
as AxCANCre, AxCALacZ, was also purchased from 
Riken Cene Bank as a control vector. 

14. Ninety percent hepatectomy was done by removing 
the median, left lateral, right upper, and lower lobes 
by ligation, leaving only the caudate lobe. After sur- 
gery, animals were allowed free access to tap water 
supplemented with 10% dextrose and received a 
daily intravenous injection of 2 ml  of saline. 

15. For intrasplenic transplantation, a small surgical inci- 
sion was made in the animal's flank, and the spleen 
was exposed under anesthesia and surgical care ap- 
proved by the animal committee of Okayama Uni- 
versity Medical School. Cells (50 X lo6) suspended in 
0.5 m l  of ASF-104 were injected into the inferior pole 
of the spleen. The blood flow in the splenic artery and 
vein was temporarily occluded to avoid immediate 
passage of cells into the portal vein during transplan- 
tation. The injection site was also ligated to prevent 
cell leakage and bleeding. 

16. Blood samples were obtained from tail veins, and the 
levels of T.Bil, PT, and NH3 were measured with Fuji 
Dry Chem (Tokyo, Japan). 

17. N. Kobayashi et al., data not shown. 
18. Spleen specimens were 	compound embedded and 

frozen at -80°C. Cryostat sections of the spleen 
(5-pm thick) were fixed in ice-cold acetone. Immu- 

nofluorescence for SV40T of NKNT-3 cells trans- 
planted into the spleen was performed as the same 
procedure as described in (11). 

19. M. Cossen et al.. Science 268, 1766 (1995). 
20. R. Pawliuk et al., Nature Med. 5, 768 (1999). 
21. NKNT-3 cells (6 X 10') were plated in T75 flasks and 

infected 1 day later with AxCANCre at various MOI 
for 1 hour. Cells were subsequently cultured in the 
chemically defined serum-free medium ASF-104 (Aji- 
nomoto, Tokyo, Japan) for 2 days and then harvested 
for RT-PCR, Western blot, and Northern blot analyses. 

22. Infection of AxCANCre was performed as described in 
(21). After adenoviral infection, NKNT-3 cells were 
cultured in ASF-104 medium containing C418 (500 
pgfml) for 7 days and then harvested for RT-PCR, 
Western blot, and Northern blot analyses. 

23. Total RNA was 	 isolated by the RNAzol procedure 
(Cinna/BioTecx. Friendswood, TX). RT was performed 
at 22°C for 10 min and then 42°C for 20 min with 1 
p g  of RNA per reaction. PCR was performed with 
specific primers in volumes of 50 p I  and according to 
the manufacturer's instructions (PCR kit; Perkin-
Elmer/Cetus, Norwalk, CT). Primers used were as 
follows: for SV40T. 5' primer CACCCATACACT-
CTCTCC and 3' primer CAACACCCTCTTCCCATATC; 
and for p-actin, 5' primer TCACCCCCTCACCCA- 
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Steroid receptors bind t o  site-specific response elements in chromatin and 
modulate gene expression in  a hormone-dependent fashion. Wi th the use of a 
tandem array of mouse mammary tumor virus reporter elements and a form 
of glucocorticoid receptor labeled wi th  green fluorescent protein, targeting of 
the receptor t o  response elements in  live mouse cells was observed. Photo- 
bleaching experiments provide direct evidence that the hormone-occupied 
receptor undergoes rapid exchange between chromatin and the nucleoplasmic 
compartment. Thus, the interaction of regulatory proteins wi th  target sites in  
chromatin is a more dynamic process than previously believed. 

Steroid receptors modulate rates of transcription 
at target genes through protein-protein interac- 
tions with basal transcription factors and 
through the recruitment of a variety of coactiva- 
tors or corepressors (I).Some of these interact- 
ing proteins serve as bridging factors to other 
components of the soluble transcription appara- 
tus, and others either harbor intinsic chromatin- 
modifying activities [such as acetylation or 
methylation (2)] or interact with other chroma- 
tin-remodeling activities [including the swilsnf 
family of nucleosome-remodeling proteins (311. 
The dynamic process by which the receptors 
recruit these factors to activate transcription is 
poorly understood. The classic view is that the 
receptor binds to a recognition site and remains 
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at that site for as long as the ligand is present in 
the cellular milieu (4). Alternatively, the recep- 
tor may interact transiently with a response el- 
ement, recruiting a secondary set of factors that 
in turn form a stable complex at the regulatory 
site. This type of mechanism has been referred 
to as "hit and run" and has been proposed both 
for the glucocorticoid receptor (GR) (5, 6 ) and 
for enhancer fhction in general (7) (Fig. 1). 
These issues could not be addressed by the 
indirect methods traditionally used to detect 
transcription factor- DNA binding and function. 
We report here the direct observation of GR 
interaction with hormone response elements in 
living cells. Using photobleaching techniques, 
we show that the receptor undergoes continuous 
exchange between chromatin regulatory ele- 
ments and the nucleoplasmic compartment 
when ligand is constantly available. 

The cell line 3134 contains a large tandem 
array of a mouse mammary tumor virusHarvey 
viral raS (MMTVIv-Ha-ras) reporter (8). The 
repeat structure arose from the spontaneous 

CACTCTCCCCATCTA and 3' primer CTACAACCATT- 
TCCCCTCCACCATCCACCC. PCR conditions were 
as follows: denaturation at 92°C for 1 min, annealing 
at 58°C for 1 min, and elongation at 72°C for 1 min 
with a thermal cycler (Perkin-Elmer, Foster City. CA). 
PCR products were resolved on 2% agarose gels and 
visualized by ethidium bromide staining. 

24. Proteins (30 p g  per lane) from NKNT-3 cells and 

reverted NKNT-3 cells were separated by electro- 

phoresis on SDS-polyacrylamide gels, transferred to 

hybond-polyvinylidene difluoride transfer mem-

branes, and treated with mouse monoclonal antibody 

to SV40T (Santa Cruz Biotechnology) (1:lOO) fol- 

lowed by peroxidase-linked secondary antibody 

(1:2500). Labeled protein bands were stained with 

ECL kit (Amersham, Japan). Human p-actin protein 

served as an internal control. 


25. Northern blot analysis was performed as described 

(3). Specific DNA probes were obtained by PCR of 

genomic DNA and then radiolabeled. 


26. We thank). Miyazaki for providing the CAC promoter 

and H. Lodish and I. M. London for comments on the 
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chromosomal integration of a 9-kb bovine pap- 
illoma virus (BPV) multicopy episome, creat- 
ing a head-to-tail array of 1.8 X l o 6  base pairs 
(bp) (Fig. 2A). This structure contains about 
200 copies of the long tenninal repeat (LTR) 
and thus includes 800 to 1200 binding sites for 
GR. Derivatives of this cell line express a green 
fluorescent protein (GFPttagged version of 
GR (GFP-GR) from a chromosomal locus un- 
der control of the tetracycline-repressible pro- 
moter (8). The GFP-GR that is expressed in 
these cell lines after removal of tetracycline is 
resident in the cytoplasm in the absence of 
ligand but translocates to the nucleus within 10 
min of hormone addition, as detected by l i ~ e -  
cell epifluorescence (8) .  

The MMTV array in these cell lines was 
large enough to be observed by light microsco- 
py. Fluorescence in situ hybridization analysis 
(FISH) of DNA was performed on metaphase 
chromosomes from cell line 361 7 with a probe 
to the ras insert in the tandem array (Fig. 2). The 
cell line is aneuploid, as expected for a ras- 
transformed murine carcinoma cell maintained 
in culture for many generations. Hybridization 
with the ras probe alone revealed the presence 
of a large ras-specific structure near the centro- 
mere of one chromosome (Fig. 2C). Subse-
quent analysis with a chromosome 4 telomere- 
specific probe showed that the array was locat- 
ed on this chromosome (Fig. 2B). The array 
thus exists as a unique amplified element near 
the centromere in the A region of chromosome 
4 (Fig. 2A). 

When the distribution of GFP-GR is exam- 
ined in living cells (Fig. 3), multiple nuclear 
structures are observed after ligand activation 
(9). The receptor is located in a series of bright 
focal structures, overlayed against a fine retic- 
ular pattern that is present throughout the nu- 
cleus but not including the nucleoli. In cell line 
3617, however, the receptor also accumulates 
in one large structure that is present as one copy 
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per nucleus (Fig. 3A). In a representative ex- 
periment, this unique a c t u r e  was observed in 
66% of cells examined (10). Nuclei h m  two 
adjacent cells in one field are shown ih Fig. 3, 
B and C; one bright object is present in each 
nucleus. 

We carried out in situ RNA hybridization 
to detect nascent transcripts homologous to 
the MMTV-ras array and detected a large 
structure similar in size to that observed with 
GFP-GR in the nuclei of 3617 cells (Fig. 4A, 
compare with Fig. 4C). Merged images for 
the GFP-GR fluorescence-labeled and rho- 
damine-labeled nucleic acid probe (Fig. 4B) 
indicated that the GFP-GR structure present 
at one copy per nucleus was directly associ- 
ated with nascent transcripts from the ampli- 
fied MMTV LTR m y .  These results pro- 
vide definitive evidence that targeting of 
GFP-GR to the LTR hormone response ele- 
ments has been detected (11). 

The observed association of ligand-activat- 
ed GR with the MMTV promoter for observ- 
able periods of time is consistent with either the 
static (Fig. 1, model 1) or the hit-and-run model 
(Fig. 1, model 2). To distinguish between these 
models, we performed two types of photo- 
bleaching experiments that detect the mobility 
of molecules in living cells, fluorescence recov- 
ery after photobleaching (FRAP) (12) and flu- 
orescence loss in photobleaching (FLIP) (13) 
(Fig. 5). In FRAP mode (12), a focused laser 
beam was used to exclusively bleach GFP- 
GR on the array (Fig. 5, A to F). After irradi- 
ation, GFP-GR was rapidly replaced with un- 
bleached molecules. In FLIP mode (13), GFP- 
GR elsewhere in the nucleus was continuously 

Fig. 1. Models for the dynamic interaction of CR 
with the MMTV.locus, depicting the binding of CR 
to a chromatin fiber. Model 1 indicates static 
binding of CR to  the target locus. Model 2 pos- 
tulates recycling (hit-and-run) mechanisms, ei- 
ther for CR alone (2b) or for both CR and sec- 
ondary factors (x, y) (2a) that bind in response to 
the chromatin transition. Dex, dexamethasone. 

R E P O R T S  

bleached (Fig. 5, G to 0). During irradiation, tent only with model 2 of Fig. 1; that is, GFP- 
GFP-GR on the m y  w8s replaced with non- GR cycles continuously on and off the MMTV 
fluorescent molecules h m  the nucleoplasmic chromatin target in hormone-stimulated cells. 
space, either endogenous GR or bleached GFP- During the GR-induced chromatin tramition 
GR, or both. Thus, GFP-GR exchanges at a in the MMTV LTR, secondary transcription 
high rate between the array bound state and the factors including NF 1 and Oct 1 bind to the 
free nucleoplasmic state. This result is consis- B/A nucleosome region after receptor activa- 

Fig. 2. A 200-copy MMTV LTR array is located on chromosome 4. Cell line 3617 contains a Large-scale 
tandem array of the MMTV LTR (7). The array contains about 200 copies of an MMTV-LTR-ras-BPV 
reporter structure in a perfect head-to-tail array of 1.8 X lo6 bp (8) (A); the structure thus contains 800 
to  1200 binding sites for CR The chromosomal location of the array was determined by metaphase 
FISH analysis of DNA with a 565-bp fluorescein-conjugated probe specific to the v-ras sequences 
[chromosomes are 4,6-diamidino-2-phenylindole (DAPI) stained]. (C) A metaphase spread of the 3617 
cells with one region of strong hybridization on two sister chromatids (inset). The metaphase figure in 
(B) was hybridized with both the ras probe and a chromosome 4 telomere-specific probe (Genome 
Systems, St. Louis, MO). Two copies of chromosome 4 are detected in the figure: the LTR array is present 
on one copy (bottom inset) and absent on the second (top inset), indicating that the array is integrated 
near the centromere of chromosome 4 (A). 

with DMEM without tetracycline 
(to induce CFP-CR expression) and supplemented with 10% charcoal-dextran-treated serum (to 
prevent hormone stimulation of the CFP-CR). After 16 to  24 hours, dexamethasone was added to  
the cells to  induce nuclear accumulation of the CFP-CR. After 2 hours of dexamethasone 
treatment, cells were imaged with a 100X/1.4 numerical aperture oil immersion lens on a Leica 
TCS NT SP laser scanning confocal microscope. CFP was excited with the 488-nm line from an 
argon laser. The confocal pinhole was set at 1.0 Airy disk unit. (A) A two-dimensional (2D) section 
showing a representative nucleus after 2-hour induction with 5 nM dexamethasone. Arrow 
indicates the array. (B and C) Projections of 3D images of two nuclei from the same field, each 
showing a single array structure (arrows) after 2-hour treatment with 1 nM dexamethasone. Scale 
bars, 5 Fm. 
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Fig. 4. Colocalization of CFP-CR with nascent 
MMTV transcripts detected by RNA FISH. Cells 
were grown as described in Fig. 3. Dexametha- 
sone at 100 nM was added for 12 min; cells were 
then fixed for 15 min in 3.5% paraformaldehyde 
and washed three times for 10 min each with 
phosphate-buffered saline (PBS). The fixed cells 
were permeablized with 0.5% Triton X-100 in 
PBS for 10 min, and then washed again three times 
for 10 min in PBS, followed bv a 5-min rinse in 2X 
saline sodium citrate (SSC). tover slips were then 
incubated for 18 hours at 3PC with 20 pI of 
hybridization mixture [containing 2X SSC, 50% 
formamide, 10% dextran sulfate, tRNA (1 mglml), 
and probe DNA (5 to  10 pglml)]. Probe DNA was prepared with a biotin 
nick-translation kit (Boehringer, Indianapolis, IN) and plasmid pM18, which 
indudes the MMTV LTR, v-ras and BPV (79). The nick-translated DNA was 
denatured in formamide at 95OC for 10 min and then placed on ice for 5 min 
before addition to  the hybridization mixture. After hybridization, cover slips 
were washed for 15 min in 2X SSC and 0.05% Triton X-100 and washed 
again for 15 min in 2X SSC and then for 5 min in 4X SSC. Cover slips were 

Fig. 5. CFP-CR under- 
goes rapid exchange 
with the LTR in the 
continuous presence of 
ligand. (A to F) CFP-CR 
bound to  the LTR array 
was subjected to  FRAP 
(72). Cells were grown 
and imaged as de- 
scribed in Figs. 3 and 4. 
The time-lapselbleach 
mode was used on the 
Leica TCS NT SP confo- 
cal microscope. Set- 
tings were configured 
to produce a preblead 
image (A) first and then 
focus a 1.5-pm diame 
ter beam (indicated by 

FRAP 

Prebleach 

incubated for 1 hour in avidin-rhodamine (2 pglml) in 4 x  SSC, 0.1% bovine 
serum albumin and 0.01% Tween 20, then washed once for 10 min in 4X 
SSC containing 0.05% Triton X-100, and twice for 10 min in 4X SSC, 
followed by one rinse in PBS. Cover slips were then mounted on a slide for 
viewin by confocal microscopy as described in Fig 2. Rhodamine fluores- 
cence b) was detected with the 568-11171 Kryton laser line. CFP-CR fluores- 
cence is shown in (C), and merged irnages are shown in (8). Scale bar = 5 pm. 

Post-Bleach 

Seconds of 
6.6 

Recovery 
11.6 

i rs t  postbleach image 
was collected at 1.6 s 
[(C) corresponds to  the 
white box in (A)], fol- 
lowed by irnages col- 
lected at 2.51 inter- 
vals. Here, the 4.1-s 
(D), 6.6-s (E), and 
11.6-s (F) images are 
shown. Leica-supplied 
software was used to 
quantify fluorescence 

yellow circle) on the ai- 
ray with the 488- and 
514-nm lines of the ar- 
eon laser for 0.25 s. The r' \ 0 

recovery. The cell 
shown here was treat- 
ed with 1 p M  dexa- 
methasone for 2.5 
I 

0 20 40 60 
hours and kept at 37OC S ~ C .  
during imaging. (A), 
scale bar, 5 pm. (B to F) -- 

scale bars = 0.5 um. IC 
to 0) Nuclear G F P ~ R  
was subjected to  FLIP 
(73). A 1.5-pm diame 
ter beam was focused 
within the nucleus at a 
distance from the array [indicated by yellow circle, (C)], and irradiation carried out repetitively as 
follows: 1 s beam on, 1 s beam off, 1.6 s low intensity, full-frame image collection. Images of the array 
[corresponding to  the white box in (C)] are shown in (H) to  (N) for 0,10,20,30,40,50, and 60 s after 
initiation of FLIP. Relative intensities for fluorescence associated with the array are presented in (0). 
Scale bar in (C), 5 pm. 

tion and are continuously detected on the pro- 
moter b y  exonuclease footprinting analysis (6, 
14). One role o f  the secondary hctors could be 
to maintain the open chromatin structure (Fig. 
1, model 2b). The footprinting data, together 
with our observations, suggest two pathways 
for assembly o f  the GR-induced complex. 
Chromatin may cycle very rapidly between the 
"open," enzymeaccessible, and "closed" states, 
coincident with the exchange observed for 
GFP-GR (Fig. 1, model 2a). Alternatively, GR 
may induce a long-lived open state through the 
recruitment o f  remodeling activities and sec- 
ondary transcription factors, but the continuous 
presence o f  GR is unnecessary to maintain this 
state, (Fig. 1, model 2b). In vitro results with 
reconstituted MMTV LTR chromatin are con- 
sistent with the hit-and-run mechanism. Puri- 
fied GR bound to nucleosome B in MMTV 
chromatin restricts access to B-region enzyme 
sites; however, access is enhanced by addition 
o f  adenosine triphosphate (ATP) and a chroma- 
tin-remodeling f i x t ion  (15). Thus, it appears 
that ATP-dependent remodeling by  GR in this 
in vim system is accompanied b y  receptor 
disengagement from the template. 

Although some components o f  the large 
tmnscriptional apparatus may cycle through the 
complex (16), it is generally assumed that a 
stable initiation complex exists under condi- 
tions where the primary activator remains com- 
petent (Fig. 1, model 1). We suggest a more 
dynamic view. The detection o f  a long-lived 
footprint, or hypersensitive transition, does not 
verify continuous occupancy o f  a regulatory 
site but rather indicates an equilibrium in favor 
o f  the occupied state at the time. Assaying 
occupancy usually involves processes such as 
cell disruption, isolation o f  nuclei, and chroma- 
tin extraction, all o f  which are conditions that 
would interrupt the dynamic process o f  ex- 
change. Using FRAP in living cells, Ellenberg 
and colleagues (17) have shown that GFP- 
labeled histone H2B does not exchange &om 
general euchromatic sites. In contrast, we have 
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measured rapid exchange rates for a transcrip- 
tion factor on a specific regulatory element in 
living cells. It is unclear whether any of the 
various factors recruited to a regulatory site 
remain statically bound. 

The continuous exchange of liganded recep- 
tor with genomic targets is likely to have im-
portant consequences for physiologic responses 
of the cell. Many receptor responses are mod- 
ulated by multiple cellular signaling pathways. 
For example, phosphorylation events mediated 
through independent protein kinase cascades 
can quickly alter the receptor-mediated expres- 
sion level at a variety of promoters. Rapid 
exchange of a nuclear receptor with regulatory 
sites may facilitate the action of these second- 
ary pathways because the receptor would be 
continuously available for modification, even in 
the presence of ligand. 

The success of these experiments now 
opens the possibility of studying the direct 
interaction of many receptor coactivators and 
other receptor interaction activities with a 
natural gene target in real time in living cells. 
Further enhancements of this approach will 
likely lead to the ability to directly study 
molecular interactions at target regulatory re- 
gions through the application of fluorescent 
energy transfer (18) and proximity imaging 
of GFP-labeled factors (18). 
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To elucidate the role of the synaptic protein a-synuclein in neurodegenerative 
disorders, transgenic mice expressing wild-type human a-synuclein were gen- 
erated. Neuronal expression of human a-synuclein resulted in progressive 
accumulation of a-synuclein-and ubiquitin-immunoreactiveinclusions in neu- 
rons in the neocortex, hippocampus, and substantia nigra. Ultrastructural anal- 
ysis revealed both electron-dense intranuclear deposits and cytoplasmic in- 
clusions. These alterations were associated with loss of dopaminergic terminals 
in the basal ganglia and with motor impairments. These results suggest that 
accumulation of wild-type a-synuclein may play a causal role in Parkinson's 
disease and related conditions. 

Human a-synuclein is a 140-amino acid mol- 
ecule (I)that is encoded by a gene on chromo- 
some 4 (2) and has homology to rat and Tor-
pedo a-synuclein and songbird synelfin (3). 
Although the precise function of the synuclein 
superfamily of peptides is still unknown, sev- 
eral lines of evidence suggest potential roles in 
synaptic function and neural plasticity (3, 4). 
Human a-synuclein was originally isolated 
from plaques of Alzheimer's disease brains as a 
19-kD protein precursor of the highly hydro- 
phobic 35-amino acid metabolite, nonamyloid 
component (NAC) of plaques ( I ) . The NAC 
peptide can self-aggregate into fibrils and in- 
duces aggregation of the @-amyloid peptide (5). 

a-Synuclein is highly abundant in presynaptic 
terminals (4) and in Lewy bodies (6) ,neuronal 
inclusions that are found in diverse human neu- 
rodegenerative disorders including the Lewy 
body variant of Alzheimer's disease, diffuse 
Lewy body disease, and Parkinson's disease 
(7) .Rare cases of familial Parkinson's disease 
have recently been linked to point mutations in 
a-synuclein (8);however, most neurodegenera- 
tive disorders with Lewy bodies are associated 
with abnormal accumulation of wild-type, not 
mutant, a-synuclein (6, 9). 

To elucidate the role of a-synuclein accu- 
mulation in the pathogenesis of neurodegenera- 
tive disorders with Lewy bodies, we generated 
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