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ABSTRACT The p38 signal transduction pathway can be activated transiently or
constitutively, depending on the contexts in which the activation occurs. However,
the biological consequence of constitutive activation of p38 is largely unknown. Af-
ter screening 300 transcriptional cofactors, we identified CRTC2 as a downstream
substrate of constitutively activated p38. Constitutive, rather than transient, activa-
tion of p38 led to hyperphosphorylation of CRTC2, resulting in CRTC2 cytosolic relo-
cation and subsequent inactivation of cyclic AMP response element (CRE)-mediated
transcription. Interestingly, the cytosolic translocation of CRTC2 depended on phos-
phorylation accumulation at multiple sites (=11 phosphoserine/phosphothreonine
residues) but not on specific sites. The hyperphosphorylation-driven nucleocyto-
plasmic transport of CRTC2 may not be a rare case of nuclear export of proteins,
as we also observed that constitutively activated p38 promoted FOS nuclear export
in a hyperphosphorylation-dependent manner. Collectively, our study uncovered a
previously unknown mechanism of inactivation of selected transcription, which re-
sults from hyperphosphorylation-driven nucleocytoplasmic transport of cofactors or
transcription factors mediated by constitutively active kinase.

KEYWORDS constitutive activation, hyperphosphorylation, nucleocytoplasmic
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he p38 mitogen-activated protein kinase (MAPK) subfamily, consisting of p38c,

p38B, p38y, and p384, plays critical roles in diverse biological processes, including
cell proliferation, differentiation, senescence, inflammation, and death (1, 2). p38a is the
most studied and is often referred as p38. Activation of p38 via the MAP3K-MAP2K-
MAPK cascade could be triggered by a variety of extracellular stimuli ranging from
inflammatory cytokines to growth factors to environmental stress (3, 4). To date, the
discovery of p38 functions has been achieved mostly under transient activation sig-
naling, whereas the regulation and biological consequences of constitutive p38 acti-
vation have been largely overlooked.

Transcription in eukaryotic cells necessitates a broad arrange of protein transcription
factors (TFs), which interact with the regulatory regions of DNA (5). Many TFs encom-
passing a broad range of actions have been shown to be directly or indirectly phos-
phorylated and subsequently activated by p38; these include activating transcription
factor 2 (ATF2), myocyte enhancing factor 2C (MEF2C), MEF2A, C/EBPB, STAT1/4, p53,
etc. (6, 7). Apart from TFs, transcription cofactors (TcoFs), which interact with DNA
binding proteins instead of DNA, are also essential for transcription (8-10).
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The cyclic AMP (cAMP) response element (CRE)-regulated transcription coactivator
(CRTC) family consists of three members (CRTC1, CRTC2, and CRTC3), which are
powerful coactivators of CRE-mediated transcription, and the nuclear localization is
indispensable for the coactivity (11-13). Consistent with the documented nucleocyto-
solic shuttle of TcoFs driven by phosphorylation, under basal conditions, CRTC2 is
phosphorylated on serine 171 by the salt-inducible kinases (SIKs) and sequestered in
the cytoplasm through interaction with 14-3-3 proteins. Conversely, nuclear import of
CRTC2 could be triggered by dephosphorylation, a process carried out by cAMP- and
calcium signal-mediated inhibition of SIKs and activation of phosphatase calcineurin
(CN) (14). Dephosphorylated CRTC2 translocates to the nucleus and then binds to the
bZIP domain of CREB, leading to increased CREB occupancy over cognate binding sites
(13, 15). The mechanism in which the cellular localization of TcoFs regulated by their
phosphorylation status determines the activity on transcription is frequently used, such
as for SRC-3, CDC6, etc. (16, 17).

Although regulation of transcription factors by p38 signaling pathway has been well
studied, the interplay of TcoFs with the p38 signaling pathway has not yet been
determined. In this study, we report a new mechanism in which hyperphosphorylation
of TcoFs directed by constitutive activation of p38 mediates their nuclear export, which
cross talks with diverse signaling pathways, including CRE-mediated transcription, AP-1
activation, cell cycle regulation, and protein degradation. In the case of CRTC2 (a TcoF
for CREB), we demonstrated that constitutively activated p38 hyperphosphorylated
CRTC2 to promote its nuclear export, resulting in shutdown of CRE-mediated transcrip-
tion, and that this nuclear export was independent of the CRM1-mediated nucleocy-
toplasmic shuttle process. In addition, we also demonstrated that constitutive activa-
tion of p38 hyperphosphorylated transcription factor FOS to drive its nuclear export
through CRM1. These results imply that hyperphosphorylation-mediated nuclear export
might be a common mechanism to regulate the nucleocytoplasmic transport of
cofactors and to promote transcription factor nuclear export as well.

RESULTS

Constitutive activation of p38 inhibits certain transcription factors. We began
to study the biological functions of constitutively activated p38 by measuring the time
course of p38 activation in HEK293T cells treated with various stimuli. Cells treated with
tumor necrosis factor alpha (TNF-a), H,0,, or sorbitol exhibited similar dynamic levels
of phosphorylated p38 (P-p38), which peaked at early time points (~10 min) and
quickly declined over time (Fig. TA). In contrast, arsenite treatment induced high and
sustained levels of P-p38 (Fig. 1B), indicating constitutive activation of p38. However,
activation of NF-«B in arsenite-treated cells was still transient (Fig. 1B), demonstrating
differential activation profiles of p38 and NF-«B in arsenite-treated cells. To determine
the biological outcome upon constitutive activation of p38, we examined the effects of
constitutive activation of p38 on transcription regulation using a set of previously
described luciferase reporter-based assays. To selectively activate p38, we coexpressed
MKK6(E), a constitutively active form of p38 upstream kinase MKK6, with p38 in
HEK293T cells, which led to constitutive p38 activation (Fig. 1C). Constitutive activation
of p38 dramatically inhibited luciferase reporter gene expression driven by transcrip-
tion factors CRE, EGR-1, AP-1, and MTF-1 (Fig. 1D to F and G) but not by NF-«B or
interferon (IFN)-stimulated response element (ISRE) (Fig. 1H and 1), suggesting differ-
ential inhibitory effects of constitutively activated p38 on these transcriptional factors.
Thus, constitutive activation of p38 had a negative effect on certain transcription
factors.

Constitutive activation of p38 regulates cellular localization of some transcrip-
tion cofactors. To search for the function of constitutively active p38 in transcription,
we constructed a panel of expression plasmids containing 300 transcription cofactors
(the TocFs were from the database identified by Schaefer et al. [10]) fused with green
fluorescent protein (GFP) and coexpressed each of the plasmids with MKK6(E)/p38 in
HEK293T cells. The cells were examined at 24 h posttransfection by confocal laser
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FIG 1 Constitutive or transient activation of p38 results in different biological functions. (A) Western blot of lysates
from HEK293T cells treated with various stimuli (1 mM arsenite, 1 mM H,0,, 30 ng/ml TNF-e, or 0.2 M sorbitol) for
the indicated durations. (B) Western blot of lysates from cells stimulated with 1 mM arsenite for the indicated times
(0,15, 30, 60, 120, and 240 min). (C) Western blot of lysates from cells coexpressing MKK6(E) with p38. Lysates were
collected at 24 h, 30 h, 36 h, and 48 h posttransfection. MKK6(E) is a constitutively active form of p38 upstream
kinase MKK6. AF is an inactive mutant of p38, p38 T180A/Y182F. (D to I). Luciferase reporter assays of cells
coexpressing MKK6(E)/p38 with different transcription factors. For CRE-Luc, transfected cells were stimulated with
DMSO or forskolin (FSK) (10 uM) for 4 h; for EGR1-Luc and AP-1-Luc, transfected cells were stimulated with DMSO
or PMA (200 nM) or a control for 4 h; for NF-kB-Luc, MTF1-Luc, and ISRE-Luc, transfected cells were stimulated with
vehicle, TNF-a (30 ng/ml), ZnSO, (100 wM), or IFN-a (100 1U/ml) for 4 h. All data represent fold induction compared
with the control. The results shown are mean = SD. ** P <0.01; NS, not significant. These experiments were
repeated more than three times.
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FIG 2 Screening of the cellular localization of TcoFs in MKK6(E)/p38-expressing cells. A library consisting of 300
plasmids expressing GFP-fused TcoFs was used. Individual plasmids were coexpressed by an empty vector or
MKK6(E)/p38 in HEK293T cells. At 24 h posttransfection, the cellular localizations of GFP-fused TcoFs were assessed
by Leica LSM780 confocal laser scanning microscopy. The nucleus was stained with Hoechst stain. Scale bars, 10 um.

scanning microscopy. Most of these factors were localized in nucleus regardless of the
presence of MKK6(E)/p38, such as PQBP1, RNF4, cyclin-dependent kinase 7 (CDK7), etc.
(Fig. 2). Six TcoFs were identified to translocate from nucleus to cytosol in an MKK6(E)/
p38-dependent manner (CRTC2 and CRTC3, for example) (Fig. 2). To validate this
observation, we analyzed subcellular localization of GFP-CRTC2 in cells expressing
MKK6(E) plus wild-type p38 (Flag-p38-WT) or inactive p38 mutant T180A/Y182F (Flag-
p38-AF). As shown in Fig. 3A, similar to the case for GFP-CRTC2 alone, the cellular
distribution of GFP-CRTC2 was localized mainly in the nucleus in MKK6(E)/p38-AF cells,
while coexpression with MKK6(E)/p38-WT mediated relocation of GFP-CRTC2 from
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FIG 3 Constitutive activation of p38 drives nucleocytoplasmic transport of CRTC2. (A) Confocal imaging of cells
coexpressing GFP-CRTC2 with MKK6(E)/Flag-p38-WT (upper panel) or -AF (lower panel). Cells were assessed at 24
h posttransfection. Flag-p38 and P-p38 were immunostained and observed. The nucleus was stained with
Hoechst stain. Scale bars, 10 um. (B) Live video imaging of the nucleocytoplasmic transport of GFP-CRTC2 in cells
expressing doxycycline-inducible MKK6(E). Cells were transfected with GFP-CRTC2 and RFP-p38. Images were
acquired every 10 min for 3 h upon doxycycline induction. Scale bars, 20 um. (C) Western blot of the cytosolic
and nuclear fractions of Flag-tagged-CRTC2 (Flag-CRTC2)-expressing cells. Cells coexpressing Flag-CRTC2 and
p38 were treated with arsenite for the indicated times. Cotransfection of MKK6 was used as a positive control.
Cytosolic and nuclear fractions were isolated using hypotonic buffer. An antibody against GAPDH was used as
a cytosol marker. An antibody against histone 3 (H3) was used as a nucleus marker. WCL, whole-cell lysate. (D)
Quantification of the cytosolic and nuclear distribution of Flag-CRTC2 shown in panel C. The results are shown
as the ratio of nuclear to cytosol distribution. The data shown are representative of three independent
experiments.

nucleus to cytosol. The cytosol relocation of CRTC2 is most likely mediated by phos-
phorylation, and the phosphorylation of CRTC2 by p38 likely occurred in nucleus since
CRTC2 was localized mainly in the nucleus and active p38 (P-p38) was also observed in
the nucleus. To further confirm this observation, we generated a doxycycline inducible
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MKK6(E)-expressing cell line [Tet-on-MKK6(E)], which allows doxycycline to induce
constitutive activation of p38 through MKK6(E) expression. We transfected Tet-on-
MKK6(E) cells with red fluorescent protein (RFP)-p38 and GFP-CRTC2 expression vectors
and observed that GFP-CRTC2 located predominantly in the nucleus and RFP- p38
located in both the nucleus and cytosol in resting cells (Fig. 3B). Upon treatment with
doxycycline, GFP-CRTC2 translocated from nucleus to cytosol in RFP-p38-expressing
cells but was retained in the nucleus in RFP-p38-negative cells (indicated by arrow-
heads in Fig. 3B). Consistent with the immunofluorescence results, arsenite-induced
translocation of Flag-CRTC2 from nucleus to cytosol was determined by nuclear-
cytosolic fractionation assay (Fig. 3C and D). Collectively, these findings demonstrated
that constitutive activation of p38 induced by arsenite or coexpressed MKK6(E) drove
the nucleocytoplasmic translocation of CRTC2.

Nucleocytoplasmic translocation of CRTC2 driven by constitutive p38 activa-
tion shuts down CRE-mediated transcription. We then explored the interplay of
constitutive activation-triggered p38 signaling with CRTC2-induced CRE-mediated tran-
scription. Consistent with previous studies (11), overexpression of transcription factor
CREB in HEK293T cells exerted little effect on CRE luciferase reporter expression.
Treatment with the cAMP activator forskolin (FSK) efficiently induced CRE reporter
expression (~50-fold), and overexpression of CRTC2 alone dramatically induced CRE
reporter expression (~500-fold) (Fig. 4A). To further study the role of CRTC2 in CRE-
mediated transcription in HEK293T cells, we generated CRTC2 knockout cells by the
clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 method. Com-
pared with parental wild-type cells, CRTC2-deficient cells failed to respond to the
FSK-induced CRE reporter, indicating that CRTC2 is indispensable for cAMP-induced
CRE transcription in HEK293T cells (Fig. 4B).

We next investigated how p38-mediated nucleocytoplasmic transport of CRTC2
affects its coactivity on CRE-mediated transcription. To begin, we generated a cell line
with stable expression of CRTC2 plus a CRE reporter (CRTC2+). As shown in Fig. 4C,
coexpression of MKK6(E) with p38 dramatically inhibited CRTC2-induced CRE reporter
expression, whereas this effect is absent in cells expressing MKK6(E) or p38 alone.
Moreover, this effect was dependent on the kinase activity of p38, as loss-of-function
p38 mutations (p38-AF and p38-KM, a kinase-dead mutant) or pharmacological inhi-
bition of p38 abolished this effect in CRTC2+ cells (Fig. 4C). To ensure that only
constitutive p38 activation suppresses CRE reporter expression, we included stimula-
tion with TNF-e, H,0,, or sorbitol in the experiments. We observed that unlike the
expression of MKK6(E)/p38 or arsenite treatment, transient activation of p38 by TNF-q,
H,O,, or sorbitol cannot block CRTC2-induced CRE transcription (Fig. 4D). Notably, no
blockade of CRTC2-induced CRE-mediated transcription was observed upon constitu-
tive activation of extracellular signal-regulated kinase (ERK) and Jun N-terminal protein
kinase (JNK) (Fig. 4E). We further determined whether this mechanism is conserved in
other CRTC family members. Similarly to CRTC2, CRTC1 and CRTC3 dramatically induced
CRE-mediated transcription, which was substantially inhibited by MKK6(E)/p38 overex-
pression (Fig. 4F). Taken together, the results show that constitutive activation of p38
blocks CRE-mediated transcription by regulating the nucleocytoplasmic translocation
of CRTCs, indicating that constitutively activated p38 is an effective negative regulator
of CRE-mediated transcription.

p38 phosphorylates CRTC2 on multiple sites. To elucidate the molecular mech-
anism underlying the nucleocytoplasmic translocation of CRTCs driven by constitutive
P38 activation, we assessed whether CRTC2 is a direct substrate of p38. The interaction
of hemagglutinin (HA)-CRTC2 with Flag-p38 was examined by coimmunoprecipitation
(Fig. 5A). The truncation mapping confirmed that CRTC2 strongly interacts with p38
through its N-terminal (amino acids [aa] 1 to 168) and C-terminal (aa 500 to 693)
domains (Fig. 5B). We then examined whether CRTC2 was phosphorylated by consti-
tutive activation of p38. SDS-PAGE showed “upshifted” CRTC2 bands induced by
MKK6(E)/p38 overexpression and arsenite, and cytosolic CRTC2 had more shifted
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FIG 4 Constitutive activation of p38 inhibits CRE-mediated transcription. (A) Luciferase reporter assay of
HEK293T cells cotransfected CRE-Luc with either empty vector, CREB, or CRTC2. Cells were treated with DMSO
or FSK (10 uM) for 4 h. (B) Luciferase reporter assay of CRTC2 knockout HEK293T cells transfected with
CRE-luciferase reporter and stimulated with DMSO or FSK (10 uM) for 4 h. (C) Luciferase reporter assay of cells
stably expressing CRTC2 and CRE-luc (CRTC2+ cells). Cells were transfected with either MKK6(E), p38-WT,
MKK6(E)/p38-WT, MKK6(E)/p38-AF(T180A/Y182F), or MKK6(E)/p38-KM(K53M) and treated or not treated with
the p38 inhibitor BIRB-796 (BIRB) (10 wM). (D) Luciferase reporter assay of CRTC2+ cells either transfected with
MKK6(E)/p38 or treated with 1 mM arsenite, 30 ng/ml TNF-o, 1 mM H,0,, or 0.2 M sorbitol for 4 h. (E) Luciferase
reporter assay of CRTC2+ cells transfected with either empty vector, MKK3(E), MKK6(E), p38, MKK3(E)/p38,
MKK6(E)/p38, MEK1(E), ERK, MEK1(E)/ERK, MKK7(D), JNK, or MKK7(D)/JNK. Cells were lysed at 24 h after
transfection. (F) Luciferase reporter assay of cells cotransfected with CRE-Luc and CRTC1, CRTC2, or CRTC3
alone (—) or together with MKK6(E)/p38 (+ +). Cells were lysed 24 h after. All the data represent fold induction
or level relative to that for the control. The results shown are mean = SD. ** P < 0.01; NS, not significant.
These experiments were repeated more than three times.
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FIG 5 CRTC2 is hyperphosphorylated by p38. (A) Western blot of coimmunoprecipitation of Flag-p38 with HA-tagged-
CRTC2 (HA-CRTC2) in HEK293T cells. Coimmunoprecipitation (co-IP) was performed using anti-Flag M2 beads.
Antibodies against Flag and HA were used for Western blotting. (B) Western blot of coimmunoprecipitation of
Flag-p38 with GFP-tagged-CRTC2 truncates (CRTC2 aa 1 to 168, 168 to 320, 320 to 500, and 500 to 693) in HEK293T
cells. Coimmunoprecipitation was performed using anti-Flag M2 beads. Antibodies against Flag and HA were used for
Western blotting. (C) In vitro dephosphorylation assay of MKK6(E)/p38-phosphorylated CRTC2. HA-CRTC2 was purified
from cells coexpressing MKK6(E)/Flag-p38 using anti-HA beads and incubated with A-phosphatase. Purified Flag-p38
was used as a positive control. Antibodies against Flag and HA were used for Western blotting. (D) In vitro kinase assay
for HA-CRTC2. HA-CRTC2 purified from overexpression in HEK293T cells was incubated with recombinant
MKK6(E) and p38 in the absence of the p38 inhibitor BIRB-796 (10 uM). Antibodies against Flag and HA were used
for Western blotting. (E) In vivo phosphorylation of HA-CRTC2 in HEK293T cells. Cells were cotransfected with
HA-CRTC2 and MKK6(E)/p38-WT or MKK6(E)/p38-AF. HA-CRTC2 was purified from cells coexpressing MKK6(E)/
Flag-p38 using anti-HA beads. An antibody against HA was used for Western blotting. (F) Venn diagram of the
phosphorylation sites of CRTC2 identified by LC-MS/MS assay from the experiment shown in panel D. Detailed
sites are shown in Table 1. (G) Venn diagram of the phosphorylation sites of CRTC2 identified by LC-MS/MS assay
from the experiment shown in panel E. Detailed sites are shown in Table 2. (H) Quantification of the intensity
of phosphopeptides obtained for panels F and G.
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TABLE 1 Detailed phosphorylation sites of CRTC2 obtained from MS in vitro, related to Fig. 5F

CRTC2-HA incubation  Phosphorylation sites

Control T3, S4, S11, 523, T37, S49, T50, S65, S70, S79, S86, 590, S116, S127, $128, S136, S141, S142, S164, S171, S173, S178, 5183,
T279, S308, S320, S346, S348, S355, S357, S358, S366, S368, S376, T385, S386, S391, S393, S398, S400, S403, S404,
S405, S408, S419, S424, S433, S436, S447, S456, T458, S460, S464, S465, S475, S478, S490, S492, T497, T501, S504,
$512, S516, S519, S579, S613, 5624, 5628

With MKK6(e)/p38 T3, S4, S11, S23, T37, S70, S79, S90, S116, S127, S131, S136, S141, S142, S164, S173, T177, S178, S183, 1279, S300, S320,
$336, S339, 5342, S346, S348, S355, S357, S358, S366, S368, S376, T384, T385, 5386, S391, S393, S398, S400, S403,
S404, S405, S407, S408, S415, S419, S424, S433, S436, S447, S456, T458, S460, T462, S464, S465, T467, S478, S489,
S490, S492, T497, T501, S504, S512, S514, S516, S519, S579, T599, S613, 5624, S628, S644

proteins (Fig. 3C). To determine whether these “upshifted” bands were the conse-
quence of phosphorylation, we performed an in vitro dephosphorylation assay using
A-phosphatase. As shown in Fig. 5C, treatment with A-phosphatase increased the rate
of migration of CRTC2 from MKK6(E)/p38-expressing cells, showing that constitutive
activation of p38 induced the phosphorylation status of CRTC2. To further probe
whether CRTC2 is a direct substrate of p38, in vitro kinase assays were performed using
recombinant MKK6(E) and p38. Figure 5D shows purified CRTC2 with “upshifted” bands
upon incubation with recombinant MKK6(E) and p38, which was reversed by adding
the p38 inhibitor BIRB-796. Taken together, these data indicated that p38 interacted
directly with and phosphorylated CRTC2.

To identify the phosphorylation sites of CRTC2 mediated by p38, CRTC2 phosphor-
ylated in vivo and in vitro was purified separately and then analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). For the in vivo assay, HA-
CRTC2 was coexpressed with MKK6(E)/p38-WT or with MKK6(E)/p38-AF (control) in
HEK293T cells and then immunoprecipitated with anti-HA beads (Fig. 5E). For the in
vitro assay, HA-CRTC2 purified from HEK293T cells overexpressing it was incubated with
or without recombinant MKK6(E) plus p38 (Fig. 5D). The proteins immunoprecipitated
from in vivo and kinase assay reactions were resolved by SDS-PAGE, the bands corre-
sponding to CRTC2 were further cut from the gel and then digested by trypsin, and the
phosphopeptides were enriched by immobilized metal ion affinity chromatography
and then analyzed by LC-MS/MS. The in vitro kinase assay resulted in 75 phosphory-
lation sites in the MKK6(E)/p38 group and 68 sites in the control, whereas the in vivo
assay yielded 26 phosphorylation sites in MKK6(E)/p38-WT-expressing cells and 32 sites
in MKK6(E)/p38-AF-expressing cells (Fig. 5F and G). The numbers of p38-dependent
phosphorylation sites identified in the in vivo and in vitro assays were 15 and 3,
respectively. Quantitative MS data revealed that the intensities of CRTC2 phosphopep-
tides in MKK6(E)/p38-WT samples were much higher than those in MKK6(E)/p38-AF or
control samples (Fig. 5H), raising the possibility that p38 phosphorylates CRTC2 on
multiple sites simultaneously.

To understand the role of phosphorylation sites in regulating CRTC2 function, we
generated a series of non-phospho-CRTC2 A mutants (with serine/threonine-to-alanine
mutations) carrying single mutations of all potential residues and tested their capacity
to induce the CRE-mediated transcription in the presence of constitutively activated
p38. Akin to the case for wild-type CRTC2, MKK6(E)/p38 overexpression efficiently
blocked all the CRE-mediated transcription induced by all the CRTC2 A mutants
(Fig. 6A). Consistently, the cellular localization of these A mutants exhibited the same
pattern as wild-type CRTC2 (data not shown). Because constitutive activation of p38 led

TABLE 2 Detailed phosphorylation sites of CRTC2 obtained from MS in vivo, related to Fig. 5G

Protein cotransfected Phosphorylation sites

MKK6(E)/p38-WT $23, 570, S79, S86, S90, S116, S128, S134, S136, S164, 5183, T192, S236, S237, 5239, S433, S436, S447, S490, S492, S497,
T501, S613, 5620, 5623, S624

MKK6(E)/p38-AF S70, S79, S86, S90, S116, S127, S128, S131, S134, 5136, S164, S178, S183, T192, S236, S237, S433, S436, S447, 5456,

5478, 5489, 5490, 5492, S497, T501, S520, S613, 5620, S623, 5624, 5686
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FIG 6 p38 phosphorylates CRTC2 at multiple sites, which inhibits its activity for CRE-mediated transcription. (A)
CRE-luciferase reporter assay of cells expressing different non-phospho-CRTC2 mutants. HEK293T cells were
cotransfected with different non-phospho-CRTC2 mutants with empty vector or MKK6(E)/p38. Cells were lysed at
24 h after transfection and subjected to luciferase reporter assay. (B) Western blot of the nuclear and cytosolic
fractions from cells expressing 6XHis-CRTC2. An antibody against GAPDH was used as a cytosol marker. An
antibody against lamin B1 was used as a nuclear marker. WCL, whole-cell lysate. (C) Western blot of the pulldowns
of 6XHis-CRTC2 from the nuclear and cytosolic fractions under denaturing condition. Cells were cotransfected with
6 His-CRTC2, MKK6(E) and p38-WT, or MKK6(E) and p38-AF. The nuclear and cytosolic fractions were isolated using
hypotonic buffer. 6 XHis-CRTC2 was pulled down from these fractions using Ni-NTA spin columns under denaturing

(Continued on next page)
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TABLE 3 Detailed mutation sites of CRTC2, related to Fig. 6F

Mutant Sites mutated to A

5A1 S131/5171/5274/5433/5624

5A2 T37/5116/T289/5456/5613

7A1 $70/579/586/590/5306/T307/5308

7A2 T177/5178/T192/S195/5306/T307/5S308

9A1 S$170/5171/5173/T177/5178/5183/5306/T307/5308

9A2 T37/5116/S171/S173/T177/5178/T289/5456/5613

9A3 S$70/579/586/590/5306/T307/5529/5623/5624

10A1 T37/5116/S171/S173/T177/5178/S274/T289/5456/5613

10A2 T177/5178/T192/S195/5306/T307/5308/5464/5465/5529

10A3 S131/5170/5171/T196/5255/T296/5306/T307/5S308

11A1 S70/S79/586/590/5127/5128/5131/5136/S456/T458/5460

11A2 T3/S11/570/590/5116/5131/5136/S171/5183/5274/S336

11A3 S11/570/579/586/590/5306/T307/5308/5433/5456/5490

11A4 T177/5178/T192/5S195/306/T307/5308/T620/5623/5624/5628

13A1 S$70/579/586/590/5306/T307/5308/5609/5613/T620/5623/5624/5628
13A2 S70/579/586/590/5127/5128/5131/5136/5456/T458/5460/5623/5624
13A3 T177/5178/T192/S195/306/T307/5308/5609/5613/T620/5623/5624/5628
13A4 T3/511/570/590/S116/S131/5136/S171/5183/5274/S336/1384/S456

to a high intensity of phosphorylation of CRTC2, we proposed that nuclear export of
CRTC2 requires a certain level of hyperphosphorylation (Fig. 5H). To verify this hypoth-
esis, CRTC2 in the cytosolic and nuclear fractions was purified, and absolute phospho-
peptide intensities were quantified using mass spectrometry with a spiked-in heavy-
amino-acid-labeled peptide. As the nuclear fractions failed to dissolve well in
normal immunoprecipitation buffer (1% Triton X-100 or 1% NP-40), His-CRTC2 was
used in this assay. The nuclear and cytosol fractions were dissociated as usual, and
then His-CRTC2 was pulled down with Ni-nitrilotriacetic acid (NTA) spin columns in
denaturing buffer (8 M urea). Akin to the case for Flag or GFP-CRTC2, the nuclear
and cytosol distribution of His-CRTC2 in the p38-WT group was different from those
in the inactive p38-AF group and the no-p38 group. Like the no-p38 group, the
p38-AF group cannot drive CRTC2 cytosolic translocation (Fig. 6B and C). Absolute
quantification of phosphopeptide intensities revealed that the phosphorylation
level of cytosolic translocated CRTC2 was more than 10-fold higher than that of
nuclear CRTC2 (Fig. 6D). The hyperphosphorylation of CRTC2 is likely to be essential
for CRTC2 cytosolic localization.

To explore the precise sites responsible for cytosolic relocation of CRTC2, we
generated a series of non-phospho-CRTC2 mutants carrying combinational assort-
ments of different sites and then determined their subcellular localizations and
capacity for induction of CRE-mediated transcription. Mutants carrying fewer than
5 mutations of identified sites (CRTC2-2A, -3A, and -4A) showed activity in MKK6(E)/
p38-overexpressing cells that was similar to that of wild-type CRTC2 (Fig. 6E). However,
mutants with 9 or more mutations showed increasing resistance to MKK6(E)/p38
overexpression-induced inhibition of CRE-mediated transcription, of which mutants
carrying =11 (CRTC2-11A) mutations were completely resistant to MKK6(E)/p38
overexpression-mediated inhibition (Fig. 6F). Consistently, CRTC2 mutants with =11 A
mutations retained nuclear localization in MKK6(E)/p38-overexpressing cells (Fig. 7A

FIG 6 Legend (Continued)

condition (8 M urea). An antibody against CRTC2 was used for Western blotting. (D) Quantitative MS analysis of
phosphorylation levels per CRTC2 molecule of cytosolic and nuclear CRTC2 purified for panel C. (E) CRE-luciferase
reporter assay of cells expressing different non-phospho-CRTC2 mutants (2A, 3A, and 4A mutants). HEK293T cells
were cotransfected with different non-phospho-CRTC2 mutants with empty vector or MKK6(E)/p38. Cells were
lysed at 24 h after transfection and subjected to luciferase reporter assay. (F) CRE-luciferase reporter assay of cells
expressing randomly generated 5A, 7A, 9A, 10A, 11A, and 13A mutants of CRTC2 (detailed mutation sites are shown
in Table 3). HEK293T cells were cotransfected with different non-phospho-CRTC2 mutants with empty vector or
MKK6(E)/p38. Cells were lysed at 24 h after transfection and subjected to luciferase reporter assay. All of the
luciferase data represent fold induction compared to the control. The results shown are mean = SD. * P < 0.05;
** P <0.01; NS, not significant. These experiment were repeated more than three times.

May 2019 Volume 39 Issue 9 e00554-18 mcb.asm.org 11


https://mcb.asm.org

Ma et al.

A GFP-CRTC2
Mock Mkk6(E)+p38
GFP/Hoechst/Dic GFP/Hoechst/Dic

2 El Nucleus cytosol
8

[

2

=

3

3

o

o

& 6o-
o

Pt

]

i

[

K]

£

=

z

0-
MKKB/p38 = ++ = ++ - + - 4+ - b - b -

CRTC2 WT S171A  2A 7A 9A 11A 13A

FIG 7 Hyperphosphorylation promotes the nucleocytoplasmic transport of GFP-CRTC2. (A) Confocal
imaging of cells expressing GFP-CRTC2 WT or nonphosphorylated mutants. HEK293T cells were cotrans-
fected with GFP-CRTC2 WT or nonphosphorylated mutants with empty vector (=) or with MKK6(E) plus
p38 (++) and imaged at 24 h posttransfection. The nucleus was stained with Hoechst stain. Scale bar,
10 um. (B) Quantification of panel A. One hundred GFP-positive cells were quantified under each
condition. The data shown are representative of three independent experiments.
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and B). These results indicated that hyperphosphorylation of CRTC2 on multiple (=11)
sites by constitutively active p38 is responsible for cytosolic relocation of CRTC2 and
subsequent blockade of CRE-mediated transcription.

CRM1-independent cytosolic relocation of CRTC2 driven by constitutively ac-
tivated p38. Nucleocytoplasmic transport requires export transporter and RanGTP (18).
The export of about 90% of proteins from the nucleus to the cytosol is dependent on
the nuclear export sequence (NES) sensor CRM1 (19). After recognition of NES-
containing proteins, CRM1 cooperatively binds to RanGTP, forming a trimeric transport
complex which is subsequently transported from nucleus to cytosol through the
nuclear pore complexes (NPCs) (20-22). It had been predicted that CRTC2 contained
two nuclear export sequences (NES1 and NES2) within the region of amino acids 145
to 320. As constitutive activation of p38 drives cytosolic translocation of CRTC2 via
hyperphosphorylation, we assessed whether this hyperphosphorylation-mediated nu-
cleocytoplasmic transport is dependent on the NES-CRM1 exporting system. Surpris-
ingly, a CRTC2 mutant lacking NES (with deletion of aa 145 to 320) showed a cytosolic
location similar to that of wild-type CRTC2 in MKK6(E)/p38-overexpressing cells
(Fig. 8A). In addition, leptomycin B (LMB), a specific inhibitor of nuclear export that
binds to CRM1, did not affect MKK6(E)/p38-induced cytosol relocation of CRTC2
(Fig. 8B). However, LMB treatment led to an increase of nuclear p38 and P-p38 and
decrease of cytosolic p38 and P-p38 (Fig. 8B). The fact that reduction of cytosolic P-p38
did not affect CRTC2 nuclear export supports the notion that phosphorylation of CRTC2
is mediated by nuclear p38. Consistent with these results, removal of NES or treatment
with LMB failed to reverse the inhibition of CRE-mediated transcription by constitutive
activation of p38 (Fig. 8C). Collectively, our data indicate that constitutive p38
activation-induced cytosol relocation of CRTC2 is through an undocumented nuclear
exporting mechanism.

Constitutive activation of p38 regulates cytosolic translocation of transcription
factor FOS through hyperphosphorylation. Since hyperphosphorylation on random
sites in CRTC2 regulated its subcellular localization, we asked whether this is a common
mechanism. As inhibition mediated by MKK6(E)/p38 on phorbol myristate acetate
(PMA)-induced AP-1-luciferase activity was also observed (Fig. 1E) and the AP-1 com-
ponent FOS was reported as the substrate of p38 (23), we investigated whether this
hyperphosphorylation-driven nucleocytosolic transport model is applicable to FOS.
Similar to the investigation of CRTC2, GFP-FOS was coexpressed with MKK6(E) in the
presence of p38-WT or p38-AF in HEK293T cells. As expected, the cellular localization of
GFP-FOS was mostly at the nucleus in MKK6(E)/p38-AF-expressing cells. Interestingly,
~30% of the GFP-FOS was exported to the cytosol in MKK6(E)/p38-WT-expressing cells
(Fig. 9A and Q). In contrast to what we observed for CRTC2, pretreatment with LMB
blocked the cytosol translocation of GFP-FOS in MKK6(E)/p38-WT-expressing cells (Fig.
9B and Q). These results indicate that MKK6(E)/p38 promoted GFP-FOS translocation to
the cytosol through a CRM1-exporting system.

We then investigated whether hyperphosphorylation is involved in MKK6(E)/
p38-promoted nucleocytoplasmic transport of GFP-FOS. Based on reported data,
there are four phosphorylation sites in FOS (Thr-232, Thr-325, Thr-331, and Ser-374).
We generated a 4A mutant (T232/T325/T331/5374A) but found that it could be
exported to cytosol like wild-type FOS when MKK6(E)/p38 was coexpressed (Fig.
9D). Since a database search revealed other phosphorylation sites in FOS, we
generated more A mutants of FOS, as we did in studying CRTC2, and then
coexpressed these A mutants with MKK6(E)/p38 in HEK293T cells. MKK6(E)/38
coexpression had no effect on nuclear export of a 2A/3A/4A mutant; however, A
mutations on =5 potential phosphorylation sites blocked MKK6(E)/p38-mediated
cytosol translocation of FOS (Fig. 9D). Taken together, these results indicate that
hyperphosphorylation is potentially a common mechanism to drive cytosolic export
of nuclear proteins.
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FIG 8 p38 drives CRTC2 nuclear export independently of CRM1. (A) Confocal imaging of HEK293T cells expressing
CRTC2 WT and a CRTC2 mutant lacking the NES (aa 145 to 320). Cells were cotransfected with CRTC2 WT or a CRTC2
mutant lacking the NES (aa 145 to 320) and MKK6(E)/p38-WT or MKK6(E)/p38-AF. (B) Confocal imaging of
GFP-CRTC2-expressing HEK293T cells. Cells were cotransfected with GFP-CRTC2 and MKK6(E)/p38 and treated with
10 nM LMB or ethanol as the vehicle control at 12 h after transfection. Cells were assessed by confocal microscopy
at 24 h after transfection. Flag-p38 and P-p38 were immunostained and observed. Scale bars, 10 um. (C) CRE-
luciferase assay of cells expressing CRTC2 WT, CRTC2 NES-mutant treated or not treated with LMB. Cells were
cotransfected with GFP-CRTC2 WT or the GFP-CRTC2 NES mutant with MKK6(E)/p38-WT or MKK6(E)/p38-AF and
treated with LMB at 12 h after transfection. Cells were lysed and subjected to luciferase assay at 24 h posttrans-
fection. All of the luciferase data represent fold induction compared to the control. The results shown are mean =
SD. ** P < 0.01; NS, not significant. These experiment were repeated more than three times.

DISCUSSION

p38 is a master regulator and transducer of myriad intracellular signaling pathways
during gene expression. Prior research has focused largely on the role of p38 in positive
regulation of transcription factors, including ATF1, -2, and -6, SRF accessory protein
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FIG 9 MKK6(E)-p38 regulates cytosolic translocation of FOS by hyperphosphorylation. (A and B) Confocal imaging
of HEK293T cells expressing GFP-tagged FOS (GFP-FOS). Cells stably expressing GFP-FOS were transfected with
MKK6(E)/p38-WT or MKK6(E)/p38-AF and treated with 10 nM LMB at 12 h after transfection. Cells were assessed by
confocal microscopy at 24 h after transfection. The nucleus was stained with Hoechst stain. Scale bars, 20 um. (C)
Quantification of panels A and B. Ten fields containing 100 GFP-positive cells were quantified under each condition.
The results shown are mean = SD. ** P < 0.01; NS, not significant. This experiment was performed more than three
times. (D) Confocal imaging of HEK293T cells expressing GFP-FOS mutants (4A, 6A, 9A, and 12A mutants; detailed
mutation sites are shown in Table 4). Cells were cotransfected with GFP-FOS mutants with empty vector or
MKK6(E)/p38 and assessed at 24 h after transfection by confocal microscopy. The nucleus was stained with Hoechst
stain. Scale bars, 10 um.

(Sap1), CHOP (growth arrest and DNA damage inducible gene 153, or GADD153), p53,
C/EBP, myocyte enhancing factor 2C (MEF2C), MEF2A, Usf-1, DDIT3, ELK1, and NFAT (6,
24-33). Here we uncovered a hitherto-unexpected function of p38 to negatively
regulate gene expression, whereby constitutively activated p38 hyperphosphorylated
CRTC2, resulting in its nucleocytoplasmic transport and sequential shutdown of CRE-
mediated transcription.
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FIG 9 (Continued)

In eukaryotic cells, basic life activities such as the replication and transcription of
genes occur in the nucleus, while the translation and modification of protein take place
in the cytoplasm. Consequently, thousands of macromolecules are shuttling between
the nuclear and cytosolic compartments through the nuclear pore complex (NPC)

TABLE 4 Detailed mutation sites of FOS, related to Fig. 9D

Mutant Sites mutated to A

4A T232/T325/T331/S374

6A S4/568/T69/5277/5278/S374

9A S4/T51/S68/T69/5133/T162/5177/5277/5278

12A S4/T51/568/T69/5133/T162/5177/S277/5278/1325/1331/S374
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(34-37). Nucleocytoplasmic shuttling is extremely complicated and tightly regulated.
Many proteins spatially shuttle between the nucleus and cytoplasm in response to cell
cycle progression, growth signals, or environmental stimuli (38, 39). Phosphorylation
status-mediated nucleocytoplasmic shuttling of CRTC2 has been reported (13, 14).
Under basal condition, CRTC2 is phosphorylated on serine 171 by the salt-inducible
kinases (SIKs) and sequestered in the cytoplasm through interaction with 14-3-3
proteins, while cAMP and calcium signals promote the dephosphorylation of CRTC2
through inhibition of SIKs and activation of the phosphatase calcineurin (CN), respec-
tively, which leads to its nucleotranslocation. We made the CRTC2 S171A mutant, which
was confined in nucleus and induced robust CRE-mediated transcription under basal
conditions, confirming the critical role of S171 phosphorylation in CRTC2 trafficking as
documented in prior studies. Unexpectedly, we identified the relocation of CRTC2
S171A from the nucleus to the cytosol, enabled by constitutively activated p38 and
blockade of its activity on inducing CRE-mediated transcription (Fig. 6A and 7A). In
addition, both deletion of NES and pharmacological inhibition of CRM1 failed to block
the nucleocytoplasmic transport of CRTC2 mediated by constitutive activation of p38
(Fig. 8A and B). Taken together, these findings indicate an alternative mechanism of
regulating CRE-mediated transcription by constitutive activation of p38 signaling.

Phosphorylation on multiple amino acid residues of a protein is often tightly
regulated in biological processes (40). The accumulative role of phosphorylation at
multiple sites has been shown to regulate protein subcellular localization (41, 42). It has
also been reported that phosphorylation at multiple sites controls the affinity of a cargo
for its transport receptor. For instance, the transcription factor Pho4 is phosphorylated
by the CDK-cyclin complex Pho85-Pho80 on 5 serine residues, dictating its subcellular
localization by promoting the association with export receptor and decreasing the
affinity for import receptor, resulting in its rapid nuclear export (43-45). Due to
technical difficulties in analyzing hyperphosphorylated proteins, ectopic expression of
genes was often used, and we did so in our study of CRTC2 phosphorylation. We
believe that the data obtained in our experiments could closely mimic the endogenous
situation, as we had detected p38-dependent S624 phosphorylation of endogenous
CTRC2 by MS analysis. Because p38 can activate certain kinases and some of the
phosphorylation sites in CRTC2 are not typical p38 phosphorylation sites, the possibility
that another kinase(s) also participates in the hyperphosphorylation of CRTC2 cannot
be excluded.

In this study, we uncovered that, in contrast to the functionality of single or
multiple defined sites, the phosphorylation of CRTC2 on a series of randomly
occurring serine or threonine residues mediated its nucleocytoplasmic transport,
which we have termed the “hyperphosphorylation-driven nuclear export model.” In
other words, a series of serine or threonine residues need to be randomly phos-
phorylated to reach a certain threshold to exert nuclear export. Random phosphor-
ylation may be linked to the adoption of a flexible or unfolded conformation by the
target protein, so that several residues become equally accessible to the kinase.
Additionally, this hyperphosphorylation-driven nuclear export mechanism can also
be applied to the transcription factor FOS.

The regulation of the p38 signaling transduction pathway is cellular context depen-
dent. Our results indicated that hyperphosphorylation of cofactors or transcription
factors by constitutively activated p38 might represent a new mechanism to regulate
the nucleocytoplasmic transport of these factors and further to suppress their function.
Although the physiological processes in which this mechanism may play a role await
further investigation, constitutive activation of p38 has been found in a number of
situations, such as in various malignant tumors. It was reported that the constitutive
activation of p38 inhibited osteoblastogenesis and bone formation in myeloma-bearing
SCID mice, resulting in bone destruction (46). Our previous data also showed that
enforced activation of p38 by MKK6(E) restored MyoD function and enhanced MEF2
activity in rhabdomyosarcoma, leading to growth arrest and terminal differentiation
(47). Additionally, deletion of the p38-specific dual-specificity phosphatases (DUSP1 to
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-4) also promoted activity of unrestrained p38, resulting in cardiomyopathy and in-
creased mortality with aging (48). It is possible that hyperphosphorylation-mediated
nuclear export of CRTC2 participates in the physiological processes in which constitu-
tive activation of p38 occurs.

MATERIALS AND METHODS

Plasmid constructs and gene expression. The constructs pcDNA3-Flag-p38-WT/AF/KM, ERK, JNK,
no-tag MKK3/6(E), MEK1(E), and MKK7(D) used here were generated previously in our lab (6, 49, 50). The
transcriptional response element (TRE) sequences cloned into the pGL3-vector are referred to as reporter
genes (Promega): CRE, GCACCAGACAGTGACGTCAGCTGCCAGATCCCATGGCCGTCATACTGTGACGTCTTTC
AGACACCCCATTGACGTCAATGGGAGAACAGAT; EGFR1, CGCCCCCGC(6X); AP-1, TGACTAA(7X); MTF1,
GAGCTCTGCACTCCGCCC(5X); NF-«kB, GGGGACTTTCC(6X); ISRE, TAGTTTCACTTTCCC(6X). CRTC2 was
amplified from human ¢cDNA and cloned into pBOB or pLV-puromycin lentivirus vector with no tag or
with N-terminally tagged Flag, HA, or 6XHis by the exonuclease Ill (Exo lll)-assisted ligase-free cloning
method. The ¢cDNAs of human transcription cofactors described here were PCR amplified from our
reverse-transcribed cDNA library. Full-length cDNAs of cofactors were cloned into the pBOB-N-GFP vector
using the Exo lll-assisted ligase-free cloning method. Deletion mutants and all of the A mutants of CRTC2
and FOS were introduced using standard PCR or two rounds of PCR.

Antibodies and reagents. The following antibodies were obtained from Cell Signaling: p38/p-p38,
ERK/p-ERK, JNK/p-JNK, and p65/p-p65. Mouse anti-glyceraldehyde-3-phosphate dehydrogenase (anti-
GAPDH) (60004-1-Ig) and lamin B1(66095-1-lg) were purchased from Proteintech, mouse anti-GFP was
purchased from Abmart, monoclonal anti-Flag M2 antibody produced in mouse (F3165) was obtained
from Sigma, anti-TORC2 (454-607) rabbit antibody was obtained from EMD Millipore, CREB1 polyclonal
antibody (A1189) was purchased from Abclonal, and mouse anti-HA (F-7)was obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Lambda protein phosphatase (P0753S) was obtained from NEB.
Arsenite, H,0,, sorbitol, PMA, forskolin, ZnSO,, and doxycycline were purchased from Sigma, human TNF
was obtained from eBioscience (San Diego, CA), and human interferon alpha A (Alpha 2a) was purchased
from PBL Assay Science.

Cell culture and transfection. HEK293T cells were purchased from ATCC. Stable expression of the
CRTC2-plus-CRE reporter cell line (CRTC2+), the GFP-FOS cell line, and the Tet-on-MKK6(E) cell line was
generated by adding 2 ug/ml puromycin for selection at 48 h posttransfection. The CRTC2 knockout
HEK293T cells were generated using the CRISPR/Cas9 technology (51, 52), and the targeting sequence
was 5'-GAACGGGCCTGGTTCGGCCA-3'. All the cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100U penicillin, and
100 mg/ml streptomycin and were kept at 37°C in a humidified atmosphere containing 5% CO,.

HEK293T cells were transfected by the calcium phosphate precipitation method after overnight
incubation. The transfection medium was changed 12 h later, and cells were kept in culture for the
following analysis.

Luciferase assays. HEK293T cells were seeded in a 24-well plate containing culture medium as
described above. After overnight incubation, cells were transfected with the indicated expression
constructs using the calcium phosphate transfection method. A control reporter construct containing
Renilla luciferase (Rluc) (pRL-TK) was cotransfected for normalization of transfection efficiency. At 48 h
posttransfection, cells were washed with phosphate-buffered saline (PBS) and lysed with passive lysis
buffer (Promega). The culture plates were placed on a rocking platform for 15 min at room temperature.
Finally, the dual luciferase activities were determined with the Promega dual-luciferase reporter kit
(E1980) and GloMax20/20 single-tube luminometer (Promega Corporation) following the manufacturer’s
instruction (Promega). Firefly luciferase activities were normalized to Renilla luciferase reporter activities
and are shown as fold induction compared with the control. The results shown are the averages from
duplicate or triplicate determinations, with error bars representing standard deviations (SD). All exper-
iments were independently replicated at least two or three times.

Confocal microscopy. For fixed-cell imaging, cells were first washed with PBS and then fixed with
freshly prepared 4% paraformaldehyde (PFA) in PBS for 15 min. The fixed cells were then permeabilized
in 0.2% Triton X-100 in PBS, blocked with 3% bovine serum albumin in PBS, stained with rabbit anti-Flag
(1:200; Sigma) and mouse anti-P-p38 (1:100; Cell Signaling Technology), and labeled with goat anti-rabbit
IgG(H+L) highly cross-adsorbed secondary antibody (Alexa Fluor 647; Invitrogen) or goat anti-mouse
IgG(H+L) cross-adsorbed secondary antibody (Alexa Fluor 568; Invitrogen). Finally, the cells were
counterstained with Hoechst stain to visualize the nuclei. All images were captured and processed using
identical settings in a Zeiss LSM 780 laser scanning confocal microscope with a 100X/1.49 numerical
aperture (NA) oil objective.

For live-cell imaging, Tet-on-MKK6(E) cells were seeded in 35-mm glass-bottom dishes (Nest, Shang-
hai, China). Time-lapse images were acquired every 15 min for several hours, depending on the nuclear
export process, after transfection by the calcium phosphate precipitation method at about 36 h. GFP was
excited under a 488-nm argon laser, and RFP was excited under a 568-nm argon laser. Nuclei were
stained using Hoechst 33342 stain (1:10,000) and excited under a 405-nm argon laser. Imaging was
carried out using the Zeiss LSM 780 with a 100X/1.49 NA oil objective in a 37°C incubator containing
5% CO,.

Nucleus and cytosol disassociation. HEK293T cells were seeded in 35-mm dishes at 24 h post-
transfection with the indicated expression constructs, treated with arsenite at the indicated times, and
washed with 1 ml PBS, and then 800 ul nuclear extraction buffer (0.01 M Tris-HCl, 0.01 M NaCl, 0.003 M
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MgCl,, 0.03 M sucrose, and 0.5% NP-40) was added to scrape the cells (35-mm dish). The cells were then
transferred to a 1.5-ml Eppendorf (EP) tube, and the tube was put on a rotor at 4°C for 10 min. The cell
lysate was centrifuged further at 1,500 X g at 4°C for 10 min to obtain the cytosolic fraction. The
supernatant (about 600 ul) was transferred to another 1.5-ml EP tube (with 120 ul 5X SDS sample buffer)
and taken as cytosol. The remaining supernatant was discarded, the pellet was washed with 1T ml nuclear
extraction buffer and spun, and the supernatant was removed. The pellet was washed 3 times, and finally
400 pl 1.2X SDS was added to the pellet to obtain the nuclear fraction.

Immunoprecipitation and Western blotting. HEK293T cells were seeded in 6-well plates and
transfected as indicated for 36 h. Cells were lysed with 400 ul lysis buffer (20 mM Tris-HCI [pH 7.5],
150 mM NaCl, 1 mM EGTA, T mM Na,EDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, 1 mM Na,;VO,) per well after one PBS wash. The plate was placed on ice for 30 min,
20 pl 2 SDS sample buffer was added to 20 ul cell lysate in a new 1.5-ml EP tube as the total cell lysate,
and the residual cell lysate (380 wl) was centrifuged at 20,000 X g for 30 min. The supernatant was
immunoprecipitated with anti-Flag M2 beads or anti-HA beads as indicated at 4°C overnight. After
immunoprecipitation, the beads were washed three times in 500 ul lysis buffer. The supernatant was
discarded, and the beads were subsequently eluted with SDS sample buffer. Western blot analysis of cell
lysates and immunoprecipitates using anti-Flag, anti-GFP, anti-CRTC2, and other antibodies was per-
formed as indicated.

In vitro dephosphorylation assay. HA-CRTC2, MKK6(E), and Flag-p38 were coexpressed in HEK293T
cells. At 24 h posttransfection, HA-CRTC2 and Flag-p38 were immunoprecipitated with anti-HA beads or
anti-Flag M2 beads separately, and then the immunoprecipitates were washed three times with phos-
phatase buffer (50 mM HEPES [pH 7.5], 100 mM NaCl, 2 mM dithiothreitol, 0.01% Brij 35, 1 mM MnCl,) and
divided into two parts. One was augmented with 200 units of A-phosphatase (NEB), and the other was
mock treated. After incubation at 30°C for 30 min with gentle shaking, the reactions were stopped by the
addition of 5X SDS sample buffer followed by boiling for 5min, and then Western blot analysis of
anti-HA or P-p38 was performed.

In vitro kinase assay. HA-CRTC2 was purified from HEK293T cells by immunoprecipitation with
anti-HA beads, and then the immunoprecipitates were washed 3 times with kinase buffer (25 mM Tris [pH
7.5], 10 mM MgCl,, 2 mM dithiothreitol [DTT], 5mM B-glycerophosphate, 0.1mM Na;VO,). The beads
were suspended in 30 ul of kinase buffer (plus 10 MM ATP) and then incubated with recombinant
MKK6(E) and p38 at 30°C for 30 min with gentle shaking. The reactions were stopped by the addition of
5X SDS sample buffer followed by boiling for 5 min, and then Western blot analysis or mass spectro-
metric analysis was performed.

MS analysis. The phosphorylated CRTC2 proteins from in vivo coexpression or in vitro kinase assay
were subjected to SDS-PAGE. The bands responding to CRTC2 proteins were excised and subjected to
in-gel digestion. Briefly, the gels were cut into 1-mm?3 cubes and destained with 50 mM NH,HCO,-50%
acetonitrile. The proteins were reduced using 25 mM DTT-50 mM NH,HCO, at 56°C for 20 min, and
cysteines were alkylated using 5 mM iodoacetamide-50 mM NH,HCO, for 20 min at room temperature
in the dark. After adding 200 ng trypsin, digestions were performed at 37°C overnight. The peptides were
desalted with zip tips, followed by immobilized-metal affinity chromatography (IMAC)-Fe3* enrichment
as previously described (53). Peptides were dissolved in 50 ul 1% acetic acid-60% acetonitrile, incubated
with 5 ul IMAC beads, and shaken for 30 min at room temperature. After the IMAC beads were washed
with 50 ul 1% acetic acid-60% acetonitrile twice, phosphopeptides were eluted with 5% NH,.H,O. For
absolute quantification of phosphorylation levels of CRTC2, we purchased the synthetic peptide CRTC2
GGILDGEMDPK, which contained a heavy-amino-acid-labeled K ('3C-6, '>N-2). Phosphopeptides were
analyzed on a TripleTOF 5600 (AB Sciex) mass spectrometer (MS) coupled to a NanoLC Ultra 2D Plus
(Eksigent) high-pressure liquid chromatography (HPLC) system. Peptides were first bound to a 5-mm by
500-um trap column packed with Zorbax C,g 5-um, 200-A resin using 0.1% (vol/vol) formic acid-2%
acetonitrile in H,0 at 10 pl/min for 5min and then separated using a 60-min gradient from 2 to 35%
buffer B (buffer A is 0.1% [vol/vol] formic acid and 5% dimethyl sulfoxide [DMSO] in H,O, and buffer B
is 0.1% [vol/vol] formic acid and 5% DMSO in acetonitrile) on a 15-cm by 75-um in-house pulled
emitter-integrated column packed with Magic C,; AQ 3-um, 200-A resin. The acquired wiff files were
searched with Maxquant version 1.5 against the full nonredundant, canonical human genome as
annotated by UniProtKB/Swiss-Prot (downloaded in September 2014). The database search parameters
were set as follows: carbamidomethylation (C) was set as fixed modification, methionine oxidation and
phosphorylation on STY were set as variable modification, and semitryptic peptides and peptides with
up to two missed cleavages were allowed. All identified phosphopeptides of CRTC2 proteins were
selected and manually checked. For absolute quantitation of phosphopeptides, the amount of the
endogenous CRTC2 peptide GGILDGEMDPK was calculated with that of spiked-in heavy-amino-acid-
labeled peptide. Subsequently, the amounts of phosphopeptides were calculated by their intensities
relative to that of the light peptide GGILDGEMDPK. All of these phosphorylation residues of CRTC2 identified
from MS were analyzed in A-mutant assays as follows: T/5,/S,,/S,3/T57/S;0/S7o/Sg6P/SooP/Ses/
S95/5116P/5127/9428P/S131P/S136P/5170/5171/T177/5176/S183P/ T195P/S105/5355P/S274/ T289P/ T206/S306/ T307/
SSOS/S336P/5358P/5368/5371/T384/5408P/5424P/5433P/S455P/T458/5460P/S464/S465/S490P/SS'I5/5529/5566P/5609/
S613/T620/S623/S624P/S628/Seasr Where the consensus p38 phosphorylation sites (Ser/Thr-Pro) are in bold.

Statistical analysis. Statistical analysis was performed with Prism software (GraphPad Software).
Data are expressed as mean * standard deviation (SD). The two-tailed Student t test was used to
compare differences between treated groups and their paired controls.
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