDDMMMSSSOOO iiinnnMMMCCCAAA aaannndddMMMCCCAAA---TTTKKK
ccceeellllllsss...CytotoxicitiesofFIAU (A),FIRU (B),DMSO(C),andGCV (D)inMCA and
MCA-TK cellswereexaminedbytheMTSassay.Thesameexperimentalresultswere
representedinMCA cells(E)andMCA-TK cells(F).
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TTTaaabbbllleee444.IIICCC555000ooofffnnnuuucccllleeeooosssiiidddeeeaaannnaaallloooggguuueeesssooofffFFFIIIAAAUUU,,,FFFIIIRRRUUU,,,GGGCCCVVV aaannndddDDDMMMSSSOOO iiinnnMMMCCCAAA
aaannndddMMMCCCAAA---TTTKKK ccceeellllllsss

*GCV;standardanalogueofcytotoxicityofHSV1-TK geneexpressioncells.
**DMSO;dissolvingsolutionofFIAU,FIRU andGCV
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333...CCCeeelllllluuulllaaarrruuuppptttaaakkkeeesssooofff[[[111222555III]]]FFFIIIAAAUUU aaannnddd[[[111222555III]]]FFFIIIRRRUUU
Figure6showstheresultsofselectiveuptakeandretentionof[125I]FIAU

and[125I]FIRU byMCA-TK cellsascomparedwiththoseoftheparentalMCA
cells.Generally,uptakeoftheradiolabellednucleosideanaloguesbyMCA-TK
cellswashigherthanthatbyMCA cells.
Cellularuptakeof[125I]FIAU wascontinuouslyincreasedaccordingtothe

length ofincubation time in both MCA and MCA-TK cells.Meanwhile,
cellularuptakeof[125I]FIRU inMCA-TK cellswasthehighestat2hour's
incubation and then decreased at4 hour's incubation in both MCA and
MCA-TK cells.InMCA-TK cells,[125I]FIAU accumulationwashigherthan
[125I]FIRU.
Thehighestratioof[125I]FIAU accumulation in theMCA-TK cellsand

thatin theMCA cellswasabout100at1hour'sincubation.At4hour's
incubation,theratioof[125I]FIAU accumulationsin theboth celllineswas
about19.7.Meanwhile,theratioof[125I]FIRU accumulationsinthebothcell
lines(374.4)wasmuchhigherthan[125I]FIAU (19.7)at4hour'sincubation.
ThesedataofaccumulationratiointheMCA-TK andMCA cellsshowedthat
[125I]FIRU was able to be more selectively taken up and more effectively
remaininthecellsthan[125I]FIAU.
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FFFiiiggguuurrreee666...CCCeeelllllluuulllaaarrruuuppptttaaakkkeeesssooofff[[[111222555III]]]FFFIIIAAAUUU aaannnddd[[[111222555III]]]FFFIIIRRRUUU bbbyyy MMMCCCAAA aaannndddMMMCCCAAA---TTTKKK
ccceeellllllsss...Uptakesof[125I]FIAU (A)and[125I]FIRU (B)byMCA andMCA-TK cellswere
measuredafterincubationfor0.5,1,2,and4h.%ID:percentageofinjecteddose.*%ID
ratiosof[125I]FIAU and[125I]FIRU uptakesinMCA-TK andMCA cells.
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444...γγγγ---cccaaammmeeerrraaaiiimmmaaagggeeesssooofffMMMCCCAAA aaannndddMMMCCCAAA---TTTKKK tttuuummmooorrrsssiiinnn
mmmiiiccceee
Forin vivo γ-cameraimaging,300 μCiof[131I]FIAU or[131I]FIRU was

intravenouslyinjectedintothemicecarryingMCA orMCA-TK tumors.Inthe
micecarryingMCA-TK tumors,intratumoralaccumulationof[131I]FIAU was
localizeduntil288hpostinjection(Figure7A).Accumulationof[131I]FIAU in
MCA tumors was significantly lowerthan thatin MCA-TK tumors.The
accumulationof[131I]FIAU inMCA tumorsdisappearedin20hpostinjection
asthebodybackgrounddiminished.
Atbeginning,effectiveaccumulationof[131I]FIRU inMCA-TK tumorswas

observed and clearly distinguished from thatin MCA tumors(Figure7B).
[131I]FIRU signalin the MCA-TK tumorregion was seen only to 20 h
post-injection.As[131I]FIRU signalintheMCA-TK tumorregiondecreased,
thyroiduptakeof[131I]FIRU increased,clearlyseenat20hpostinjection.In
addition,thebodybackgroundof[131I]FIRU wasgreaterthanthatof[131I]FIAU
andslowlydiminished.
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AAA)))[[[111333111III]]]FFFIIIAAAUUU BBB)))[[[111333111III]]]FFFIIIRRRUUU

FFFiiiggguuurrreee777...PPPlllaaannnaaarrr γγγγ---cccaaammmeeerrraaaiiimmmaaagggeeesssooofffmmmiiiccceeecccaaarrrrrryyyiiinnnggg MMMCCCAAA---TTTKKK ooorrrMMMCCCAAA tttuuummmooorrrsss
aaafffttteeerrriiinnnjjjeeeccctttiiiooonnnooofff[[[111222444III]]]FFFIIIAAAUUU aaannnddd[[[111222444III]]]FFFIIIRRRUUU...MCA-TK tumorswereimplantedinthe
rightshoulderofathyroidblockednudemouseandcontrolMCA tumorswereinthe
leftshoulder.(A)ForHSV1-TK-targetedimaging,[131I]FIAU wasadministered300 μCi
intomiceviatailvein.After1h,2h,4h,6h,8h,20h,48h,144hand288h
post-injection, γ-camera imaging wasperformed in a spread-supineposition.(B) γ

-cameraimagesofHSV1-TK-expressingtumorswerescannedat1h,2h,4h,6h
and20hafter[131I]FIRU injection(300μCi)viatailvein.
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555...MMMiiicccrrroooPPPEEETTT iiimmmaaagggeeesssooofffMMMCCCAAA aaannndddMMMCCCAAA---TTTKKK tttuuummmooorrrsssiiinnn
mmmiiiccceee
Inthexenografttumormodel,intratumoralaccumulationsof[124I]FIAU and

[124I]FIRU wereexaminedbymicroPET imaging(Figure8).Firstofall,the
uptakesof[124I]FIAU and[124I]FIRU byMCA-TK tumorswerefargreaterand
more selective than thoseby MCA tumors.Accumulation of[124I]FIAU or
[124I]FIRU intheMCA-TK tumorswasclearlylocalizedforfirst12hwhile
radioactive images ofthe MCA tumors were notdistinguished from the
backgroundimages.
According totheserialmicroPET imagesof[124I]FIAU intheMCA and

MCA-TK tumors,[124I]FIAU wasmoreeffectivelyandselectivelytakenupby
theMCA-TK tumorcellsfor132h(Figure8A).Thesamecompoundwas
little localized in the MCA tumorregion.[124I]FIAU localization in thyroid
begantobeseenin48hpostinjectionandbecamefurtherclear132hlater.
Thesedataofinvivo[124I]FIAU uptakesbytheMCA orMCA-TK tumors
wereconsistentwiththepreviousinvitrodataofcellularuptakes(Figure6).
[124I]FIRU uptakebytheMCA orMCA-TK tumorswasmonitoredfor48h

afterinjection (Figure8B).Although thebackground signalswereelevated,
uptakes of [124I]FIRU by the MCA and MCA-TK tumors could be
distinguished form the background signals.The uptake by the MCA-TK
tumorswasmoresignificantthanthatbytheMCA tumorsandpersistedfor
48h.TheradioactiveimageintheMCA tumorareawasdisappearedin24h
post injection.[124I]FIRU was easily accumulated in the thyroid and its
accumulationwasincreasedwithtimepassing.ThemicroPET imagesofin
vivoaccumulationof[131I]FIAU and[131I]FIRU weresimilartotheprevious γ

-cameraimages(Figure7).
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AAA)))[[[111222444III]]]FFFIIIAAAUUU

BBB)))[[[111222444III]]]FFFIIIRRRUUU

FFFiiiggguuurrreee888...RRReeeppprrreeessseeennntttaaatttiiivvveeessseeerrriiiaaalllmmmiiicccrrroooPPPEEETTT iiimmmaaagggeeesssooofffmmmiiiccceeecccaaarrrrrryyyiiinnngggMMMCCCAAA---TTTKKK ooorrr
MMMCCCAAA tttuuummmooorrrsssaaafffttteeerrriiinnnjjjeeeccctttiiiooonnn ooofff[[[111222444III]]]FFFIIIAAAUUU aaannnddd [[[111222444III]]]FFFIIIRRRUUU...A seriesofmicroPET
imagesofathyroid blocked nudemousecarrying MCA-TK orMCA tumorswere
taken at various time points following tailvein injection of [124I]FIAU (A) and
[124I]FIRU (B).Theupperimagesaretransverseimagesandthelowerpositionimages
arecoronalimages.TheMCA-TK tumorswereinrightshoulder;thecontrolMCA
tumorswereinleftshoulder.
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666...AAAnnnaaalllyyysssiiisssooofffttthhheeemmmiiicccrrroooPPPEEETTT iiimmmaaagggeeesss
Theamountsof[124I]FIAU or[124I]FIRU accumulatedinMCA orMCA-TK

tumorswerecalculatedfrom themicroPET imagesas%ID/gofROIs(Table
6).ROIwas placed on tumor regions in PET images and %ID/g was
estimatedbypre-determinedcalibrationfactors.IntheMCA-TK tumorregion,
%ID/g of[124I]FIAU was higherthan thatof[124I]FIRU.And,%ID/g of
[124I]FIAU wasabout146.0at24h.
In thecaseof[124I]FIAU,radioactivity accumulation in thetumorswas

continuouslydecreasedfor132h.However,theratiosof%ID/ginMCA-TK
tumorswasincreasedfor48hatwhichtheratioof%ID/gwasthehighest,
187.3.
Changesof%ID/g of[124I]FIRU intheMCA andMCA-TK tumorswas

similartothoseof[124I]FIAU.Accordingtothecalculationfrom themicroPET
images,the %ID/g ratios of[124I]FIRU accumulation in the MCA-TK and
MCA tumorsfor48hwasrelativelyconstant,approximately1.5.Theratiosof
[124I]FIAU accumulationsintheMCA-TK tumorsandinmusclewashigher
thanthoseof[124I]FIRU.Forexample,at24hpostinjectionthe%ID/gratioof
[124I]FIRU was793.0whilethatof[124I]FIRU wasonly2.2.
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TTTaaabbbllleee555...TTThhheee%%%IIIDDD///gggooofff[[[111222444III]]]FFFIIIAAAUUU aaannnddd[[[111222444III]]]FFFIIIRRRUUU iiinnnmmmiiiccceeebbbeeeaaarrriiinnngggMMMCCCAAA---TTTKKK ooorrrMMMCCCAAA tttuuummmooorrrsss
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777... IIImmmaaagggiiinnnggg ooofff iiinnn vvviiivvvooo tttuuummmooorrr ccceeellllll tttrrraaaffffffiiiccckkkiiinnnggg aaannnddd
mmmeeetttaaassstttaaasssiiizzzeeedddtttuuummmooorrrsss
Forimaging of[131I]FIAU-containing celltrafficking with γ-camera,the

MCA and MCA-TK cellsweretreated with [131I]FIAU for2.5h and then
incubated for additional 20 h in the absence of [131I]FIAU. The
[131I]FIAU-treated cells were administered to mice via the tailvein.The
MCA-TK cells retaining [131I]FIAU were predominantly accumulated in the
lungsupto6handthendissipated(Figure9A).Meanwhile,theMCA cells
exhibitedtheaccumulationinthelungsonlyfor30minandearlierdissipation.
One week later,the MCA orMCA-TK cells retaining [131I]FIAU were

reinjected intothesamemice.Theboth celltypesshowed alow levelof
accumulationinthemiceat5hand30hpostinjection(Figure9B).
For imaging of metastasized MCA-TK tumor cells, [131I]FIAU was

intravenouslyadministeredintothemicepreinjectedwithMCA-TK cellsin4
h-2 weeksadvance.Thei.v.administration of[131I]FIAU at2weekspost
injectionoftumorcellswasnotabletolocalizethemetastasizedtumorsinthe
body(Figure9C).However,the[131I]FIAU uptakesinthethyroidwasseen
after24hpostinjection.
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FFFiiiggguuurrreee999...SSSeeerrriiiaaalll γγγγ---cccaaammmeeerrraaaiiimmmaaagggiiinnnggg ooofffMMMCCCAAA aaannndddMMMCCCAAA---TTTKKK ccceeelllllltttrrraaaffffffiiiccckkkiiinnnggg aaannnddd
mmmeeetttaaassstttaaasssiiizzzeeeddd tttuuummmooorrrsss...(A)Forimaging oftrafficking cells,micewereintravenously
injectedwithMCA orMCA-TK cellsretaining[131I]FIAU.After30min,6h,24h,48
h,and 72 h postinjection, γ-camera imaging was performed in a spread-supine
position.(B)Oneweeklater,thetumorcellsretaining[131I]FIAU wereinjectedtothe
previouslyinjectedsamemouseand γ-cameraimagingwasperformed5hand30h
later.(C)Forimagingofmetastasizedtumors,theMCA-TK cellswereintravenously
injectedintomice.After4hours,1week,and2weekspostinjectionoftheMCA-TK
cells,γ-cameraimagingwasperformedafter24hpostinjectionof[131I]FIAU.
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ⅣⅣⅣ...DDDIIISSSCCCUUUSSSSSSIIIOOONNN
A specific research aim in this thesis is to assess the effects ofthe

structuraldifference ofFIAU and FIRU,which have a different2'-fluoro
configuration,ontheirfunctioningasatracingagentforinvivoimaging.It
hasbeensuggestedthatplacementoffluorinewithinthedeoxyribosesugar
stabilizestheglycosidicbondandleadnottobereadilycleavedbythymidine
phosphorylase[22,42].Also,beforephosphorylation ofnucleosideanalogues,
HSV1-TK enzymeisrecognizedprimarilybynucleosidesugarpucker,sugar
geometry that is defined by the five endocyclic torsion angles, for
phosphorylationofnucleosideanalogues[18,20,37,43].SugarpuckerofFIAU
and FIRU is differentbecause ofeach analogues have a configuration of
arabinoandribo2'-fluorineposition.
Inthisstudy,biologicalfunctionsofFIAU andFIRU asapotentialtracer

werecomparedforinvivoimagingofTK-expressingcells,suchasMCA-TK
tumors.Thelabeling ofFIAU andFIRU with[124,125,131I]wasachievedina
high yield (60-80%) and high purity. A major advantage of using
[124,125,131I]-labeledprobeisthatthelonghalf-lifeofradioactive-iodineallows
repetitive and sequentialimage acquisition afterinjection.The radiolabeled
FIAU andFIRU wereeffectively accumulatedinthetumorcellsexpressing
HSV1-TK (MCA-TK cells)inatumorxenograftmodel.
Thedataofinvitrocytotoxicity analysisshowedthatFIAU wasmore

cytotoxictothebothMCA andMCA-TK celllinesthanFIRU.Thisimplies
that FIAU may be a better substrate of nucleoside analogue for DNA
synthesis.TheincorporationofnucleosideanaloguesintotheDNA byDNA
polymerasesresultsinreplicationofunnaturalDNA whichinducescelldeath
[43].Presumably,the less toxicity of FIRU may be due to inefficient
incorporationintotheDNA.
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The data ofcytotoxicities and cellular uptakes ofFIAU and FIRU
indicatethattheircytotoxicitiesdonotdependoninitialmetabolictrapping,but
onelaborationtomorecytotoxicanabolites.
Accordingtothecellularuptakedata,[125I]FIAU canbeeffectivelytaken

upbythecellexpressingthymidinekinaseswhichphosphorylateFIAU inturn.
Moreover,[125I]FIRU also exhibited thymidine kinase-dependent uptake in
MCA-TK cells.Theradiolabeled FIAU uptakeby theMCA-TK cellswas
increasedcontinuously for4h whiletheaccumulation ofradiolabeledFIRU
wasdecreasedatthetimepointof4h.ThisresultindicatesthatFIAU is
moreselectively accumulated in MCA-TK cellsthan FIRU.Meanwhile,the
both compoundsshowedrelatively loweruptakein MCA cells.Thismeans
thatmammalianTK isnotabletoeffectivelyintakenon-naturalnucleosides
such as FIAU and FIRU as a substrate. The FIAU taken up by
HSV1-TK-expressing cells is readily phosphorylated, followed by being
incorporated into nucleic acids.Meanwhile,FIRU was also phosphorylated
insidecell,butnotmetabolically elaborated intonucleicacidsaspreviously
suggested[44].
Inanumberofpreviousstudies[10,17,23,24,28,36],ithasalreadybeen

demonstratedthattheradiolabeledFIAU isasuitablesubstrateforinvivo
imagingoftumorcellsexpressingHSV1-TK.Inthisstudy,microPET images
using [124I]FIAU were acquired up to 132 h and γ-camera images using
[131I]FIAU were aquired up to 288 h.According to the in vivo imaging,
dehalogenation of[124,131I]FIAU seemed to beslow in theMCA-TK tumor
models.Thisresultdemonstratesthat[124,131I]FIAU ismorestableintermsof
radioiodinationstabilityintheinvivotumormodel.AccordingtothemicroPET
imaging data,thetwodifferentimaging agentsofFIAU andFIRU yielded
differentpatternsofbodybackgroundinmicecarryingMCA andMCA-TK
tumors.[124I]FIRU producedahigherbackgroundlevelthroughoutthebody.
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Meanwhile,highly specific and clear images of MCA-TK tumors were
obtained by treatmentwith [124I]FIAU.On the other hand,the γ-camera
images showed thatradiolabeled FIAU and FIRU were washed outmore
quicklyfrom theMCA tumorsandmousebody.Thyroidblockingwithsodium
perchlorate priorto injection ofthe radiolabeled FIAU and FIRU gave an
advantagetoacquiredistinctimagesofmicroPET and γ-camera.
In thisstudy,themicroPET imaging showsthat[124I]FIAU isabetter

agentforimagingofcellsexpressingHSV1-TK than[124I]FIRU.Thisresult
can be related to previous reports that [124,131I]FIAU could be a useful
derivative in imaging ofstem cells [45,46]and immunocytes [29,47-49]
becauseofitsstabilityandcapacityforlongterm imageinvivo.
Inapreviousreport,[124,131I]FIRU wassuggestedasacandidateagentfor

molecularimaging,butitsretentiontimeinHSV1-TK-expressingtumorswas
notpersisted[25].Thehighlevelsofradioactivityinthekidneysimpliedthe
rapidclearanceof[124,131I]FIRU.Inthisstudy,[124,131I]FIRU wascontinuously
accumulatedinthethyroidastimeelapsed.Thehighradioactiveimagesin
thyroid represented the instability of[124,131I]FIRU in vivo.Also,this data
suggested that although FIRU could be transported into the cells and
phosphorylated,itwasnota good substrateforDNA polymerases.Hence,
FIRU wouldbereleasedoutofcellsastimeelapsed.
TraffickingofcellsexpressingHSV1-TK wasimagedusinga γ-camera.

The intravenously administered MCA-TK cells retaining [131I]FIAU was
heavily accumulated in thelungs.However,[131I]FIAU reinjected oneweek
laterwasaccumulatedlittleinthelungs,butmorerapidlyclearedfrom the
body.Therapid clearanceofthereinjected FIAU may beduetoimmune
stimulation by thepreviously administeredtumorcells.In thesomestudies
[50-53],transplantationofpancreaticisletcellselicitedinstantblood-mediated
inflammatory reaction (IBMIR), a type of innate inflammatory reaction.
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Intraportally administered islets are subjected to this reaction,resulting in
activationofplatelets,neutrophils,andmonocytes,aswellasactivationofthe
coagulationandcomplementsystems.
Upto2weekspostinjectionofMCA-TK tumorcells,metastasizedtumors

wasnotlocalizedby γ-cameraimaging.Therecouldbesomespeculationson
the negative imaging. Firstly,2 weeks may be not long enough for
metastasizedtumorcellstogrow tolargecolonieswhichcanbeimagedby γ

-camera.Secondly,MCA-TK cells may have a low metastatic potential,
renderinglow extravesationtootherorgans.
In this research,the radiolabeled FIAU showed more selectively and

preferentially uptake by the tumor cells expressing HSV1-TK,MCA-TK.
Therefore,itcanbesuggestthatFIAU,thenucleosideanaloguewithfluorine
inthe2'positionsofarabino-configuration,isamoresuitablesubstratefor
HSV1-TK andanappropriateagentforHSV1-TK-mediatedimaging.
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연세대학교 대학원
임상병리학과

홍 수희

리포터 유전자를 발현을 통한 분자영상분석은 생체 내에서 유전자 발현평가가
가능하다는 큰 장점을 가지고 있다.이러한 분자영상을 얻기 위해 Herpes
SimplexVirustype1thymidinekinase(HSV1-TK)유전자가 리포터 유전자로
써 널리 사용되고 있다.Thymidine만을 인산화 하는 mammalian thymidine
kinase와 달리 HSV1-TK는 기질 특이성이 약해 purine,pyrimidinenucleoside
뿐만 아니라 그 유도체와도 반응하여 인산화 시키는 특성을 가지고 있다.FIAU
와 FIRU는 각각 당의 2＇위치에 arabino와 ribo 형태로 fluorine이 결합된
pyrimidinenucleoside유도체로써 HSV1-TK와의 반응을 통해 세포와 동물 영
상에 이용될 수 있다.본 연구에서는 이 두 물질이 HSV1-TK를 발현하는 세포
의 분자영상에서 어떻게 작용하는지 비교분석하고자 하였다.
우선 FIAU와 FIRU를 방사옥소표지 반응 후 HPLC로 정제하여 99% 이상의

방사화학순도로 표지된 FIAU와 FIRU를 얻었다.세포실험과 동물실험을 위해
MCA 간암세포주와 HSV1-TK를 발현하는 MCA세포를 이용하였다.이 두 세포
주를 이용하여 FIAU와 FIRU의 세포독성과 HSV1-TK 유전자 발현의 연관성을
분석하고자 하였다.MCA-TK 세포에서 FIAU는 ganciclovir(GCV)에 비해 세포
독성이 컸고,FIRU는 GCV 보다 독성이 작았다.방사옥소표지된 이 두 화합물을
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MCA와 MCA-TK 세포에 0.5시간,1시간,2시간,4시간동안 반응시켜 세포내 섭
취정도를 비교하였다.MCA-TK 세포 내에서는 FIAU와 FIRU 둘 다 4시간까지
섭취량이 증가되는 현상을 보였지만,MCA 세포 내에서는 섭취량이 현저하게 낮
았다.FIAU는 30.24%ID 정도가 섭취되었고,FIRU는 15.02%ID 정도 섭취되었
다.
분자영상을 얻을 수 있는 두 물질의 활성을 비교하기 위해 MCA 세포와

MCA-TK 세포를 면역결핍 누드마우스의 양쪽 어깨에 각각 이식하여 동물모델
을 준비하여,동위원소가 표지된 FIAU와 FIRU를 이식된 종양을 가지고 있는 마
우스에 정맥 투여 후 microPET과 γ-camera으로 분자영상을 얻었다.FIAU를
투여하였을 때 288시간 이상 γ-camera를 이용한 MCA-TK 종양영상을 선명하
게 확인할 수 있었으나 MCA 종양영상은 수 시간 후에 관찰이 불가능 하였다.
MCA-TK와 MCA 종양 영상의 %ID/g비가 FIRU의 경우는 약 1.2배인 것에 비
해 FIAU는 187.3배를 보였다.세포추적 영상평가에서 폐로 이동한 를 섭취한 세
포를 72시간까지 관찰할 수 있었다.그러나 종양전이모델에서는 방사옥소 표지된
FIAU의 투여를 통해 전이암의 영상을 얻을 수 없었다.
이상의 결과로써,HSV1-TK 유전자 발현을 통한 분자영상을 얻는 데에 FIAU

가 FIRU에 비해 보다 효율적인 기질로 작용한다는 것을 알 수 있었다.또한
FIAU를 이용하여 줄기세포나 면역세포를 생체 내에서 장기간 추적하는 데 유용
할 것으로 보인다.

핵심어:리포터 유전자,HSV1-TK,FIAU,FIRU,PET,γ-camera
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