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pathway, MEF2 may regulate the expression 
of genes that are critical for survival of newly 
differentiated neurons. Consistent with this 
possibility is our finding that mutations of 
MEF2 that cause a loss of MEF2-dependent 
transcription also lead to a loss of calcium- 
dependent neuronal survival. 

These findings extend the scope of the 
cellular responses that are controlled by 
MEF2 proteins. Although neuronal survival 
has been thought to occur largely through 
direct posttranslational modifications of com- 
ponents of the cell death machinery, our re- 
sults suggest that transcription-dependent 
events regulated by MEF2 proteins also have 
a critical role in mediating the survival of 
neurons. The observation that MEF2 activity 
is regulated by calcium raises the possibility 
that MEF2s may mediate other calcium- 
dependent signaling events in addition to 
calcium-dependent neuronal survival. It is 
possible that, like the cyclic adenosine mono- 
phosphate response element binding protein 
(CREB), a well-characterized mediator of 
calcium-dependent transcriptional responses 
(23-28), MEF2s may regulate calcium-de- 
pendent changes in transcription that affect 
synaptic function and thereby mediate adap- 
tive neuronal responses. 
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Apoptosis of T Cells Mediated 
by ca2+-lnduced Release of the 

Transcription Factor MEFZ 
Hong-Duk younS1 Luo Suns1 Ron Prywes? Jun 0. L ~ U ' . ~ , ~ *  

T cell receptor (TCR)-induced apoptosis of thymocytes is mediated by calcium- 
dependent expression of the steroid receptors Nur77 and Norl. Nur77 expres- 
sion is controlled by the transcription factor myocyte enhancer factor 2 (MEFZ), 
but how MEFZ is activated by calcium signaling is still obscure. Cabinl, a 
calcineurin inhibitor, was found to regulate MEFZ. MEFZ was normally seques- 
tered by Cabinl in a transcriptionally inactive state. TCR engagement led to an 
increase in intracellular calcium concentration and the dissociation of MEFZ 
from Cabinl, as a result of competitive binding of activated calmodulin to 
Cabinl. The interplay between Cabinl, MEFZ, and calmodulin defines a distinct 
signaling pathway from the TCR to the Nur77 promoter during T cell apoptosis. 

Apoptosis of T lymphocytes can be induced 
by multiple signaling pathways. Whereas the 
Fas and tumor necrosis factor- pathways 
are involved in the elimination of activated 
peripheral T cells, a distinct pathway emanat- 
ing from the TCR is responsible for thymic 
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negative selection (1, 2). Orphan steroid re- 
ceptors including Nu77 and Norl have been 
identified as crucial mediators of TCR-in- 
duced apoptosis (3-5). TCR-mediated Nu77 
expression requires an increase in intracellu- 
lar calcium concentration (6).  Two Ca2+- 
regulated DNA elements in the Nur77 pro- 
moter were identified as consensus binding 
sites for MEF2 (6). These observations im- 
plicated MEF2, originally discovered as a 
transcription factor for muscle-specific gene 
expression (7-12), as a Caz+-dependent tran- 
scription factor for Nur77 expression. 

The protein phosphatase calcineurin has 
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24. H. Bito, K. Deisseroth, R. W. Tsien, Cell 87, 1203 cablni(zo37-2220) 

(1996). HA.MEFPB 

Fig. 1. The COOH-terminal fragment of Cabinl [Cab- 
inl(2037-2220)] interacts with MEF2B in a Ca2+- 
sensitive manner. (A and B) Coirnrnunoprecipitation of 
Cabinl(2037-2220) and MEF2B. Jurkat T cells trans- 
fected with pSGCabinl(2037-2220) and pSGHA- 
MEF2B were incubated for 24 hours. The cells were 
lysed, followed by irnrnunoprecipitation using either 
anti-Cabin1 or HA rnAb. The precipitated protein was 
subjected to protein irnrnunoblot with appropriate 
anti bodies. 
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an endogenous inhibitor named Cabinl (13), 
or Cain in rat (14). We applied the yeast 
two-hybrid system with a COOH-terminal 
502-amino acid fragment as bait to identify 
Cabinl binding proteins (13). One positive 
clone was isolated upon screening lo6 cDNA 
clones from a human lymphocyte cDNA li- 
brary. Sequence analysis of the Cabinl inter- 
acting clone revealed that it encoded full- 
length MEF2B (8, 9). 

Fig. 2. Mapping of the Cabinl- 
MEF2 interacting domains. (A 
to  C) Mapping of minimal Cab- 
in1 binding domain in MEFZB. 
In (A), MEFZB-truncation mu- 
tants and Cabinl(2037-2220) 
were coimrnunoprecipitated. 
DO1l.10 cells were trans- 
fected.with various MEF2B trun- 
cation mutants tagged with the 
HA epitope a t  the NH,-termini 
along with pSGCabinl(2037- 
2220). Cell lysates were immu- 
noprecipitated with HA rnAb 
and probed with anti-Cabin1 by 
protein irnrnunoblot. Expres- 
sion of MEFZB truncation mu- 
tants is shown in (B). Cell ly- 

The interaction between Cabinl and 
MEF2B was confirmed by coimmunoprecipita- 
tion. When a 184-amino acid COOH-terminal 
fragment of Cabinl [Cabin1(2037-2220)l and 
hemagglutinin (HA)-tagged MEF2B were co- 
expressed in Jurkat T cells, Cabinl(2037-2220) 
irnrnunoprecipitated with a monoclonal anti- 
body (mAb) to HA (Fig. 1A) and HA-MEF2B 
was precipitated with polyclonal antibody to 
Cabinl (anti-Cabinl) (Fig. 1B). We then deter- 

M-2 
Cabinl (2037.2220) 

1 x 5  + 

mined the minimal structural domains in both 
Cabinl and MEF2 that are required for their 
interaction. The minimal Cabinl interacting do- 
main in MEF2B was determined by coirnmu- 
noprecipitation. A series of COOH-terminally 
truncated MEF2B mutants were generated and 
expressed in Jurkat T cells together with Cab- 
inl(2037-2220). Although most of the transac- 
tivation domain of MEF2B was dispensable, 
the MADSIMEF2 box (DNA binding domain) 

sates containing q u a i  amouris + Cabinl (2144-m0) + 
of total proteins were assessed 

I - 1 7 ~ 5  + by protein immunoblot to  de- cabhl(2144-2156) 

termine the expression level of 1 1 7 1  + cabh~(2144-2166) -1 
MEFZB using HA mAb. In (C), 1 1 4 1  + 
MEF2B truncation mutants are 2 1 1 8  + cabkr1(2144-2179) ~////1- 
shown schematically. The MADS1 

87 1 1  365 - catinl(2ln-2220) I + 
MEF2 box is highlighted by 
filled bars; the transactivation cablnt(z167-2220) = - 
domain of MEF2B is indicated 
by hollow bars. (D and E) Mapping of the MEFZB binding domain in Cabinl. The interaction between Cabinl-14 truncation mutants and MEFZB (D) 
was determined using the mammalian two-hybrid assay. DO1 1.10 cells were transfected with various Cabinl(2144-2220) truncation mutants fused to the 
Gal4 DNA binding domain along with pVPMEF2B. Luciferase activity was normalized t o  P-galactosidase activity. A schematic representation of 
Cabinl(2144-2220) and various truncation mutants (E) shows the minimal calcineurin-binding domain (2144-2157), highlighted by hatched bars (73). 

Fig. 3. Cabinl inhibits MEFZ transcriptional activity. (A) 
Overexpression of Cabinl(2037-2220) blocks MEF2 tran- 
scriptional activity in response t o  PMA and ionomycin. (B) 
Full-length Cabinl inhibits transcription mediated by MEFZB 
and MEFZD. pSGMEF2B or pSGMEF2D was transfected along 
with varying amounts of full-length Cabinl expression plas- 
mid into DO1l.10 cells. Transcriptional activity of MEF2 was 
measured by luciferase reporter gene activity under the 
control of two tandem MEF2-binding sites. (C and D) Inhi- 
bition of MEF2 transcriptional activity by Cabinl is mediated 
through the MADSIMEFZ domain. In (C), full-length Cabinl is 
shown to  inhibit the DNA-binding activity of MEFZ. DO1 1.10 
cells were transfected with the indicated amounts of 
MEFZ(1-117)-VP16, MEFZC-VPl6, and pSG-Cabin1 along 
with pRSRFluc reporter plasmid under the control of MEF2- 
binding sites. In (D), transcription mediated by the transac- 
tivation domain of MEFZ is shown to  be resistant t o  Cabinl. 
DO1l.10 cells were transfected with Ga14-MEFZC(MADS1 
MEF2) (10 pg), Ga14-MEFZD (10 pg), and pSG-Cabin1 (10 
pg) along with pGluc reporter plasmid under the control of 
Gal4 binding sites. Luciferase activity was normalized against 
P-galactosidase activity. 

Cabinl Org) o 5 10 20 
Reporter plaamid: pRSRFluc 

CaMnl bg)  0 5 l o  20 
Reporter plasmid: pGluc 
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was essential for interaction between MEF2B 
and Cabinl (Fig. 2, A to C). Because the 
MADS/MEF2 box is highly conserved among 
the four known isoforms of MEF2 (A through 
D), we suspected that all isoforms of MEF2 
could bind to Cabinl, as was subsequently con- 
k e d  (15). The mammalian two-hybrid sys- 
tem was used to map the minimal Cabinl do- 
main required for MEF2B interaction with Cab- 
in1 fragments fused to the Gal4 DNA binding 
domain and MEF2B fused to the VP16 ac- 
tivation domain (1 6). Cabin1 (2 144-2220), a 
COOH-terminal 77-amino acid fragment of 
Cabinl (13), retained the ability to interact with 
MEF2B (Fig. 2E). NH,- and COOH-terminal 
truncation mutants of Cabinl(2144-2220) 
were tested, and the minimal Cabinl domain 

Fig. 4. Calmodulin com- 
petes with MEF2 for 
Cabinl binding. (A) En- 
dogenous Cabinl asso- 
ciates with CaM in 
the presence of calci- 
um. (6) Purified recombi- 

ence of either 2' mM 
CaCI, or 10 mM ECTA. 
Proteins bound to CaM- 
sepharose were resolved 
by SDS-PAGE, transferred 
to nitrocellulose, and 
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sufficient for mediating MEF2B interaction 
was the COOH-terminal64 amino acids, Cab- 
in1 (2 157-2220) (Fig. 2E). 

We next determined whether the interac- 
tion between Cabinl and MEF2 affected 
MEF2 transcriptional activity. The effect of 
Cabinl on activity of a MEF2-driven lucif- 
erase reporter gene (6) was measured in 
DO1 1.10 upon stimulation with PMA, iono- 
mycin, or both. Both PMA and ionomycin 
individually activate the MEF2 reporter gene, 
with ionomycin inducing higher MEF2-de- 
pendent luciferase expression (Fig. 3A). Co- 
stimulation of cells with PMA and ionomycin 
had a synergistic effect, resulting in optimal 
expression of the reporter gene. Coexpression 
of Cabinl(2144-2220) inhibited PMA- and 

nant GST-Cabinl(2037- 
2220) can directly bind 
to CaM-sepharose in a 
calciumdependent man- 
ner. In (i), purified re- 
combinant GST-Cabin1 
(2037-2220) (500 ng) L WE: Anll-Cabtnl 
was incubated with CaM- 
sepharose in the pres- C 

+Eti," . ---.. -- 
pqMEF2D + + + + + + Lr: mn-mcrzd 

GST-CaMnl(Mn-2220) (05wg) - + + - + + FK508 (lpM) - - + 
CaM (Swg) ' ' ' ' + CaClp (2 rnM) - + + 

EGTA ilOrnMI + - - 

probed with anti-CST-Cabinl. I.P., immunoprecipitates. In (ii), the relative amounts of 
CST and GST-Cabinl(2037-2220) present in the sample in (i) were determined by 
protein immunoblot of the corresponding lysates with anti4ST-Cabinl. (C) Activated 
CaM competes for Cabinl binding with MEF2. r5S]MEF2D, produced by an in vitro 
transcription-translation system, was incubated with GST-Cabinl(2037-2220) or CaM as 

[35S]MEF2D bound to GST-Cabinl(2037-2220) was detected by autoradiography. (D) 

u 
indicated. CST-Cabinl(2037-2220) was subsequently isolated by glutathione sepharose. we A~~I-cabln, 

Calcium inhibits the interaction between endogenous Cabin 1 and MEF2D in an FK506-resistant manner. 
lmmunoprecipitation of MEF2D was from DO1 1.10 cell lysates containing EGTA, calcium, and calcium plus 
FK506, respectively. The immunoprecipitates were subjected to SDS-PACE and protein immunoblot analysis 
using anti-Cabinl. 

Fig. 5. Nur77 and T cell apoptosis A B 
is regulated by both calcineurin 
and Cabinl. (A) Cabin1 overex- @ /  / 
pression blocks the induction of 4 Q@ -- 

8 Q@ -- 
endogenous Nur77. D01 1.10 cells AnnGD3 - + - + U G D ~  - + - + 
stably transfected with pBabe- 
SVCabinl or pBabe (lo7 cells per 
lane) were stimulated with CD3 
mAb for 3 hours. Cell lysates were IPLWB: A~U- NU^ 

immunoprecipitated and probed 
I--+E- NU- 

, - C E x o  CaMnl 
with anti-Nur77. Cell lysates con- 
taining the same amounts of to- n : ~ n u s - r n ~ ~  

tal proteins were also subjected - CTO~EI CaMnl 
to protein immunoblot analysis 7 WB:An%-Cabin1 
using anti--myc (middle panel) 
and anti-Cabin1 (bottom panel). (B) Cabinl blocks TCR-mediated apoptosis DO1l.10 cells stably 
transfeded with pBabe or pBabe-SVCabinl (2 X lo6 cells per lane) were stimulated with CD3 mAb 
for 8 hours. Cytosolic DNA was resolved in 1.2% agarose gel and visualized with ethidium bromide. 

ionomycin-stimulated reporter gene expres- 
sion (Fig. 3A). Cabinl also inhibited reporter 
gene expression driven by expressed MEF2B 
and MEF2D in a concentration-dependent 
manner (Fig. 3B). 

Given the interaction of Cabinl with the 
MADSMEF2 box of MEF2 isoforms (Fig. 
2), its effect on MEF2 transcriptional activity 
was probably dependent on this domain. 
When MEF2C(1-117)-VP16 or M1-length 
MEF2C fused to VP16 was cotransfected with 
the MEFZluciferase reporter gene @RSR- 
FLuc), M1-length Cabinl inhibited reporter 
gene activation in a concentration-dependent 
manner (Fig. 3C). In contrast, when the trans- 
activation domain of MEF2C fused to the Gal4 
binding domain [Gal4DB-MEF2C(AMADS/ 
MEF2)] was used to drive transcription of a 
Gal4-driven reporter gene, expression of Cab- 
in1 had no effect on the reporter gene expres- 
sion (Fig. 3D). When the chimeric protein 
between Gal4 DBD and full-length MEF2D 
(Gal4DB-MEF2D) was expressed, the report- 
er gene activation regained sensitivity to Cab- 
inl, which suggests that Cabinl does not 
interfere with MEF2 transcriptional activity 
by blocking its DNA binding. This is consis- 
tent with the observation that TCR signaling 
only affected MEF2 transcriptional activity 
without changing its DNA binding activity, 
and MEF2 is likely to be bound to DNA in 
quiescent T cells (6, 17). The precise mech- 
anism of transcriptional repression of MEF2 
by Cabinl remains to be elucidated. 

We then investigated how MEF2 is re- 
leased from Cabinl and activated in response 
to CaZ+ signal in vivo. The Cabinl-MEF2 
interaction may be subject to regulation by 
calcium and calmodulin (CaM); the minimal 
MEF2 binding domain of Cabinl shares the 
same structural features as CaM binding mo- 
tifs from a number of protein-including 
MyoD, CaM-dependent kinase 11, and cal- 
cineurin-with a basic region followed by a 
long a helix (18-20). We first assessed whether 
Cabinl binds to CaM by use of CaM-sepharose 
to find CaM binding proteins in T cell extract. 
Endogenous Cabinl was detected by protein 
immunoblot (21). The binding of Cabinl to 
CaM sepharose occurred in a Caz+-dependent 
manner (Fig. 4A). Purified recombinant GST- 
Cabinl(2037-2220) fusion protein also bound 
to CaM in a Ca2+-dependent manner (Fig. 4B). 
Thus, Cabinl is a direct CaM biding protein. 

To determine whether binding of CaM to 
Cabinl could displace MEF2, we incubated 
[35S]MEF2D with Cabinl(2037-2220) and 
CaM (22). GST-Cabinl(2037-2220) bound 
MEF2D in the presence of EGTA, Ca2+ 
alone, or CaM alone (Fig. 4C). CaZ+ plus 
CaM, however, competed with MEF2D for 
Cabinl binding, indicating that activated 
CaM could displace MEF2D from Cabinl in 
vitro. Consistent with these observations, en- 
dogenous Cabinl coimmunoprecipitated with 

792 22 OCTOBER 1999 VOL 286 SCIENCE www.sciencemag.org 



R E P O R T S  

endogenous MEF2D; the most abundant iso- 
form of MEF2 in T cells: only in the presence 
of EGTA (Fig. 4D). The presence of calcium 
abrogates the binding of MEF2D to Cabinl. 
The antagonism by calcium is not sensitive to 
FK506; suggesting that the calcium effect 
was not mediated by calcineurin. 

Calcineurin participates in the activation of 
E F 2 ,  because Ca2+-dependent MEF2 activa- 
tion is sensitive to the calcineurin inhibitor cy- 
closporin A (6) .  To dissect the roles of the 
calcineurin binding domain and the MEF2 
binding doinain of Cabin1 in the regulation 
of MEF2; we generated Cabin1 (2 157-2220; 
ACNBD) and Cabinl(2157-2220; AMEFBD), 
in which these respective domains were indi- 
vidually deleted (23). The Ca2+-dependent 
luciferase activation of a Nur77 promoter- 
driven reporter gene was inhibited by over- 
expression of Cabinl(2157-2220) as well as 
the two deletion mutants, suggesting that both 
calcineurin and Cabinl are involved in the reg- 
ulation of MEF2. In contrast; the interleukin-2 
(IL-2) reporter gene activation by PMA and 
ionomycin was sensitive to Cabinl(2 157- 
2220) and Cabin1 (2 157-2220; AMEFBD); but 
was resistant to the mutant in which the cal- 
cineurin binding domain was removed (23). 
This result is consistent with the dependence of 
the IL-2 promoter on calcineurin but not MEF2. 
Thus, MEF2 is subject to regulation by Cabinl 
independent of the effect of Cabin 1 on cal- 
cine~mn activity. 

Because both the calcineurin and MEF2 
binding domains in Cabinl senre to down- 
regulate MEF2 activity. overexpression of 
Cabinl should inhibit TCR-mediated Nur77 
expression and apoptosis. Thus, we trans- 
fected DO 1 1.10 cells directly with the retro- 
viral vector pBabeSVCabin1 encoding the 
full-length Cabinl containing an NH,-teimi- 
nal c-Myc tag under the control of the SV40 
promoter and selected for stably trailsfected 
cells using puromycin (24). Expression of 
transfected Cabin1 was confii~ned by protein 
inm~unoblot (Fig. 5A, middle panel). When the 
total amount of Cabinl was detected using anti- 
Cabinl, overexpression resulted in a doubling 
of Cabinl (Fig 5A. bottom panel). We then 
exainlned the effect of overexpression of Cab- 
in1 on endogenous Nu77 expression by protein 
immunoblot. Nur77 expression was induced 
by treatment of DO1 1.10 cells with CD3 
11~41) (6). and overexpression of Cabin1 al- 

most completely inhibited both Nur77 ex- 
pression (Fig. 5A) and TCR-mediated apo- 
ptosis, as judged by nuclear chromosomal 
DNA fragmentation (Fig. 5B). 

The MEF2 familv of transcrivtion factors 
are involved in diverse cellular processes, 
includi~lg muscle and neuronal cell differen- 
tiation (25). Because Cabin1 binds to MEF2 
and sequesters MEF2 in a transcriptionally 
inactive state, it is a good candidate for an 
endogenous inhibitor that maintains the qui- 
escence of MEF2 in unstimulated cells. The 
dissociation of the Cabinl-MEF2 con~plex by 
calmodulin provides a calcium switch for 
MEF2 activation and represents a novel 
mechanism of transcriptional activation by 
calcium. Although it remains to be elucidated 
how calcineurin modulates MEF2, it has been 
shown that activated nuclear factor AT is 
involved in enhancing the transcriptional ac- 
tivity of MEF2 in response to calcineurin 
(26). Thus, calcium signaling bifurcates, one 
mediated through CaM, Cabinl, and MEF2 
and the other via CaM, calcineurin, and 
MEF2. The binding of Cabin1 to MEF2 ex- 
erts one level of control over MEF2 activity. 
Dissociation of MEF2 from Cabin1 via com- 
petition by activated CaM defines a novel 
signaling pathway iilvolved in Nur77 expres- 
sion and thymocyte apoptosis. Given that Cab- 
in1 is ubiquitously expressed (13) and that it 
interacts with all known isoforms of MEF2, this 
mode of regulation of MEF2 by Cabinl and 
CaM may be operative in other physiological 
processes involving MEF2 (25). 
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