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We describe a molecular switch based on the controlled methylation of nu- 
cleosome and the transcriptional cofactors, the CREB-binding proteins (CBP)/ 
p300. The CBPlp300 methylation site is localized to an arginine residue that is 
essential for stabilizing the structure of the KIX domain, which mediates CREB 
recruitment. Methylation of KIX by coactivator-associated arginine methyl- 
transferase 1 (CARMI) blocks CREB activation by disabling the interaction 
between KIX and the kinase inducible domain (KID) of CREB. Thus, CARMl 
functions as a corepressor in cyclic adenosine monophosphate signaling path- 
way via its methyltransferase activity while acting as a coactivator for nuclear 
hormones. These results provide strong in vivo and in vitro evidence that histone 
methylation plays a key role in hormone-induced gene activation and define 
cofactor methylation as a new regulatory mechanism in hormone signaling. 

Steroids, retinoids, and thyroid hormones NH,-terminal tail (10). Studies by Chen et al. 
regulate expression of target genes through revealed a synergistic stimulation by p300 and 
binding and activation of their corresponding CARMl in the presence of GRIP1 in estrogen 
nuclear receptors (NRs) (I). NRs are hor- receptor activation function, suggesting that 
mone-dependent transcription factors whose both the HAT activity of CBPlp300 and the 
ligands promote the recruitment of coactiva- histone methyltransferase activity (HMT) of 
tors and corepressors (2). Many NR coacti- CARMl may cooperate in histone modification 
vators have been identified, including three and thereby facilitate nucleosome remodeling 
p160 family members, CBPlp300, the DRIP1 and recruitment of transcriptional machinery 
TRAPIARC complex, the RNA transcript (11). CARMl belongs to the type I class of 
SRA, as well as several chromatin remodel- protein arginine rnethyltransferase (PRMT) 
ing factors (3). Among these, CBPlp300 par- (12). Recently, arginine methylation was re- 
ticipate in a variety of biological processes ported to modulate protein-protein interaction 
such as cellular differentiation, development, (13, 14). However, no transcription factor has 
and growth control (4). CBP and p300 share yet been demonstrated as a direct methylation 
highly conserved sequences including a bro- target. 
modomain, a KIX domain, and three regions CARMl enhances receptor-dependent 
rich in CyslHis residues ( C m  domains), transcription in vitro. In order to character- 
which serve as docking sites for multiple ize the potential interplay between CARMl 
transcription factors (5).CBPlp300 and p160 HMT and p300 HAT in gene regulation, we 
coactivators possess intrinsic histone acetyl- initially performed transient transfection to 
transferase (HAT) activity, which is essential examine the effect of CARMl and p300 on 
for transactivation in NR signaling (6). RARIRXR-dependent transcription. The 

The p160 coactivators (7, 8) associate with pl60-family cofactor ACTR (8) was includ- 
ligand-bound NRs directly and recruit other ed, because it interacts with both p300 and 
coactivators via two COOH-terminal activation CARMl through AD1 and AD2 motifs. As 
domains, AD1 and AD2. AD1 recruits CBPI shown in Fig. lA, various combinations of 
p300 whereas AD2 binds to coactivator-associ- C A M 1  (15) with p300 or ACTR produced 
ated arginine rnethyltransferase 1 (CARMI), a modest but consistent enhancement of the 
protein methyltransferase (9). CARMl methyl- reporter gene by RAWRXR heterodimers. 
ates @,Argl', and k g z 6  in the histone H3 This result is consistent with previous obser- 

vations made with several steroid receptors 
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further enhanced RA-dependent transcription 
by 8.9- and 10.2-fold, respectively (lanes 3 
and 4). Whereas the combination of p300 and 
C A M 1  synergistically enhanced transcrip- 
tion by 22-fold (lane 9), the combination of 
ACTR and CARMl only slightly exceeded 
the effect of ACTR alone (13-fold, lane 7). 
The synergistic effect of CARMl and p300 
was observed (48-fold) when additional 
ACTR was added (lane 1 l), suggesting that a 
trimeric coactivator complex is required for 
maximal activation. The methyltransferase 
activity of CARMl appeared to be essential, 
because a CARMl mutant (Ls9VLDL9L+ 
AAA) defective in enzymatic activity exhib- 
ited no appreciable activation (lanes 5, 8, 10, 
and 12). Similarly, we analyzed the effect of 
CARMl in vitro in a CREB-dependent tran- 
scription system. As shown in Fig. lC, tran- 
scription on a CRE-template required phos- 
phorylated CREB (lane 2). p300 enhanced 
transcription by 4.3-fold (lane 3). Wild-type 
CARMl inhibited (lane 4), whereas mutant 
CARMI exhibited no effect on (lane 5), p300 
and CREB-dependent transcription. The op- 
posing effect of CARMl in nuclear receptor 
and CREB pathways is discussed later. To 
explore the possibility that methylation and 
acetylation of histones may cooperate in 
modifying chromatin structure, we compared 
CARMI methylation on p300-acetylated ver- 
sus nonacetylated nucleosomes (17). As 
shown in Fig. ID, p300-acetylated nucleo- 
somes were more effectively methylated 
(lane 3), whereas nonacetylated nucleosomes 
were poor substrates for CARMI methylation 
(lane 2). The substrate preference for 
CARMl methylation is in the order of free 
histones > acetylated nucleosomes > nonac-
etylated nucleosomes. These results indicate 
that C A M 1  is a nuclear receptor cofactor 
through which methylation and acetylation 
might cooperate in modifying chromatin to 
stimulate transcription. 

CBPlp300 are methylated by CARM1. In 
the supplemental figures (18), glutathione S-
transferase (GST) pull-down, mammalian two- 
hybrid, and coimmunoprecipitation studies 
show that CARMl and CBPlp300 interact di- 
rectly both in vivo and in vitro. In addition, 
immunoprecipitation of CARMl coprecipitates 
both HAT and HMT activities from 293T cell 
nuclear extracts (Fig. 2A). We then examined 
whether p300 HAT and CARMl HMT activi- 
ties were mutually regulated. In the in vitro 
acetylation assay (Fig. 2B), CARM1, which 
was not observably acetylated by p300, did not 
show any effect on the acetylation of histone 
(lanes 1 and 2) or nucleosome (lanes 3 and 4) 
by p300 in vitro. In the in vitro methylation 
assays (Fig. 2C), we analyzed the effect of p300 
on CARMl HMT. Wild-type CARM1, but not 
an HMT-defective mutant, methylated H3 in 
core histones (lanes 1 and 2). We found that, in 
addltion to histones, p300 was strongly meth- 
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Fig. 1. Synergistic enhance- C D 
ment of RAR/RXR transcrip- w-AdoMet + + + 
tion by CARM1 and p300. (A) 1 2 3  4 5  CARMl + + 
CV1 cells in 48-well culture CARM1("Vt) + Nucleosornes + + 
plates were transfected with (Wt) + Aenucleosomes + 

P3'33 + + +10 ng of CMX-RAR and coac- CREB + + + +  H3+ 
tivator constructs, and 100 
ng of HIV-RARE-Lucreporter. SMT+ 1 2 3 
Cells were treated with 1 FM RmwntmI + - a 

all trans-RA 24 hours before transcrlptbn I 4.3 1.8 4.1 

analysis. Luciferase activity 
was determined as described (8).(B) Coactivator function of CARMI in RARIRXR chromatin-based 
in vitro transcription system (16).a-globin was used as an internal control. (C) Inhibition of 
CREB-dependenttranscription by CARM1. p300 was methylated and purified before applying to in 
vitro transcription reaction using a somatostatin promoter template. (D) Acetylated nucleosomes 
are preferred substrates for CARM1 methylation. p300 (30 nM) and nucleosomes (1 p,M) were 
incubated in acetylation buffer in the resence or absence of 5 p,M acetyl-CoA. After acetylation,Pp300 was removed and CARM1 and H-AdoMet were added and incubated at 30°C for 1 hour. 
Reaction mixtures were resolved on SDS-PAGE and visualized by autoradiography. 
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Fig. 2. CBPlp300 are methylation substrate of CARMI. (A) HAT and HMT assays of the immuno-
precipitateswith anti-CARMI from 293T cells that were transfected with CMX-CARMI alone (Lanes 
1 and 3) or cotransfected with CMX-Flag CBP (lanes 2 and 4). (B) CARMI exhibited no effect on 
p300 HAT activity. CARMI (0.1 pg) and core histones or nucleosomes (2 pg) were incubated 
together with 0.1 pg p300 in the presence of 3H-acetyl CoA and 0.1 mM cold s-AdoMet. (C) p300 
competed with histones for CARMl methylation. (D) Methylation of p300 by CARMI was not 
competed off by excess amounts of core histones. p300 (30 nM) and 20-, 40-, and 80-fold (molar 
ratio) H3 in core histones were used in methylation reactions simultaneously. (E) PRMTl HMT 
assays with p300 and core histones. (F) CBP was in vivo methylated by CARM1. CBP was in vivo 
Labeled by 3H-AdoMet in nontransfected (Lane I), 293T cells transfected with CMX-CARMI (lane 
2), or cotransfected with CMX-Flag CBP (lane 3). 

ylated (lane 3). In the presence of nucleosomes, 
p300 was the preferred substrate (lanes 4 and 
5). To examine this observation, a competition 
experiment was performed using increasing 
amounts of H3 to compete for p300 methyl-
ation. Even at a molar ratio of 80:1, the level of 
p300 methylation was not reduced (Fig. 2D, 
lanes 1to 3). Thus,p300 is an efficient and not 
readily competed substrate for CARMl meth-
ylation. Because p300 used in the reaction is 
approximately 30 nM and methylation of p300 
appeared to be saturated, we reasoned that the 
K, (affinityconstant) for p300 is lower than 30 
nM. This estimation is in conformity with the 
report that CARMl exhibits an apparentY, for 
H3 of 0.2 pM (10). However, it is also highly 
probable that the preference for CBP is in part 
a consequence of the diict physical interaction 
which could create pseudo-fmt order kinetics. 

We next compared the substrate specifici-
ties of CARMl and p300 using other proteins 
including p53, PCAF, ACTR, and RAR/RXR. 
Although p53 is acetylated by p300, it is not 
methylated by CARM1. In contrast,ACTR is a 
substrate for both activities whereas neither 
RAR/RXR nor PCAF was a CARMl substrate. 
It should be noted that p300 could be autoacety-
lated and CARMl could be automethylated To 
verifythat p300 methylationis CARM1-specif-
ic, the related PRMTl (19) was used as a 
comparison. PRMTl is also a class I arginine 
methyltransferase that has recentlybeen shown 
to methylate STAT1 (14). Though PRMTl 
substantially methylated histone H4 (lane 2), 
methylation of p300 by PRMTl was not detect-
ed (lane4) (Fig. 2E). To demonstrate that p3001 
CBP is indeed arginine-methylated in vivo, we 
subjected cell lysates derived from S-adenosyl-
3H-methylmethionine (3H-S-adoMet)-labeled 
cells to irnmunoprecipitationby antibody to 
CBP (anti-CBP) (20). Endogenous methylat-
ed CBP was detected in CARM1-transfected 
cells (Fig. 2F, lanes 1 and 2), although meth-
ylation was increased when CBP was co-
transfected (lane 3). These results indicate 
that CBPlp300can be a substrate for CARMl 
methylation both in vitro and in vivo. 

CARMI inhibits KIX-KID interaction and 
CREB-dependent transcription. We exam-
ined the possibility that CBPlp300 methyl-
ation by CARMl blocks the interaction be-
tween CBPlp300 (the IUX domain) and 
CREB (the KID domain). Results from a 
mammalian two-hybrid assay (Fig. 3A) 
showed that CARMl attenuated the forskolin 
(FSK)-dependent KID-KIX interaction in a 
dose-dependent manner. Consistently, the 
nonmethylated IUX-containing p300 frag-
ment efficiently supershifted with phospho-
CREB (Fig. 3B, lane 6) in an electrophoretic 
mobility-shift assay (EMSA) (24, whereas 
the supershift was significantly impaired 
upon methylation (lane 5). Because CREB-
dependent transcription is determined by the 
strength of the KID-KE complex (22), we 
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hypothesized that CBPlp300 methylation 
could disrupt the interaction and result in an 
inhibition of CREB signaling. We examined 
the effect of CARMl on the expression of a 
CREB target gene, somatostatin (SMT) that 
is previously known to be regulated by cyclic 
adenosine monophosphate (CAMP) (23). 
Whereas transfection of wild-type CARMl 
blocked somatostatin expression in a dose- 
dependent manner, mutant CARMl exhibited 
only a marginal effect (Fig. 3C). It has been 
reported that c-myb resembles CREB in bind- 
ing to CBP (24); therefore, we analyzed 
whether transactivation by c-myb was also 
inhibited by CARMI. Again, we observed 
that wild-type, but not mutant CARM1, 
blocked GAGmyb activation in a dose-de- 
pendent manner (Fig. 3D). Thus, the CBPI 
p300 KIX region might be the methylation 
target. 

CARMl inhibits physiological function 
of CREB. The SMT gene contains a CAMP 
response element and is regulated by CREB 
and CBPlp300 (25). Therefore, we studied 
SMT gene expression after transfecting wild- 
type or HMT-defective CARMl into a stably 
transfected somatostatin reporter cell line 
(26). Treatment of cells with FSK for 3 hours 
led to threefold induction of SMT expression 
(Fig. 4A, compare lane 2 with lane I), indi- 
cating that SMT expression is CAMP-depen- 
dent. CARMl resulted in a 50% reduction in 
SMT expression (lane 3), whereas mutant 
CARMl has no inhibitory effect (lane 4). 
This result implied that the methyltransferase 
activity of CARMl could inhibit SMT gene 
expression in vivo. 

Neonatal sympathetic neurons are com- 
pletely dependent on nerve growth factor 
(NGF), a member of the neurotrophin family of 
growth factors, for survival and differentiation 
(27). NGF promotes survival of neurons 
through activation of CREB and CREB-depen- 
dent expression of Bcl-2 in neuronal cells, such 
as PC12 (27). Therefore, inhibition of CREB 
signaling by CARMl should enhance apopto- 
sis. To test this hypothesis, we determined the 
effect of CARMl on CREB- and NGF-induced 
cell survival in PC12 cells. Figure 4B shows a 
DNA fragmentation assay with CARM1-trans- 
fected and NGF-maintained cells. Wild-type 
CARMl (lane 2) induced apoptosis, as indicat- 
ed by the ladder of fragmented DNA, a hall- 
mark of apoptosis (lane 5). This apoptotic effect 
was relieved when VP16-CREB was cotrans- 
fected (lane 4), supporting the idea that 
CARMl acts by blocking CBP and CREB as- 
sociation, since VP16-CREB could bypass 
CARMl inhibition. Transfection of mutant 
CARMl resulted in only minor apoptosis (lane 
3), implying that HMT activity is essential for 
the inhibition. To investigate whether the apo- 
ptotic effect of CARMl is mediated through 
inhibition of Bc12, we generated a CARM1- 
stable PC12 cell line (28) and examined its 

effects on the NGF response. CARMl cells, sion of Bcl2 in CARMl cells (Fig. 4C, lanes 2 
like wild-type cells, differentiate in response to and 4) was lower than that in PC12 cells (lanes 
NGF; however, they become apoptotic within 2 1' and 3) treated with the same dose of NGF. 
days. As determined by reverse transcription This result implies that CARMI-induced apo- 
polymerase chain reaction (RT-PCR), expres- ptosis is linked to the inhibition of Bc12 induc- 

Fig. 3. Methylation of 
CBP KIX domain in- 
hibits CREB-depen- 
dent pathways. (A) 
lnteraction between 
CREB KID and CBP 
KIX domains were 
analyzed by mamma- 
lian two-hybrid as- 
say. MH100-TK-Luc 
reporter (35 ng), and 
Gal4-DBD-KID and 
VPlbKIX (15 ng 
each) were cotrans- 
fected with CMX-. 
CARMI in 293T cells. 
The next day, cells 
were treated with 10 
p M  forskolin . for 4 
hours before collec- 
tion. (B) lnteraction 
of phosphorylated 
CREB with methylat- 
ed or nonmethylated 
GST-p300 (301 to 
800). (C) FSK-depen- 
dent somatostatin 
gene expression was 
inhibited by CARMI. 

0 I0 ?D 40 

CARMl (ng) 

p300 (301-800) + + + 
CREB-P + + +  
CREB + + 

d ( I  211 co 111o 11 50 loo 

CARMl (ng) 

We cotransfected 15 CARMl (ng) 
ng of somatostatin 
luciferase reporter and CMX-CARMI constructs into 293T cells. Relative luciferase activities in 
the absence (white bar) and presence (black bar) of 10 p,M FSK are presented. (D) Gal-myb 
reporter gene expression was inhibited by CARMI. 

Fig. 4. CARMI blocks 
the physiological func- 
tion of CREB. (A) En- 
dogenous somatostatin 
expression was inhibit- 
ed by CARMI methyl- 
transferase activity. 
CMV-CFP (4 kg) and 
mock vector (20 pg) 
(lanes 1 and 2) or 20 
pg of wild-type (lane 
3) or mutant CMX- 
CARMl (lane 4) were 
cotransfected into 
NIH3T3 somatostatin- 
expressing stable cells. 
Cells (except in lane 1) 
were treated with fors- 

A 
CARMl (Mut) 

C A R M l O  

FSK 

CARMl 

SMT 

GAPDH 

Normalized SMT 

kolin 3 hours before C 
sorting. GFP-trans- NGF 10 10 100 100 nglml D NGF 0 10 100 nglrnl 
fected cells were used 
for RNA preparation. CARMl 
Relative levels of SMT 
RNA after normaliza- 
tion with GAPDH were G A ~ ~ H  
indicated. (B) DNA 1 9 1 

, C " 

fragmentation assay 1 2 3 4 
(18). (C) Analysis of 
Bc12 expression by RT-PCR. CARMl stably transfected cells (lanes 2 and 4) or normal PC12 cells (lanes 
1 and 3) were treated with 10 (lanes 1 and 2) or 100 ng/ml NGF (lanes 3 and 4). BclZ (top) and control 
GAPDH (bottom) expression was analyzed by quantitative RT-PCR. (D) Northern detection of CARMI 
in PC12 cells treated with 0, 10, and 100 ng/ml NGF for 3 days. 
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tion. A physiologic role for endogenous 
CARMI was substantiated by the observation 
that its expression was dramatically decreased 
in NGF-treated cells (Fig. 4D). Accordingly, 
we conclude that CARM1 -mediated CBPlp300 
methylation disrupts CREB binding, and as a 
consequence, activates an apoptotic response. 

Methylation of CBP KIX domain. To nar- 
row the methylation region in CBPlp300, we 
employed in vitro methylation assays with 
GST fusion proteins encompassing the ma- 
jority of sequence of p300 (29). Figure 5A 
shows that at least two fragments of p300 at 
the NH2-terminus were methylated by 
CARM1. One of them, p300 (residues 1 to 
300), contains a GRGR consensus methyl- 
ation sequence by other PRMT family mem- 
bers (30), but was only weakly methylated 
(lane 1). The other, p300 (residues 301 to 
800), which contains the KIX but has no 
apparent consensus sequence, was strongly 
methylated (lane 2). These results were con- 
firmed with two CBP fragments (lanes 5 and 
6) that include the KIX region. Further ex- 
periments showed that the KIX domain (res- 
idues 582 to 672) of CBP is the minimal 
region for methylation (31). Because the KIX 
domain contains a total of seven conserved 
arginines (Fig. 5B), we investigated the meth- 
ylation of GST-KIX fusion proteins contain- 
ing every single or double mutation in the 
arginine residues. As seen in Fig. 5C (upper 
panel), the R580K single-site mutation and 
the R6481649K double-site mutation both led 
to prominent reduction in the overall methyl- 

CBP - 
\p' g 

ation. However, the R6481649K mutant pro- 
tein was less stable (Fig. 5C, lower panel). 
We then analyzed the methylation of four 
synthetic peptides encompassing all the argi- 
nines in the KIX domain. Indeed, the peptide- 
covering R580 was methylated most effi- 
ciently by CARMl in the filter-binding assay 
(Fig. 5D, left panel). Microsequencing of the 
peptides revealed that R580 is the most high- 
ly methylated, with R604 standing as the only 
other prominent modified residue in the KIX 
domain (Fig. 5D, right panel). In the CBP 
KIX and CREB KID NMR structure (32), 
R600 in CBP KIX, which is equivalent to 
R580 in p300, localized to the external sur- 
face of the KIX-KID complex. A critical 
interaction is observed between the aromatic 
residue Tyf40 and the positively charged 
Arg600, which constitutes the only interaction 
between helix 1 and 2 in the KIX domain 
(Fig. 5E). The importance of R600 is clear 
because mutation at this residue was found 
to destabilizing the complex (33), presum- 
ably due to the disruption of KIX overall 
structure. It appears therefore that single- 
site methylation plays a key role in deter- 
mining the partitioning of CBPlp300 in 
different pathways. 

Discussion. Histone acetylation and 
methylation have drawn growing attention in 
regulating gene transcription via chromatin 
modification. Of particular interest is the po- 
tential interplay between acetylase and meth- 
ylase in maintaining dynamic balance of gene 
activation and silencing. Our evidence that 

RB03.804 ma R&C8,w9,851 
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Fig. 5. p300ICBP is methylated at the KIX domain. (A) In vitro 
methylation of GST-p300 and GST-CBP fragments by CARM1. 
(B) Schematic representation of seven arginines in the p300 
KIX domain (39). (C) Mutational analysis of p300 KIX domain 
arginines in the involvement of methylation by CARM1. (D) 
Identification of methylated arginines in the KIX domain. Total 
amounts of radioactivity associated with each peptide in the in 
vitro methylation and filter-binding assays (38) are shown 

-%$ 1 - KID 

(left). Peptides were microsequenced. Relative amounts of 6 - 
radioactivity on each R are indicated (right). (E) R600 in CBP KIX 
KIX stabilizes the overall helix structure of CBP in the KIX-KID 
NMR structure. The three helical structures in CBP KIX are indicated with yellow, magenta, and 
reen, respectively. The KID domain of CREB that interacted with KIX is shown in pink. Arginine 600 
green) and tyrosine 640 (red) in CBP form a unique hydrogen bond between helices 1 (yellow) and f 

2 (magenta). This model represents the average of 16 structures deposited in the Protein Data Bank 
(32). 

the H3 acetylated nucleosomes are preferen- 
tially methylated by CARMl suggests there 
are rules to control chromatin modification, 
supporting the idea of an acetylation and 
possibly a methylation "code" as described 
by Allis (34). Each methylase may have its 
own "code" because acetylation of H4 by 
p300 inhibits its methylation by PRMTl (35). 
Perhaps the most important extension of this 
"code" is the discovery that CBPlp300 itself 
is a methylation substrate. Whereas targeted 
phosphorylation of CBPlp300 occurs in the 
COOH-terminal half and enhances its HAT 
activity (36), methylated residues reside in 
the NH2-terminal region and modulate CBP 
function without affecting HAT activity. 
Typically, NGF induces phosphorylation and 
activation of CBPlp300 in PC12 cells, where- 
as methylation antagonizes this process. 

The advantage of methylation-directed co- 
factor switching is that it provides a simple 
yet effective form of cross-talk between 
two potentially competing signaling path- 
ways [Web fig. 3 (18)l. When recruited to 
the NR complexes by p160 coactivators, 
CARMl enhances transcription by methyl- 
ating histones subsequent to histone acety- 
lation. It has previously been shown that 
the critical domains on CBPlp300 for NR 
activation include the HAT-, bromo-, and 
pl60-binding domains (37). The virtue of 
regulation through the KIX domain is that 
this region is not essential for NR function. 
Consistently, KN methylation exhibits no ap- 
parent effect on NR-mediated transcription ei- 
ther in vivo or in vitro. Similarly, a p300 
R580K mutant, which cannot be methylat- 
ed at the key R580 residue, display; the 
same transcriptional activity as wild-type 
p300 (31). Thus, CARMl is a direct positive 
activator for NRs, but an indirect modulator by 
inhibition of CREB-dependent pathways. Be- 
cause multiple transcription factors bind this 
conserved domain, methylation at KN may 
manifest broader effects by modulating several 
regulatory pathways. 

In summary, this study reveals that 
CARMl has both chromatin and nonchroma- 
tin substrates and that methylation can func- 
tion as a unique transcriptional switch. In the 
context of our discovery, the methylation of 
CBPlp300 selectively impairs CAMP-induced 
transcription while stimulating nuclear recep- 
tor target genes. Because CBPlp300 and 
CREB-dependent signaling pathways are de- 
velopmentally and physiologically important, 
CARMl methylation might have unexpected- 
ly broad biological significance. 
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The circadian clock in the suprachiasmatic nucleus (SCN) is thought to drive 
daily rhythms of behavior by secreting factors that act locally within the 
hypothalamus. In a systematic screen, we identified transforming growth fac- 
tor-a (TCF-a) as a likely SCN inhibitor of locomotion. TCF-a is expressed 
rhythmically in the SCN, and when infused into the third ventricle it reversibly 
inhibited locomotor activity and disrupted circadian sleep-wake cycles. These 
actions are mediated by epidermal growth factor (ECF) receptors on neurons 
in the hypothalamic subparaventricular zone. Mice with a hypomorphic ECF 
receptor mutation exhibited excessive daytime Locomotor activity and failed to 
suppress activity when exposed to light. These results implicate ECF receptor 
signaling in the daily control of locomotor activity, and identify a neural circuit 
in the hypothalamus that likely mediates the regulation of behavior both by the 
SCN and the retina. 

Circadian rhythms of behavior in mammals are 
robust and precise. For example, in constant 
darkness and temperature, the circadian rhythm 
of locomotor activity in laborato~y rodents per- 
sists indefinitely (1) and is accurate to within a 
few minutes per day (2, 3). The circadian clock 
driving locomotor activity and other circadian 
behaviors, such as the sleep-wake cycle, is lo- 
cated within the suprachiasmatic nucleus 
( S o  of the hypothalamus (4). 

The molecular mechanisms by which the 
SCN drives circadian rhythms of locomotor 
activity and other behaviors are unknown. In-
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triguing clues, however, have come from SCN 
transplant studies. In animals made arrhythmic 
by SCN lesions, SCN grafts drive circadian 
rhythms of locomotor activity (5), even if the 
grafts are encapsulated (to prevent extension of 
axons but allow diffusion of secreted factors) 
(6). A study of "temporal chimeras" (7 ) ,ham-
sters with functional SCN tissue of both wild- 
type and short-period mutant genotypes, indi-
cated that the SCN inhibits locomotor activity 
at one phase and promotes it at another, with 
inhibition dominating when the two influences 
coincided. These and related studies (8-10) 
suggest that the SCN drives circadian rhythms 
of locomotor activity by secreting at least one 
"locomotor factor" at One phase and 
at least one ''locomotor activating factof' at 
another. Although the effects of SCN grafts are 
mediated by factors secreted into the third ven- 
tricle of the hvoothalamus in a ~aracrine fash- ,. 
ion, it is possible in the intact animal that the 
secreted SCN factors act synaptically (6). 

Tms~lant indicatethat the re-
ceptors for the secreted SCN factors are located 
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