
dlolabeled Chemicals). [3H]Mannose labeling was 
done In glucose-free and L-gutamine-free medum 
supplemented wth 50h dayzed fetal bovine serum 
dextrose (0.5 mglml), sodium pyruvate 11 .I mglml) 
antibotics, nuceosides and nonessential amino ac- 
ds for 18 to 24 hours at 37% CDl d l  and Db-sol n 
the culture supernatant were purified wlth HIS-Trap 
NI-Sepharose and B22-249-coupled proteln 
A-Sepharose columns. respectvey, after precear- 
ing with Hi-Trap protein A-Sepharose accordng to 
the manufacturer (Pharmacia Biotech). Radioactivity 
In each fracton was monitored with a sc~ntillation 
counter (Beckman). [3H]Mannose-labeled, sCDldl 
and Db-sol-associated igands were separated 2 
from the heavy and light chalns by Microcon-10 
(Amicon) fitraton to specf~cay montor GPassoci- 
ated radoactivity. 

26, sCDldl and H-2Db (about a KM), In triplcate, were 
mixed,v~ith 1.8 p C  of ~-a-[myo-1nos1tol-2-~H]Pl (1 1 
Ci!mho; DuPont-NEN) in 100 p of phosphate-buff- 
ered saline at 37'C for about 18 hours, sCDl d l  - and 
H-2Db-bound [3H]Pl were separated from free 
[3H]Pl by Microcon-10 ftraton, and radioactvlty in 
the retaned solution was measured In a sc~ntllat~on 
counter. H-2Db reconstituted In vtro from heavy and 

g h t  chans produced in Escherichia coil and wlth a 
H-2DD-binding peptlde Gly-Ala-e-Ser-Asn-Met- 
Tyr-Aa-Met, derived from gutamic acd dehydroge- 
nase was used as the control for bndng specfcity. 
The In vitro reconstituted H-2Db was generously pro- 
vided by E. Palmier and S. G. Nathenson. For Scat- 
chard analys~s, various concentrations of purifled 
sCDldl in duplicate, were mixed wlth 1.8 K C  of 
[3H]Pl 1-1.6 pM) In 100 p of 20 mM phosphate 
buffer, pH 7.4. After incubation at 37OC for -18 
hours, sCDl d l  -[3H]Pl complexes were separated 
from free [3H]Pl by Microcon-I0 ftration, and rado- 
activity n the retaned solut~on was measured. 

!7. Clearly GP is the major gand identified under the 
conditions described here for the isolation RP- 
HPLC fractonation and MALD-MS analyss (Fig. I ). 
To determine whether GP is the major or the only 
natural igand of CDl d l  we estimated the percent of 
CD ld l  occuped by G P  from the ratio of [3H]man- 
nose-abeed heavy chain to [3H]mannose-labeled 
GPI. Considering that D-[2-3H]mannose converts 
mostly to D-[2-3H]fucose and rarely to other sugars 
(33), there are about seven times as many mannoses 
and fucoses In the heavy char  as In GP (1 7). Thus 
-6596 of CDl d l  IS occuped by GP before account- 
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The mechanism by which mammalian circadian clocks are entrained to light-dark cycles 
is unknown. The clock that drives behavioral rhythms is located in the suprachiasmatic 
nucleus (SCN) of the brain, and entrainment is thought to require induction of genes in 
the SCN by light. A complementary DNA subtraction method based on genomic rep- 
resentational difference analysis was developed to identify such genes without making 
assumptions about their nature. Four clones corresponded to genes induced specifically 
in the SCN by light, all of which showed gating of induction by the circadian clock. Among 
these genes are c-fos and nur77, two of the five early-response genes known to be 
induced in the SCN by light, and egr-3, a zinc finger transcription factor not previously 
identified in the SCN. In contrast to known examples, egr-3 induction by light is restricted 
to the ventral SCN, a structure implicated in entrainment. 

Dai ly  rhythms of biological jctivity, man- 
ifested bv forrns as diverse as cvanobacteria, 
fungi, and animals, a;e driven by 
self-sustaining, endogenous oscillators 
called circadian clocks ( I  ), which typically 
run with an intrinsic ~e r iod  that is close to, 
but not exactly, 24 hours. Under natural 
conditions, circadian clocks become pre- 
cisely entrained to the 24-hour light-dark 
cycle because exposure to light at certain 
times induces a phase shift of the clock. 
Entrainment to light-dark cycles ensures 
that the clock adopts a specific and stable 
phase relation to the natural day, setting 
the clock to local time and enabling the 
organism to anticipate daily environmental 
events (2) .  
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In mammals, the circadian clock that 
drives daily rhythms of behavioral activity 
is located within the SCN of the hypothal- 
amus (3). Entrainment of the clock to light- 
dark cycles is mediated by photoreceptors in 
the retina (4), and light information is con- 
veyed directly from the retina to the SCN 
by the retinohypothalarnic tract (5). '41- 
though the ~nolecular basis of entrainment 
to light-dark cycles in mammals is un- 
known, the process likely involves light- 
and clock-dependent transcriptional regula- 
tion within the SCN (6). When a rodent 
kept in constant darkness is exposed to a 
brief light pulse during the subjective night, 
a time when the clock responds to light 
with a phase shift, five known early-re- 
sponse genes-c-fos, fos-B, jun-B, zif268 
(NGFI-A), and nu~77  (NGFI-B)-are spe- 
cifically induced within the SCN (7). The 
genes are not induced by exposure to light 
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er, these and related experiments (8) 
strongly suggest that induction of genes in 
the SCN by light is an intermediate step in 
a pathway mediating entrainment of the 
clock to light-dark cycles. They further sug- 
gest that gating of this induction by the 
clock contributes to the restriction of 
phase-shifting by light to certain times, a 
feature that is essential for achieving stable 
entrainment (9). 

To discover potential components of the 
entrainment pathway, we sought to identify 
genes induced in the SCN by light without 
making assulnptions about their nature. We 
developed a cDNA subtraction method 
based on genolnic representational differ- 
ence analysis (RDA) (1 @) and carried out 
subtractions as follows: Syrian hamsters 
were entrained to a light-dark cycle for 3 
weeks and then placed in constant dim 
light (<1 lux) for 1 week ( I  I ) .  Animals 
were then assigned to either of two equal 
groups for light treatment (30 min, 250 lux) 
or sham treatment (similar handling, <1 
lux) at circadian time (CT) 19, a time 
during subjective night that is optimal for a 
phase advance by light. At the end of the 
treatment, SCNs were removed by mi- 
cropunch from 40 animals In each group. 
The remaining animals served as controls 
(Fig. 1). As expected, light treatment re- 
sulted in a phase advance (Fig. lA),  where- 
as sham treatment resulted in little or no 
phase shift (Fig. 1B). 

Starting with 1 kg of polyadenylated 
RNA from each of the two groups of 40 
SCN tissue punches, we generated cDNA 
representations (12). Each RDA experi- 
ment ( 1  3) was performed so as to identify 
genes induced by light ("forward") and 
genes suppressed by light ("re\,ersel') (13), 
the latter used here solely as a control. After 
three rou~lds of RDA, polymerase chain 
reaction (PCR) products were cloned and 
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recombinant plasmids were chosen at ran- were prepared for sets of plasmids, and one light-treated animals and the other to a 
dom for screening by differential h~bridiza- blot from each duplicate was hybridized to comparable   robe derived from SCNs of 
t ion (14). Duplicate Southern (DNA)  blots 32P-labeled cDNA derived from SCNs of sham-treated animals; these are denoted 

+light and -light probes, respectively (Fig. 

Fig. 1. Examples of controls confirming that the 
light or sham treatments had the expected effect 
on the phase of the circadian clock. Shown are 
spontaneous wheel-running activity records of 
two hamsters in constant dim light. Successive 
days are represented by horizontal lines, and the 
24 hours within each day are represented on thex 
axis. Tick marks on horizontal lines represent 
bouts of spontaneous wheel-running activity. (A) 
Record from a hamster receiving a 30-min light 
pulse at the indicated time (diamond), corre- 
sponding to CT 19, as determined from the ani- 
mal's spontaneous activity rhythm (not from the 
scale on the x axis). On the days after the light 
pulse, the shift to an earlier daily onset of wheel- 
running activity marks a phase advance, calculat- 
ed here to be + 1.1 0 hours (2). Themean from two 
light-treated hamsters was +1.23 hours. (B) 
Record from a hamster receiving a 30-min sham 
treatment at the indicated time (circle), corre- 
sponding to CT 19, as determined from the ani- 
mal's spontaneous activity rhythm. The calculated 
phase shift was -0.04 hours; the mean from two 
sham-treated hamsters was -0.07 hours. 

0 12 24 
Time of day (hours) 

Fig. 2. (A) Example of lnitial characterizat~on of RDA A * 
clones by differential hybridization. Duplicate Southem + -+ 

blots show hybndization of RDA clones to 32P-labeled +Light 
cDNA denved from SCNs of liaht-treated an~mals Probe ' lrllP 
(+light probe) or to a comparable probe from SCNs of 
sham-treated animals (-light probe). Asterisks mark 
two inserts showing stronger hybridization to the 
+light probe; these are two copies of rda-7 (see text). 
(B) Progressive enrichment of diierentialiy hybridizing 
RDA clones through the RDA procedure. Southem 
blots of cDNA (150 ng) from each stage of RDA were 
probed with full-length c-fos cDNA or rda-7 cDNA, as 
indicated. P, initial cDNA representation derived from 
SCNs of hamsters receiving light treatment; S, initial 
cDNA representation derived from SCNs of hamsters 
receiving sham treatment; DPl, DP2, and DP3, differ- 
ence products obtained after one, two, and three 
rounds of RDA subtraction, respectively (+, forward sul 

-Light - b 
Probe m rn r 0 

c-fos 

rda-7 

Iraction; -, reverse subtraction) (73). 

Fig. 3. In vivo regulation of rda-7 
transcri~ts corresoondina to 
RDA clines; induction in'ihe 
SCN by light and gating by 
the circadian clock. Shown 
are the results of in situ hy- 
bridization of antisense ribo- 
probes (rda-7, rda-65, or c- 
fos) to coronal brain sec- 
tions from hamsters sub- 
jected to a light (+) or sham 
(-1 treatment at CT 19, 14, or 
6. Variations in apparent size CT 14 
of the third ventricle are arti- 
facts of tissue preparation. 

2 ~ ) .  Most inserts- showed eauivalent h i -  
bridization to the two probes, some showid 
n o  detectable hybridization to either probe, 
and some showed stronger hybridization to 
the +light probe than to the -light probe 
(asterisks in Fig. 2A). Of 792 RDA clones 
tested, 101 showed differential hybridiza- 
t ion to the +light probe. After culling like- 
l y  artifacts (15), sequencing and cross-hy- 
bridization indicated that the remainine 60 u 

differentially hybridizing inserts corre- 
s~onded to seven different clones. Notablv. , , 
u;e obtained c-fos and nu777, two of the five 
early-response genes known to be induced 
in the SCN by light. 

T o  exclude a fluke of sampling as the 
explanation for this result, we examined 
whether differentially hybridizing fragments 
had become progressively enriched through 
the RDA procedure (Fig. 2B). With a full- 
length c-fos probe, several PCR products 
showed enrichment at each stage and were 
observed onlv in the forward subtractions 
(Fig. 2B, DP~: DP2, and DP3, + lanes). For 
a probe corresponding to one of our differ- 
entially hybridizing inserts (designated rda- 
7), a PCR product corresponding in size to 
the rda-7 insert showed progressive enrich- 
ment and was observed only in the forward 
subtractions. Phosphorimaging indicated 
that c-fos was enriched by a factor of -250 
and rda-7 was enriched by a factor of 
>3000. 

Next, we tested the in vivo regulation of 
genes corresponding to the differentially 
hybridizing RDA clones (Fig. 3) (1 6). A 
c-fos antisense riboprobe gave the expected 
results, showing specific c-fos induction in 
the SCN by light at CT 19 and CT 14 but 
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not at CT 6; this reflects gating of induc- 
tion by the circadian clock. Of the five 
RDA candidate clones, two, rda-7 and rda- 
65, detected transcripts showing specific in- 
duction in the SCN by light and gating by 
the circadian clock, much like that of c-fos, 
but with a cellular distribution within the 
SCN that appeared to differ from that of 
c-fos. The anatomical patterns and time 
courses of induction at CT 19 detected by 
the rda-7 and rda-65 riboprobes appeared 
identical; induction peaked during the first 
30 min after the onset of exposure to light, 
became moderate at 2 hours, and returned 
to baseline by 4 hours (17). Little or no 
hybridization to the rda-7 and rda-65 ribo- 
probes was detected in SCN sections from 
hamsters kept in constant dim light and 
killed at CT 2, 8, 14, or 20 (1 7); this result 
suggested that the transcripts do not con- 

tribute to the mechanism of the clock be- 
yond a possible role in entrainment. As 
with c-fos, we detected no other prominent 
sites of induction in the brain by light, and 
sense riboprobe controls showed only back- 
ground hybridization that did not differ be- 
tween light- or sham-treated animals (17). 
Riboprobes from the remaining three can- 
didate RDA clones did not reveal light- 
induced or clock-regulated genes. 

Database searches revealed that rda-7 
and rda-65 made significant sequence 
matches (18), respectively, to different 
parts of the 3' untranslated region of human 
egr-3, an early-response gene encoding a 
zinc finger transcription factor (1 9). Further 
analysis of hamster cDNA and genomic 
clones indicated that rda-7 and rda-65 were 
both derived from the 3' untranslated re- 
gion of egr-3. Although not previously 

A egr-3 c-fos egr-3 

B c-fos egr-3 

Fig. 4. Different cellular distribution within the SCN of light-induced egr-3 transcripts as compared 
with light-induced c-fos and jun-B transcripts. Images show central sections (at the approximate 
center of the rostrocaudal extent of the SCN) or rostra1 and caudal margins of the SCN, as indicated 
at the right. (A) Neighboring coronal brain sections from a light-treated hamster hybridized, respec- 
tively, to egr-3 (rda-7) or c-fos antisense riboprobes, as indicated. The right SCN in the right panel is 
distorted by an artifact of tissue preparation. (B) Sets of three neighboring coronal brain sections from 
a different light-treated hamster, each set taken from a different rostrocaudal level. Within each set, 
the three sections were hybridized, respectively, to c-fos, jun-6, or egr-3 (rda-7) antisense ribo- 
probes, as indicated. 

known to be induced in the SCN, egr-3 is 
induced in various brain regions in response 
to stress or after focal brain injury (20). In 
the SCN, it is likely that egr-3 participates 
in the transcriptional regulation of genes in 
response to retinal input, as has been pro- 
posed for c-fos (6). 

Light-induced c-fos and egr-3 transcripts 
consistently appeared to exhibit different 
anatomical distributions within the SCN 
(Fig. 3 ) .  To exclude animal-to-animal vari- . " .  
ation as the source of this difference, we 
examined c-fos and egr-3 induction (Fig. 
4A) or c-fos, jun-B, and egr-3 induction 
(Fig. 4B) within SCNs of individual light- 
treated hamsters. As expected, c-fos induc- 
tion was observed in both the dorsal and 
ventral regions of the SCN, as was,jun-B 
induction. In contrast, egr-3 induction was 
restricted to the ventral core of the SCNs. 
In addition, c-fos and jun-B induction were 
observed throughout the rostrocaudal ex- 
tent of the SCN, whereas egr-3 induction 
was observed only in the central part of this 
rostrocaudal extent. The ventral SCN 
structure in which egr-3 is induced by light 
resembles that stained by antisera to cal- 
bindin-Dz,, (21 ) or substance P (22). 

The distinct cellular distribution of 
light-induced egr-3 transcripts, as compared 
with light-induced c-fos and jun-B tran- 
scripts, indicates that the SCN responds to 
light in a complex fashion with overlapping 
but distinct regions activated in parallel. 
This divided response of the SCN to light 
could arise from an anatomically divided 
projection from the retina to the SCN, as 
suggested by electrical stimulation experi- 
ments (23). or from functional s~ecializa- . ,. 
tion of retinorecipient SCN cells, as sug- 
gested by the complex expression patterns 
of neurochemical markers (22). Pharmaco- 
logical experiments have shown that retinal 
excitatory transmission to the ventral SCN 
is specifically required for circadian phase- 
shifting by light (24). Induction of egr-3 
itself, or activation of the ventral SCN 
structure that its induction by light reveals, 
could account for this requirement. 

Note added in proof: Like egr-3, induction 
of the mouse per1 gene by light shows a 
restriction to the ventral SCN (25). 
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Role of PML in Cell Growth and the 
Retinoic Acid Pathway 

Zhu Gang Wang," Laurent Delva," Mirella Gaboli, Roberta Rivi, 
Marco Giorgio, Carlos Cordon-Cardo, Frank Grosveld, 

Pier Paolo Pandolfi-i 

The PML gene is fused to the retinoic acid receptor a (RARa) gene in chromosomal 
translocations associated with acute promyelocytic leukemia (APL). Ablation of murine 
PML protein by homologous recombination revealed that PML regulates hemopoietic 
differentiation and controls cell growth and tumorigenesis. PML function was essential 
for the tumor-growth-suppressive activity of retinoic acid (RA) and for its ability to induce 
terminal myeloid differentiation of precursor cells. PML was needed for the RA-depen- 
dent transactivation of thep21WAF7/C'P7 gene, which regulates cell cycle progression and 
cellular differentiation. These results indicate that PML is a critical component of the RA 
pathway and that disruption of its activity by the PML-RARa fusion protein may be 
important in APL pathogenesis. 

A c u t e  promyelocytic leukemia is a distinct 
subtvne of iuveloid leukemia that is in\,ari- , 
ably associated a i t h  chromosomal translo- 
cations in\,olvi~-ig the RARa locus ( 1  ). In 
99% of APL cases, RARa is fused to the 

Z. G. Wang, L. Delva, M. Gaboli. R. Rlv. M. G~orglo. P. P. 
Pandofl, Depaltment of Hbnan Genetlcs and Molecular 
Biology Program. Memor~al Soan-Ketterng Cancer Cen- 
ter. Soan-Kettering D v s o n ,  Graduate School of Medcal 
Scrences, Cci-neii Unrvers~tv, 1.275 York Avenue, Nebhi 

PML gene, leading to the production of a 
PblL-RARa chimeric protein (2) .  

Retinoic acld receptors are nuclear hor- 
mone receptors that act as RA-induc~ble 
transcriptiollal activators, in their het- 
erodilnerlc form, with retino1d-X receptors 
(RXRs), a second class of nuclear retilloiii 
receptors (3). Retinoic acid controls f~unda- 
lnental de~:elopmental processes, induces ter- 
111i11i11 differentiation of mveloid heinopoietic 

York, NY 10021, USA progenitors, and has tumor- and cell-grolvth- 
C Cordon-Cardo Departlnent of Pathology Memorial 
Sloan.Ketterlng Center, 1275 YorkAvenue, New suppresslr7e actn~itles (4). PML 1s an mterfer- 
York, N" 10021, USA on (1FN)-lnductble gene (5) that encodes a 
F. Grosveld, Department of Cell B~ology and Genet~cs, RING.flnger typically collcentratej 
Faculty of Medcne, Erasmus Unversty Post Offce Box 
'738, 3000 DR, Rotterdam, Netherlands. n*ithm cllscrete speckled nuclear structures 

called PML nuclear bodles (PkIL KBs) or 
"Ttiese autho-s cor-it>~buted equelly to i h ~ s  work. 

vi,lorll ~orrespondence s,iould be addressed E-mail PML oncogenlc domains ( 2 ,  5). Through Its 
p-pandof@ski rnsxcc org ab~lity to heterodimerize with Ph/lL and 
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