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Calcium signaling is critical for activation of T lympho-

cytes and has been proposed to be transduced through

multiple calmodulin target proteins. Whereas the calci-

neurin–NFAT signaling module is critical for all mamma-

lian T cells, the role of calmodulin-dependent kinase IV

(CaMKIV) in mouse naı̈ve CD4þ T-cell activation remains

enigmatic. We have applied lentivius-mediated RNA

interference of CaMKIV to human T cells and found that

knockdown of CaMKIV abrogates T-cell receptor-mediated

transcription of the IL-2 gene. We demonstrate that

CaMKIV directly phosphorylates Cabin1, a transcriptional

corepressor for myocyte enhancer factor 2, creating a

docking site for 14-3-3, which causes its nuclear export.

CaMKIV-mediated nuclear export of Cabin1 is likely to

account for a significant part of the requirement of

CaMKIV during human T-cell activation.
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Introduction

The universal second messenger calcium is known to play a

pivotal role in T-cell receptor (TCR)-mediated signal trans-

duction leading to either peripheral T-cell activation or thy-

mocyte apoptosis (Imboden et al, 1985; Truneh et al, 1985;

Gelfand et al, 1986; Lewis, 2001). Upon an increase in

intracellular calcium concentration, the calcium signal is

transmitted from the cytosol into the nucleus via multiple

calcium signaling modules. A major calcium signaling mod-

ule in T cells consists of the unique calcium, calmodulin-

dependent protein phosphatase calcineurin and its sub-

strate NFAT (Liu, 1993; Crabtree and Clipstone, 1994; Rao

et al, 1997). Another calcium signaling module is centered

around the transcription factor myocyte enhancer factor

(MEF)-2 (McKinsey et al, 2002). Unlike the calcineurin–

NFAT signaling module, which is excluded from the

nucleus in resting T cells, MEF2 is constitutively bound

to its cognate DNA elements in the nucleus and can

repress or activate gene transcription in a calcium-dependent

fashion.

MEF2 is unique among known transcription factors in

its responsiveness to calcium signaling. In the absence

of a calcium signal, MEF2 is kept in the ‘off’ state through

its association with transcriptional repressors, including

Cabin1/cain (Lai et al, 1998; Sun et al, 1998; Youn et al,

1999), and the Class II histone deacetylases (HDACs) (Miska

et al, 1999; Sparrow et al, 1999). Upon calcium signaling,

these repressors are removed from MEF2, allowing the bind-

ing of MEF2 to such transcription coactivators as p300 (Youn

et al, 2000a) or ERK5 (Yang et al, 1998; Kasler et al, 2000)

to switch MEF2 to a transcriptionally ‘on’ state. To date, three

distinct calcium signaling pathways have been shown to

affect the interaction between MEF2 and its transcriptional

repressors. One pathway involves the direct competitive

binding of calmodulin to Cabin1 and Class II HDACs and

the consequent removal of these repressors from MEF2

(Youn et al, 1999, 2000b). A second pathway is mediated

by calcineurin (CN)–NFAT; activated NFAT binds to and

synergizes with MEF2 to recruit the histone acetyl transferase

p300 (Blaeser et al, 2000; Youn et al, 2000a). The third

pathway includes calcium/calmodulin-dependent kinase IV

(CaMKIV), which has been reported to activate MEF2 by

phosphorylating Class II HDACs, leading to their dissociation

from MEF2 (McKinsey et al, 2000a, b; Wang et al, 2000; Li

et al, 2004).

In contrast to calcineurin, the role of CaMKIV in TCR

signaling is less well defined. While studies using transgenic

mice overexpressing a catalytically inactive form of CaM

kinase IV revealed a requisite role of CaM kinase IV in TCR-

mediated IL-2 transcription (Anderson et al, 1997), recent

characterization of Camk4�/� mice indicated that this kinase

is dispensable for TCR signaling in naı̈ve CD4þ T cells

(Anderson and Means, 2002). Rather the requirement for

CaMKIV in TCR-mediated cytokine induction was restricted

to memory CD4þ T cells.

To assess the role of CaMKIV in the activation of human

T cells, we generated shRNA against the human enzyme in a

lentiviral vector. Surprisingly, we found that knockdown

of human CaMKIV led to significant inhibition of TCR-

mediated IL-2 transcription. To delineate the mechanism of

signal transduction mediated by CaMKIV during TCR signal-

ing, we examined its connection with the MEF2 signaling

module. Upon calcium signaling, the C-terminal region of

Cabin1 is specifically phosphorylated by CaMKIV, creating a

docking site for 14-3-3, which causes the nuclear export of

Cabin1. A Cabin1 mutant lacking the CaMKIV phosphoryla-

tion site is resistant to CaMKIV-mediated nuclear export.

Thus, phosphorylation of Cabin1 by CaMKIV and its subse-

quent nuclear export play an important role in the full

activation of MEF2 and subsequent IL-2 transcription in

human T cells.
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Results

CaMKIV is required for TCR-mediated IL-2 transcription

in primary human T cells

Whereas expression of a kinase-inactive CaMKIV in mouse

thymocytes abrogates cytokine production in response to

TCR signaling (Anderson et al, 1997), this process remained

intact in naı̈ve CD4þ T cells derived from Camk4�/� mice

(Anderson and Means, 2002). To examine the relevance

of CaMKIV in TCR-mediated cytokine production in human

T cells, we used lentiviruses to deliver shRNA specific for

human CaMKIV (Pan et al, 2004). Three lentiviral constructs

were made that target different regions of the human CaMKIV

cDNA. Upon testing in Jurkat T cells, one construct, pFUP2-

siCaMKIV, exhibited highest efficiency in knocking down

CaMKIV expression. Subsequently, lentiviruses were gener-

ated from pFUP2-siCaMKIV and used to transduce primary

peripheral human CD4þ naı̈ve T cells. At 60 h post-transduc-

tion, a considerable downregulation of CaMKIV was observed

in primary human T cells (Figure 1A). When the same

transduced T cells were stimulated with anti-CD3 plus anti-

CD28 antibodies, a large reduction in IL-2 mRNA, as deter-

mined by RT–PCR, was seen in comparison to control cells

transduced with virus containing an unrelated shRNA

(Figure 1B). Similarly, a profound reduction in the level

of IL-2 protein secreted into the media was also seen

(Figure 1C). These results demonstrate that CaMKIV is

necessary for TCR-mediated IL-2 transcription in peripheral

human T cells.

Activated CaMKIV overcomes Cabin1-mediated

repression of the transcriptional activity of MEF2

We have recently shown that MEF2, like NFAT, plays an

essential role in mediating calcium signaling during T-cell

activation (Pan et al, 2004). The major transcriptional re-

pressor for MEF2 in mature T cells appears to be Cabin1, as

the deletion of the MEF2-binding domain in Cabin1 led to

enhanced activity of MEF2 and consequent upregulation of

IL-2 and other cytokines in T cells (Esau et al, 2001; Pan et al,

2004). To determine whether MEF2 is regulated by CaMKIV,

we examined whether the inhibition of MEF2-mediated tran-

scription by Cabin1 is affected by overexpression of CaMKIV.

We transiently transfected murine T-cell hybridoma DO11.10

with plasmids expressing Cabin1, CaMKIV and a MEF2-

driven luciferase reporter gene, along with b-galactosidase

reporter plasmid under the control of the CMV immediate-

early promoter as an internal control. As previously

shown, MEF2 reporter gene activation in response to phor-

bol-13-myristate-12-acetate (PMA) and ionomycin is drama-

tically inhibited upon expression of Cabin1-154 (Youn et al,

1999). Coexpression of full-length CaMKIV completely

reversed the inhibition of MEF2 reporter gene by Cabin1

(Figure 2). In contrast, expression of full-length CaMKII had

no effect on this inhibition. Furthermore, the CaMKIV-

mediated reversion of Cabin1 inhibition of MEF2 is blocked

by the CaM kinase-selective inhibitor KN62 or the calmodu-

lin-selective inhibitor W-7. The less potent CaM inhibitor

W-5 was also a less potent inhibitor of the CaMKIV-mediated

reversal of the Cabin1 effect. Finally, FK506, which is a

specific inhibitor of calcineurin, had no effect on the

CaMKIV-mediated response. These observations revealed a

mutually antagonistic crosstalk between Cabin1 and CaMKIV

and suggested that CaMKIV mediates calcium signaling, at

least in part, through regulation of the interaction between

Cabin1 and MEF2.
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Figure 1 RNA interference of CaMKIV expression leads to inhibi-
tion of IL-2 promoter activation. (A) Specific inhibition of CaMKIV
expression by CaMKIV siRNA. Lysates prepared from primary
human CD4þ naı̈ve Tcells transduced with viruses harboring either
control pFUP2-RL vector or pFUP2-siCaMKIV were subjected to
Western blot analysis using anti-CaMKIV (top panel) or anti-tubulin
(bottom panel) antibodies. (B) RNA interference with CaMKIV
expression inhibited IL-2 mRNA synthesis in response to stimula-
tion by anti-CD3 and anti-CD28. The two populations of primary
human CD4þ naı̈ve T cells were stimulated with a combination
of anti-CD3 and anti-CD28 antibodies. Total RNA was prepared
from each sample and subjected to RT–PCR analysis. (C) RNA
interference with CaMKIV expression inhibited IL-2 secretion in
response to stimulation by anti-CD3 plus anti-CD28 antibodies.
IL-2 protein secreted into the culture medium was determined by
ELISA.
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CaMKIV and calmodulin act in synergy to release Cabin1

from MEF2

The minimal MEF2-binding domain of Cabin1 contains an

overlapping CaM-binding domain, and binding of activated

CaM to Cabin1 leads to its dissociation from MEF2 (Youn

et al, 1999). As CaMKIV could reverse the Cabin1-mediated

inhibition of MEF2’s transcriptional activity, we speculated

that the reversal of the inhibition of MEF2 by Cabin1 might

also be mediated through the disruption of the interaction

between Cabin1 and MEF2. To test this possibility, we

performed a binding assay using [35S]MEF2D generated by

in vitro transcription and translation and c-Myc-Cabin1 pro-

duced from Jurkat T cells either in the presence or absence of

coexpressed constitutively active Flag-CaMKIVDC. This form

of CaMKIV cannot bind Ca2þ/calmodulin and therefore any

effect of this protein will be independent of its normal

activating subunit. As shown in Figure 3A, Cabin1 and

MEF2 form a stable complex in the absence of free calcium

(lane 1). Upon addition of 2 mM CaCl2, less MEF2D is bound

to Cabin1 (Figure 3A, lane 3), presumably due to the com-

petition by Ca2þ/calmodulin present in the cell lysates.

Coexpression of CaMKIVDC and Cabin1 decreased, but did

not abolish, the binding between Cabin1 and MEF2D

(Figure 3A, lane 6 versus 1). However, expression of

CaMKIVDC together with the addition of Ca2þ completely

releases Cabin1 from MEF2D (Figure 3A, lane 4), suggesting

that Ca2þ/calmodulin and active CaMKIV act synergistically

to reverse this protein–protein interaction.

The synergistic effect of Ca2þ/calmodulin and active

CaMKIV on the interaction between Cabin1 and MEF2D was

confirmed with endogenous proteins. Endogenous MEF2D

from DO11.10 T-cell lysates co-immunoprecipitated with

Cabin1 in the presence of EGTA (Figure 3B, lane 1),

Activated Ca2þ/calmodulin considerably, but incompletely,

dissociated Cabin1 from MEF2D (Figure 3B, lane 2), an effect

similar to the expression of active CaMKIV (Figure 3B, lane

3). However, Ca2þ/calmodulin together with active CaMKIV

abrogated the interaction between Cabin1 and MEF2D com-

pletely (Figure 3B, lane 6), and this effect could be partially

restored by the presence of the CaM kinase inhibitor KN62 or

the calmodulin antagonist W7 (Figure 3B, lanes 4 and 5).

Similar results were seen when CaMKIVDC and endogenous

CaMKIV were knocked down by siRNA (Supplementary

Figure 1). Thus, activated CaMKIV and Ca2þ/calmodulin

can act synergistically to dissociate Cabin1 from MEF2D.

Cabin1 is a substrate for CaMKIV

To test whether Cabin1 could serve as a substrate for CaMKIV,

we coexpressed Myc-tagged Cabin1 with full-length CaMKIV

in DO11.10 cells, and performed in vivo labeling of Cabin1
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Figure 2 Activated CaMKIV reverses Cabin1-mediated repression
of MEF2 transcriptional activity. DO11.10 cells were transfected with
MEF2 luciferase reporter plasmid (5 mg) along with plasmids (10mg
each) expressing various proteins as indicated. Transfected cells
were allowed to recover for 12 h before they were treated with KN62
(10mM), W7 (25 mM), W5 (50mM) or FK506 (1 nM) for 30 min,
followed by PMA (40 nM) and ionomycin (1mM) treatment for
another 8 h before cells were lysed for determination of luciferase
and b-galactosidase activity.
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Figure 3 Ca2þ/CaM and CaMKIV synergistically release Cabin1
from MEF2D upon calcium signaling. (A) Myc-tagged full-length
Cabin1 plasmid alone or with Flag-tagged constitutively active
CaMKIVDC was transfected into DO11.10 cells. The cell lysates were
incubated with in vitro-transcribed and translated [35S]MEF2D in
the presence of either 2 mM CaCl2 or 10 mM EGTA for 2 h. After
immunoprecipitation of Cabin1 with anti-Myc antibody, the bound
[35S]MEF2D was visualized by autoradiography. The relative in-
tensity of bound MEF2D was quantitated by PhosphoImage analy-
sis. (B) Co-immunoprecipitation of endogenous MEF2D and
Cabin1. Lysates were prepared from DO11.10 cells with or without
expression of constitutively active CaMKIVDC or catalytically in-
active inCaMKIV and incubated with anti-MEF2D antibody. And
10mM KN62 or 25mM W7 was included in the lysis buffer for cells
treated with the same concentrations of each inhibitor. The im-
munoprecipitates were subject to SDS–PAGE followed by Western
blot analysis with anti-Cabin1 antibodies.

Calcium-dependent nuclear export of Cabin1
F Pan et al

The EMBO Journal VOL 24 | NO 12 | 2005 &2005 European Molecular Biology Organization2106



with 32P. Cabin1 was immunoprecipitated using anti-c-Myc

antibodies and resolved by SDS–PAGE, followed by autora-

diography to determine the extent of its phosphorylation.

Treatment of DO11.10 cells with PMA plus ionomycin or

ionomycin alone led to an increase in the phosphorylation

of Cabin1 (Figure 4A, lanes 1–3). PMA alone did not lead

to hyperphosphorylation of Cabin1, indicating that the

enhanced phosphorylation of Cabin1 is calcium dependent

(Figure 4A, lane 4). This enhanced phosphorylation of

Cabin1 is inhibited upon downregulation of endogenous

CaMKIV by siRNA (Figure 4A, lane 5). Expression of exogen-

ous CaMKIV restored the Ca2þ -dependent phosphorylation of

Cabin1 (Figure 4A, lane 6), which is sensitive to inhibition by

the CaM kinase inhibitor KN62, but not by the calcineurin

inhibitor FK506 (Figure 4A, lanes 7 and 8). These results

clearly show that CaMKIV can participate in the calcium-

dependent phosphorylation of Cabin1 in DO11.10 cells.

To assess whether CaMKIV can directly phosphorylate

Cabin1 and to map the potential phosphorylation sites in

Cabin1, different fragments of Cabin1 were generated by

in vitro transcription/translation, followed by incubation

with [g-32P]ATP in the presence of activated CaMKIV or

CaMKII. It was found that the C-terminal region of Cabin1

(amino acids 2036–2220) contains the sites of phosphoryla-

tion by CaMKIV (data not shown). To verify this observation,

in vitro kinase assays were carried out using a recombinant

GST-Cabin1-154 fusion protein, which contains amino acids

2036–2220 of Cabin1, as a substrate. The wild type and

catalytically inactive CaMKIV mutant tagged with a Flag

epitope were expressed in DO11.10 T cells. Upon stimulation

with ionomycin (to activate CaMKIV), Flag-CaMKIV was

immunoprecipitated using an anti-Flag antibody and incu-

bated with recombinant GST-Cabin1-154 in vitro in the pre-

sence of [g-32P]ATP. The reaction mixtures were resolved by

SDS–PAGE and the phosphorylation state of GST-Cabin1-154

was determined by autoradiography. Wild-type CaMKIV

phosphorylated GST-Cabin1-154 (Figure 4B, lane 5) and this

phosphorylation required treatment of cells with ionomycin

(Figure 4B, lane 4). The catalytically inactive mutant of

CaMKIV (CaMKIV/K75E) did not phosphorylate GST-

Cabin1-154 (Figure 4B, lanes 3), ruling out the possibility

that another kinase bound to CaMKIV could be responsible

for the Ca2þ -dependent phosphorylation of GST-Cabin1-154.

Thus, Cabin1-154 can serve as a direct substrate for CaMKIV

in vitro.

Identification of CaMKIV phosphorylation sites

in Cabin1

CaMKIV phosphorylation sites are known to share the con-

sensus sequence ‘RXXS’ (White et al, 1998; Hook and Means,

2001). One such sequence in Cabin1-154 is R2123AKS2126. To

determine whether S2126 is the site of phosphorylation by

CaMKIV, we mutated this residue to A in GST-Cabin1-154

and subjected this mutant to the in vitro kinase assay. In

contrast to the wild-type Cabin1-154 (Figure 5, lane 2), the

S2126A mutant can no longer be phosphorylated by CaMKIV

(Figure 5, lane 4), suggesting that S2126 is a CaMKIV-depen-

dent phosphorylation site in vitro. In addition to CaMKIV, we

also tested CaMKII for its ability to phosphorylate GST-

Cabin1-154 in vitro. No phosphorylation of GST-Cabin1-154

was seen in the presence of CaMKII, indicating that Cabin1-

154 is at least a selective substrate for CaMKIV.
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Figure 4 Cabin1 is phosphorylated by CaMKIV in vivo and in vitro.
(A) Ionomycin treatment increases Cabin1 phosphorylation. Three
cell populations, including (1) DO11.10 cells, (2) DO11.10 CaMKIV
knockdown (siCaMKIV) and (3) DO11.10 CaMKIV knockdown cells
transfected with 10 mg exogenous wild-type CaMKIV, were cultured
in media containing 32P for 3 h, followed by either mock or FK506
(1 nM) or KN62 (10mM) treatment for 30 min prior to treatment
with 40 nM PMA and/or 1mM ionomycin for another 3 h. The cells
were lysed, and Cabin1 was immunoprecipitated from each cell
extract and analyzed by SDS–PAGE and autoradiography. The total
amount of Cabin1 present in each immunoprecipitate was deter-
mined by immunoblotting with the Cabin1-specific polyclonal anti-
bodies. (B) In vitro kinase assay. DO11.10 cells were transfected
with empty vector alone or with constructs (10mg each) encoding
either human Flag-tagged wild-type CaMKIVor catalytically inactive
kinase mutant Flag-CaMKIV/K75E. After a 24 h incubation, cells
were treated with 1mM ionomycin for another 5 min, following
which recombinant kinase proteins were immunoprecipitated and
incubated with GST-Cabin1-154 (3 mg) in the presence of Ca2þ ,
calmodulin and [g-32P]ATP.
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Figure 5 Identification and verification of CaMKIV phosphoryla-
tion site in Cabin1-154. Constitutively active CaMKIV or CaMKII or
the corresponding catalytically inactive mutants CaMKIV/K75E or
CaMKII/K75E were prepared by using the same protocol described
in Figure 4B. Recombinant GST-Cabin154 and GST-Cabin154/
S2126A were purified from Escherichia coli lysates by using glu-
tathione-Sepharose beads. The in vitro kinase assay was carried out
using the same procedure as described in Figure 4 legend. The GST-
Cabin154 or GST-Cabin154/S2126A proteins in each lane were
visualized by Coomassie blue staining.

Calcium-dependent nuclear export of Cabin1
F Pan et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 12 | 2005 2107



Phosphorylation of Cabin1 by CaMKIV leads

to its association with 14-3-3

The CaMKIV phosphorylation site of Cabin1 is also similar,

albeit not identical, to a consensus binding motif (RXXSXP)

for 14-3-3 if expanded to include amino acids 2127 and

2128 (R2123AKSRP2128) (Rittinger et al, 1999). To determine

whether Cabin1 is capable of binding to 14-3-3 upon phos-

phorylation by CaMKIV, Myc-tagged Cabin1-154 was ex-

pressed in DO11.10 cells either alone or in combination

with Flag-tagged CaMKIV. Upon stimulation with ionomycin,

Cabin1 was immunoprecipitated with an anti-Myc antibody

and the presence of bound 14-3-3 protein was evaluated by

Western blot analysis using antibodies against 14-3-3t, the

most abundant isoform of 14-3-3 present in T cells (Meller

et al, 1996). As shown in Figure 6 (lane 3 versus 2), 14-3-3t
was found to be associated with Cabin1 only in stimulated T

cells. Treatment of Tcells with KN62 abolished the binding of

14-3-3t to Cabin1 (Figure 6, lane 4). In contrast, overexpres-

sion of CaMKIV enhanced the binding of 14-3-3t to Cabin1

(Figure 6, lane 6), and this interaction is sensitive to inhibi-

tion by KN62 (Figure 6, lane 7). Thus, 14-3-3 binds to Cabin1

in a CaMKIV-dependent manner.

Activated CaM and 14-3-3s can simultaneously bind

to Cabin1 in T cells upon stimulation with ionomycin

The CaM-binding site of Cabin1 is also located in the C-

terminus, spanning amino acids 2157 and 2220 (Youn et al,

1999). As the 14-3-3-binding site at 2126 is quite close to the

CaM- and MEF2-bindig sites, we questioned whether both

calmodulin and 14-3-3 could be bound to Cabin1 simulta-

neously. To examine this possibility, CaM-Sepharose beads

were incubated with DO11.10 cell lysates containing Myc-

tagged Cabin1 alone or together with activated CaMKIV in the

presence of either CaCl2 (2 mM) or EGTA (10 mM) for 2 h to

allow for the association of Cabin1 along with its partner

proteins. The proteins bound by CaM-Sepharose were sub-

jected to SDS–PAGE followed by Western blotting with anti-

14-3-3t antibodies. As shown in Figure 7, Cabin1 and 14-3-3t
are both retained on CaM-Sepharose in the presence of Ca2þ

(lane 7). Activated CaMKIV significantly enhanced 14-3-3

binding to Cabin1 (Figure 7, lane 6), whereas KN62 abolished

the interaction between Cabin1 and 14-3-3t (Figure 7, lane 8).

Furthermore, depletion of endogenous Cabin1 using anti-

Cabin1 antibodies also depleted endogenous 14-3-3 (Figure 7,

lane 9). These observations are consistent with the possibility

that Cabin1 can form a ternary complex with 14-3-3 and

Ca2þ/calmodulin.

CaMKIV promotes nuclear export of Cabin1 and acts

in synergy with calmodulin to dissociate Cabin1 from

MEF2

Since Cabin1 is phosphorylated by CaMKIV, which leads to its

association with 14-3-3, we examined whether Cabin1 is

exported from the nucleus to the cytosol upon Ca2þ -

mediated signaling. We thus transfected plasmids encoding

GFP-Cabin1 or GFP-Cabin1-S2126A alone or in combination

with the constitutively active CaMKIVDC into immobilized

Jurkat T cells in the absence or presence of ionomycin

treatment. In unstimulated Jurkat T cells, GFP-Cabin1 was

predominantly localized in the nucleus (Figure 8A, B and M).

Interestingly, the number of cells with cytoplasmic Cabin1

was increased in the presence of constitutively active

CaMKIV or upon treatment with ionomycin (Figure 8C–F

and M). In contrast, neither constitutively active CaMKIV

(Figure 8I, J and M) nor ionomycin treatment (Figure 8K–M)

caused nuclear export of GFP-Cabin1-S2126A (Figure 8G, H

and M), consistent with the idea that the Ca2þ - and CaMKIV-

dependent nuclear export of Cabin1 requires its phosphoryla-

tion by CaMKIV and likely binding of 14-3-3. In addition

to the transiently expressed GFP-Cabin1 fusion protein, we

also determined the subcellular localization of endogenous

Cabin1 by cellular fractionation followed by Western blot. We

observed both calcium- and CaMKIV-dependent nuclear ex-

port of endogenous Cabin1 (Supplementary Figure 2), con-

sistent with the observations made with the GFP fusion

protein. We also investigated the time course of calcium-

and CaMKIV-dependent nuclear export of GFP-Cabin1. As

shown in Figure 8N, nuclear export of GFP-Cabin1 starts as
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early as 2 min after ionomycin treatment and is completed by

30 min, consistent with the relatively rapid activation of

CaMKIV by calcium signals.

The results shown above clearly indicate that Cabin1 is

regulated by CaMKIV and undergoes nuclear export upon

calcium signaling. To a first approximation, this appears to

be functionally redundant to the Ca2þ/calmodulin-mediated

dissociation of Cabin1 from MEF2D. To determine the con-

tribution of Ca2þ/calmodulin and CaMKIV to the dissocia-

tion of Cabin1 from MEF2D, we employed the mammalian

two-hybrid assay in which a Gal4-luciferase reporter gene is

activated upon reconstitution of a split Gal4 transcription

factor upon binding of a Gal4 DNA-binding domain-MEF2D

fusion protein to a Cabin1-VP16 fusion protein. As expected,

the interaction between MEF2D and Cabin1 is significantly

decreased upon stimulation of T cells with ionomycin

(Figure 9A). Treatment of T cells with the CaM kinase

inhibitor KN62 reversed the decrease by approximately two-

fold, suggesting that CaMKIV kinase activity contributed to

the weakening of the Cabin1–MEF2D interaction in response

to ionomycin treatment. Overexpression of the constitutively

active CaMKIV, like ionomycin treatment, also led to a

decrease in Cabin1–MEF2D interaction. A combination of

ionomycin treatment and CaMKIV overexpression almost

GFP-Cabin1 GFP-Cabin1DAPI staining DAPI staining

GFP-Cabin1 GFP-Cabin1MutDAPI staining DAPI staining

GFP-Cabin1Mut GFP-Cabin1MutDAPI staining DAPI staining

DMSO CaMKIV

Ionomycin

Ionomycin

DMSO

0

20

40

60

80

100

120

DMSO

Ionomyc
in

CaMKIV∆C
DMSO

Ionomyc
in

CaMKIV∆C

GFP-Cabin1 GFP-Cabin1/S2126A

0 10 305
0

20

40

60

80

100

120

(min)

N
um

be
r 

of
 c

el
ls

 p
er

 1
00

 c
el

ls

N
um

be
r 

of
 c

el
ls

 p
er

 1
00

 c
el

ls

Nuclear
Cytoplasm
Both

Nuclear
Cytoplasm
Both

2

∆C

CaMKIV∆C

A B

E F G H

I J K L

C D

M N

Figure 8 Nuclear export of Cabin1 in response to calcium signaling. Jurkat T cells were transiently transfected with plasmids (10mg each)
encoding GFP-Cabin1 or GFP-Cabin1/S2126A or together with CaMKIVDC. At 24 h after transfection, cells were treated with DMSO or
ionomycin (1mM) for an additional 6 h, followed by visualization of green GFP (A, C, E, G, I, K) or merged green GFP and blue DAPI staining
(B, D, F, H, J, L). (A, B) GFP-Cabin1 is predominantly localized in the nucleus of untreated Jurkat T cells. (C, D) Constitutively active CaMKIV
promotes Cabin1 nuclear export. (E, F) Ionomycin treatment causes translocation of GFP-Cabin1 from the nucleus to the cytosol. (G–L) GFP-
Cabin1/S2126A following similar treatments as described for wild-type GFP-Cabin1 in panels A–F. GFP-Cabin1/S2126A remains in the nucleus
with either CaMKIVDC coexpression (I, J) or ionomycin treatment (K, L). (M) Quantification of subcellular localization of GFP-Cabin1 and
GFP-Cabin1/S2126A mutant. A total of 100 cells were counted for the subcellular distribution of the GFP fusion proteins. (N) Time course of
nuclear export of GFP-Cabin1 in response to stimulation by ionomycin in Jurkat T cells.

Calcium-dependent nuclear export of Cabin1
F Pan et al

&2005 European Molecular Biology Organization The EMBO Journal VOL 24 | NO 12 | 2005 2109



completely abolished the interaction between Cabin1 and

MEF2, suggesting that CaMKIV and calmodulin can work

synergistically to cause dissociation of Cabin1 from MEF2D.

When wild-type Cabin1-154 is replaced by Cabin1-154/

S2162A mutant, the interaction between the Cabin1 mutant

and MEF2D is no longer sensitive to either the CaM

kinase inhibitor KN62 or the constitutively active CaMKIV

(Figure 9A).

To further examine the role of CaMKIV in the regulation of

the interaction between Cabin1 and MEF2 in its natural

cellular context, we performed the CHIP assay under a variety

of conditions with perturbed CaMKIV activity. Thus, ectopi-

cally expressed Myc-Cabin1 is associated with the endogen-

ous IL-2 promoter via its interaction with MEF2 that is known

to be constitutively bound to the IL-2 promoter (Figure 9B,

lane 2) (Pan et al, 2004). Upon treatment with ionomycin,

Cabin1 dissociates from MEF2 and the IL-2 promoter

(Figure 9B, lane 3). Importantly, expression of the constitu-

tively active mutant CaMKIVDC, but not the corresponding

catalytically inactive mutant, inCaMKIV, caused a further

decrease in the amount of Cabin1 bound to endogenous

MEF2 (Figure 9B, lanes 4 and 5). Unlike the wild-type Myc-

Cabin1, the Cabin1/S2126A mutant did not undergo further

dissociation from the IL-2 promoter in response to

CaMKIVDC expression (Figure 9B, lane 8 versus 4), indicat-

ing that the dissociation of Cabin1 from the IL-2 promoter in

response to CaMKIV is mediated through the phosphoryla-

tion of S2126. In addition to the CHIP assay, we also deter-

mined the effects of Cabin1-154 and Cabin1-154/S2126A

mutant on the activation of a MEF2-luciferase reporter gene

by PMA and ionomycin (Supplementary Figure 3). Cabin1-

154 blocked the activation of MEF2 reporter gene, which

can be reversed by the coexpression of the constitutively

active CaMKIVDC, but not the catalytically inactive mutant

inCaMKIV. In contrast, the inhibition of MEF2 reporter gene

activation by Cabin1-154/S2126A mutant is insensitive to

coexpression of CaMKIVDC, suggesting that S2126 phosphor-

ylation by CaMKIV is required for the dissociation of Cabin1

from MEF2. Together, these results support the notion that

Ca2þ/calmodulin may play a dual role to promote the

complete dissociation of Cabin1 and MEF2D in response to

TCR-initiated signaling: first by activating CaMKIV, which is

necessary to phosphorylate Cabin1 on S2126 and promote

binding of 14-3-3, and second by directly binding to Cabin1

at a nearby site in the C-terminus of Cabin1.

Discussion

Although CaMKIV is dispensable for the activation of naı̈ve

CD4þ T cells isolated from Camk4�/� mice (Anderson and

Means, 2002), we have shown that downregulation of

CaMKIV in peripheral human naı̈ve T cells using RNA inter-

ference led to significant inhibition of TCR-mediated IL-2

transcription, suggesting that CaMKIV plays an essential

role in TCR signaling in peripheral human T cells. This

observation is consistent with previous findings in human

Jurkat T cells and mouse thymocytes using both kinase-

inactive CaMKIV and small molecule inhibitors of CaMKIV,

such as KN62 (Anderson et al, 1997). It is also in agreement

with our observation that CaMKIV inhibitors blocked TCR-

mediated IL-2 production in primary human T cells (data not

shown). Whereas the reason for the difference in dependence

on CaMKIV between mouse and human T cells remains

unknown, it seems possible that the lack of requirement for

CaMKIV in naı̈ve CD4þ T cells of the Camk4�/� mouse may

be due to compensatory changes that favor the use of a

different kinase in the Ca2þ signaling pathway in order to

maintain T-cell homeostasis. Such compensatory mechan-

isms have been previously shown in chronic versus acute

downregulation of other important cell regulatory proteins

such as those involved in the Rb pathway (Sage et al, 2000).

Alternatively, this may be due to the inability of murine

Cabin1 to interact with 14-3-3 (see below).

One CaMKIV target in T cells that has been implicated in

TCR-mediated immediate-early gene expression and IL-2

production is the CREB transcription factor (Sheng et al,
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Figure 9 Calmodulin and CaMKIV synergistically dissociate Cabin1
from MEF2 in vivo. (A) Effects of calcium and CaMKIV on the
interaction between wild-type or S2126A mutant Cabin1 and MEF2
in a mammalian two-hybrid assay. DO11.10 cells were transfected
with 5mg Gal4-luciferase reporter plasmid along with plasmids (5 mg
each) expressing various proteins as indicated. After an overnight
recovery, cells were treated with 10 mM KN62 for 30 min prior to
treatment with 1mM ionomycin for an additional 8 h. Cells were
harvested and lysed for measurement of luciferase and b-galactosi-
dase activities. (B) Effects of calcium and CaMKIV on association of
Cabin1 with MEF2 bound to the endogenous IL-2 promoter. Jurkat T
cells were transfected with plasmids (10mg each) expressing either
wild-type or mutant Cabin1 with an N-terminal Myc tag together
with plasmids (10mg each) encoding either constitutively active
CaMKIV or an inactive CaMKIV mutant. The transfected cells were
incubated at 371C for 24 h before they were stimulated with
ionomycin (1mM), where indicated, for another 6 h. The cells
were then subject to the CHIP assay as described previously with
the same PCR primers for DNA fragment containing the MEF2-
binding site on the IL-2 promoter (Pan et al, 2004).
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1991; Enslen et al, 1994; Matthews et al, 1994; Ho et al,

2000). In this paper, we identify the MEF2 corepressor Cabin1

as another substrate for CaMKIV that participates in TCR-

initiated signal transduction. MEF2 is a unique transcription

factor in its ability to both repress and activate gene expres-

sion and to integrate calcium signaling pathways in a variety

of important physiological processes from cell division to

differentiation to apoptosis. The calcium ‘switches’ for MEF2

are encoded in all known transcriptional repressors of MEF2,

which dissociate from MEF2 to enable binding by HATs in

response to calcium signaling. Two types of calcium switch-

ing mechanisms have been elucidated and each appeared to

operate independently to regulate a specific class of MEF2

repressors. While Cabin1, along with its associated corepres-

sors mSin3 and HDAC1/2, is dissociated from MEF2 through

competitive binding of Ca2þ/calmodulin to Cabin1, all Class

II HDACs are released from MEF2 through a 14-3-3-mediated

nuclear export mechanism. This mechanism requires activa-

tion of kinases to phosphorylate the Class II HDACs and

generate docking sites for 14-3-3. However, in the present

study, we found that Cabin1-mediated repression of MEF2 is

sensitive to perturbation by both types of calcium signaling

mechanisms. On the one hand, Ca2þ/calmodulin binds

directly to Cabin1 and on the other hand, this complex also

activates CaMKIV. In turn, CaMKIV phosphorylates Cabin1

on S2126 and generates a docking site for 14-3-3. Thus, direct

Ca2þ/calmodulin binding and CaMKIV-dependent nuclear

export work in concert to dissociate Cabin1 from MEF2 and

lead to activation of MEF2-dependent transcription.

We have shown that phosphorylation of Ser2126 of

Cabin1 by CaMKIV is responsible for its binding to 14-3-3

and subsequent nuclear export, which is reminiscent of the

regulation of nuclear export of Class II HDACs. However,

there are significant differences between Cabin1 and Class II

HDACs in the mechanisms of regulation of their nuclear

export by kinases and 14-3-3. For example, it has been

shown that HDAC4 forms a complex with 14-3-3 in the

nucleus of undifferentiated muscle cells independent of

CaMK activation (Zhao et al, 2001). The kinase(s) that creates

14-3-3-binding sites in HDAC4 remains to be identified.

Activated CaMK appears to cause nuclear export of HDAC4

along with its associated proteins by phosphorylating resi-

dues that do not affect 14-3-3 binding. Although nuclear

export of HDAC5 appears to be caused by 14-3-3 binding, at

least in the heart the kinases responsible for generating the

14-3-3-binding sites appear to be PKC and PKD rather than

the CaM kinases (Vega et al, 2004). In this study, however,

we demonstrate that Cabin1 is directly phosphorylated by

CaMKIV and this phosphorylation is necessary for the asso-

ciation between human Cabin1 and 14-3-3. We note that

although CaMK consensus phosphorylation site centered

around Ser2126 is conserved between mice and humans,

the murine as well as rat ortholog of human Cabin1 lacks

the 14-3-3 binding consensus. This raises the intriguing

possibility that murine Cabin1 may not undergo the same

nuclear export like human Cabin1, thus rendering murine

CaMKIV inactive toward murine Cabin1 and MEF2 activation

in response to calcium signal. It is possible that this difference

in Cabin1 may also account for the difference in dependence

on CaM kinases between murine and human naı̈ve T cells.

Cabin1 represents a unique transcriptional repressor for

MEF2, as all other known MEF2 repressors belong to the

Class II HDAC family. Unlike Class II HDACs, Cabin1 does not

possess intrinsic HDAC activity. Instead, it exerts its repres-

sion on MEF2 in large part by recruiting HDAC1 and 2 via

another transcriptional corepressor mSin3 (Youn and Liu,

2000). In spite of these differences, there is conservation in

the mechanism by which Cabin1 and Class II HDACs respond

to calcium signaling. This leaves unanswered the question of

whether the dissociation of Cabin1 from MEF2 through direct

competitive binding of calmodulin that has been shown for

Cabin1 may also be involved in the dissociation of Class II

HDACs from MEF2. We have previously shown that HDAC4,

like Cabin1, is also Ca2þ/calmodulin-binding protein and

the calmodulin-binding domain in HDAC4 overlaps its

MEF2-binding domain (Youn et al, 2000b). By sequence

comparison, the MEF2-binding domain and the putative

calmodulin-binding domain are highly conserved among all

Class II HDACs, suggesting that binding of calmodulin to

cause dissociation of HDACs is a conserved mechanism

among all Class II HDACs. Recently, it was reported that

another member of the Class II HDAC family, HDAC5, binds

to calmodulin and binding of calmodulin blocks the associa-

tion of HDAC5 to MEF2 (Berger et al, 2003). It is thus clear

that Class II HDACs, like Cabin1, are dissociated from MEF2

upon binding to calmodulin. We surmise that, like Cabin1,

both calmodulin binding and kinase-induced nuclear export

act in concert on all Class II HDACs to dissociate them from

MEF2 in response to calcium-initiated signaling cascades.

Both Cabin1 and Class II HDACs have been shown to

localize to either the nucleus or cytosol or both in a cell

type-dependent manner (Lai et al, 1998; Sun et al, 1998;

Grozinger and Schreiber, 2000; McKinsey et al, 2000a; Wang

et al, 2000). It is likely that calcium-independent mechanisms

exist that are responsible for the cytosolic localization of

Cabin1 and Class II HDACs. As Cabin1 is a multidomain

and multifunctional protein, its presence in the cytosolic

compartment allows it to interact with its cytosolic partner

or target proteins such as calcineurin. It remains unclear,

however, whether the translocation of Cabin1 and its asso-

ciated HDAC1/2 from the nucleus to cytosol plays any role in

the context of MEF2 function during T-cell activation or

thymocyte apoptosis. Nor is it known whether the nuclear

export of Cabin1 and Class II HDACs simply serves to exclude

these repressors from MEF2 and whether the newly translo-

cated Class II HDACs continue to act on yet to be defined

cytosolic substrate to facilitate muscle cell differentiation,

thymocyte apoptosis or peripheral T-cell activation. The

identification of additional cytosolic substrates for HDACs

may help to shed light on this question.

We have previously shown that MEF2 serves as a site

of signal integration of two independent calcium signaling

modules, the calcineurin–NFAT module and the calmodulin–

Cabin1/HDAC module (Youn et al, 2000a). In this study,

we demonstrated that the CaMKIV signaling module is also

integrated into the same signaling circuitry, and works in

concert with calmodulin to dissociate MEF2 from its

known repressors. Thus, MEF2 is a focal signal integra-

tion site for all three known calcium signaling modules

to activate transcription of target genes in response to

calcium signaling. Other than the aforementioned possibility

of a cytosolic function for Cabin1 and Class II HDACs,

the coexistence of two complementary modes of dissocia-

tion of repressors from MEF2 may ensure the complete
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removal of these repressors from MEF2 for its optimal

transcriptional activation.

Materials and methods

Molecular cloning
GFP-fused Cabin1 was subcloned into pEGFP-c2 mammalian
expression vector (Clontech). pEGFP-Cabin1/S2126A was con-
structed using a site-directed mutagenesis kit (Stratagene). pSG-
CaMKIV, pSG-CaMKIVDC, pSG-CaMKIV/K75E and pCMV-CaMKII
have been described previously (Chatila et al, 1996). To generate
pBMN-CaMKIVDC, the corresponding fragment with an N-terminal
Flag tag was subcloned into BamHI site of pBMN-GFP retroviral
expression vector (Obigen). More detailed information on these
plasmids is available upon request.

Metabolic labeling of cells
To label cellular proteins with 32P, cells were cultured in phosphate-
free RPMI, supplemented with 3% dialyzed FBS. Cells were
cultured in the appropriate medium for 15 min and then labeled
with [32P]orthophosphate for 3 h. Typically, DO11.10 cells were
labeled at 107 cells/ml in 3 ml of medium containing 0.5 mCi 32P.

In vitro kinase assay
CaMK assays were carried out based on protocols described
previously (Chatila et al, 1996).

Fluorescent microscopy
Jurkat T cells were transfected with indicated plasmids, plated onto
glass coverslips and treated as described. Cells were fixed in 4%
paraformaldehyde for 30 min at room temperature, washed with
PBS and then stained with DAPI (0.1mg/ml) for 5 min at room
temperature. The fluorescent images were recorded using a Nikon
Microphot FXA Microscope. For statistic analysis, a total of 100 cells
in a contiguous field were analyzed in each group.

Construction of siRNA expression vector
To eliminate the multiple cloning sites, the original pEGFP-c1
(Clontech) was cut by BglII and BamHI, blunted by Klenow
fragment and religated. The U6-siRNA cassette was released from
pBS/U6 (kindly provided by Dr Y Shi) and inserted into the unique
AseI site of the modified pEGFP-c1 vector. In addition, BglII and SalI
were introduced into the U6-siRNA cassette for inserting the siRNA
oligonucleotides. The resulting vector was denoted as pSS-U6-GFP,
which contains GFP and neomycin resistance genes. To generate
pSS-U6-siCaMKIV, two oligonucleotides were synthesized: oligo1
(sense, lower case denotes non-target sequence) 50-gatccccGATGG
CAACGAGGACATGAttcaagagaTCATGTCCTCGTTGCCATCTTTTTg-30,
oligo2 (antisense) 50-tcgacAAAAAGATGGCAACGAGGACATGATCTC
TTGAATCATGTCCTCGTTGCCATCGGG-30. Oligo1 features a TTCAA
GAGA loop situated between the sense and reverse complementary
targeting sequences and a TTTTT terminator at the 30 end. The two
oligonucleotides were annealed and cloned into pSS-U6-GFP vector
digested with BglII and SalI. Positive clones containing the
appropriate inserts were confirmed by DNA sequence. The control
vector pSS-U6-siRL targeting Renilla luciferase (RL) was generated
in a similar manner. The targeting sequence for RL is 50-GTAGCGC
GGTGTATTATAC-30.

Construction of double-copy siRNA lentivirus vector
The double-copy siRNA construct was derived from FUGW (Qin
et al, 2003; Tiscornia et al, 2003). The cassettes containing the U6
promoter were inserted into the 30 U3 region of FUGW as follows.
The BamHI, EcoRI and XhoI sites in FUGW were separately
eliminated by enzyme digestion, blunted with Klenow and
religated. Then, one of the two KpnI sites (at nucleotide 3856)
was eliminated by partial enzyme digestion, blunting and religa-

tion. The modified FUGW was digested by BspEI, blunted using
Klenow fragment and then further digested by KpnI (cut at
nucleotide 5355). The resulting lentivirus vector backbone was
ligated to the siCaMKIV or siRL cassette released from pSS-U6-
siCaMKIV or pSS-U6-siRL by digesting with KpnI and SmaI. The
resulting pFUP2-siCaMKIV and pFUP2-siRL vectors were confirmed
by DNA sequencing.

Lentivirus production
Recombinant lentiviruses were generated using a three-plasmid
system as described previous (Pan et al, 2004). Virus was harvested
at 48 and 72 h after transfection and titer was determined based on
percentages of GFP-positive Jurkat T cells after transduction with
serially diluted viral supernatant. The titer, calculated as transdu-
cing units (TU)/ml of supernatant, was from 2�106 to 8�106 TU/
ml. The virus-containing supernatant was concentrated using an
Amicon Ultra Concentrator (Millipore) and stored at �801C.

Isolation and culture of human primary T cells
Human peripheral blood mononuclear cells (PMBCs) were obtained
from AllCells (Berkeley, CA). Naı̈ve CD4þ T cells were purified by
depletion of memory T cells as well as non-CD4þ cells, followed by
positive selection with magnetic activated cell separation beads
(Miltenyi Biotech). The purity of the CD4þ/CD45RAþ T cells was
more than 95% as judged by FACS analysis using CD45RA-FITC and
CD4-PE staining. Cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum at a density of 1�106 cells/ml in the
presence of human recombinant IL-7 at 5 ng/ml (BD Pharmingen).

Transduction of human CD4þ naı̈ve T cells
Cells (5�105) were mixed with viral supernatants in the presence of
polybrene (8 mg/ml) in a 5 ml tube, followed by addition of 10 mM
HEPES and centrifugation at 2000 g for 3 h at 371C. After incubation
with viral supernatant for 10 h, cells were washed and incubated in
fresh culture medium containing IL-7 for 12–16 h, followed by
another cycle of trandsduction. Cells were washed and plated at the
density of 1�106 cells/ml in the presence of IL-7 as a T-cell survival
factor. A fraction of cells (1�105) from each group was analyzed by
FACS to determine the efficiency of transduction (B90%) by
monitoring GFP expression 60 h after transduction. The remaining
cells were stimulated with either plate-bound anti-CD3 (5 mg/ml)
and soluble anti-CD28 (2 mg/ml; BD Pharmingen) or control IgG for
6 h. Supernatants were collected for IL-2 ELISA assay using a
human IL-2 ELISA kit II (BD Pharmingen, CA). The cells were
harvested for RT–PCR and Western blot analysis.

CHIP assay
CHIP assays were carried out as described previously (Pan et al,
2004).

RT–PCR
The Titan One Tune RT–PCR system (Roche Biochemicals) was
used to detect IL-2 or GAPDH mRNA according to the manufac-
turer’s instructions. The sequences of the IL-2 primers are 50-GATT
GCACTAATTCTTGCACTTGTCA-30 (sense) and 50-CGTTGATATTGCT
GATTAAGTCCCTG-30 (antisense). The GAPDH primers are 50-TCC
ACCACCCTGTTGCTGTA-30 (sense) and 50-ACCACAGTCCATGCCATC
AC-30 (antisense).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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