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NFATc2-Mediated Repression of
Cyclin-Dependent Kinase 4 Expression

and c3 are thought to be immune-specific forms of
NFAT, while NFATc4 functions outside of the immune
system to regulate cardiac hypertrophy (Molkentin et

Shairaz Baksh,1,7 Hans R. Widlund,1

Ashley A. Frazer-Abel,3 Jinyan Du,1

Susan Fosmire,3 David E. Fisher,1

al., 1998) and hippocampal neuronal signaling (GraefJames A. DeCaprio,2 Jaime F. Modiano,3,4

et al., 1999). A fifth family member, NFAT5 (NFATL1,and Steven J. Burakoff1,5,6

TonEBP), has been recently cloned and demonstrated1Department of Pediatric Oncology
to be distinct from the other NFAT isoforms (Lopez-2 Department of Adult Oncology
Rodriguez et al., 1999; Miyakawa et al., 1999; Trama etThe Dana-Farber Cancer Institute
al., 2000).Harvard Medical School

It has been extensively demonstrated that NFATc1,Boston, Massachusetts 02115
c2, and c3 require the continued activation of calcineurin3 AMC Cancer Research Center and
(Loh et al., 1996) and AP-1 elements (Macian et al.,Donald Monk Cancer Research Foundation
2001) in order to regulate the production of numerousDenver, Colorado 80214
lymphokine elements. Calcineurin functions to dephos-4 University of Colorado Cancer Center
phorylate serine/threonine residues within the aminoDenver, Colorado 80262
terminus of NFAT, allowing NFAT to translocate to the5 Skirball Institute of Biomolecular Medicine
nucleus and bind to DNA. Inhibition of the phosphataseNew York University School of Medicine
activity of calcineurin by FK506 or cyclosporin A (CsA)New York, New York 10016
results in the relocalization of NFAT to the cytosol and
loss of the ability to bind to DNA (Kiani et al., 2000).
Targeted disruption of NFATc2 (Xanthoudakis et al.,Summary
1996), NFATc1 (Ranger et al., 1998), and NFATc3 (Oukka
et al., 1998) has confirmed the roles played by NFATThe calcineurin-regulated transcription factor, nuclear
family members in lymphocyte development and prolif-factor of activated T cells (NFAT), controls many as-
eration. However, targeted disruption of calcineurin A�pects of T cell function. Here, we demonstrate that
did not reveal dramatic changes in overall T cell functionthe calcineurin/NFAT pathway negatively regulates
and showed only slight impairment in antigen-depen-the expression of cyclin-dependent kinase 4 (CDK4).
dent responses (Zhang et al., 1996). This was unex-A canonical NFAT binding site was identified and found
pected given that calcineurin A� accounts for 70%–80%to be sensitive to calcium signals, FK506/CsA, and
of the overall phosphatase activity of T cells in the pe-histone deacetylase activity and to not require AP-1.
riphery (Jiang et al., 1997). The � form of calcineurinEctopic expression of NFATc2 inhibited the basal ac-
accounts for the remaining 20%–30% of calcineurin ac-tivity of the human CDK4 promoter. Additionally, both
tivity in the periphery and is thought to be more impor-

calcineurin A��/� and NFATc2�/� mice had elevated
tant in influencing thymocyte activation and negative

protein levels of CDK4, confirming a negative regula-
selection (Hollander et al., 1994; Jiang et al., 1997). The

tory role for the calcineurin/NFAT pathway. This path- remaining isoform of calcineurin, �, is testis specific and
way may thus regulate the expression of CDK4 at the does not contribute to lymphocyte function (11).
transcriptional level and control how cells re-enter a CDK4 functions as an important G0/G1 restriction
resting, nonproliferative state. point kinase to allow cells to leave the resting state and

commit to entrance into the cell cycle (Ladha et al.,
Introduction 1998). The main target of CDK4 is the phosphorylation

of the retinoblastoma tumor suppressor protein, p110
The activation and proliferation of T lymphocytes is de- (pRb). Within resting cells, pRb associates with E2F.
pendent upon the actions of numerous signaling in- However, upon phosphorylation by cyclin dependent
termediates and transcription factors that control the kinases, pRb-dependent repression of E2F is relieved,
proliferation and expansion of resting T cells. A key allowing E2F to target S phase-specific genes and com-
transcription factor, dependent upon calcium transients mit the cell to enter the cell cycle. The activity of CDK4
and the function of calcineurin, is the nuclear factor is governed by its association with cyclin-dependent
of activated T cells (NFAT) (Crabtree, 1999). The NFAT kinase inhibitors of the INK4 family, such as p16; by
family of transcription factors has been demonstrated binding to its cyclin counterpart, cyclin D; and by the
to play a role in diverse cellular functions ranging from actions of cyclin-activating kinase (Sherr and Roberts,
lymphocyte activation and development (Kiani et al., 1999).

We have previously shown that calcineurin functions2000) to cardiac hypertrophy (Molkentin et al., 1998).
to dephosphorylate threonine 172 on CDK4, specificallyFour family members have been shown to share signifi-
during the mitotic phase of the cell cycle, resulting incant sequence and functional similarity. NFATc1, c2,
the inactivation of the kinase activity of CDK4 (Baksh et
al., 2000). In addition to dephosphorylation-dependent6 Correspondence: burakoff@saturn.med.nyu.edu
downmodulation of the kinase activity of CDK4, it has7 Present address: Signal Transduction Laboratory, Cancer Re-
also been observed that the expression levels of CDK4search UK, London Research Institute, 44 Lincoln’s Inn Fields, Lon-

don WC2A 3PX, United Kingdom. can also be a mechanism of downmodulation (Lucas et
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found in the thymus. Calcineurin A��/� mice consistently
had splenomegaly, with a corresponding 2-fold increase
in the number of splenic T cells (data not shown). Analy-
sis of the splenic T cells from calcineurin A��/� mice
demonstrated that they had increased CDK4 kinase ac-
tivity and, surprisingly, higher protein levels of CDK4
(Figure 1A). Importantly, the increases in CDK4 kinase
activity and expression levels were not observed in the
thymus (Figure 1A), nor was there an increase in the
kinase activity and protein expression of CDK6 (data
not shown), indicating that the actions of calcineurin
A� were specific for the G0/G1 restriction point kinase,
CDK4. In addition, analysis of CDK4 mRNA indicated
that the absence of calcineurin resulted in a 4-fold eleva-
tion of the levels of CDK4 mRNA (Figure 1B), supporting
the increased kinase activity and protein levels of CDK4.
We propose that the increased numbers of splenic T
cells in calcineurin A��/� mice may have been due to
increased CDK4 expression and kinase activity. Cal-
cineurin A� can, therefore, negatively regulate the levels
of CDK4 and control its kinase activity at the level of
transcription.

NFATc2-Dependent Repression
of the CDK4 Promoter
Calcineurin can control gene transcription within the
immune system by utilizing the NFAT family of transcrip-
tion factors (Baksh and Burakoff, 2000). We examined
the possibility that the calcineurin/NFAT pathway may

Figure 1. CDK4 Protein Levels and Kinase Activity Are Elevated in function to regulate the expression of CDK4. A sche-
Calcineurin A��/� Mice

matic of the minimal human CDK4 5� flanking sequence
(A) Thymocytes and purified peripheral T cells were isolated from

is illustrated in Figure 2A. Elements that may be requiredsplenocytes obtained from calcineurin (CN) A��/�, A��/�, and A��/�

for basal and inducible CDK4 expression are indicated.mice. Cells were lysed in kinase buffer, and protein expression was
This sequence contained an 824 base pair (bp) regioncarried out for CDK4. In addition, an in vitro kinase assay was carried

out for CDK4 using GST-RbC as the substrate. Calcineurin levels of the CDK4 promoter and 43 bp of the first untranslated
were checked using an antibody from Transduction Laboratories. exon (�867 bp promoter fragment, F[�867]). A consen-
For CN A��/�, n � 5; for CN A��/�, n � 4; and for CN A��/�, n � 7. sus NFAT core binding sequence was identified at �11
(B) Total RNA was isolated, and 2 �g was used in a quantitative

from the transcriptional start site of the first untranslatedPCR analysis (QPCR) for CDK4 mRNA. Results shown represent
exon of CDK4. This site contained a consensus NFATmean levels of expression of CDK4 mRNA that were normalized to
core binding sequence, TTCCC, but no identifiable AP-1GAPDH (n � 5 for �/� and �/�; n � 2 for �/�).
binding site within the vicinity of the NFAT consensus
site. In order to determine the influence of the NFAT
family on the regulation of the human CDK4 promoter,al., 1995; Modiano et al., 1994). We report here that
transient reporter assays were carried out in BHK cells,NFAT can modulate the kinase activity of CDK4 by tran-
cells that have no detectable levels of the immune-spe-scriptionally repressing the CDK4 promoter and thus
cific isoforms of NFAT (NFATc2 and NFATc3) (data notregulate CDK4 protein expression. This repression is
shown). Ectopic expression of NFATc2 downregulatedspecific for NFATc2, dependent upon the phosphatase
the activity of F[�867] and fragment B (F[B]) by 52%;activity of calcineurin, and does not require AP-1 ele-
fragment A (F[A]) was unaffected, suggesting that F[B]ments. This mechanism of downmodulation defines a
contained the majority of the functional sites for NFAT-negative regulatory mechanism controlled by cal-
dependent transcriptional regulation. The repressioncineurin/NFAT to modulate T cell proliferation.
observed was specific for the NFATc2 isoform, as no
repression was observed with NFATc3 and NFATc4 (Fig-Results
ure 2B), although proteins were expressed at compara-
ble levels (Figure 2C, lanes 1, 2, and 7).CDK4 Protein Levels Are Elevated

in Calcineurin A��/� Mice
We have previously demonstrated a distinct role for cal- The Ability of NFATc2 to Repress the CDK4 Promoter

Is Dependent upon the Function of Calcineurincineurin in the regulation of the kinase activity of CDK4
(Baksh et al., 2000). A new functional role for calcineurin The DNA binding ability of NFATc2 is controlled by the

phosphatase activity of calcineurin. A calcineurin bind-in the regulation of CDK4 was observed in vivo using
calcineurin A��/� mice (Figure 1). Calcineurin A� is pre- ing domain has been characterized within the first 130

amino acids for NFATc2 (Aramburu et al., 1998). Cal-dominantly present in the peripheral immune system,
whereas the slower migrating � form is predominantly cineurin functions to dephosphorylate several serine/
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Figure 2. NFATc2-Dependent Repression of
the CDK4 Promoter

(A) Schematic representation of the CDK4
promoter. Numbers indicate position from the
transcriptional start site. The potential NFAT
binding site is indicated with the core se-
quence TTTCC at �11.
(B) BHK cells were transfected with the indi-
cated NFAT expression construct and re-
porter constructs.
(C) SDS-PAGE was carried out to determine
expression of the NFAT constructs. Hema-
toglutinnin (HA)-NFATc2 (lane 1); HA-NFATc4
(lane 2); vector (pEFTag) (lane 3) (7.5% SDS-
PAGE). pEFTag (lane 4); HA-NFATc2 (1–400)
is indicated by the arrow (10% SDS-PAGE).
FLAG-NFATc2 d175 (lane 6); FLAG-NFATc3
(lane 7) (10% SDS-PAGE). HA-tagged pro-
teins were immunoblotted (IB) using 12CA5
(anti-HA) (0.7 �g/ml), and FLAG-tagged pro-
teins were detected using a rabbit anti-FLAG
polyclonal antibody (1:2000) (Affinity Biore-
agents Reagents).

threonine residues within the amino terminus of NFATc2, In order to confirm the effects of NFATc2, reporter
assays were carried out using the bona fide NFAT-resulting in the exposure of a nuclear localization signal

(NLS) and thus translocation to the nucleus (Zhu et al., responsive element from the IL-2 promoter, NFAT/AP-1
(Figure 3B). Predictably, transfection with wild-type1998). We examined the requirement for calcineurin in

NFAT-mediated control of the CDK4 promoter. Ectopic NFATc2 resulted in a 13-fold elevation in the activity the
NFAT/AP-1 reporter from the IL-2 promoter and a 25-expression of full-length NFATc2 (NFAT WT; Figure 3A,

left panel) resulted in a 52% reduction of the basal activ- fold elevation in NFAT/AP-1 reporter activity when using
the d175 mutant of NFATc2. In contrast, NFATc2 (1–400)ity of F[B]. In contrast, a constitutively active NFATc2

mutant with a deletion of the first 175 amino acids, was not able to transactivate the NFAT/AP-1 reporter,
confirming that the DNA binding domain of NFATc2 wasNFATc2 d175, was observed to repress the basal activity

of F[B] by �90% (NFATc2 d175; Figure 3A). The d175 important in its ability to regulate promoter elements.
Additionally, FK506 was able to reverse the effects ofmutant of NFATc2 was found to be localized in the nu-

cleus and did not require calcium or calcineurin activa- NFATc2 (Figure 3B).
Since calcium signals control the actions of cal-tion for its transcriptional activity (Luo et al., 1996), sug-

gesting that the DNA binding domain of NFAT may be cineurin, we investigated the effects of calcium signals
on the basal activity of F[B]. Addition of the calciumsufficient to repress the CDK4 promoter. Conversely, an

NFATc2 mutant lacking the DNA binding domain ionophore, A23187, induced the repression of the CDK4
promoter in Jurkat cells (Figure 3C) in a time-dependent(NFATc2 1–400; Figure 3A) failed to repress F[B], sup-

porting a role for the DNA binding domain of NFATc2 manner starting at 10–15 hr and was sustained for
greater than 20 hr. Calcineurin activation and NFATc2in the repression of the CDK4 promoter. The NFATc2-

dependent repression of F[B] could be reversed by the translocation occurs within the first 15 min of T cell
activation, paralleling calcium transients (Dolmetsch etaddition of FK506 (Figure 3A) and CsA (data not shown).

Both FK506 and CsA function to inhibit the phosphatase al., 1997); however, during this time frame there is only
a minor effect of ionophore treatment on the basal activ-activity of calcineurin and prevent the dephosphoryla-

tion of its substrates. Notably, FK506 reversal of the ity of F[B] (Figure 3C). This delay suggests that the cal-
cium-dependent downmodulation of CDK4 promoterNFATc2-dependent repression was not complete, re-

storing only 72% of basal activity of F[B], suggesting that activity may be dependent upon a specific stage in the
cell cycle or that there may be a requirement for thethe remaining 28% may be independent of the actions of

calcineurin. production of a specific factor to cooperate with NFAT



Molecular Cell
1074

Figure 3. NFATc2-Dependent Repression of
Fragment B of the CDK4 Promoter Requires
Calcineurin Activation and Calcium Signals

(A and B) BHK cells were transfected with the
indicated NFAT expression vectors with (A)
CDK4 promoter fragment B (F[B]), and (B)
NFAT/AP-1 reporter construct (1 �g) from the
IL-2 promoter.
(C) F[B] was transfected in Jurkat cells. Cells
were left unstimulated (�A23187) or were
stimulated with 2 �M ionophore (�A23187)
20 hr post transfection. The cells were har-
vested at the indicated times post stimu-
lation.
(D) Jurkat cells were transfected with F[B]. At
20 hr post transfection, cells were left unstim-
ulated or were stimulated with 2 �M A23187
for 20 hr in the absence (�A23187) or pres-
ence of 100 nM FK506 (� A23187�FK506) or
2 �M CsA (�A23187�CsA).

in the downmodulation of the CDK4 promoter. To con- the majority of these promoters, multiple NFAT binding
firm the requirement for NFATc2 in the calcium-induced sites are present that coordinate transcriptional control
repression of F[B], FK506 or CsA was used to inhibit of the promoter. Electromobility shift assays (EMSA)
the activity of calcineurin and modulate the nuclear lo- were carried out to determine binding characteristics of
calization of NFATc2. FK506 or CsA treatment resulted the NFAT site at �11. A purified histidine-tagged
in the reversal of the repressive effects of A23187 to NFATc2 DNA binding domain fusion protein (NFATc2
levels above the control reporter vector (pGL3) (Figure DBD) was used in an EMSA analysis and was observed
3D). FK506 and CsA did not modulate the levels of pGL3 to bind to an oligonucleotide containing the NFAT bind-
(Figure 3D), nor did the addition of phorbol myristate ing site within F[B] of the CDK4 promoter (Figure 4A,
acid (PMA) affect the basal activity of F[B] (data not lane 1). Stoichiometrically, this site bound more NFATc2
shown). Taken together, these data suggest that DBD than an NFAT site from the IL-2 promoter (Figure
NFATc2 functions to repress the CDK4 promoter by 4A, compare lanes 1 and 7). For both NFAT sites, the
utilizing calcium signals and calcineurin. mutation of the core of the NFAT binding sequence

resulted in the complete loss of NFATc2 DBD interaction
with the oligonucleotide (Figure 4A, lanes 2 and 8). InA Functional NFAT Response Element Is Located
addition, the interaction of the NFATc2 DBD with theImmediately Downstream of the 5� Untranslated
labeled NFAT(CDK4) oligonucleotide can be competedRegion of Exon 1
with the corresponding unlabeled wild-type oligonucle-NFAT binding sequences are present within the promot-
otide (Figure 4A, lanes 3 and 10). Furthermore, the bind-ers of numerous cytokine elements and surface recep-
ing of the NFATc2 DBD to the NFAT site on the CDK4tors. The core sequence of an NFAT response element,
promoter can be competed with the NFAT(IL-2) wild-GGAAA, is characteristic of a number of NFAT binding
type oligonucleotide (Figure 4A, lane 5), indicating thatsites within the IL-2, IL-4, IL-3, GM-CSF, Fas Ligand (Kel

et al., 1999), and TRAIL promoters (Wang et al., 2000). In the binding characteristics of NFATc2 DBD to
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Figure 4. Characterization of the NFAT Bind-
ing Site within Fragment B

(A) EMSA was carried out on a 4% nondena-
turing acrylamide gel. For NFAT (CDK4) oligo-
nucleotide, 7 nM of NFATc2 DBD was used;
for NFAT (IL-2) oligonucleotide, 21 nM of
NFATc2 DBD was used. For oligonucleo-
tide competition experiments, a 100-fold ex-
cess was used. Lanes 1–6, oligonucleotide
for NFAT site on the CDK4 promoter
[NFAT(CDK4)]; lanes 7–10, oligonucleotide
for NFAT site on the IL-2 promoter [NFAT(IL-
2)]; lane 2, M1 mutant of the NFAT(CDK4) oli-
gonucleotide (a change of TTTCC→AGAGT)
(see [B]); lane 8, mutant oligonucleotide of
the NFAT binding site of the IL-2 promoter (a
change of GGA→TTC).
(B) Analysis of mutants to NFAT(CDK4) in
BHK cells. A schematic of the location of mu-
tants to NFAT(CDK4) is shown in the right
panel; residues above mutants (M1–M7) de-
note changed nucleotides. Left panel, corre-
sponding reporter analysis of M1 mutant of
NFAT(CDK4). Mutations were made within
the context of F[B] (WT). All experiments were
performed at least four times.
(C) 2% agarose gel of a chromatin immuno-
precipitation on Jurkat cells. The sample (“In-
put”) was divided into three and immunopre-
cipitated using 10 �g of anti-NFATc2 (Upstate
Biotechnology), anti-cdk2 (Santa Cruz Bio-
technology) (control antibody), or with beads
alone (“Beads only”).

NFAT(CDK4) may be similar to an NFAT binding site on binding site on F[B] may not require AP-1 elements in
order to regulate the expression of the CDK4 promoter.the IL-2 promoter.

NFAT binding sequences have been described as In contrast, the addition of c-Fos and c-Jun to the bind-
ing mixture of NFATc2 DBD and the NFAT(IL-2) oligonu-composite binding sequences, requiring a second ele-

ment, such as MEF2 (Youn et al., 2000), GATA2 (Musaro cleotide resulted in the appearance of slower migrating
complexes containing c-Fos/c-Jun/NFATc2 DBD (Fig-et al., 1999; Semsarian et al., 1999), GATA4 (Molkentin

et al., 1998), or, more commonly, AP-1 (Kel et al., 1999), ure 4A, lane 9).
Mutational analysis of NFATc2 binding to the CDK4in order to tether NFAT to its binding site. The primary

sequence surrounding the NFAT site at �11 lacks a promoter was carried out within the context of the F[B]
reporter. Mutation of the core sequence (M1) (Figure 4B,defined recognition sequence for MEF2, GATA2, or

GATA4 elements. We investigated AP-1 binding by the left panel), but not other mutations (M2, M5–M7) (data
not shown), resulted in the loss of NFATc2-dependentaddition of c-Fos and c-Jun to the binding mixture of

NFATc2 DBD and the NFAT(CDK4) oligonucleotide (Fig- transcriptional repression, suggesting that TTTCC was
required to coordinate the binding of NFATc2 to F[B].ure 4A, lane 6). This did not result in the appearance

of slower migrating complexes of c-Fos/c-Jun/NFATc2 Additionally, mutations M3 and M4 also resulted in the
substantial loss of NFATc2-dependent repression (dataDBD, indicating that the binding of NFAT to the NFAT
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not shown), suggesting that NFATc2 may require a fac-
tor that binds immediately 5� to the core NFAT binding
sequence in order to repress the CDK4 promoter.

In order to further confirm the binding of NFATc2 to
the promoter of CDK4, chromatin immunoprecipitation
was carried out to observe an in vivo association of
NFATc2 with the CDK4 promoter. Jurkat cells were left
unstimulated or were stimulated with the calcium iono-
phore, A23187 (for 20 hr); the resultant nuclear fractions
were immunoprecipitated using specific antibodies to
NFATc2, and the associated DNA was purified out (Fig-
ure 4C). Using specific primers to the CDK4 promoter,
a 400 bp PCR product was obtained from Jurkat cells
stimulated for 20 hr with A23187 (Figure 4C, lane 1), but
not from unstimulated cells (Figure 4C, lane 1) nor from
cells stimulated with A23187 for 6 hr (data not shown).
This association was specific for NFATc2 since no PCR
product was obtained when using a nonspecific anti-
body (anti-cdk2), when using beads alone (Figure 4C,
“Beads only”), or when using primers to an unrelated
promoter, such as GAPDH. We speculate that NFAT can
transcriptionally regulate the promoter during the later
stages of T cell activation where calcium transients are
still at a high level due to the presence of the ICRAC chan-
nels (Parekh and Penner, 1997), functioning to maintain
NFATc2 within the nucleus. As T cells return to the quies-

Figure 5. The Expression of CDK4 Is Dependent upon the Activitycent state or unstimulated state, calcium levels subside
of Calcineurin and the Function of NFATc2and NFATc2 looses its association with the CDK4 pro-
(A) PBLs were stimulated with PMA/A23187 for 20 min at 37	C tomoter (Figure 4C, unstimulated) and relocalizes to the
achieve competency (Modiano et al., 1994). The cells were thencytosol.
washed three times with 1
 PBS and then stimulated with 20 U/ml
human recombinant IL-2 and harvested at the indicated times. At

NFATc2 May Downmodulate the Expression 28 hr, 2 �M CsA was added to lanes 6–9, and the cells were then
harvested at the indicated times post IL-2 stimulation. The CDK4of CDK4 in Peripheral Blood Lymphocytes
and CDK6 expression profile was performed with �-tubulin (ICN)as Cells Exit the Cell Cycle
expression carried out to check for protein loading.To examine the functional significance of NFATc2 regu-
(B) PBLs were cultured without stimulation or were stimulated with

lation of the CDK4 promoter, human peripheral blood PMA and anti-CD3 (50 ng/ml) for 6 hr in the absence or presence
lymphoctyes (PBLs) were isolated, rendered competent, of a 30 min preincubation with 100 nM FK506 as indicated. Northern
and stimulated with IL-2 to promote progression to the blotting was carried out using full-length CDK4 and IL-2 cDNA as

respective probes.S phase in the presence and absence of the calcineurin
(C) 2% agarose gel of chromatin immunoprecipitation analysis car-inhibiting drug CsA (Figure 5A). CDK4 protein was pres-
ried out on PHA-stimulated PBLs for 48 hr followed by no additionent at 21 hr post IL-2 stimulation and was sustained
(�IL2) or the addition (�IL2) of IL-2 for 16 hr. ChIP analysis was

until 72 hr. As previously demonstrated (Lucas et al., carried out with 10 �g of rabbit polyclonal NFATc2, rabbit anti-Bcl-2
1995; Modiano et al., 1994), the levels of CDK4 declined (a nonspecific antibody), or rabbit IgG control (Upstate Biotech-
by 88 hr as cells possibly exit the cell cycle (Figure 5A). nology).

(D) Splenic T cells were isolated from NFATc2 wild-type andIn the presence of CsA, levels of CDK4 accumulated to
NFATc2�/� mice, and protein expression was carried out for CDK4.the same extent in the absence of CsA; however, the
In addition, an in vitro kinase assay was carried out for CDK4 usingdownmodulation was not observed by 88 hr (Figure 5A,
GST-RbC as the substrate. A representation of two NFATc2�/� mice

right panel), suggesting a role for the calcineurin/NFAT and three NFATc2�/� mice is shown (analysis of three additional
pathway in the downmodulation of the protein levels of NFATc2�/� and NFATc2�/� mice yielded similar results).
CDK4 as cells re-enter into quiescence. The presence
of CsA did not alter CDK6 levels (Figure 5A, bottom
panel), confirming the specificity in the role played by PBLs that were allowed to proliferate or return to the

resting state (Figure 5C). ChIP analysis using a specificcalcineurin/NFATc2 in regulating protein expression lev-
els of CDK4. The addition of a calcineurin-inhibiting NFATc2 antibody demonstrated that NFATc2 binding to

the promoter was obtained as cells were allowed to re-drug, FK506, also resulted in an increase in CDK4 mRNA
(but not IL-2 mRNA) (Figure 5B), further confirming that enter the resting state (Figure 5C, “�IL2”); if cells were

allowed to proliferate in the presence of IL-2 (Figure 5C,the calcineurin/NFATc2 pathway may negatively regu-
late the transcription of CDK4. We have observed similar “�IL2”), no interaction with the CDK4 promoter was

obtained, and thus, NFATc2 was not required to down-results with another calcineurin inhibiting drug, CsA
(data not shown). modulate the expression of CDK4. FACS analysis con-

firmed that PBLs returned to the resting state in theAdditional in vivo evidence for NFATc2 regulation of
the CDK4 promoter was obtained by carrying out chro- absence of IL-2 (data not shown). These observations

demonstrate that the calcineurin/NFATc2 pathway maymatin immunoprecipitations (ChIP) on PHA-stimulated



NFATc2-Dependent Negative Regulation of CDK4
1077

Figure 6. NFATc2 Can Downmodulate the
Activity of the CDK4 Promoter by Displacing
E2F

(A) BHK cells were transfected with 0.5 �g
of the indicated E2F expression constructs.
Total DNA for the transfection was made to
4 �g with the E2F empty vector (pRCCMV).
(B) Left panel: E2F-1, E2F-2, or E2F-3 was
coexpressed in BHK cells with reporter con-
structs containing wild-type F[B] (WT) or F[B]
mutants M1, M5, and M6 (see Figure 4B); right
panel: BHK cells transfected with the indi-
cated E2F expression constructs in the ab-
sence (�NFATc2) or presence of 4 �g
NFATc2 (�NFATc2).

function to downregulate the levels of CDK4 as cells immediately 3� to the core NFAT(CDK4) binding se-
quence (CGCG) (Figure 4B). We therefore investigatedexit the cell cycle and return to the resting state. It is at

this stage that we observe the interaction of NFATc2 whether E2F family members could possibly regulate the
CDK4 promoter in cooperation with NFATc2. Transientwith the CDK4 promoter, providing a mechanism for the

downmodulation of CDK4 levels observed in Figure 5A. transfection of E2F family members in BHK cells demon-
strated that E2F-1, E2F-2, and E2F-3 can transactivate
F[B] 4- to 5-fold above basal activity (Figure 6A, leftNFATc2�/� Mice Have Elevated Expression

and Kinase Activity of CDK4 panel). The ability to transactivate the promoter was
localized to F[B] of the CDK4 promoter (Figure 6A, rightTo confirm the negative regulatory role of NFATc2 in the

regulation of the expression levels of CDK4, we carried panel) and required the E2F core sequence, CGCG, in
order to bind to the promoter (Figure 6B, left panel).out an analysis of CDK4 protein levels and kinase activity

in NFATc2�/� mice (Figure 5D). NFATc2�/� mice have Unexpectedly, coexpression with NFATc2 inhibited the
ability of E2F-1, E2F-2, and E2F-3 to transactivate F[B]been previously demonstrated to have an enhanced in-

flammatory response, hyperproliferation, and spleno- (Figure 6B, right panel). In vivo promoter analysis via
ChIP confirmed that E2F-1 (but not E2F-4 or an unrelatedmegaly (Xanthoudakis et al., 1996). CDK4 protein levels

and kinase activity were elevated in majority of the transcription factor, Sp3) can specifically bind to the
CDK4 promoter and that this association is lost undersplenic T cells in NFATc2�/� mice (Figure 5D), supporting

a negative regulatory role for the calcineurin/NFATc2 conditions that stimulate NFATc2 interaction with the
promoter (Figure 7A, “�A23187, 20 hr”). Furthermore,pathway in modulating the expression levels of CDK4.

We did not observe changes in CDK6 kinase activity or in vitro DNA binding analysis of the ability of E2F-1,
E2F-2, or E2F-3 to bind to the NFAT(CDK4) oligonucleo-protein expression in NFATc2�/� mice (data not shown),

suggesting a specific role for NFATc2 in the control of tide mutant M1 (defective in NFATc2 binding) revealed
that E2F binding was dramatically enhanced when com-CDK4 expression.
pared to E2F binding to the wild-type NFAT(CDK4) oligo-
nucleotide (data not shown). We propose that E2F canE2F Transactivation of the CDK4 Promoter Is

Repressed by NFATc2 via Recruitment bind to the E2F site in F[B], but binding may be optimal
in the absence of NFATc2.of Histone Deacetylase Activity

The E2F family of transcription factors is composed of E2F-dependent activation has also been demon-
strated to be regulated by histone deacetylase (HDAC)two distantly related subfamilies, E2F and DP (Black

and Azizkhan-Clifford, 1999), that regulate numerous S activity by the recuitment of HDAC activity by pRb
(Brehm and Kouzarides, 1999; Luo et al., 1998). Specifi-phase genes (such as dihydrofolate reductase, cyclin

E, thymidine kinase, and DNA polymerase �). E2F-1, cally, the recruitment of HDAC1 results in the deacetyla-
tion of histone H3 and thus suggests a critical role forE2F-2, and E2F-3 are associated with pRb, functioning

to prevent E2F from binding to its promoter. E2F-4 and HDAC1 in pRb-dependent repression of E2F transcrip-
tional activity (Luo et al., 1998). In light of our data sug-E2F-5 are thought to be in association with the Rb-

related proteins, p130 and p107 (Verona et al., 1997). gesting that NFATc2 functions to repress the expression
of CDK4, we utilized ChIP analysis to look at the histoneA putative E2F binding site was found to be present
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Figure 7. NFATc2-Dependent Negative Reg-
ulation of the CDK4 Promoter May Involve the
Recruitment of Histone Deacetylase Activity

(A) ChIP analysis was carried out in Jurkat
cells under conditions indicated and with the
labeled antibodies.
(B) Left panel: Jurkat cells transfected with 1
�g of F[B]. Twenty hours post transfection,
cells were treated with either 2 �M calcium
ionophore A23187 or with 300 nM of the his-
tone deacetylase inhibitor TSA, as indicated.
Cells were harvested 20 hr post stimulation,
and reporter activity was determined. Right
panel: ChIP analysis carried out in Jurkat cells
under conditions described in the left panel.
(C) ChIP analysis was carried out in Jurkat
cells under conditions indicated and with the
labeled antibodies. All experiments were car-
ried out at least three times.
(D) Cells were transfected with the indicated
DNA. Fourty-eight hours post transfection,
cells were harvested, lysed, and immunopre-
cipitated (IP) with the indicated antibodies
and immunoblotted (IB).
(E) Left panel: purified splenic T cells isolated
from NFATc2�/� and NFATc2�/� mice (n � 8);
right panel: red cell lysed splenocytes iso-
lated from NFATc2�/� and NFATc2�/� mice
(n � 4); both populations were stimulated with
Con A (5 �g/ml) for 48 hr followed by a change
to media without Con A to allow to enter back
into quiescence. Cells were harvested 16 hr
later, and ChIP analysis was carried out using
the indicated antibodies. Resultant DNA was
amplified using specific primers to the human
CDK4 promoter (A–C) or to the mouse CDK4
promoter (E) and was visualized on a 2% aga-
rose gel.

H3 and H4 acetylation status of the CDK4 promoter NFATc2 recruitment of an HDAC activity was further
confirmed by immunoprecipitation experiments demon-under conditions that maximize NFATc2-dependent re-

pression of the CDK4 promoter. Calcium-dependent re- strating that NFATc2 can associate with HDAC1 (Figure
7D) and thus bring an HDAC activity to the CDK4 pro-pression of the CDK4 promoter, by treatment of cells

with A23187, resulted in a significant decrease in the moter. In addition, in purified splenic T cells that were
allowed to proliferate and return to quiescence, we ob-acetylation of histone H3 (Figure 7B), indicative of chro-

matin-mediated transcriptional repression. The addition served a dramatic enhancement of the binding of E2F-1
and an increase in the H3 acetylation status of the CDK4of the specific and irreversible HDAC inhibitor, tricho-

statin A (TSA), resulted in the enhancement of the acet- promoter in NFATc2�/� splenic T cells when compared
to wild-type controls (Figure 7E, left panel). Histone H3ylation of histone H3 to levels above what is present

in unstimulated Jurkat cells (Figure 7B). Interestingly, acetylation levels were also elevated in unpurified sple-
nocytes from NFATc2�/� mice (Figure 7E, right panel),histone H4 acetylation levels did not change, suggesting

a specific role for histone H3 deacetylation in the repres- indicating that the mechanisms that may control CDK4
expression are not restricted to T lymphocytes. Thesesion of the CDK4 promoter. Furthermore, transient re-

porter assays in Jurkat cells confirmed the importance observations again suggest that calcium-dependent
transcriptional control of the CDK4 promoter may beof an HDAC-mediated pathway in regulating the activity

of the CDK4 promoter, since the addition of TSA potently dependent upon both the calcium sensitive transcription
factor, NFATc2, and the recruitment of an HDAC activityreversed the ionophore-induced repression to levels

60% above basal activity (Figure 7B, left panel). Simi- that may regulate histone H3-specific deacetylation, re-
sulting in transcriptional repression of the CDK4 pro-larly, the inhibition of the calcineurin/NFATc2 pathway

by the addition of FK506 was observed to enhance the moter.
H3 acetylation status of the CDK4 promoter and inhibit
NFATc2 binding in Jurkat cells (Figure 7C), supporting Discussion
a role for both the calcineurin/NFATc2 pathway and the
requirement for HDAC activity in the regulation of the In summary, our results demonstrate a negative regula-

tory role of the calcineurin/NFATc2 pathway in the con-CDK4 promoter.
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trol of the expression levels of an important G0/G1 control mechanisms, allowing trans-acting factors to
cyclin-dependent kinase, CDK4. CDK4 controls how associate with the cognate DNA binding sites and allow
cells enter into and are committed to progress through transcription to occur (Roth et al., 2001; Wolffe and
the cell cycle. The calcineurin/NFATc2 pathway appears Guschin, 2000). Conversely, histone deacetylases re-
to be very specific for regulating CDK4 protein expres- verse histone acetylation, resulting in a more compact
sion, since we did not observe changes in the expression chromatin environment that is transcriptionally repres-
profiles of CDK6 in calcineurin A��/�, NFATc2�/� mice sive. We speculate that the calcium-dependent repres-
nor in human peripheral blood lymphocytes treated with sion of the CDK4 promoter may involve the recruitment
CsA. NFATc2 can bind to a site immediately downstream of HDAC (possibly via its interaction with NFATc2) to
of the transcriptional start site and may function to downmodulate the E2F-dependent activation of the pro-
downmodulate the activity of the promoter. The ability moter in order to regulate the expression of CDK4 as
of NFATc2 to negatively regulate the CDK4 promoter is cells return to the resting state. This role of NFATc2 may
unique; NFATc2 does not require AP-1 elements and offer an alternative explanation for the hyperproliferation
requires only calcium-dependent signals in order to sta- observed in NFATc2�/� mice and the increased risk of
bilize the association with the CDK4 promoter. NFATc2 lymphomas in patients treated with CsA or FK506 for a
is normally thought to be a positive regulator of tran- prolonged period post transplant.
scription by upregulating the expression levels of nu-

Experimental Proceduresmerous cytokine receptors and noncytokine receptors
(Hodge et al., 1996). However, a negative role for NFATc2

Calcineurin A��/� and NFATc2�/� Micehas been reported in adult mice missing NFATc2
Calcineurin A��/� mice (Zhang et al., 1996) and NFATc2�/� mice

(Ranger et al., 2000). The lack of NFATc2 resulted in (Xanthoudakis et al., 1996) were generated as previously described.
increased expression of cartilage markers, type II and The thymus and spleen of wild-type, hetereozygous, and homozy-
type X collagen, markers important in the development gous knockout mice were analyzed at 8–9 weeks of age for cal-

cineurin A�, and at 12–14 weeks of age for NFATc2�/�. Calcineurinof chondrogenesis. Furthermore, NFATc2�/� mice have
A��/� mice were genotyped using specific primers to calcineurin A�,an enhanced inflammatory response in an in vivo model
and NFATc2�/� mice by Western blotting with an NFATc2 antibodyof allergic inflammation (Xanthoudakis et al., 1996) and
(Pharmingen). Wild-type controls were matched for age and sex,splenomegaly (Hodge et al., 1996). It was speculated and all mice were housed under sterile conditions.

that the increased splenocyte numbers were due to de-
creased expression of key apoptotic mediators, such Isolation of Thymic, Splenic, and Peripheral Blood Lymphocytes

Thymus was removed from mice and processed as described else-as CD95. An alternate explanation for the increased
where (Hollander et al., 1994). Spleen and peripheral blood lympho-numbers of splenic T cells may be related to the role
cytes were similarly treated and purified by applying the cellularcarried out by NFATc2 in the regulation of the expression
suspension to a nylon wool column, and 2 
 107 cells were usedof CDK4. In the absence of NFATc2 (in NFATc2�/� mice),
for CDK4 kinase assay. FACS analysis to characterize surface ex-

an increase in proliferation may arise from the lack of pression and determine purity of the eluted suspension was carried
downmodulation of CDK4 levels, resulting in an in- out using antibodies to CD4 and CD3 (data not shown). More than
creased entry of T cells into the cell cycle and, hence, 90% of the eluted cells were CD3� T cells. For isolation of T cells

from peripheral blood, a similar protocol was used as describedan enhanced immune response.
above for splenic T cells.We propose that NFATc2 functions to negatively regu-

late the transcription of the CDK4 promoter by displac-
Cells Lines and DNA Transfectionsing E2F family members and possibly to modulate the
Jurkat cells were grown in 10% FCS/RPMI. Transfections were car-

acetylation status of the core histone H3 by recruitment ried out using electroporation with settings of 800 �F, low ohm, and
of an HDAC. We demonstrate that under conditions that 250V. Cells (1 
 107/500 �l) were transfected with 10 �g of DNA.
maximize promoter repression (ionophore treatment for Stimulations were carried out (as indicated) with 2 �M calcium iono-

phore, A23187 (Calbiochem), or 2 �g/ml phorbol ester (PMA) in 2420 hr), we observed a reduction in the acetylation of
well costar plates at 37	C. Baby hamster kidney (BHK) cells (Frankhistone H3 within the CDK4 promoter (Figure 7B). This
McKeon, Harvard Medical School) were grown in 10% FCS/DMEM.was reversed by the addition of TSA, an HDAC inhibitor,
Transfections were carried out on 70% confluent cells using a 1:1.5and with FK506/CsA, an inhibitor of NFAT transcriptional ratio of DNA to Fugene6 (Roche). Cells were then harvested 48 hr

activity (Figure 7C). Furthermore, we can demonstrate a post transfection. For all NFAT expression constructs, 4 �g of DNA
direct association between HDAC1 and NFATc2 (Figure was transfected with the reporter construct. Inhibition of calcineurin
7D) and propose that NFATc2-dependent repression of activity was carried out by the addition of 100 nM FK506 or 2 �M

cyclosporin A (Calbiochem) for 20 hr at 16–20 hr post transfectionthe CDK4 promoter may involve HDAC activity by the
at 37	C.recruitment of an HDAC family member by NFATc2.

NFATc2, therefore, does not cooperate with E2F, but
CDK4 and CDK6 Kinase Assays

may oppose its transactivation of the CDK4 promoter. In vitro kinase assays (IVK) were performed for CDK4 and CDK6 as
We postulate that E2F may function to stimulate the described elsewhere (Baksh et al., 2000) using the carboxy-terminal
expression of CDK4 as cells enter the cell cycle; how- residues of pRb fused to GST as substrate (GST-RbC; amino acids
ever, NFATc2 functions to downmodulate the activity of 772–928 of pRb) (Boston Biologicals). For Western blot analysis,

1/30 of the immunoprecipitation sample was run on a 10% gel,the CDK4 promoter as cells return to the quiescent state
transferred to polyvinylidene difluoride (PVDF), immunoblotted withby displacing E2F from the promoter and thus negatively
the indicated antibody, and developed by the enhanced chemilumi-regulates the expression of CDK4.
nescence (ECL) system (Amersham).

Acetylation/deacetylation of histones is a well charac-
terized posttranslational modification that the cell em- Cloning of the Human CDK4 Promoter
ploys to tightly control transcription. Both histone H3 We used the PromoterFinder method (Human PromoterFinder DNA

walking kit, Clontech) to amplify the genomic CDK4 5� flanking re-and H4 acetylation are associated with transcriptional
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gion (Genebank accession number AY034380). This method uses AAGAGGAAAATTTGTTTCATATGATCGG; NFAT(IL-2)Mutant,
CGCCCAAGcttAAAATTTGTTTCATATGATCGG; NFAT(CDK4),human genomic DNA samples that have each been cut with one of

five different restriction enzymes (EcoRV, ScaI, DraI, PvuII, SspI) and CCCGCCCTCCCAGTTTCCGCGCGCCTCTTTGGC-TGATCGG;
NFAT(CDK4)M1, CCCGCCCTCCCAGagagtGCGCGCCTCTTTGGC-ligated with adaptors that prevent amplification in the 3� direction. A

series of primers spanning the 5� untranslated region of the first TGATCGG.
For EMSA, the reaction mixture contained the following: DBDexon of CDK4 was used, between nucleotides 9 and 258. Each

primer also contained the HindIII restriction site, 5�-aaagctt. We protein (7 nM DBD NFATc2 and/or 160 nM c-Fos/c-Jun), 4000 cpm/
�l of radiolabeled duplex; 10 mM HEPES; 125 mM NaCl; 20% glyc-initially used the following primers 5�-TCCCATAGGCACCGACAC

CAATTTC-3�, 5�-CCCATAGGCACCGACACCAATTTCAG-3�, and 5�- erol; 0.04 �g/ml poly(dI:dC); 1.6 mg/ml BSA, 0.5 mM DTT in 20 �l
volume. Incubation was carried out at room temperature for 30 minCGAGAGGTGGCCATTCTCAGATCAAGGG-3�, encompassing nu-

cleotides 282–258, 281–256, and 241–214, respectively. These prim- and then separated using a 4% nondenaturing acrylamide gel. The
gel was prerun for 30 min in 0.25
 TBE and then run for 2 hr iners generated various products that were used as templates for

reamplification with nested primers encompassing the sequence 0.25
 TBE. The gel was rinsed for 30 s in 10% acetic acid/10%
methanol, washed with 500 ml of distilled water, and dried ontofrom nucleotide 43 to nucleotide 21, 5�-aaagcttATGTGACCAGCTG

CCAAAGACGC-3�, from nucleotide 61 to nucleotide 37, 5�-CTCACC Whatman filter paper and autoradiographed.
CCCACCCTACCATGTGAC-3�, and from nucleotide 32 to nucleotide
9, 5�-TAGACACAGGCCGCAAGCTAGAGA-3�. Products of 2120 bp Quantitative Polymerase Chain Reaction Analysis

Total RNA was isolated from mouse spleens using the tissue RNAand 867 bp generated from the primer sequence spanning nucleo-
tides 43 to 21 showed identical banding patterns to a full-length isolation kit from Roche. Purity was tested by A260/280 ratios and

analysis by gel electrophoresis. For quantitative polymerase chainhuman CDK4 cDNA probe on Southern blotting using DNA digested
with BamHI and HindIII. The sequence of these products showed reaction analysis (QPCR) on calcineurin A� mice, murine CDK4 prim-

ers used were as follows (accession number NM_009870): forwardthat the distal 867 bases of the 2120 bp product were identical
to the sequence of the shorter product. Therefore, each of these (1–21), 5�-ATGGCTGCCACTCGATATGAA-3�; reverse (70–52), 5�-

GGGCTTTGTACACCGTCCC-3�; and murine CDK4 probe (23–46),fragments, incorporating the 43 bp of untranslated exon 1 sequence,
was then cloned into the pGL3-luciferase vector (Promega) using 5�-CCGTGGCTGAAATTGGTGTCGGTG-3�. Each reaction (total vol-

ume of 25 �l and assayed in triplicate) was set up using 100 ng ofXhoI/HindIII. Both fragments maintained basal activity when tran-
siently transfected into Jurkat T cells, but only the 867 bp fragment RNA containing 0.2 �M primers and 0.05 �M probe; MuRT and

RNase inhibitor without the addition of uracil N-glycosylase (UNG)(F[�867]) showed inducible activity when the cells were stimulated
with anti-CD3, PMA, PHA, or combinations thereof, and it was used in the PCR master mix was also used. PCR reaction cycles (using

Taqman one-step RT-PCR) were 48	C for 30 min, 95	C for 10 minto represent the full-length CDK4 promoter.
Fragment A (F[A]) was generated by cleavage at the NcoI site, (for one cycle), 95	C for 15 s, and 60	C for 1 min (repeated for 40

cycles). The data were acquired with the ABI PRISM 7700 Sequenceand fragment B (F[B]) by cleavage at the KpnI site. Each fragment
was cloned into the pGL3-luciferase vector as described above. F[B] Detection System and analyzed with Sequence Detection System

Software version 1.7. CDK4 mRNA levels were normalized to GAPDHmutants (M1–M7) were made using the Stratagene Quickchange Kit
using complimentary oligonucleotides containing the mutations of levels.
interest. For mutations to the NFAT(CDK4) (mutational changes are
underlined), forward primers were: M1, 5�-CCCGCCCTCCCAGA ChIP

ChIP was carried out using the Upstate Biotechnolgy ChIP assay kit.GAGTGCGCGCCTCTTTGGC-3�; M5, 5�-CCCGCCCTCCAGTTTCC
TATCGCCTCTTTGGC-3�; M6, 5�-CCCGCCCTCCCAGTTTCCGCGA Briefly, cells were crosslinked by adding 1/10th volume of buffered

formaldehyde solution (11% formaldehyde, 0.1 M NaCl, 1 mM EDTATACTCTTTGGC-3�. For all of these mutations, the template for the
PCR was pGL3-F[B]. [pH 8.0], 50 mM HEPES [pH 7.4]) to the media at room temperature

for 20 min with gentle mixing. The nuclear fraction was isolated
using a Dounce homogenizer, sonicated to shear genomic chroma-Reporter Assay Analysis
tin, clarified by centrifugation (14,000 
 g, 10 min), and then dilutedThe phRL null expression vector (Promega) encoding the renilla
10-fold in ChIP buffer, precleared with protein A beads, and immuno-firefly luciferase gene under the control of a constitutive promoter
precipitated with 10 �g of the appropriate antibodies. Followingwas used to monitor transfection efficiencies and as the normaliza-
immunoprecipitation and immobilization of immunocomplexes, pro-tion plasmid. BHK cells were transiently transfected with the follow-
teinase K digestion was allowed to proceed at 65	C overnight toing amounts of reporter constructs: F[�867], F[B], and mutants of
reverse the formaldehyde crosslinks. Associated DNA was purifiedF[B], 150 ng; F[A], 1 �g; internal control luciferase was phRL null,
by phenol/chloroform extraction (containing 0.6 M sodium acetate30 ng. For Jurkat cells, 1 �g of F[B] and 3 �g of F[A] were used
[pH 8.0]) followed by ethanol precipitation. PCR was carried out onwith 60 ng of phRL null. Cellular pellets (containing �2 
 106 cells)
the resulting DNA using specific primers to the promoter region ofwere washed once with 1
 PBS and then frozen as a dry pellet
human CDK4 (forward, 5�-GTGGACCGAAAAGGTGACAGGATC-3�until lysis. Reporter activity levels were determined using the Pro-
[from �434 to �414]; and reverse, 5�-GGGCGGGGCGAACGCCGGmega Dual Luciferase Kit as per manufacturers instructions. Relative
ACGTTC-3� [from �20 to �4]) or mouse CDK4 (forward, 5�-CAGCGluciferase units were obtained by normalizing the luciferase activity
CAAAGTCAAGGGGTCACGTGG-3�; and reverse, 5�-GGCTAAGAGobtained for the reporter luciferase with that of renilla luciferase.
CTCTGGAGGCCCTT-3�).Individual experiments were carried out at least four times.
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