MOLECULAR AND CELLULAR BIOLOGY, May 2008, p. 3489-3501
0270-7306/08/$08.00+0  doi:10.1128/MCB.01847-07

Vol. 28, No. 10

Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Integration of Protein Kinases mTOR and Extracellular Signal-Regulated
Kinase 5 in Regulating Nucleocytoplasmic Localization of NFATc4'

Teddy T. C. Yang,'t Raymond Y. L. Yu,'{ Anissa Agadir,” Guo-Jian Gao,?
Roberto Campos-Gonzalez,” Cathy Tournier,” and Chi-Wing Chow'*

Department of Molecular Pharmacology, Albert Einstein College of Medicine, Bronx, New York 10461;
BD Biosciences-Pharmingen, San Diego, California 92130% and Faculty of Life Sciences,
University of Manchester, Manchester, United Kingdom?®

Received 10 October 2007/Returned for modification 9 November 2007/Accepted 6 March 2008

The target of rapamycin (TOR) signaling regulates the nucleocytoplasmic shuttling of transcription
factors in yeast. Whether the mammalian counterpart of TOR (mTOR) also regulates nucleocytoplasmic
shuttling is not known. Using a phospho-specific monoclonal antibody, we demonstrate that mTOR
phosphorylates Ser'®®'’® of endogenous NFATc4, which are conserved gate-keeping Ser residues that
control NFAT subcellular distribution. The mTOR acts as a basal kinase during the resting state to
maintain NFATc4 in the cytosol. Inactivation and nuclear export of NFATc4 are mediated by rephosphor-
ylation of Ser'®®*'7°, which can be a nuclear event. Kinetic analyses demonstrate that rephosphorylation
of Ser'*®'7® of endogenous NFATc4 is mediated by mTOR and, surprisingly, by extracellular signal-
regulated kinase 5 (ERK5) mitogen-activated protein kinase as well. Ablation of ERKS in the Erk5~'~ cells
ascertains defects in NFATc4 rephosphorylation and nucleocytoplasmic shuttling. In addition, phosphor-
ylation of NFATc4 by ERKS primes subsequent phosphorylation mediated by CKla. These results
demonstrate that distinct protein kinases are integrated to phosphorylate the gate-keeping residues
Ser'®®17% of NFATc4, to regulate subcellular distribution. These data also expand the repertoire of

physiological substrates of mTOR and ERKS.

Target of rapamycin (TOR) signaling contributes to cell
growth and differentiation in organisms ranging from yeast to
mammals (18, 23, 31, 37). For example, TOR plays a promi-
nent role in protein translation by regulating ribosome biogen-
esis. Downstream effectors of TOR signaling include the trans-
lation initiation factor 4E-binding protein (4E-BP1) and
ribosomal S6 kinase-1 (S6K-1). In Saccharomyces cerevisiae,
TOR also regulates subcellular localization of transcription
factors upon stress (4). Whether the mammalian counterpart
of TOR (mTOR) also regulates subcellular localization of
transcription factors is not known.

Extracellular signal-regulated kinase 5 (ERKS) is a mem-
ber of the mitogen-activated protein kinase (MAPK) family
and is activated by mitogenic or stressful stimuli (26, 36).
These stimuli include epidermal growth factor, oxidative
damage, and osmotic stress. The physiological role of ERKS
signaling is unclear, in part because little is known about the
substrates for ERKS. Connexin 43, p90 RSK, and MEF2C
can be phosphorylated by ERKS (7, 19, 29). Further iden-
tification of novel substrates will shed new insights into
ERKS function.

Transcription factor NFAT is highly phosphorylated and is
located in the cytosol of resting cells (12, 17). Dephosphoryla-
tion mediated by calcineurin phosphatase promotes NFAT
nuclear accumulation. Indeed, replacement of conserved Ser
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residues with Ala at a Ser-rich region (SRR) (e.g., Ser'”? of
NFATcl, Ser'®® of NFATc2, Ser'®>'%> of NFATc3, and
Ser!®%170 of NFATc4) increased NFAT nuclear localization (3,
10, 11, 40). Replacement of other conserved Ser residues with
Ala in the SRR facilitates but is not sufficient to cause NFAT
nuclear accumulation (1, 2, 16). Therefore, the conserved Ser
residues in the SRR function as “gate keepers,” and dephos-
phorylation of these residues is a prerequisite for NFAT nu-
clear accumulation. However, unresolved questions in under-
standing NFAT phosphorylation and subcellular distribution
include: what are the protein kinases that mediate basal phos-
phorylation of NFAT at resting state; are these protein kinases
also involved in rephosphorylation upon NFAT inactivation;
and where does the rephosphorylation of NFAT take place?
Given the critical role of the gate-keeping Ser residues in
regulating NFAT subcellular distribution, further investigation
of these conserved residues in the SRR shall elucidate the
unanswered questions.

The purpose of this study was to examine basal phosphory-
lation and rephosphorylation of the gate-keeping residues
Ser'®®17% of NFATc4. Here, we report that using a phospho-
specific monoclonal antibody, we uncovered the integration of
the protein kinase mTOR in mediating basal phosphorylation
of Ser'®®!7% of endogenous NFATc4. Upon transcription ter-
mination and rephosphorylation, Ser!®®'7° of endogenous
NFATc4 are phosphorylated by mTOR and, surprisingly, by
ERKS as well. Rephosphorylation of NFATc4 can be a nuclear
event. Thus, distinct protein kinases mediate phosphorylation
of Ser'®®170 of NFATc4 at the resting state and upon stimu-
lation. These data also expand the repertoire of physiological
substrates of mTOR and ERKS.
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MATERIALS AND METHODS

Reagents. Monoclonal phospho-antibody against Ser'®*!7° of NFATc4 was gen-
erated with the phosphopeptide GGAFFpSPpSPGSSS as antigen, using standard
hybridoma techniques. Antibodies for NFATc4 (catalog no. sc13036), p38 (catalog
no. 9212), P-p38 (catalog no. 9211), S6K (catalog no. sc230), and P-S6K (catalog no.
5c8416) were obtained from Santa Cruz Biotechnology and/or Cell Signaling. Re-
combinant CK1 and GSK3p were obtained from Upstate Biotechnology. Tubulin
antibody was obtained from a monoclonal antibody facility (University of Iowa).
Leptomycin was obtained from Sigma. Various protein kinase inhibitors and phos-
phatase inhibitors were obtained from Calbiochem, Sigma, and/or Fisher Scientific.

Cell culture. COS cells were cultured in Dulbecco’s modified Eagle’s medium.
BHK cells were cultured in minimal essential medium. All media were supple-
mented with 10% fetal calf serum, 2 mM L-glutamine, penicillin (100 U/ml), and
streptomycin (100 mg/ml) (Invitrogen). Cells were transfected by using Lipo-
fectamine (Invitrogen). Primary mouse embryonic fibroblasts (MEFs) were iso-
lated from C57BL/6, Nfatc4~'~, and Erk5~/~ embryos and cultured as described
previously (35, 39).

Protein kinase assays. Expression plasmids for mTOR (0.2 pg) and ERKS5 (0.2
pg) were transfected into COS cells with and without constitutive active phospho-
inostide-3 kinase (PI3K) p110 (0.2 pg) or MEKSDD (0.2 pg), respectively. Cell
extracts were prepared, and immunoprecipitation was performed to isolate mTOR
or ERKS. Immune complex kinase assays were performed with recombinant
NFATCc4 proteins (1 g) as the substrates. Phosphorylation of Ser!'®®17° of NFATc4
was determined by immunoblotting analysis using phospho-NFATc4 antibody. The
incorporation of [**P]JATP into recombinant NFATc4 proteins was also determined
by immune complex kinase assay and autoradiography. Tandem protein kinase
assays was performed using immunoprecipitated ERKS or recombinant CK1 in the
presence of ATP (1 wM) in a priming reaction (30°C, 30 min). Subsequent kinase
assays were performed in the presence of [**P]ATP with CK1, GSK3B, or ERKS as
consecutive kinases. The phosphorylation of recombinant NFATc4 proteins was
examined by autoradiography.

Coimmunoprecipitation analysis. The expression plasmid for NFATc4 (0.5
ng) was cotransfected with Myc-tagged mTOR (0.5 pg) or FLAG-tagged ERKS
(0.5 pg) into BHK cells. Cell extracts prepared using Triton-lysis buffer were
incubated (5 h at 4°C) with 20 pl of protein-G Sepharose and 10 pl of NFATc4
rabbit polyclonal antibody (Santa Cruz Biotechnology). After three washes with
Triton lysis buffer, the bound proteins (nMTOR or ERKS) were detected by
protein immunoblotting analysis.

Subcellular fractionation. Cytoplasmic and nuclear extracts were prepared as
described previously (40). In brief, harvested cells were gently resuspended in
cytoplasmic buffer (10 mM HEPES [pH 7.9], 50 mM NaCl, 0.5 M sucrose, 1 mM
EDTA, 0.25 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 mM benz-
amidine, and 5 pg/ml leupeptin) containing 5% NP-40. After 10 min on ice,
nuclei were pelleted at 3,000 rpm for 5 min at 4°C and cytoplasmic extract was
collected. Isolated nuclei were resuspended in nuclear extraction buffer (20 mM
HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol,
0.5 mM spermidine, 0.15 mM spermine, 25% glycerol, 1 mM phenylmethylsul-
fonyl fluoride, 10 mM benzamidine, and 5 wg/ml leupeptin) for 30 min, with
periodic vortexing every 5 min. The sample was spun at 15,000 rpm for 15 min at
4°C to collect nuclear extracts.

Luciferase assays. An NFAT expression vector (0.1 pg) was cotransfected with
an NFAT-luciferase reporter plasmid (0.3 pg) and the control plasmid pRSV
B-galactosidase (0.2 pg) into BHK cells. Plasmids expressing PI3K p110 (0.1 ng)
and mTOR (0.1 pg) or MEK5DD (0.1 pg) and ERK5 (0.1 pg) were also
cotransfected, as indicated. Luciferase and B-galactosidase activities were mea-
sured at 36 h after transfection. The data were presented as the relative luciferase
activity, calculated as the ratio of the activity of luciferase to the activity of
B-galactosidase (values are means * standard deviations [SD]; n = 4).

Immunofluorescence analysis. Expression plasmids for Flag-tagged NFATc4
(0.3 pg) or calcineurin (CnAa and CnB; 0.2 pg) were transfected into BHK cells.
NFATc4 was detected by immunofluorescence analysis with phospho-NFATc4
mouse monoclonal antibody (1:100) or with NFATc4 rabbit polyclonal antibody
(1:100; Santa Cruz Biotechnology). The secondary antibody was Texas Red-
conjugated anti-mouse or anti-rabbit immunoglobulin antibody (1:100; Jackson
Immunoresearch), and nuclei were visualized with 4',6’-diamidino-2-phenylin-
dole (DAPI; Sigma).

RESULTS

Specificity of the phospho-NFATc4 monoclonal antibody
against phospho-Ser'®®'7°, To elucidate the phosphorylation
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FIG. 1. Specificity of the phospho-NFATc4 monoclonal antibody against
phospho-Ser'®*17°, (A) The phospho-NFATc4 peptide blocks detection by a
phospho-NFATc4 monoclonal antibody. MEFs were irradiated (+) or not
(—) with UV light, and phosphorylation of endogenous NFATc4 Ser!¢%!™
was determined by immunoblotting analysis using a phospho-NFATc4 mono-
clonal antibody (P-NFATc4). The expression of total NFATc4 was also de-
termined (NFATc4). The expression of tubulin was used as a loading control.
The specificity of the phospho-NFATc4 antibody was determined by incuba-
tion with either the antigenic phospho-Ser'®®!” NFATc4 peptide (P-peptide)
or the peptide without phosphorylation at Ser'®!” (Peptide) before immu-
noblotting analysis. (B) Determining the specificity of phospho-NFATc4
monoclonal antibody using Nfatc4 '~ cells. Nfatc4*"* and Nfatc4~'~ MEFs
were irradiated (+) or not (—) with UV light, and the phosphorylation at
Ser'®170 of endogenous NFATc4 was determined by a phospho-NFATc4
monoclonal antibody (P-NFATc4) in immunoblotting analysis. Activation of
p38 MAPK was determined by phospho-specific p38 antibody (P-p38). The
expression levels of NFATc4, p38 MAPK, and tubulin were also shown.
(C) Phospho-NFATc4 monoclonal antibody exhibits no cross-reactivity with
other NFAT members. COS cells transiently transfected with NFATcI,
NFATc2, NFATc3, or NFATc4 were irradiated (+) or not (—) with UV
light. Cell lysate was probed with phospho-NFATc4 monoclonal antibody
(P-NFATc4). Similar expression levels of different NFAT isoforms and of
tubulin were also shown.

of the gate-keeping residues Ser'®*'”? in the SRR of NFATc4
in vivo, we developed a phospho-specific monoclonal antibody.
Immunoblotting analyses demonstrated basal phosphorylation
at Ser'®®17° of endogenous NFATc4, which increased in inten-
sity upon UV irradiation (Fig. 1A). Interestingly, UV irradia-
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tion also decreased the electrophoretic mobility of NFATc4,
suggesting additional phosphorylation at NFATc4. Accumula-
tive phosphorylation at NFATc4 supports the current models
in which phosphorylation at Ser'®®*” of NFATc4 might pro-
vide a priming effect and facilitate subsequent additional phos-
phorylation by CKla (27, 41).

Next, we ascertained the specificity of the phospho-NFATc4
monoclonal antibody (Fig. 1). Competition with the antigenic
peptide contained by phospho-Ser!®®'7° of NFATc4, but not
the unphosphorylated peptide, abrogated detection of endog-
enous NFATc4 (Fig. 1A). Notably, NFATc4 phosphorylation
was detected only in Nfatc4 "' but not in Nfatc4~'~ cells (Fig.
1B). In addition, other NFAT isoforms (NFATcl, NFATc2,
and NFATCc3) were not recognized by the phospho-NFATc4
monoclonal antibody (Fig. 1C). These data established the
specificity of the phospho-NFATc4 monoclonal antibody.

Phosphorylation at Ser'®®!'7° of NFATc4 by p38 MAPK.
Previous studies demonstrated that the p38 MAPK phosphor-
ylates Ser'®*!7% of NFATc4 (40). We confirmed the phosphor-
ylation of Ser'®®!'7” of NFATc4 using immune complex kinase
assays (Fig. 2A). In vitro kinase assays indicated that phos-
phorylation of Ser'®*'”® of NFATc4 occurred upon activation
of the p38 MAPK (Fig. 2A). Activation of the p38 MAPK by
coexpression of the upstream kinase MKKG6 also increased
phosphorylation of Ser'®*'”" of NFATc4 in vivo (Fig. 2B).
Notably, the coexpression of constitutively active calcineurin
reduced phosphorylation of Ser'®®!7 of NFATc4 (Fig. 2B).
The replacement of Ser'®®!7° of NFATc4 with Ala, however,
abrogated the detection of NFATc4 (Fig. 2A and B). In addi-
tion, phosphorylation of Ser!®®17° of endogenous NFATc4 by
p38 MAPK was sensitive to SB203580 (Fig. 2C), which specif-
ically inhibits p38 MAPK. Together, these data demonstrate
that the phospho-NFATc4 monoclonal antibody specifically
recognizes Ser'®®'7° of NFATc4. These data also confirm that
p38 MAPK mediates the phosphorylation of Ser'®®!7° of
NFATc4.

Identification of the protein kinases that target NFATc4
Ser'®®17 at the resting state. At the resting state, the cal-
cineurin phosphatase inhibitor cyclosporine A (CsA) or the
tacrolimus/FK506 analog FK520 increased phosphorylation of
Ser'®®17% of endogenous NFATc4 (Fig. 3A). Notably, cal-
cineurin inhibition also led to a decrease in the electrophoretic
mobility of NFATc4 (Fig. 3A), supporting increased NFATc4
phosphorylation. Neither okadaic acid nor calyculin A affected
NFATCc4 phosphorylation at Ser'®®!7® (Fig. 3A). These data
indicate that the tonic protein kinase(s) activity is present to
maintain basal phosphorylation at Ser'®®'7® of NFATc4 at the
resting state, which is counteracted by the phosphatase cal-
cineurin. Although p38 MAPK phosphorylates Ser'®®'”° of
NFATc4 upon UV irradiation, p38 MAPK does not contribute
to the basal phosphorylation of NFATc4 (40) (Fig. 2). One or
more novel NFATc4 kinases, therefore, are present to coun-
teract the phosphatase calcineurin at resting state.

Next, we determined whether protein kinase inhibitors
would affect basal phosphorylation at Ser'*®'”° of endogenous
NFATc4 (Fig. 3B). Coupling with various protein kinase in-
hibitors would diminish tonic activity of the NFAT kinase(s),
reset the unbalance elicited by the calcineurin phosphatase
inhibitor, and dissect signaling pathways that were involved in
the basal phosphorylation of NFATc4. Among the protein
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FIG. 2. Phosphorylation at Ser!®®!7" of NFATc4 by p38 MAPK.
(A) Phospho-NFATc4 monoclonal antibody detects p38 MAPK-me-
diated phosphorylation at Ser!®®!7" of NFATc4. Recombinant pro-
teins containing amino acids 1 to 218 of the wild type and Ala'®*!"" of
NFATc4 were phosphorylated by p38 MAPK upon activation (+) by
upstream MAP2K MKKG6 in immune complex kinase assays. Phos-
phorylation at Ser!®®170 of NFATc4 was detected by phospho-NFATc4
monoclonal antibody (P-NFATc4). Similar amounts of NFATc4 re-
combinant protein were also shown. (B) Calcineurin phosphatase me-
diates dephosphorylation, while MKK6/p38 MAPK signaling mediates
phosphorylation at Ser'®®!7" of NFATc4. COS cells transiently trans-
fected with the full-length wild type or Ala'®*'7"" of NFATc4 were
coexpressed (+) or not (—) with constitutively active calcineurin
(ACn) or MKK6 and p38 MAPK. Phosphorylation of Ser'®*'"" of
NFATc4 was assessed by phospho-NFATc4 monoclonal antibody (P-
NFATc4) in immunoblotting analyses. Activation of p38 MAPK (P-
p38) and expression of NFATc4, p38 MAPK, and tubulin was also
shown. (C) p38 MAPK inhibitor SB203580 blocks NFATc4 phospho-
rylation upon UV irradiation. MEFs were preincubated (+) or not (—)
with SB203580, as indicated, before UV irradiation (2 min). Cells were
recovered for 30 min before they were harvested. The extent of phos-
phorylation at Ser'®®'”* of endogenous NFATc4 was determined by
immunoblotting analyses (P-NFATc4). The activation of p38 MAPK
and the expression of NFATc4, p38 MAPK, and tubulin were also
shown.
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FIG. 3. Identification of protein kinases targeting the NFATc4 Ser!®®!7 at the resting state. (A) Calcineurin inhibitors increase phosphory-
lation at Ser'®®'7 of NFATc4. MEFs were serum starved for 2 h before they were incubated with calcineurin inhibitor CsA (5 pM) or
tacrolimus/FK506 analog FK520 (200 nM) for 30 min. Cells were also treated with various concentrations of okadaic acid (OA; 100 pM and 100
nM) or calyculin A (CA; 1 nM, 2 nM, and 1 uM). Phosphorylation at Ser'*®!”° of endogenous NFATc4 was determined by phospho-NFATc4
monoclonal antibody (P-NFATc4). The expression of NFATc4 and tubulin is also shown. The relative intensity of NFATc4 phosphorylation
(P-NFATc4/NFATc4) was quantified by ImageQuant software and presented (mean *£ SD [z = 3]). (B) Rapamycin or wortmannin blocks
CsA-mediated phosphorylation at Ser!®®'7° of NFATc4. MEFs were serum starved for 2 h before incubation with various protein kinase inhibitors
as indicated. Protein kinase inhibitor-treated cells were stimulated with CsA for 30 min before being harvested. Phosphorylation at Ser'*®!7 of
endogenous NFATc4 was determined by phospho-NFATc4 monoclonal antibody (P-NFATc4). The expression of NFATc4 and tubulin is also
shown. The relative intensity of NFATc4 phosphorylation (P-NFATc4/NFATc4) was determined by ImageQuant software (mean = SD [n = 3]).
Protein kinase inhibitors administered include JNK inhibitor SP600125 (50 nM), p38 MAPK inhibitor SB203580 (1 wM), MEK inhibitor U0126
(5 M), MEK1/2 inhibitor PD98059 (2 nM), CK1 inhibitor D4476 (1 uM), CK2 inhibitor DMAT (400 nM), CaMK inhibitor KN93 (3 pM), GSK
inhibitor LiCl (20 mM), PKC inhibitor R6317549 (200 nM), PKC inhibitor GF109203x (24 nM), PI3K inhibitor wortmannin (10 nM), mTOR
kinase inhibitor rapamycin (100 nM), JAK1 inhibitor (100 nM), and Tyr kinase inhibitor AG490 (100 uM). (C) The effect of mTOR inhibition
on basal phosphorylation of NFATc4. MEFs were serum starved for 2 h before incubation with rapamycin (100 nM) or ionomycin (5 uM) for 60
min. The effect of rapamycin analogs AP-23573 (10 nM) and CCI779 (50 nM) is also shown. Amino acid starvation of MEFs was carried out in
Hanks’ buffered salt solution (HBSS) for 60 min before being harvested. Phosphorylation at Ser'®*'”* of endogenous NFATc4 was determined by
phospho-NFATc4 monoclonal antibody (P-NFATc4). The electrophoretic mobility of NFATc4 was determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The effect of mTOR inhibition was determined by phosphorylation of S6K (P-S6K). The
expression of S6K (S6K) was also shown as a control. (D) The effect of rapamycin on the subcellular distribution of NFATc4. MEFs were serum
starved for 2 h before incubation with rapamycin (100 nM) or ionomycin (5 wM) for 60 min. The amount of NFATc4 in nuclear and cytoplasmic
fractions was revealed by SDS-PAGE. The relative intensity of nuclear NFATc4 (nucleocytoplasmic plus nuclear) was quantified by ImageQuant
software and presented. The results are representative of three independent experiments. ns, nonspecific cross-reactivity.
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kinase inhibitors tested, wortmannin and rapamycin blocked
increased phosphorylation at Ser'®®'7” of NFATc4 elicited by
CsA (Fig. 3B). Notably, wortmannin and rapamycin also at-
tenuated the decrease in electrophoretic mobility of NFATc4
mediated by CsA (Fig. 3B). Rapamycin binds to FKBP12 bind-
ing protein and specifically inhibits mTOR protein kinase (18,
23, 31, 37). Wortmannin blocks PI3K activation and thus in-
hibits mTOR activation (8, 32). Therefore, the mTOR signal-
ing pathway likely accounts for the basal phosphorylation at
Ser168,170'

Furthermore, we determined the extent of phosphorylation
and the subcellular distribution of endogenous NFATc4 upon
inhibition of mTOR by rapamycin (Fig. 3C and D). Adminis-
tration of rapamycin increased the electrophoretic mobility of
NFATc4 (Fig. 3C). Rapamycin-treated NFATc4, indeed, ex-
hibited electrophoretic mobility similar to that of the dephos-
phorylated NFATc4 elicited by calcium ionophore ionomycin
(Fig. 3C), which activates calcineurin to promote dephosphor-
ylation. NFATc4 phosphorylation at Ser'®®'” was also re-
duced in the presence of ionomycin or rapamycin (Fig. 3C).
Phosphorylation of S6K, however, was sensitive only to rapa-
mycin treatment (Fig. 3C). In addition, two different rapamy-
cin analogs, AP-23573 and CCI779, also elicited NFATc4 and
S6K dephosphorylation (Fig. 3C). Amino acid starvation,
which inhibits mTOR, caused dephosphorylation of NFATc4
and S6K, as well (Fig. 3C). Notably, NFATc4 dephosphoryla-
tion was concomitant with the increase in nuclear accumula-
tion of NFATc4 upon rapamycin treatment (Fig. 3D). These
data demonstrate that the inhibition of mTOR by rapamycin
leads to dysregulated phosphorylation and increased nuclear
accumulation of NFATc4.

Identification of protein kinases targeting the NFATc4
Ser'®®'7® ypon rephosphorylation. In addition to regulating
basal phosphorylation at the resting state, mMTOR might par-
ticipate in the rephosphorylation of Ser'®®'” of NFATc4 upon
inactivation. To assess rephosphorylation of endogenous
NFATCc4, we exploited the reversibility and kinetics of NFAT
phosphorylation (Fig. 4A). Ionomycin was used to activate
calcineurin, which dephosphorylates endogenous NFATc4, in-
cluding Ser'®®!7 (Fig. 4A). Notably, the phospho-NFATc4
monoclonal antibody failed to detect phosphorylation at
Ser'®17 in the presence of ionomycin (Fig. 4A). Termination
of calcineurin activation and rephosphorylation of NFATc4
were initiated by removing ionomycin from and subsequently
washing the cells. Immunoblotting analysis demonstrated re-
phosphorylation at Ser'®®'7® of NFATc4 after cells were
washed (Fig. 4A). Indeed, the electrophoretic mobility of the
rephosphorylated NFATc4 was similar to that of the basal
state (Fig. 4A).

In the presence of wortmannin or rapamycin, used to inhibit
mTOR activity, rephosphorylation at Ser'®*'”® of endogenous
NFATc4 was attenuated (Fig. 4A). Notably, NFATc4 was
found to have increased electrophoretic mobility (Fig. 4A).
These data indicate that, in addition to basal phosphorylation
at the resting state, mTOR also regulates rephosphorylation of
Ser'®®179 of NFATc4 upon inactivation.

Next, we asked whether one or more other protein kinases
were involved in the rephosphorylation of Ser'®®!7® of
NFATCc4. Pretreatment of cells with the p38 MAPK inhibitor
SB203580 did not affect the rephosphorylation of NFATc4
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(Fig. 4A), despite the fact that p38 MAPK clearly phosphory-
lated Ser'®*'” of endogenous NFATc4 upon UV irradiation
(Fig. 2). Surprisingly, U0126, but not PD98059, also blocked
rephosphorylation at Ser'“®'”° of endogenous NFATc4 (Fig.
4A). Given that U0126 and PD98059 inhibit MEK/ERK acti-
vation (including that of MEK1-2 and MEKS) and the higher
selectivity of PD98059 on MEKI-2 activation (24), we sur-
mised that the MEKS/ERKS MAPK signaling might be in-
volved in the rephosphorylation of Ser'®®!7® of NFATc4.

We ascertained the effect of rapamycin and/or U0126 on the
rephosphorylation of endogenous NFATc4 by kinetic analysis
(Fig. 4B and C). Ionomycin treatment increased the electro-
phoretic mobility (Fig. 4B) and promoted nuclear localization
of NFATc4 (Fig. 4C). The phospho-NFATc4 monoclonal an-
tibody failed to detect phosphorylation at Ser'®®'”® in the
presence of ionomycin (Fig. 4B). Upon inactivation, the bulk
of NFATc4 was rephosphorylated and exhibited decreased
electrophoretic mobility (Fig. 4B). Less than 40% of NFATc4
remained in the nucleus after a 10-min wash (Fig. 4C). There
was a concomitant increase in NFATc4 phosphorylation at
Ser'®®17% (Fig. 4B). By 20 min, rephosphorylated NFATc4 in
the cytosol was more apparent (Fig. 4C). Notably, rephosphor-
ylated NFATc4 exhibited electrophoretic mobility similar to
that found in the resting state (Fig. 4B), indicating the revers-
ibility of NFATc4 phosphorylation.

In the presence of rapamycin, used to inhibit mTOR, the
electrophoretic mobility of endogenous NFATc4 was in-
creased even at the resting state (Fig. 4B), along with an
increase in nuclear accumulation of NFATc4 (Fig. 4C). Iono-
mycin treatment further increased NFATc4 nuclear accumu-
lation (Fig. 4C). Ionomycin treatment, however, did not fur-
ther affect the electrophoretic mobility of NFATc4 in
rapamycin-treated cells (Fig. 4B). Upon inactivation, only a
modest increase in NFATc4 phosphorylation at Ser'®®7° and
a modest decrease in the electrophoretic mobility of NFATc4
were found (Fig. 4B), indicating partial impairment of rephos-
phorylation upon mTOR inhibition. Indeed, in the presence of
rapamycin, ~60% of NFATc4 remained in the nucleus even
after a 10-min wash (Fig. 4C). Hence, mTOR, in part, mediates
NFATCc4 rephosphorylation.

Next, we determined the effect of U0126 on the kinetics of
the rephosphorylation of NFATc4 (Fig. 4B and C). Unlike
rapamycin treatment, the administration of U0126 did not
affect the basal phosphorylation (Fig. 4B) and the nuclear
accumulation of NFATc4 (Fig. 4C). In the presence of iono-
mycin, dephosphorylated NFATc4 with increased electro-
phoretic mobility were found in the nucleus (Fig. 4B). Upon
inactivation, some NFATc4 exhibited decreased electrophoretic
mobility, while some NFATc4 remained dephosphorylated, indi-
cating impairment of rephosphorylation in the presence of U0126
(Fig. 4B). A modest increase in rephosphorylation at Ser'®%7°
was also found (Fig. 4B). The impairment in rephosphorylation in
the presence of U0126 was correlated with the delayed nuclear
export of NFATc4 after cells were washed (Fig. 4C). Indeed, over
80% of NFATc4 remained in the nucleus after a 10-min wash
(Fig. 4C). These data indicate that the MEK/ERK MAPK sig-
naling, likely the MEKS/ERKS cascade, also partly mediates
NFATCc4 rephosphorylation.

Given the partial rephosphorylation of NFATc4 upon
mTOR inhibition or administration of U0126, we examined
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FIG. 4. Identification of protein kinases targeting NFATc4 Ser'®*'7" upon rephosphorylation. (A) Rapamycin, wortmannin, or U0126 blocks
rephosphorylation at Ser'®!” of NFATc4. MEFs were serum starved for 2 h before incubation with various protein kinase inhibitors as indicated. Cells
were then stimulated with ionomycin for 30 min before the removal of ionomycin and subsequent wash (15 min). Phosphorylation at Ser'®*'7" of
endogenous NFATc4 was determined by phospho-NFATc4 monoclonal antibody (P-NFATc4). The expression of NFATc4 and tubulin is also shown.
The relative intensity of NFATc4 phosphorylation (P-NFATc4/NFATc4) was quantified by ImageQuant software and presented (mean * SD [n = 3]).
See the legend to Fig. 3 for the concentration of protein kinase inhibitors administered. (B and C) The effects of rapamycin and U0126 in NFATc4
rephosphorylation and nuclear export. MEFs were serum starved for 2 h before incubation with rapamycin (100 nM) and/or U0126 (5 uM), as indicated.
Treated cells were stimulated with ionomycin for 30 min before the removal of ionomycin and subsequent wash (10 or 20 min). Phosphorylation at
Ser'®®170 of endogenous NFATc4 was determined by phospho-NFATc4 monoclonal antibody (P-NFATc4) (B). The electrophoretic mobility of NFATc4
was determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (B). The levels of NFATc4 in nuclear and cytoplasmic fractions are also
shown (C). The relative intensities of phospho-NFATc4 and nuclear NFATc4 (nucleocytoplasmic plus nuclear) were quantified by ImageQuant software

and presented. The results are representative of three independent experiments. ns, nonspecific cross-reactivity.

the combined effects of rapamycin and U0126 (Fig. 4B and C).
Similar to the effect of rapamycin alone, treatment with rapa-
mycin plus U0126 indicated that basal phosphorylation of
NFATc4 was dysregulated (Fig. 4B). Upon inactivation, the
electrophoretic mobility of NFATc4 was unaffected (Fig. 4B).
Notably, the modest decrease in electrophoretic mobility of
NFATc4 upon inhibiting mTOR alone was blocked (Fig. 4B).
Rephosphorylation of NFATc4 at Ser'®*'7° was also markedly
reduced after cells were washed (Fig. 4B). In addition, the
nuclear export of NFATc4 was delayed in the presence of
rapamycin plus U0126 (Fig. 4C). Together, these data indicate
that rapamycin and U0126 block rephosphorylation and atten-
uate nuclear export of NFATc4.

Protein kinases mTOR and ERKS bind to and phosphory-
late Ser'¢®'7° of NFATc4. Next, we determined whether
mTOR or ERKS phosphorylated Ser'®®!7® of NFATc4 by us-
ing immune complex kinase assays (Fig. SA and B). The acti-
vation of mTOR or ERKS increased phosphorylation at
Ser'®®17% (Fig. 5A and B). Replacement of Ser'®®”° with Ala
reduced mTOR- or ERKS-mediated phosphorylation (Fig. SA
and B). Phosphorylation of NFATc4 by mTOR or ERKS pro-
tein kinases was also confirmed by the incorporation of
[*?P]ATP (Fig. 5A and B). These data indicate that mTOR or
ERKS phosphorylates NFATc4, including the gate-keeping
residues Ser'®%!7°,

Furthermore, we determined whether mTOR or ERKS in-
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teracted with NFATc4 (Fig. 5C and D). Coimmunoprecipita- ated gene transcription (Fig. SE). Expression of the Ala of

tion assays indicated the presence of mTOR or ERKS in the
NFATCc4 precipitates (Fig. 5C and D). These data indicate that
mTOR or ERKS interacts with NFATc4.

Phosphorylation at the gate-keeping Ser residues affects sub-
cellular localization and subsequent NFAT-mediated gene tran-
scription (3, 10, 11, 40). We asked whether mTOR or ERKS
activation affected NFAT-mediated gene transcription (Fig. 5E).
The expression of NFATc4 increased NFAT-mediated gene tran-
scription (Fig. SE). Coexpression with the mTOR upstream acti-
vator p110 PI3K reduced NFATc4-mediated gene transcription
(Fig. SE). Similarly, activation of ERKS reduced NFATc4-medi-

NFATCc4 led to further increase in NFATc4-mediated gene tran-
scription (Fig. 5E). Neither mTOR nor ERKS, however, reduced
the gene transcription mediated by the Ala'®®'"® of NFATc4
(Fig. 5E), indicating transcription inhibition was mediated by
phosphorylating Ser'317° of NFATc4. Together, these data dem-
onstrate that mTOR and ERKS negatively regulate NFATc4-
mediated gene transcription by binding to and phosphorylating
Ser!8:170 of NFATc4.

ERKS regulates NFATc4 phosphorylation and nucleocyto-
plasmic shuttling. Given that U0126 inhibits both ERK1-2 and
ERKS signaling, we ascertained the role of ERKS in the re-
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or 20 min). The amounts of NFATc4 in cytoplasmic and nuclear fractions were determined by immunoblotting analysis. The expression of tubulin
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normalized to B-galactosidase activity and presented (mean = SD [n = 4]).
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phosphorylation of Ser of endogenous NFATc4, using
the Erk5~'~ cells (Fig. 6A and B). Immunoblotting analysis
confirmed the lack of ERKS in the Erk5 '~ cells (Fig. 6A). At
the resting state, NFATc4 was found mainly in the cytoplasmic
compartments of the Erk5 /" and Erk5~'~ cells (Fig. 6B). Less
than 10% of the NFATc4 protein in the Erk5™'" or Erk5 ™/~
cells was found in the nuclear fraction at the resting state.
Ionomycin treatment increased the electrophoretic mobility
(Fig. 6A) and the nuclear accumulation (Fig. 6B) of NFATc4
in Erk5™" and Erk5~'~ cells. Removing the ionomycin and
subsequent cell washing promoted rephosphorylation and nu-
clear export of NFATc4 in the Erk5*'* cells (Fig. 6A and B).
Less than 40% and 10% of nuclear NFATc4 were found in the
Erk5*"* cells after a 10- and 20-min wash, respectively (Fig.
6B). In the Erk5 '~ cells, however, the kinetics of NFATc4
rephosphorylation (Fig. 6A) and nuclear export (Fig. 6B) were
reduced, as indicated by the decreased phosphorylation of
NFATc4 at Ser'®®'”° (Fig. 6A) and the increased accumula-
tion of nuclear NFATc4 (Fig. 6B). Notably, the electrophoretic
mobility of NFATc4 in the Erk5~'~ cells was increased com-
pared to that in the Erk5*'" cells (Fig. 6A). In addition, over
40% of NFATc4 remained in the nuclear fraction (Fig. 6B),

along with a modest increase in phosphorylation at Ser!'¢%:170

(Fig. 6A) in the Erk5 '~ cells, even after a 20-min wash. The
partial rephosphorylation and delayed nuclear export of
NFATc4 in the Erk5~'~ cells resemble the effect of U0126 on
the Erk5™'™ cells (Fig. 4B and C). Rescue of the Erk5 '~ cells
with exogenous ERKS also led to partial rephosphorylation of
NFATc4 (data not shown). These data demonstrate that
ERKS regulates rephosphorylation and nucleocytoplasmic
shuttling of NFATc4.

Dysregulation of nucleocytoplasmic shuttling in the Erk5 "/~
cells would affect NFAT-mediated gene transcription. We
therefore determined NFAT-mediated gene transcription in
the Erk5~'~ cells, using luciferase reporter assays (Fig. 6C).
Expression of NFATc4 increased NFAT-mediated gene tran-
scription in Erk5™* cells (Fig. 6C). In the Erk5 '~ cells, dys-
regulation of NFATc4 subcellular localization led to a further
increase in NFAT-mediated gene transcription (Fig. 6C). Co-
expression of MEKS and ERKS reduced NFAT reporter ac-
tivity in Erk5*/* cells and, importantly, in the Erk5 '~ cells as
well (Fig. 6C). Together, these data demonstrate that MEKS5/
ERKS signaling negatively affects NFAT-mediated gene tran-
scription.
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Cytoplasmic-nuclear distribution of mTOR and ERKS. One
unresolved question was where did the rephosphorylation of
Ser'®®17% of NFATc4 take place. Phosphorylation of Ser!¢%17°
of NFATc4 might take place in the nucleus before nuclear
export. Notably, both mTOR and ERKS5 were present in the
nucleus (6, 20-22). Alternatively, nuclear export might precede
phosphorylation at Ser'®®'”° of NFATc4. Hence, mTOR and
ERKS phosphorylate Ser'®®!'7 of NFATc4 in the cytosol.

Next, we determined whether the differential subcellular
distribution of mTOR and ERKS might account for the loca-
tion of NFATc4 rephosphorylation. We performed subcellular
fractionation and determined the subcellular distribution of
mTOR and ERKS in the presence of ionomycin or rapamycin
(Fig. 7). Similar amounts of nuclear and cytoplasmic mTOR
and ERKS were detected in the presence and absence of iono-
mycin (Fig. 7A). Rapamycin also did not affect the subcellular
distribution of mTOR or of ERKS (Fig. 7A). Upon inactiva-
tion, subcellular distribution of mMTOR or ERKS in the nucleus
and cytoplasm was also similar (Fig. 7B). Indeed, nuclear
mTOR or ERKS5 phosphorylated NFATc4 as expected (Fig.
7C and D). These data indicate that the subcellular distribu-
tion of mTOR and ERKS is not affected by ionomycin or
rapamycin, which elicits dephosphorylation and nuclear accu-
mulation of NFATc4.

Rephosphorylation of Ser'®®'7® of NFATc4 in the nucleus.
Furthermore, we addressed the question of where the rephos-
phorylation of Ser'®®!7° of NFATc4 takes place by using the
phospho-NFATc4 monoclonal antibody in immunofluores-
cence analyses (Fig. 8). At the resting state, NFATc4 was
present in the cytosol (Fig. 8A and B). Cytosolic NFATc4
containing phosphorylated Ser'®®'” was revealed by staining
the cells with the phospho-NFATc4 monoclonal antibody.
Ionomycin stimulation activated calcineurin, and ~75% of
cells exhibited NFATc4 in the nucleus (Fig. 8A). Phosphory-
lation of Ser!®®!'7° however, was abolished in nuclear
NFATCc4, as only negligible background staining was detected

using the phospho-NFATc4 antibody (Fig. 8B). Upon inacti-
vation, both nuclear and cytoplasmic NFATc4 were detected
within 15 min (Fig. 8B). In some cells, NFATc4 and phospho-
NFATCc4 were detected in the nuclei, suggesting rephosphory-
lation of Ser'®®'7° of NFATc4 in the nucleus before nuclear
export (Fig. 8B). In other cells, cytoplasmic NFATc4 with
diffuse staining of phospho-NFATc4 around the nucleus was
found (Fig. 8B). It is possible that rapid nuclear export ob-
scured the location where the phosphorylation of Ser!®®!7? of
NFATCc4 took place.

To circumvent the rapid nuclear export of rephosphorylated
NFATc4 and ascertain that rephosphorylation of NFATc4
could be a nuclear event, we exploited the nuclear export
inhibitor leptomycin (Fig. 8C). Leptomycin blocks Crm-medi-
ated nuclear export and confines cytoplasmic nuclear shuttling
proteins to the nucleus. In the presence of leptomycin,
NFATCc4 was restricted in the nucleus (Fig. 8C). Notably, phos-
pho-NFATc4 was found in the nucleus, even at the resting
state (Fig. 8C). Upon stimulation with ionomycin, phosphory-
lation at Ser'®®'7 of NFATc4 was abolished (Fig. 8C). Re-
moving ionomycin and subsequent washing, however, led to
rephosphorylation at Ser'®*!”® of NFATc4 in the nucleus (Fig.
8C). These data demonstrate that rephosphorylation at
Ser!®®179 of NFATc4 can be a nuclear event.

ERKS as a priming protein kinase of NFATc4. Previous
studies demonstrated that the protein kinase CKla also phos-
phorylated the SRR (27, 41), where Ser'®®'7° of NFATc4 are
located. Current models suggested that phosphorylation at
Ser!'%®17% might provide a priming effect and facilitate subse-
quent additional phosphorylation by CKla. Hence, a combi-
nation of different kinases phosphorylates SRR and provides
an accumulative effect to mediate nuclear export of NFAT.

To test the effect of priming upon phosphorylation at
Ser'®®17% we performed tandem kinase assays with unlabeled
ATP in a priming reaction, followed by kinase assays of the
presence of [*’P]JATP (Fig. 9A). Immunoprecipitated ERKS
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FIG. 8. Rephosphorylation of Ser'®®!” of NFATc4 in the nucleus. (A) Kinetic analysis of NFATc4 subcellular distribution. BHK cells
transiently transfected with NFATc4 were stimulated (+) or not (—) with ionomycin for 30 min to elicit NFATc4 nuclear accumulation. Treated
cells were washed twice with medium and fixed with methanol for the times indicated after the wash. Immunofluorescence was performed, and
cytoplasmic and nuclear staining of NFATc4 was scored with a microscope (n = 100). (B) Determining the rephosphorylation of NFATc4 by using
a phospho-NFATc4 monoclonal antibody. BHK cells transiently transfected with NFATc4 were stimulated or not with ionomycin for 30 min before
removal of the ionomycin and subsequent wash (15 min). Untreated cells, ionomycin-treated cells, and ionomycin-treated and subsequently washed
cells were stained with phospho-NFATc4 monoclonal antibody (P-NFATc4), NFATc4 antibody, and DAPI and subjected to immunofluorescence
analysis. Cells expressing NFATc4 are shown (arrowheads). (C) Rephosphorylation of NFATc4 at Ser'®*!'7 can be a nuclear event. BHK cells
transiently transfected with NFATc4 were pretreated or not with leptomycin, as indicated, before they were stimulated with ionomycin (30 min).
Tonomycin-treated cells were subjected to washing (15 min), and phosphorylation of NFATc4 was determined by immunofluorescence analysis.
Untreated cells, leptomycin-treated cells, leptomycin-plus-ionomycin-treated cells, and leptomycin-plus-ionomycin-treated and subsequently
washed cells were stained with phospho-NFATc4 monoclonal antibody (P-NFATc4), NFATc4 antibody, and DAPI. Cells expressing NFATc4 are
shown (arrowheads). The relative intensity of phospho-NFATc4 in the nucleus (P-NFATc4/NFATc4) was quantified by using ImageQuant
software and presented (mean = SD [n = 3]).

and recombinant CK1 were used as the priming kinase and the
consecutive kinase to phosphorylate NFATc4, respectively
(Fig. 9B). Although CK1 phosphorylated NFATc4, the extent
of NFATc4 phosphorylation was further increased in the pres-
ence of ERKS in the priming reaction (Fig. 9B). Reversed
experiments using CK1 as the priming kinase, however, did not
increase the consecutive phosphorylation mediated by ERKS
(Fig. 9C). These data indicate that the phosphorylation of
ERKS exerts a positive effect on subsequent phosphorylation
by CK1 but not vice versa.

We also determined whether ERKS influences GSK33-me-
diated phosphorylation (Fig. 9C). Although GSK3B phos-
phorylated NFATc4, the extent of NFATc4 phosphorylation
was not affected in the presence of ERKS in the priming

reaction (Fig. 9C). These data indicate a specific role for ERKS
in priming CK1-mediated phosphorylation of NFATc4.

DISCUSSION

In this report, we have demonstrated that mMTOR mediates
basal phosphorylation and rephosphorylation of the gate-keep-
ing residues Ser'®®'”? to regulate the subcellular distribution
of endogenous NFATc4. Surprisingly, MEKS/ERKS signaling
also mediates rephosphorylation at Ser!®®!7° and, thus, nucle-
ocytoplasmic shuttling of NFATc4. These results provide de-
tailed mechanistic insight into NFATc4 phosphorylation and
nucleocytoplasmic shuttling (Fig. 10). At the resting state, a
balance of tonic activity from calcineurin phosphatase and
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FIG. 9. ERKS as the priming protein kinase of NFATc4. (A) Schematic illustration of tandem protein kinase assays to determine the effect of
the priming reaction (PR) on NFATc4 phosphorylation. Recombinant proteins containing amino acids 1 to 218 of NFATc4 were phosphorylated
in the presence and absence of priming protein kinase for 30 min using unlabeled ATP as the substrate. Primed NFATc4 was further
phosphorylated in the presence and absence of consecutive protein kinase (KA) using [**P]ATP as substrate. Phosphorylation of NFATc4 was
detected by autoradiography and quantitated by PhosphorImager. (B) The effect of ERKS as the priming protein kinase in CK1-mediated
phosphorylation of NFATc4 is shown. NFATc4 recombinant proteins were primed (PR) using immune complex kinase assays in the presence of
ERKS and unlabeled ATP. Primed NFATc4 was subjected to phosphorylation in the presence of [**P]JATP and CK1 as the consecutive protein
kinase (KA). Phosphorylation of NFATc4 was detected by autoradiography and was quantitated by PhosphorImager. Similar amounts of NFATc4
recombinant protein are shown. (C) The effect of CK1 as the priming protein kinase is shown. NFATc4 recombinant proteins were primed (PR)
by recombinant CK1 in the presence of unlabeled ATP. Primed NFATc4 was subjected to phosphorylation in the presence of [**P]ATP and
immunoprecipitated ERKS as the consecutive protein kinase (KA). Phosphorylation of NFATc4 was detected by autoradiography and quantitated
by PhosphorImager. A similar amount of NFATc4 recombinant protein is shown. (D) Effect of ERKS5 as the priming protein kinase on
GSK3B-mediated phosphorylation of NFATc4. NFATc4 recombinant proteins were primed (PR) using immune complex kinase assays in the
presence of ERKS and unlabeled ATP. Primed NFATc4 was subjected to phosphorylation in the presence of [**P]JATP and GSK38 as the
consecutive protein kinase (KA). Phosphorylation of NFATc4 was detected by autoradiography and quantitated by PhosphorImager. A similar
amount of NFATc4 recombinant protein is shown.

mTOR protein kinase is required. This balance can be affected
by the calcineurin inhibitor CsA or the mTOR-specific inhib-
itor rapamycin, which alters NFATc4 nuclear accumulation.
Upon increased intracellular calcium, activated calcineurin de-
phosphorylates NFATc4, including the gate-keeping amino
acid residues Ser'®®'7) to promote nuclear translocation.
Once in the nucleus, NFATc4 interacts with NFAT partners
and coregulators to mediate gene transcription. Transcription
termination requires rephosphorylation of NFATc4, which is

mediated by the protein kinase mTOR or ERKS. Rephosphor-
ylation at Ser'®®7 of NFATc4 can be a nuclear event. Phos-
pho-Ser!®®179 facilitates the subsequent additional phosphory-
lation of NFATc4 mediated by CKla (27, 41), providing an
accumulative effect to mediate nuclear export of NFAT.
Additional protein kinases also phosphorylate other con-
served Ser residues, either in the nucleus (e.g., DYRK) (1, 16)
or in the cytosol (e.g., GSK3p) (3), to facilitate NFATc4 phos-
phorylation and cytoplasmic localization. It is possible that
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Ser!®®17% to promote nuclear translocation. Once in the nucleus, NFATc4 interacts with NFAT partners and coregulators to mediate gene
transcription. Transcription termination promotes rephosphorylation of NFATc4, which is mediated by the protein kinases mTOR and ERKS.
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of NFATc4 can be a nuclear event. Additional protein kinases also target other phosphorylation sites, either in

the nucleus (e.g., DYRK) or in the cytosol (e.g., GSK3B and CKla) to facilitate nuclear export and/or cytoplasmic retention to complete the

NFATc4 phosphorylation cycle.

similar cooperation by DYRK in the priming of phosphoryla-
tion to facilitate subsequent GSK3B-mediated phosphorylation
is in place. Such integration of distinct protein kinases to phos-
phorylate different domains may allow effective regulation of
NFAT, which participates in critical biological processes in-
cluding cell growth, differentiation, and development.

Here, we also ascertained phosphorylation of Ser!'¢%!70 of
endogenous NFATc4 by p38 MAPK. Phosphorylation of
Ser'®®179 by p38 MAPK, however, does not contribute to basal
phosphorylation or rephosphorylation of NFATc4. Given that
p38 MAPK is activated by inflammatory stress (e.g., stimula-
tion by interleukin 1 or tumor necrosis factor a) or upon UV
irradiation, phosphorylation of Ser'®®'” of NFATc4 by p38
MAPK may be dependent on the pathophysiological state of
the cells. Nonetheless, the integration of three distinct protein
kinases (mTOR at the resting state, ERKS upon rephosphor-
ylation, and p38 MAPK under stress) supports the critical
“gate-keeping” function of the phosphorylation of Ser'®*!'7° of
NFATCc4, which facilitates cytoplasmic retention and/or nu-
clear export to terminate NFAT-mediated gene transcription.

Both ERKS and p38 MAPK belong to a similar group of
protein kinases and are activated by upstream MAPK kinases,
including MAP2K and MAP3K (25, 28, 36). MEKS mediates
the activation of ERKS5, whereas MKK3, MKK4, and MKK6
modulate p38 MAPK activation. Previous studies indicated

that a specific docking domain is required for MAPK interac-
tion (15, 34). Recruitment of ERKS, however, seems to be
independent of p38 MAPK (data not shown), suggesting that
their interactions with NFATc4 are not mutually exclusive.
Alternatively, the avidity of NFATc4 binding is different from
that of ERKS and p38 MAPK, despite the similar docking
motifs that may be required. It is possible that the interaction
and subsequent phosphorylation between NFATc4 and ERKS,
NFATc4 and p38 MAPK, and NFATc4 and mTOR is depen-
dent on the pathophysiological state of the cells.
Dysregulated mTOR signaling plays an important role in
tumorigenesis (13). Recently, the mTOR inhibitor rapamycin
has been in clinical trials for cancer therapy and use by trans-
plant patients (5). It is likely that the mTOR-NFAT network is
physiologically relevant. For example, the mTOR-NFAT net-
work may contribute to angiogenesis. Previous studies demon-
strated that NFAT contributed to the myocardial-endocardial
transition, in part, via the repression of VEGF expression (9).
Mutations in the TSC1 or TSC2 gene, which exhibits hyperac-
tivation of mTOR signaling, lead to increased vascularization.
Indeed, the expression of VEGF is elevated in TscI '~ and
Tsc27'~ cells (14). It is tempting to speculate that constitutive
activation of mTOR, frequently found in cancer cells, causes
cytoplasmic retention of NFAT, which in part contributes to
increased VEGF expression and vascular formation.
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The ERKS5-NFAT network may also contribute to angiogen-
esis and vascular formation. Previous studies demonstrated
that target disruption of ERKS is embryonic lethal, in part, due
to problems in angiogenesis (30, 33, 38). The mechanism for
the role of ERKS in angiogenesis is unclear. Given that ERKS
mediates NFATc4 nuclear export and nuclear NFAT nega-
tively regulates expression of VEGF, it is likely that ERKS
deficiency causes nuclear accumulation of NFAT, which re-
presses VEGF gene transcription.

In summary, mTOR and ERKS phosphorylate the gate-
keeping residues Ser'®®!” and regulate the nucleocytoplasmic
shuttling of NFATc4. Regulating the subcellular distribution of
NFATCc4 represents a novel physiological function mediated by
the mTOR and ERKS signaling pathways.
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