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Radionuclide Reporter Gene Imaging
Department of Nuclear Medicine, Chonnam National University Medical School, Gwangju, Korea

Recent progress in the development of non-invasive imaging technologies continues to strengthen the role of
molecular imaging biological research. These tools have been validated recently in variety of research models, and
have been shown to provide continuous quantitative monitoring of the location(s), magnitude, and time-variation
of gene expression. This article reviews the principles, characteristics, categories and the use of radionuclide
reporter gene imaging technologies as they have been used in imaging cell trafficking, imaging gene therapy,
imaging endogenous gene expression and imaging molecular interactions.
demonstrate that reporter gene imaging technologies will help to accelerate pre-clinical model validation as well as
allow for clinical monitoring of human diseases. (Korean J Nucl Med 38(2::143-157, 2004)

The studies published to date
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(3) FEH #4447 2BHA &g W= AL HAAL F
A5A| groo} g},
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2lZE dugo ER

gty 2 2H FAAE A B A 84+
Az s Ak 4 R4 d2H g2 158 &
AE B3 #ARE cytosine deaminase (CD), herpes
simplex type 1 thymidine kinase (HSV1-tk)7} 7)) s3]
3, 84 325 dopamine 2 receptor (D2R), human type
2 somatostatin receptor (hSSTR2), sodium/iodide symporter
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1. Cytosine deaminase & ¥¥ A=t

Cytosine deaminase(CD)E 7F3 & A7HARA ZEH
FHAZE cytosines ZotTlatsle uracil & WEste Aol
ZGEEY ARAE o CD7} E418A] YO EZ cytosine©]
wacl® W= ¢e=th CD7F Ed¥ A% S5-fluorocy-
tosineS FYT A4 AEEA 0] AE S-fluorouracil 2 M=
B2 Zondox 42} X 82402 CD 5-fluorocytosine
o] Aol gtk? CDE PEH FARNE AHEE R AFNA
6-[°H]-5-fluorocytosine® 2 £ GYAZ A3l CD7} &
Y o7t olwRM¥EZF(human glioblastoma) AlEolAI%H
6-[°H]-5-fluorouracil2 W= o] 9182 Fagdt 6-[*H]-5-
fluorocytosine> A|E ol wj¢ -3 £52 HH T w4
2 gxE gAAZ HgeiA &S Z0R At go=
ol FES BT N2 SR} HdEofof CD7} 2 2H
FAAZ ol8d £ Y& Folth

2. Herpes-simplex virus type-1 thymidine kinase #]
¥H F4% :

EZHF9 thymidine kinase®™ M EZAH v]EEZEeolof &
At o] EAE ATPY 7 -24F8E deoxythymidineS 2
A3l deoxythymidine monophosphate (dTMP)Z 231
ok Ax7) @A vho]# X (herpes simplex virus) ol 29 =
W o] ulo]#]~Ae] thymidine kinase (herpes simplex virus
thymidine kinase, HSV-TK)7} @3gth(ols} EFolA
HSVI-TKE Z4E, HSVI-tke 45 X A37]12 §ht).
Ho)# 2 9] thymidine kinaset E-F-7F9 thymidine kinasedll
Hlg] 712 BolAo] 2¥sfA deoxythymidine ¥ ofuzl F&,
gevd FEHLEEE AdsA I Qe wEELH
Sk AZ W £a’ |

Acyclovir (9-(2-hydroxyethoxymethyl)guanine)+ HSV-
TKell o3 Hold o2 itsteled Bexs upolgii 71y
9 7 AFAQ AS8A F shtelth HSV-TKel <8 ¥4
# acyclovir monophosphatet= THA] guanylate kinasedl 23}
21 2+8+5) o) acyclovir diphosphate”} B3, 71 8he} o8] G4
918} acyclovir triphosphate7} Bth" Acyclovir triphosphate’=
DNA#Ael o] &= DNAWE F&=W uie]gl~ DNA
polymeraseE 733 JAs=d F2HHOE DNA F4ol
ZAH] AE7}F APgEA Bt I e HSVI-TK$} ¥h-g-3¢
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= 7132 gancyclovir

(9-[[2-hydroxy-1-(hydroxymethyl)
ethoxy Jmethyl]guanine) 3 pencyclovir (9-(4-hydroxy-3-
hydroxymethylbutyl) guanine) 7} €23 = o] wpolg] 2~ 7ol oj
& 237 dFE v vk AE7HA] AR 553 7)1 o
&sld HSVI-tks @ XE fHAZ, YA 348 7Fe L
ANEE HXE AR o835l AhFig. 1A).

HSV1-TKdl| jhgate 71424 |28 f22 dd g4
gdz= FA /A, & thymidine A¥E (d: 5H-iodo-
2'-fluoro-2'-deoxy-1--D-arabinofuranosyl-5-iodouracil
(FIAU) 3 acyclogunosine AG(el: 9-(4-["*FI-fluoro-3-
hydroxymethylbutyl) -guanine ([*FIFHBG)) & & 4 ik,
o] Z|xE A7t HSVI-TK7F &8s} 9le AX Wz 4
FHEH 3ol o) itsteo] AE el ZYATH(Fig. 1A).

Thymidine A€ 228 24149 FIAUE [P1] =& 1]
& A gA sk AREE 4 ol HSVI-TK7F BEE A
X FolHoE ZAgo] FHOE o]§o] T Ao
AZsloigt” H2elE AATE ko] FPAZ HSVI-
tk FR2EE RFE iAol s Wgsy [PIIFIAUZ
A3t skl AFatt” FIAUE acycloguanosine deriva-
tivesAl o] Az}l v ste] HSVI-TK 2@ A 2ol © 735
AHAHT Ao dEAL o), THALY TKA: ¥ &
o]A LR HhEEl: AR U#A Uk

Acycloguanosine Al82] #x2] BAA}F acyclovir (ACV)E
BH ganciclovir (GCV), penciclovir (PCV)7FA HSV1-TK

Fig. 1. Two categories of reporfer gene imoging. (A) Enzyme-
based PET imaging. '*F-fluoropenciclovir ('*F-FPCV) or other
acycloguancsines  are  substrate  molecular  probes
phosphorylated by the herpes simplex virus type | thymidine
kinase (HSV1-TK) enzyme to result in infracellular frapping of
the probe in cells expressing the HSVI-fk gene. (B)
Receptor-based PET imaging. "F-FESP is a ligand molecular
probe inferacting with the dopamine-2-receptor (D2R) to
result in trapping of the probe on/in cells expressing the D2R
gene. Images of the same mouse are shown in A and B.
The images show two reporter genes (HSVI-tk and D2R) in
the same mouse and imaged with two different reporter
probes ("°F-FPCV for HSV1-TK and "F-FESP for D2R). These
images show specific accumulation of probes in a mouse
carying a fumor stably expressing HSVI-tk on the leff
shoulder and a separate tumor stably expressing D2R on
the right shoulder. The accumulation of *F-FPCV and
"ELFESP in each fumor reflects frapping caused by HSVI-fk
and D2R expression, respectively. The color scale (%ID/Q)
indicates the percentage of injected dose that accumulo-
tes per gram of fumor.

FEA T AEAHo 2 & HHHE BYAE WL S,

A= PCVY ZAAlsd [PF1e BA% [“FIFHBG7F &
_]

. =92 84 X2 $4A

T2 £ (dopamine-2  receptor, DZR)E  H Y
striatum ¥ apAlo A3tk DR e YUEEE
D2R Ak el 3-(2-[*F]-fluoroethyl)spiperone ([*FIFESP)
7t PET22.2, [*Pliodobenzamine®] SPECT €28 7
T 9)th(Fig. 1B). D2Ro] 2dH 2| 7b4| ¥ [*FIFESPE]
A= DR mRNAS HddEs} 5o 43945 By’

I AZ7 oA AgER] g el #EAE L
S D2R FEAIE G B d 42 $4A(G gycopro-
tein coupled receptor, GPCR)Z #]7Y=7t 4

2 A@ A} (secondary messenger) 2 protein kinase®] 9
Mz 2L ZAE AE Rl A vepdth 98] £EA = oY
3 N3 Ado] EolA o] et Adstrgte Alx
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4. Human type 2 somatostatin receptor (hSSTR2)
¥ 44
hSSTR2 9 B 2H $422 A2 75 7 Yopl!
g8 @424  [MnlOctreotide, [™™TcIP829, and
*"TclP20457t o157 0¥, hSSTR2 & MEA
[(*"TcIP20459] $H o] 7b¢ 958 Aoz HIFh

5. Sodium/iodide symporter #]|¥8 F4AA
g Ea9 oy FE2E ¥#A  sodium/iodide
symporter (NIS)E 2 XH FAAZE AM83ldE d771 32
Zws) o] FAL YTkPY o] We FHE F)Z) wANY
S2(["%1), [¥1) == (" Tclpertechnetate o) &3] £4]
A FEs & F Aok FHolrh & e AHozE= o] fA
29} wgo] N x| A8 fAd 9L vIAA gErhes
Holth, SaE RS AYF RES AZAA AEZR
2om NIS Wdo 2 93 A ¥ Y] Na'e] 27l Az o

2 k3
A UEE £Y § 7] WFd A4 259 73hsignal
amplification) & #8428 4] ¢ 228 Bt
44 DEH G334, st mRNAJL A A &
4AE WETHE FolA A A5 st L3t &
k. &4 FFE gAF] 34, sue mRNAY o 54 2
AE HET E shte] Eh EAE o8 Ao 2xH gax
g 233py) Yo 713 238 AFEHE o)F & Yo’

c|ZE RHX YMBO HE

1. Ax 34 Q4 (Imaging cell trafficking)

Aol Fge] JojA B MR o)Fd] B3 AR o]F
B A2 AT giF o} volrt AF AYE AS=d)
didoz gesint 182 AR WolM AE 7 §
A2 A A7 2 FUsY Ao 223 9XE A3
A H( dE B 0T 92 AY e g5 HHE
2 8s] Adtdl=dl o] §5o] gt A E A W Bx9)
olF AZ2% Y W98 (adoptive immunotherapy) & &3}
Aol w) - FHE ALge) B R Wy A 9 WA BXo] B
g BE A7 A= gk T3 o FopllMe 2% A
o} olF 3 72 o] Foll B9 W) P /1AL B
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3l 3171 Slal AE 35 Q7o) o]dHol foh

gost Gy, & PETS SPECTE £& vk, -4
8 23 3459, I A T AT U AE F4 9%
o AT AoZ AU 2719 AE F5 G4 95
A ALY SHUAE BXE NEE FAG § 9A AZhst
st sAT o] W2 TR ARl itk AA,
AREE PAY BR9AY W7 AdiReE de W Y
ABE A& F SUE Azle] AlRE Yrhe Hold 53 i
Z717F && PETE ¥AHE dFos ¥4 e 4F A2 F
A F6AIZE oliollgh G ASE Ag o Atk EA, YAM
BEAE AL BEE Fo2A G A7) s4E 5 loe
Holth. olzg AFHE I3 A 2t gL Axel
22§25 LA o Al FAkskE Bt
¥H A2 AZ £G4 A EAH7] gl A2 ZA o
AT o B G4 259 A4S I F Aok 'Y
det 2 XE AV FHE Y AEE FAE O,
B SRR gE)E B9 sk A7 ke
oAb 7Hs R R FE W) wE 94 AR 74E

g 4 9o Wza Wt 71 PET & M 9%
[64

o

X
=
=

Cu]pyruvaldehyde-bis(N‘1 -methylthiosemicarbazone)
((“CulPTSM) 2.2 HEES EAstE s Bag9n

HY AE A o5& o7 Ad ZdoN FAsslE e
ANZ7F gtk £ A7 B, dAxE A% & Rd=
A 23 EolA HANEE I o] HAAZE xH
FARE AGAT o 22 F8E 71 58 2l FA13)
o WM e o] BS JAtstate Wl Dubey 0L F
£ 2dd) murine sarcoma virus® % Edg 9E 0 9
Zoko]) Eo)&e]l T PZ o HSVI-sr3otk TEE FAAE
Agste 29 Jadsterl ATAD Koene 57
Epstein-Bar virus (EBV) &°| T 837} EBV ¥4¢ £4
2 A= AL PETOZ 948ttt Le 592
HSV1-sr30tk7t 2dE FFAEE o) &3t wgy wao
BCR-ABL #7329 9&& %3t

2 #E B3 e E/AE 2dT X A4 4
o] fr&3A AHEE Agolth E7)A X AXEH FAA
FE A7) TR, ©]& A7l o)4% ¥ 2 XE BAAE o
st 271429 24 A2 E RUEY 35 Wy 5V
A2 BAZE(HI2)ol HSVI-sr30tk #lEEH FHA4S ofdx
upol g X v/ 2 AEe o Al o]AEt £ Fet o]y
d AE] AZ W EAE microPETS 38 347171 & ol &

sl RUEHE 6]'93‘:}(Fig. 2).
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DAY 4

DAY g

Fig. 2. Molecular imaging of cardiac cell transplantation in living animals. (Leff) Optical imaging shows o representative rat
fransplanted with embryonic cardiomyoblasts expressing firefly luciferase reporter gene that emits significonf cardiac bioluminescence
activity af days 1, 2, 4, 8, 12, and 16. Control rat has background signal only. (Right Upper) Micro PET imaging shows a representative
rat fransplanted with cardiomyoblasts expressmg HSV1-s139tk reporter gene, whereby the locations, magnitude, and survival duration

were monifored by Iongifudml imaging of '

8F-FHBG reporter activity (arrow). (Right lower) Autoradiography of the same study rat

confirms frapping of "F radioactivity by fransplanted cells af the loteral wall at finer spatial resolution (80 # m). A, anterior wall; L,
lateral wall; P, posterior walk R, right ventricular wall. Reproduced with permission from Wu et al.”

2. 4A A8 YAH(Imaging gene therapy)
AEEHoE AL FAA7 28 AX Yo dd3 41
e 2ol F8A A8 Ao 7 T8 Aol wElA
AR FAAY B G5g QGO 2 Fels)
o]FolHtt o] A AR G4 AH G4
o2 vw F Utk JF e
A7t B FAAE 29 5 9
£ 8= AR HSVI-tot /M8 A48 folth HSVI-tkis
A 512 X 58 (suicide gene therapy) 0.2 AM-EET, o]
FAASE L3 AZTE acyclovir 59 ol 93] AbslA
Hth o] F42E HH3= M Ee FIAU B+ FHBG 5 8%
B g44E EQE}EE BHARE Y43 T 5 9’
= A7} ?44‘51 FAAY JE7R
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Imaging Gene

IRES Based Approach

Fusion Gene
Approach

Dual Promoter
Approach

Co-Administration
Approach

Bi-Directional

Fig. 3. Five different strategies for imaging gene theropy with
therapeutic gene and reporter gene.

stk (Fig. 3).

1) IRES 4 (IRES based approach)

o] Wi M= e £HAE internal ribosomal entry
sites (IRES)9] 29l & F4AE st 7o F F3%
£ @ FeA = Uyolth F A e vdd HXA4Y £
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(o]
348

wol AL T W slo] TS 7zt wE s ") o)
e FHOZE AFo) 7HHste XE FAR ) B} FL
N7)717k ek Aolth, s1x|5k IRES 8}¢9] fdat wao)
A9 FRAA ] st ekslEE Ago) glo} FEH FHRES
391l & A¢ 9Ae ouizst Wwold 4 Adn? A2 DR
3 HSVI-tkE 2 49)sh 89jo] T wwlo] zat=gl
1:}'23‘24)

2) % #3# vl (Fusion gene approach)

% A2 fusion gene)= T 0] FAAE st
B FRAR HEO] FFHOE o] FAANEY HRE s}

o Az BPAE Pgelth A7 $479 Axe 47
AE s BYoE BHAY A¢ T 4dd wde mL
ABHAE BolE FHo) 9ok, o] §F THo) 2zke] f
HUE 8 /15eA Rehe A9t Qo] Yaslaien
of@gol JtkP® AF7R  HSVItk-GFPZ®  DHFR-
HSV1tk” HSV1tk-LacZ® DHFR-GFP = e g3 &
AREC] AFHAL HZE 1719 PET FEH Az
(truncated HSVI-tk)s} 2709) 28 ¥ S3AH hrluc,
DsRed) & €847 3% €8 f4A7 A== Q®

3) o5 %4

=709 ge

% ¥ (Dual-promoter approach)
FAAS 7}7te) &R e AL won sk}
o} Wi7jA A F& dholth, o] WYL [RESE o] 43l= W
A L}E}‘/}b aH9) AR G EAdS BT = e w0
W F 07 8490 thE A T fARY $H Y Aad
AZL 2 & Y3, ME Welq F27e) SdHolr} Qoj

A% A5 WE 4 ke waol Yo,

4) °lF vi7}A] A2 WY (Co-administration approach)

A8 At X FAAE 244 02 Az st
At FU FFY FRA9] 2HL WL E 3= who)) o
B2 7P EA F RARE BY AlEd Agd 5 v, A
2 F H3A% EE e ARBA st Erhe Ado] ) s
Z4zke) w7 Al Y FRAF Alele] EAA Aol o5 Bl
B fAAe Bdo) 938 e £ JokE 9ol gup?

5) %83 A 9y (Bidirectional transcriptional ap-
proach)
Tetracycline-responsive element (TRE) 9] %2l minimal

[« 2a]
CMV E249) 288 B F #0748 T ol o §

148

AAY AAsEE TREY ZA#EsI:  rtetR-VPi6olzh=
transactivatorell 28 7+3l=E =4, rtetR-VP16S tetracycline
o]} doxycycline®] &A1 3ol Mgk TRESH Agtstch. o] Wy
< IRESE o] &3 WolMe &9 Az Faade 9
T Atk Aol A, F fAA dE FFAAV g &
Fate] EA7A AR W F UM 43 HOE AR

I glek EE o] W2 £ 2HE Y7 f=T F 3
2Bz, PEE Ed #= AEA JAH(imaging of

bi-directional inducible gene expression) ©|&+LE F-2r}*

3. U fAdA wd 4
gene expression)
WEEe fXEE FHA M HEE fARE

constitutive promoterql CMV Z31#o)) o]sf o] G

o o] EAARE YXEH FAAL Hgle] YHEHER &

WAA fARe) B8 48 = 81‘:}. Green %2

B fAe R alb) ol 4511

(HSV1-tk) & ol&3ted Aol &7l Fxzte] Hels

aAvh o8 42 WA /ARy 349 22 #4

AE FHA FHAE HEE WIA FEAY ¥ 7Y

E 7MYt % 5ol 2R, CEA,

PSA, p53)dll 228 F3A4E §EAA Y %7‘41} 23t

QAP o5 27/%% o) FAAE CMV FHA )3

AL A& fE TYo| g k3 FAdo] Slof 7oA &

THE IEH A G4 dETE BojAlE vl gith

T o dUEE FEEI] A3 SFAe] o HARES

BHANAFE We] aAFQR® AEH A 84 =W

(transcription activation domain)¢! VP163} DNA 2% &H)

%1(DNA-binding domain)¢! GAL49] §& A4S 23 &

o] Zxztel ZAE o] WEF, GAL4 AF HSI(GAL4

binding site)oll ©] €& FAAe] YJE] §F wilo] A%

g o BXE A BEsE ALHOZE 2 9A HAL 74}

(two step transcriptional amplification, TSTA) Al2€lo)g} &2

EcH(Fig. 48)"% TSTA A2H02 %8 #1029 2y

S 1200~500 A= S/ & dE Aoz gtk T3

APA 23 5ol FHAQ PSAY F2 2 FE(key

regulating element)& ©5 2 (multimerization) A1 71 &34}

£ A 2 XE G ES A7 HHE 794

9y}

WA fAxe] ddE gdskehe = o dgoRE 7

T §AAE C-Uoh N-2HO R Bejsls whgoln 2

A8 (Imaging endogenous

A Y
85 9e R
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Inactive i inactive

Fig. 4. Imaging molecular interactions (A) Schematic diagram of the TSTA system. The first step
involves the tissue-specific (e.g.. PSE) expression of the GALA-VP16 fusion profein. In the second
step, GAL4- VP16, in tum, drives farget gene expression under the control of GAL4 response
elements in a minimal promoter (shown are five GAL4 binding sites (Ps)). Transcription of the
reporter gene, either Auc or HSVI-sr39k, leads to reporter protein, which in tumn leads fo a
detectable signal in the presence of the appropricate reporter probe. The use of the GAL4A-VP16
fusion protein con potentially lead to amplified levels of the reporter protein (FLUC or HSV-sr39TK)
and therefore an increase in imaging signal. (B) Imaging protein-protein interaction in living mice.
Schernatic diagram of the sysfermn for imaging the interaction of proteins X and Y. The first step
involves the vectors pA-gald-x and pB-vpléy, which are used to drive transcription of gald-x and
VP16-Y through use of promoters A and B. In the second step, the two fusion proteins GAL4-X and
VP16-Y interact because of the specificity of protein X for profein V. Subsequently, GALAX-Y-VP16
binds fo GAL4-binding sites (five GAL4- binding sites (os) are available) on a reporter template. This
leads to VP16- mediated transactivation of Firefly luciferase reporter gene expression under the
control of GAL4 response elements in a minimal promoter. The NF-kB promoter was used for either
pPA or pB and TNF-mediated induction. (C) Schematic diagram of two strategies for using split
reporters o monitor protein-protein interactions. Complementation-mediated restoration of firefly
luciferase activity. NHerminal half of firefly luciferase is attached to protein X through a short
peptide FFAGYC, and the Cerminal half of firefty luciferase is connected fo protein Y through the
peptide CLKS. Interaction of protein X and Y recovers fluc activity through protein
complementation.  Split  Infein (DnaE)}-mediated  protein splicing leads to firefly luciferase
reconstitution. The N-terminal half of firefly luciferase is connected to the N-terminal half of Dnak
(OnaE-n) with peptide FFAGYC. The N-terminal half of DnaE in tun Is connected to protein
X.Similarly, the C-terminal half of firefly luciferase is connected to the C-erminal half of DnaE
OnaE-c) with peptide CLKS, and the C-terminal half of intein is in fumn connected to protein Y,
The interaction of proteins X and Y mediates reconstitution through splicing of the N and C halves
of DnaE. Reproduced with permission from Gambhir et al %447
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