INVITED COMMENTARY

Reporter Genes and Imagene

can be detected by assaying their sub- Over the past 5y, two reporter gene

he rapid progress in molecular ge-strate. techniques have emerged for in vivo
netics over the past three decades has There is now a broad range of re-imaging of transgenes. The first ap-
given scientists and researchers theorter genes whose role has expandegroach is based on the initial work of
ability to sequence, characterize, an@fom the analysis of theis-acting ge- Tjuvajev et al. §) and takes advantage
manipulate genes, almost at will. Theséetic sequences mediating RNA tranof the promiscuity of the HSV1-tk en-
accomplishments have been possiblgcription to the characterization of mo-zyme for various purine and pyrimi-
by the development of various stratelecular events that define phenotyp@hnt_e substrates and the development of
gies to characterize the spatial organieXPression and, more recently, to théadiolabeled analogs of these sub-
zation of DNA sequences and the quaiMonitoring of the delivery, efficiency, strates. ,
itative and quantitative measuremen@nd stability of gene transfer. The most The second approach is based on the
of gene expression. Methods for théVidely used reporter genes encod&Xpression of a transmembrane recep-
direct measurement of gene expressiof!loramphenicol acetyltransferasg, tor as the reporter gene and its cognate
include Southern. Northern. and Westdalactosidase, - glucuronidase, fireflfeceptor ligand as the marker. This
ern blot and in situ hybridization tech- 21d bacterial luciferase, alkaline_phosmethOd was developed by the UCLA
niques. These techniques are nodphatase, green fluorescent proteins, cysene Imaging Consortium using the
complemented or, in some instanced2SiNe deaminase, and herpes simpleopaminergic type 2 receptor at-

' virus type 1 thymidine kinase (HSV1- fluoroethylspiperone as the ligan@)(

replaced by the reporter gene technol- yp y
ogy. tk). The measurable phenotype can

Reporter genes provide an eleganEe assayed by radioisotopes, absoHSV1-TK SYSTEM

. . . bance, fluorescence, bioluminescence, o
alternative method of genetic analysis In this issue ofThe Journal of Nu-

. : . —and chemiluminescence. Cellular, re - ;
that is overall easier, less expensive Yjear Medicine lyer et al. ) describe

... time imaging of these substrates i ; ; ; ;
more accurate, and more quantitative ging An interesting improvement in the

than the standard hybridization tech-""ccomp"She;I r?yh?'g'ta' oD " HSVI-tk PET reporter gene imaging
] h | croscopy and highly Sensitiveé pnotonyechnjigue that they have contributed to
niques. The general concept of a re | h as the ch (
is simple: i counting cameras such as the chargstaplish over the past few years. They
porter gene is simple: a defined nucle led d ) ! !
: o ; coupled devicel). also introduce the concept of imaging
otide sequence is introduced into a In vivo. visualization of gene e
Vivo, visualizatl g X= two reporter genes (HSV1-tk and do-

zzfgﬁaalestsg nz;rt];/jpgl?;(:cs)teai\n;e;dg))/(lE)resspn using MRI is currently underpamine type 2 receptor FR)) in the
. . ~investigation 2,3). Because of itS game animal.

pression. Reporter genes are infognige apility to label and detect met- Tpe genome of herpes simplex virus 1
tocors, Common cellla wansfecton C0lS,_substiates, nuclear mediings characterzed by the presence of a

) . - "provides the right tools to assess repefyromiscuous thymidine kinase gene
protocols include?*PQ, diethylami- jively, noninvasively, and quantita- (HSV1-tk) whose product has relaxed
noethyl-dextran, lipid-based and electjvely the expression of transfectedsypstrate specificity. In contrast to its
troporation techniques, retrovirusesgenes in tissues and organs. In Vivenammalian counterpart that phosphory-
and adenovirus vectors carrying the reimaging of gene expression (alsGates thymidine preferentially, HSV1-tk
porter gene in their recombinant gecalled Imagene4)) was reported for can phosphorylate not only thymidine
nome. Transfected genes are transcrihe first time in an experimental animalput also purine pentosides and a wide
tionally active over 24-72 h. In mostmodel by Tjuvajev et al.§). Using diversity of nucleoside analogs that are
instances, the reporter gene’s produgiSvi-tk as a marker gen¥C-labeled not phosphorylated efficiently by cellu-
provides enzyme activities that are no-iodo-2-fluoro-2-deoxy-18-p-ara- lar kinases such as acylguanosine and
normally found in eukaryotic cells and binofuranosyluracil (FIAU) as the uracil derivatives ).
marker substrate, and autoradiography, Clinicians have taken advantage of
Tjuvajev et al. were able to show athis characteristic and used HSV1-tk as
ponoceived Sep. 11, 2000; accepted Sep. 12, preferential accumulation of FIAU in a a suicide, killer gene to treat herpes-
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phosphorylation by HSV1-tk, cellular ificity for the vector carrying either the commentary. Transcriptional targeting
guanylate kinase, and other cellular entherapeutic gene or the reporter genef viral vectors is not trivial and re-
zymes, interfere with herpes simplex(or both). Several potentially usefulquires a great deal of construction fine-
virus DNA polymerase, blocking the transfer systems such as retrovirusuning in the context of a recombinant
replication of the viruses. Thesepseudotyped retrovirus, liposomal-genome. Although far from ideal be-
triphosphate analogs also enter an®NA complex, herpes simplex virus, cause it is not specific, the cytomega-
block cell DNA synthesis by inhibiting and adenovirus carriers have been deevirus (CMV) promoter element used
a cellular DNA polymerase, but to aveloped. Among these vectors, adencto drive the expression of HSV1-tk in
lesser extent. This latter characteristiziral vectors have emerged as the sathis work is well characterized and
has been exploited in the treatment oést and most practical in vivo. Thegives a good level of expression of the
certain cancers by transfecting the canability to easily insert a foreign thera- downstream genes in many cell lines,
cer cells with a vector carrying the peutic or reporter gene (or both) withingymors, and organ(,29.
HSV1-tk suicide gene and administer-their genome and to express at the sur- 4sv1-tk salvages thymidine in the
ing acyclovir or ganciclovir §—-13. face of their capsid a particular peptidemetapolism of the virus. The amino acid
A similar approach has been exploitedby mutagenesis makes them extremelyequence and three-dimensional struc-
by several groups to image and moniattractive and suitable for specific,yre of the enzyme are well characterized
tor the adenoviral-mediated deliveryguided gene therapy targeting (phaggng nave been used as a framework to
and expression of HSV1-tk in mamma-display library). develop mutant enzymes. Various site-
lian cells and organs5(14-16. 18F The importance of the adenovirusyjrected mutagenesis experiments con-
positron-labeled acylguanosine derivatarget specificity is not addressed herey ,.ted on HSV1-TK have allowed as-
tives such as 8-fluoroacyclovir (FACV), Cell-specific gene delivery by viral signment of specific amino acid residues
8-fluoroganciclovir (FGCV), 9—[(3—f|uo_ro— vect_ors is limited by thg promiscuous; specific functional properties23).
1-hydroxy-2-propoxyl)methyllguanine tropism of the parent virus. StrateglesFrom this, a range of mutations has been
(FHPG), and 9-(4-fluoro-3-hydroxy- to alter the adenoviral tropism inCIUde’hypothesi’zed to confer the enzyme a
methylbutyl)guanine (FHBG) are cur-among others, selection from vector

7S . . oo . higher affinity for various substrate and
rently being investigated as substratedisplay libraries, insertion of short tar-. 9 v

for positron imaging of HSV1-tk ex- geting peptides and larger polypeptide'—nhlbltors that COUIE be useﬁ_m 'maging.
pression 15,17-19. Penciclovir, an- binding domains into the coat proteinsIn a separgte work, Gambhir et a24f
other highly selective antiherpes virugdisplay of an immunoglobulin-binding have described the use of an HSV;—tk
agent with a satisfactory safety profiledomain as a genetic fusion to the coa@HSVl_Srsgtk) that seems tp have_ m-
is used by lyer et al.7) to compare its protein and then use of a monoclonaProved Ve Ky fOT penglcloylr and in .
“reporting ability” with that of FACV antibody to crosslink the vector with creases the accumulatlon in C6 rat gi-
and FGCV. According to these au-the target cell, and replacement of th ma cells expressing H$V1-sr39tk by a
thors, fluorinated penciclovir (FPCV) coat proteins of the virus with the coat'acto of 20 compared with that of wild-
has many advantageous characteristiggoteins of another virus that alreadyfy pe HVS1-k. )
over FACV and FGCV. In vitro, it is has a desired host rangg0}. There is ~ OVer the past 20y, acyclovir has
converted two times faster to its mono-every reason to believe that the refine®€come the reference drug to develop
phosphate derivative than is FACV byments of these viral engineering strat/1SV-tk €énzyme inhibitor and treat her-
HSV1-tk and it does accumulate at aegies will ultimately benefit greatly the PES Simplex virus infections. Numer-
much higher level than does FGCV inreporter gene imaging techniques. ~ ©US compounds with higher affinity for
cells expressing HSV1-tk. It is stable On adenoviral transfection, trans-the enzyme have been discovered and
in mouse plasma and rapidly clearedjene expression is usually transiengyNthesized. Only a few have reached
from the blood pool compartment.and requires repeated infections. Opticlinical use. Forimaging purposes, two
FPCV retention in mouse-bearing tu-mization of transgene expression ignain classes of substrates have been
mors that express HSV1-tk is also sigtherefore critical. Transcription of the investigated: the acylguanosine and
nificantly greater than is FGCV accu-transgene sequence(s) depends on ife uracil derivatives. Acylguanosine
mulation in such tumors. FPCV tracellular and DNA sequence-relatedlerivatives such as acyclovir, ganciclo-
retention in HSV1-tk—transfected liver factors. When constructing a transcripVir, — 9-[(1-hydroxy-2-propoxyl)meth-
correlates well with the amount of vi- tionally targeted vector, a significantyllguanine, and 9-(3-hydroxymethyl-
rus injected (i.e., ultimately the amountnumber of promoters, enhancers, sibutyl)guanine are typically labeled
of HSV1-tk enzyme synthesized).  lencers, and locus control sequencewith 8 for positron imaging studies.
Improvement of the HSV1-tk re- are available to choose from. TissueUracil nucleoside derivatives such as
porting technique can be approachedpecific promoters and regulatory seFIAU and fluoromethylg-arabino-
by optimizing each component of thequences are ideal for obvious reasonguranosyluracil can be labeled with
system. Gene therapy and reporting of detailed discussion of transcriptional*!C, 24, 31, and 23 for PET or
a specific target require exquisite spectargeting is outside the scope of thisSSPECT studies,16,18,25,2

RePORTERGENES AND IMAGENE ¢ Urbain 107



Most studies using the HSV1-tk re-low-up of patients with Parkinson’s strate binds readily to the gene product
porter gene technique have come shodisease who are treated by gene theas a receptor-ligand or crosses cell
of addressing a critical factor for theapy 8,29, the DLR—FESP reporter membranes readily; it is rapidly metab-
enzyme substrate accumulation. It isystem could be most useful as part oblized by the reporter gene product and
now well established that the HSV1-tka dual gene-expression cassette. In thisffectively trapped in the transduced
substrates are mediated by multipleystem, the therapeutic gene and theells; it is specifically retained by
membrane transporters, essentiallfransmembranous receptor reportefransfected cells and reflects the activ-
peptide transporter27). Therefore, it gene are combined in a bicistronic seity of the transgene expression. The
is reasonable to believe that the netjuential DNA sequence that is drivensubstrate should also be stable in the
uptake of HSV1-tk substrate inside théby the same upstream promoter. blood, cleared rapidly from the blood-
target cells not only reflects the en- Both genes are coupled and exstream, be nonimmunogenic, and have
zyme activity but also the transportpressed at the same time and ideally &io or minimal side effects.
across the cell membrane. The desigthe same level using an internal ribo-
and labeling of the ideal HSV1-tk re- somal entry site (IRES). The IRES el-
porter substrate will have to take thisement permits the translation of twoCONCLUSION
important parameter into accountopen reading frames from one messen- Reporter gene technology is used
Similar to the therapeutic use of theseer RNA: one reading frame encodingwidely in molecular biology to monitor
HSV-tk substrates, the in situ deliverythe recombinant protein of interestthe cellular events associated with sig-
of the imaging agents might be critical(therapeutic) and the other encodingal transduction and gene expression
for the successful assessment of transhe reporter protein30). The amount both in vitro and in cell experiments.
gene imaging. Interventional nuclearof radiolabeled ligand binding to theVvarious reporter genes with easily
medicine with local delivery of diag- reporter protein is a direct reflection ofmeasurable phenotypes are now well
nostic or therapeutic (or both) labeledthe amount of therapeutic gene proteigharacterized and available. The prin-
agents is an interesting avenue that willranscribed.  Bicistronic  adenoviralcipal advantages of these assays are
definitely help the Imagene approachvectors carrying the human;R and their high sensitivity, reliability, con-
Ultimately, the selection of the ideal the human somatostatin type 2 receptajenience, and adaptability to large-
reporter substrate for HSV1-tk imag-(hSSTr2) as therapeutic or reportegcale measurements.
ing will depend on all of these factorsgenes (or both) are currently being de- The use of reporter transgenes to
and the absence of any significant syssigned and tested in cells and animalgissect biologic issues in transgenic

temic side effects. (31,32. animals has been a relatively recent

The Na'/I symporter (NIS) gene re development. Reporter genes have
RECEPTOR-LIGAND REPORTING  porting and therapeutic system is anpeen used to identify regulatory ele-
SYSTEM other example of a membranous recépments that are important for tissue-
The DR-3-(Z-fluoroethyl)spiper tor-ligand reporter gene that could bespecific gene expression or for devel-
one (FESP) reporter system describeextremely powerful not only for radio- gpment, to produce in vivo models of
by lyer et al. ) belongs to the mem- iodine therapy but also for transfectedcancer, to study in vivo mutagenesis,
branous receptor-ligand category ofumor localization and gene therapysng as a tool in lineage analysis and for
gene reporters. In this approach, assays. The complementary DNA eNmarking cells in transplantation exper-
membranous receptor gene is exeoding NIS has been recently isolateqants.
pressed in the target cell and representnd characterized. The unique ability |, vivo reporting systems such as
the reporter gene. The labeled cognatef this intrinsic membrane protein to HSV1-tk, BR-FESP, hSSTr2, and
receptor ligand is then used to imagéransport I is now exploited to design
the expression of the transduced geneectors expressing the NIS gene in tUs, \ivo and monitor noninvasively the
MacLaren et al. §) have shown the mors for targeted radiotherap$3,34. level, duration, and location of trans-
usefulness of the JR—FESP reporting  The requisites for using a reportergene expression. With advances in this
technique. lyer et al. have shown thegene in imaging are similar to thosetechnology and in detection methods,
ability of the reporter gene techniqueused in molecular biology with a few

it is likely that clinicians will, in the

to image two reporters in the sameadditions: The endogenous activity qrfuture, be able to assess and correlate

animal using the HSV1-tk and theconcentration of the reporter gene iS$he targeting specificity and transduc-
D,R—FESP systems concomitantly. Adow and ideally is absent from the tar-on of therapeutic genes with clinical
stated by the authors, it is not unreageted cells. The expression of the res Ltcomes
sonable to believe that some day thiporter gene is stable and reflects the '

technique might be useful to assess axpression of the therapeutic gene. The

NIS are now being developed to image

dual gene therapeutic approach. substrate can be labeled with single Jean-Luc C. Urbain
Besides its potential for assessingphotons or positrons (or both) suitable Fox Chase Cancer Center
dual gene therapy and for the fol-for SPECT and PET imaging. The sub- Philadelphia, Pennsylvania
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