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phosphoregulation in response many physiologic stimuli.

observed during mitosis.
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(Background: cAMP response element-binding protein (CREB) is a transcriptional regulator that undergoes complex

Results: Ser-270/Ser-271 are identified as mitotically regulated phosphorylation sites that diminish CREB DNA binding activity.
Conclusion: Carboxyl-terminal phosphorylation of CREB promotes its chromatin eviction during mitosis.
Significance: CDK1-mediated chromatin eviction may serve as a global mechanism to mediate transcriptional inhibition
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The cyclic AMP response element-binding protein (CREB)
initiates transcriptional responses to a wide variety of stimuli.
CREB activation involves its phosphorylation on Ser-133, which
promotes interaction between the CREB kinase-inducible
domain (KID) and the KID-interacting domain of the transcrip-
tional coactivator, CREB-binding protein (CBP). The KID also
contains a highly conserved phosphorylation cluster, termed the
ATM/CK cluster, which is processively phosphorylated in
response to DNA damage by the coordinated actions of ataxia-
telangiectasia-mutated (ATM) and casein kinases (CKs) 1 and 2.
The ATM/CK cluster phosphorylation attenuates CBP binding
and CREB transcriptional activity. Paradoxically, it was recently
reported that DNA damage activates CREB through homeodo-
main-interacting protein kinase 2-dependent phosphorylation
of Ser-271 near the CREB bZIP DNA binding domain. In this
study we sought to further clarify DNA damage-dependent
CREB phosphorylation as well as to explore the possibility that
the ATM/CK cluster and Ser-271 synergistically or antagonisti-
cally modulate CREB activity. We show that, rather than being
induced by DNA damage, Ser-270 and Ser-271 of CREB cophos-
phorylated in a CDK1-dependent manner during G,/M phase.
Functionally, we show that phosphorylation of CREB on Ser-
270/Ser-271 during mitosis correlated with reduced CREB
chromatin occupancy. Furthermore, CDK1-dependent phos-
phorylation of CREB in vitro inhibited its DNA binding activity.
The combined results suggest that CDK1-dependent phospho-
rylation of CREB on Ser-270/Ser-271 facilitates its dissociation
from chromatin during mitosis by reducing its intrinsic DNA
binding potential.
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The cyclic AMP response element-binding protein (CREB)”
is a ubiquitously expressed and highly conserved basic leucine
zipper (bZIP) family transcription factor involved in a diverse
array of cellular processes. Members of this family include acti-
vating transcription factor 1 (ATF1) and cAMP response ele-
ment modulator (CREM), which share high homology in their
kinase-inducible transactivation (KID) and bZIP DNA-bind-
ing/dimerization domains. CREB function has been shown to
be important in cell growth, neuronal development and func-
tion, hematopoiesis, and metabolism (1-3). CREB facilitates
the transcription of thousands genes harboring palindromic
(TGACGTCA) or half-site cyclic AMP response elements
(CREs) (4, 5). The canonical CREB activation pathway involves
its phosphorylation on Ser-133 by cAMP-activated protein
kinase (PKA) (3). Ser-133 phosphorylation stimulates recruit-
ment of CREB-binding protein (CBP) and transactivation of
CREB target genes through CBP histone acetyltransferase-de-
pendent mechanisms (6 —8). Many other stimuli trigger acti-
vating Ser-133 phosphorylation. For example, calcium (Ca*")
induces Ser-133 phosphorylation through Ca*>* and calmodu-
lin-dependent kinases, and this is critical for the participation
of CREB in learning and memory (2, 9-12).

Although it was initially believed that CREB binds to its
cognate promoters constitutively, it is now clear that CREB
chromatin occupancy is regulated by a family of cAMP/Ca**-
regulated transcriptional coactivators (CRTCs). CRTCs are
maintained as latent cytoplasmic factors that rapidly translo-
cate to the nucleus in response to cAMP and Ca>" (3). Nuclear
CRTCs bind to the CREB bZIP domain, increasing its chroma-
tin occupancy over CREB target genes in vivo and enhancing its
DNA binding affinity in vitro (13-16). The model that emerged
from these studies is that many CREB target genes require both

2The abbreviations used are: CREB, cyclic AMP response element-binding
protein; ATF1, activating transcription factor 1; ATM, ataxia-telangiectasia-
mutated; bZIP, basic leucine zipper; CBP, CREB-binding protein; CDK1,
Cyclin-dependent kinase 1; CK, casein kinase; CRE, cyclic AMP response
element; CREM, cAMP response element modulator; CRTC, CREB-regu-
lated transcriptional coactivator; DMSO, dimethyl sulfoxide; HIPK2, home-
odomain-interacting protein kinase 2; KID, CREB kinase-inducible domain.
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phosphoserine 133-dependent and CRTC-dependent signals
for full transcriptional activation (3, 17). These findings raise
the possibility that other signals modulate CREB DNA bind-
ing activity through CRTC-dependent or CRTC-independ-
ent mechanisms.

CREB is also subjected to inhibitory regulation, principally
through phosphorylation. Ca®>*/calmodulin-dependent pro-
tein kinase II-mediated phosphorylation of Ser-142 within the
KID diminished CBP/p300 binding, and mutation of Ser-142
led to circadian rhythm defects in vivo (7, 8,18 —=23). Work from
our laboratory has focused on a cluster of conserved phospho-
rylation sites (termed the ATM/CK cluster) that are coordi-
nately phosphorylated by the apical DNA damage signaling
kinase ataxia-telangiectasia-mutated (ATM), casein kinase 1
(CK1), and casein kinase 2 (CK2) in response to genotoxic
stress. DNA damage triggers ATM-dependent phosphoryla-
tion of Ser-111, which primes the phosphorylation of Ser-108
by CK2 and Ser-114, and Ser-117 by CK1. The phosphorylation
of all four upstream sites is required for additional ATM-de-
pendent phosphorylation on Ser-121 (24 —26). The end result of
ATM/CK cluster phosphorylation is a 3—5-fold reduction in
CBP binding activity. Mechanistically it is unclear how
ATM/CK cluster phosphorylation modulates CBP binding
given that these sites do not make direct contact with the KID-
interacting domain of CBP domain (27, 28); however, we envi-
sion that the density of negative charge alters the KID confor-
mation leading to an effective reduction in its binding to the
KID-interacting domain. Thus, the ATM/CK cluster may func-
tion as a biochemical attenuator of CREB function.

The ATM/CK cluster is conserved in the closely related
CREB paralog ATF1, which is phosphorylated by ATM on
Ser-51 (analogous to the Ser-121 in CREB) in response to DNA
damage (29). In addition, Drosophila CREB harbors a position-
ally conserved ATM/CK cluster that is phosphorylated by CK1
in vitro (30), although the DNA damage-dependent regulation
of these sites has not been tested. Despite this conservation, the
biological consequences of DNA damage-dependent CREB
phosphoregulation remain to be defined. Finally, DNA dam-
age-dependent CREB phosphorylation has also been observed
outside of the KID. Homeodomain-interacting protein kinase 2
(HIPK?2) was reported to phosphorylate CREB on Ser-271 and
to stimulate its transcriptional activity in response to the topoi-
somerase poison, etoposide (31). HIPK2 was previously impli-
cated as a p53 kinase required for p53-induced apoptosis in
response to UV light (32, 33). The possibility that HIPK2 acti-
vates CREB in response to genotoxic stress is intriguing; how-
ever, these findings must be reconciled with inhibitory phos-
phorylation of the ATM/CK cluster.

In this study we provide evidence that Ser-271 is not a DNA
damage-inducible site. Rather, Ser-271 is cophosphorylated
with Ser-270 are instead phosphorylated by Cyclin-dependent
kinase 1 (CDK1) as cells progress through mitosis. Phosphomi-
metic mutations at Ser-270/Ser-271 diminished CREB chroma-
tin-binding potential, suggesting that the phosphorylation of
these residues facilitates CREB chromatin eviction during
mitosis. These findings suggest that CDK1 promotes chroma-
tin eviction of CREB transcriptional complexes during mitosis.
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EXPERIMENTAL PROCEDURES

Cell Culture and Drug Treatment—HeLa and HEK 293T
cells were obtained from American Type Culture Collection
and maintained in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum and 1% penicillin-streptomycin.
Nocodazole (Sigma 1404) was used at 100 ng/ml, etoposide
(Sigma E1384) at 50 uMm, colcemid (generous gift from Dr. Beth
Weaver) at 100 ng/ml, dibutyryl cCAMP (Sigma D0260) at 20
M, forskolin (Sigma F6886) at 10 um, and IBMX (Sigma 15879)
at 100 um. y-Irradiation treatments were carried out with JL
Shepherd model JL-109 irradiator with a '*”Cs source at 20
gray. Kinase inhibitors were added 1 h prior to nocodazole
treatment at 100 nm for BI 2536 (SelleckChem S1109) and 25
nM for CGP74514A (EMD Millipore 217696). To synchronize
cells in mitosis, HeLa were grown in 100 ng/ml nocodazole for
16 h. Following incubation, cells arrested in early mitosis were
detached by mechanical shake-off and replated in fresh com-
plete medium without nocodazole.

Plasmids and siRNA—The expression construct pcDNA3.1-
Zeo encoding the 341-amino acid CREB protein with an amino-
terminal FLAG tag was previously generated by our laboratory
(25). This construct was used as the template to generate the
FLAG-CREB®?7°4/52714 and FLAG-CREB®*7°P/5*”'P constructs
through the QuikChange site-directed mutagenesis method
(Stratagene) with the following oligonucleotide primer pairs:
CREBS?704/52714 (5'_GTT ATG GCA GCC GCC CCA GCACTT
CC-3’ (forward) and (5'-GGA AGT GCT GGG GCG GCT GCC
ATA AC-3’ (reverse); CREBS*7°P/271P (5" GTT ATG GCA GAC
GAC CCA GCA CTT C-3' (forward) and (5'-GAA GTG CTG
CGT CGT CTG CCA TAA C-3' (reverse). All oligonucleotide
primers were purchased from Integrated DNA Technologies
(Coralville, IA). Smart pool siRNA against GFP (P-002048-01-
20) and HIPK2 (M-003266-03-0005) were purchased from
Dharmacon. Cells were transfected with 20 pum siGFP or
siHIPK2 for 48 h before drug treatments.

Real-time PCR Analysis—Real-time PCR analysis of HIPK2
mRNA was performed using standard procedures described
previously (34). Briefly, RNA extraction was performed by the
Qiagen RNA Extraction Kit, per the manufacturer’s instruc-
tions, followed by real-time PCR analysis using a Bio-Rad MyIQ
single-color real-time PCR detection system with SYBR Green.
The following HIPK2 primers were used: 5'-ACAGATTTG-
GAAGGGAGCG-3' (forward) and 5'-TGGTGACAAAGGG-
ATGGTTC-3' (reverse).

Transfection and Protein Analysis—Transient transfections
were performed using X-tremeGene9 (Roche Applied Science
06365779001) at a ratio of 3:1 according to the manufac-
turer’s protocol. Plasmids expressing FLAG-tagged CREBY7,
CREB®?70A/5271A "and CREB®?7°P/527!P yyere transfected at 3
pg into 60-mm dishes. Whole cell extracts were prepared by
incubating cells in high salt lysis buffer (25 mm HEPES, pH 7.4,
300 mm NaCl, 1.5 mm MgCl,, 1 mm EGTA, 0.1% Triton X-100)
supplemented with protease and phosphatase inhibitors for 10
min on ice as described previously by Shanware et al. (25).
Briefly, total protein concentrations were determined by Brad-
ford assay following the manufacturer’s protocol (Bio-Rad 500-
0006). Thirty ug of total protein was separated on 10%
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SDS-polyacrylamide gels and transferred to Immobilon polyvi-
nylidene difluoride membranes (Millipore). Membranes were
blocked in Tris-buffered saline (TBS) containing 0.2% Tween
20 (TBS-T) and 5% dried milk for 20 min. Membranes were
incubated overnight at 4 °C with the indicated primary antibod-
ies diluted in blocking solution. After washing, the blots were
incubated with horseradish peroxidase-conjugated sheep anti-
mouse or goat anti-rabbit secondary antibodies (Jackson
ImmunoResearch) and developed using SuperSignal chemillu-
minescent substrate (Pierce 34079). To observe subtle changes
in CREB electrophoretic mobility, we resolved whole cell
extracts on 10% SDS-polyacrylamide resolving gels 13 cm in
length. Each gel was electrophoresed at 40 mA for 4.5 h. Antibod-
ies used in this study were used at a concentration of 1 ug/ml. They
included anti-CREB (Millipore NL-904), anti-FLAG (Sigma
F7425), anti-B-tubulin (Millipore AA2), anti-HSP90 (Cell Signal-
ing C45@G5), anti-pH3 S10 (Millipore 06-570), anti-pCREB-Ser-
108/Ser-111/Ser-114 (25), anti-pCREB-Ser-121 (24), and anti-
Cyclin Bl (Santa Cruz GNS1).

Luciferase Assays—HEK 293T cells were cotransfected
with 3 ug of FLAG-tagged CREBY™, CREBS270A/52714 op
CREBS?79P/5271D and 1 ug of 5X-CRE-luciferase (generous
gift from Dr. Jerry Yin). Twsenty-four hours later, the cells were
exposed to nocodazole or DMSO. Luciferase activity was meas-
ured 8 h later by using a Moonlight luminometer (BD Biosci-
ences) as described previously (24). Results were normalized by
protein levels and represent the averaged values of at least three
independent experiments.

Lentivirus Packaging and Production—The pLKO.1 system
was used to package lentiviruses and deliver short hairpin RNA
(shRNA) as described previously (35). Briefly, the following
shRNA target sequence was cloned into pLKO.1-TRC (Add-
gene plasmid 10878), according to the manufacturer’s sugges-
tions: shRNA targeting the 3’-untranslated region of CREB
(shCREB) was directed using the following sequence: 5'-
GCTCGATAAATCTAACAGTTA-3'. Lentiviral particles were
produced by transient transfection of HEK 293T cells with
pLKO.1 shCREB generated from above or pLKO.l scramble
(Addgene plasmid 1864), psPAX2 (Addgene plasmid 12260), and
pMD2.G (Addgene plasmid 12259) in a ratio of 4:3:1 following the
manufacturer’s protocol.

Immune Complex Kinase Assays and EMSA—CDK1-CCNB1
protein complex kinase assays were performed as described
(36). Briefly, extracts were immunoprecipitated with 1 pg of
control IgG or anti-CCNB1 at 4 °C for 16 h. The immunopre-
cipitates were washed and incubated with 2 ug of CDC25C,
His-CREBY", His-CREB**"'#, or His-CREBS?704/52714 per
reaction for 30 min at 30 °C in the presence of [y->’P]dATP.
Kinase reactions were terminated by the addition of 2X SDS
sample buffer, and reaction products were resolved by SDS-
PAGE. Incorporation of [y->P]dATP into the His-CREB sub-
strate was imaged by autoradiography. For unlabeled in vitro
immune complex kinase assays, control IgG or CDK1-B1 pro-
tein complex was incubated with 0.5 ug of His-CREBY" or
His-CREB®?7°4/52714 in the presence of 100 um ATP as
described above. Binding reaction mixtures (20 ul), containing
in vitro labeled His-CREBY" or CREB®*7°/%?7'A 2 10 of
poly(dI-dC), and **P-labeled probe in binding buffer (4 mm
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HEPES, pH 7.9, 1 mm MgCl,, 0.5 mm dithiothreitol, 2% glycerol,
and 20 mMm NaCl), were incubated for 30 min at room temper-
ature (37). The protein-DNA complexes were separated on 4%
nondenaturing polyacrylamide gels in 0.25X Tris borate/
EDTA buffer and were autoradiographed as described in Ref.
38. ?’P-Labeled probe was generated with oligonucleotides
purchased from IDT corresponding to the CRE site lying at
—115/—93 relative to the transcription site in human TNF-« gene
(5'-GTCGACCTCCAGATGACGTCATGGGT-3’). Oligo-
nucleotides were annealed and end-labeled with [y->**P]dATP
using T4 polynucleotide kinase (37).

Chromatin Fractionation Assay—Chromatin fractionation
of HeLa cells was carried out essentially as described (39). HeLa
cell pellets derived from 2 X 10° cells were extracted with CSK
buffer (10 mm PIPES, 100 mm NaCl, 300 mM sucrose, 1 mm
MgCl,, 1 mm dithiothreitol, 1 mm EGTA, and 0.1% Triton
X-100) with protease and phosphatase inhibitors and centri-
fuged at 3000 X g for 10 min. The supernatant was collected as
the soluble protein fraction. The remaining cell pellets, chro-
matin fraction, were washed twice with CSK buffer and then
boiled in 2X sample loading buffer prior to analysis by SDS-
PAGE. Densitometry analysis was done on seven independent
experiments to determine whether solubility of the FLAG
mutants was affected following nocodazole treatment. Soluble
FLAG levels were divided by the summation of the soluble and
chromatin levels to correct for differences in expression for
each mutant. Correction for chromatin FLAG levels was car-
ried out in the same manner. For each experiment the ratio of
corrected soluble to corrected chromatin was normalized to
FLAG-CREBY".

Immunofluorescence Microscopy—Cells grown on 15-mm
coverslips were fixed with 4% paraformaldehyde in PBS for 15
min and then permeabilized with PBS containing 0.2% Triton
X-100 for 15 min similar to the protocol described in Ref. 40.
Fixed cells were incubated with primary antibodies specific for
CREB (see above) diluted in TBS-T containing 3% bovine
serum albumin. After washing, coverslips were incubated with
secondary antibody conjugated to goat anti-rabbit Alexa Fluor
594 (Invitrogen). Cells were stained with 0.1 ug/ml 4, 6-di-
amidino-2-phenylindole (DAPI) in TBS-T and mounted using
Vectashield (Vector Laboratories H-1000). Images were gath-
ered using Carl Zeiss Axiovert 200 inverted fluorescence
microscope as previously described (40).

RESULTS

Distinct Patterns of CREB Phosphorylation in Response to
DNA Damage and Mitotic Spindle Poisons—DNA damage-in-
duced phosphorylation of CREB on the ATM/CK cluster
results in a highly characteristic electrophoretic mobility shift
on SDS-PAGE gels (Fig. 14, isoform 2). During the course of
cell cycle synchronization experiments we found that the anti-
mitotic drugs nocodazole and colcemid also induced a CREB
electrophoretic mobility shift; however, the magnitude of this
shift exceeded that caused by 7y-irradiation or exposure to the
DNA-damaging agent, etoposide (Fig. 14, isoform 3). A-Phos-
phatase treatment of extracts prepared from nocodazole-
treated cells abolished the CREB electrophoretic mobility shift,
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FIGURE 1. DNA-damaging agents and anti-mitotic drugs elicit distinct changes in CREB electrophoretic mobility. A and B, Hela cells were treated with
DMSO, nocodazole (Noc), or colcemid (Col) for 16 h, etoposide (Eto) for 6 h, irradiation (IR) for 2 h, or forskolin and isobutylmethylxanthine (Fl) for 90 min. Cell
extracts were immunoblotted with a-CREB or a-HSP90. Isoform 1 (Iso 1, bottom arrow) denotes unphosphorylated CREB, isoform 2 (Iso2, middle arrow) denotes
CREB phosphorylated on the ATM/CK cluster (Ser-108, Ser-111, Ser-114, Ser-117, and Ser-121) (24, 25), and isoform 3 (/s03, top arrow) denotes the CREB
phospho-species selectively induced by microtubule poisons. B, cells were treated with DMSO or nocodazole for 8 h. Afterward, 30 ug of cell extracts were
mock or A-phosphatase (A-Pase)-treated for 20 min at 37 °C. C, nocodazole does not induce CREB phosphorylation on DNA damage-inducible sites. HelLa cells
were treated with DMSO, nocodazole for 6 h (N6) or 16 h (N16), colcemid for 16 h, dibutyryl cAMP (DB) (20 um) for 90 min, etoposide for 6 h, or exposed to 10
Gy of y-irradiation and harvested 2 h later. Cell extracts were run on a SDS-polyacrylamide gel and immunoblotted with a-pCREB-Ser-108/Ser-111/Ser-114
(pCREB-S111), a-pCREB-Ser-121, or a-B-tubulin. D, cells were treated with nocodazole for the indicated times. Cell extracts were immunoblotted with «-CREB
or a-B-tubulin. E, kinetics of CREB phosphorylation during mitotic arrest and release. Cells were arrested in early mitosis by treatment with nocodazole for 16 h.
Mitotic cells were isolated by mechanical shake-off and released into fresh medium. Cells were collected at the indicated times following nocodazole release.
Cell extracts were immunoblotted with a-CREB, a-pH3-Ser-10, a-CCNB1, or a-HSP90.

suggesting that it is a result of phosphorylation (Fig. 1B). Finally,
the nocodazole-induced appearance of CREB isoform 3 in
HeLa cells occurred independent of phosphorylation on Ser-
108/Ser-111/Ser-114 or Ser-121, which comprise the major
DNA damage-inducible phosphorylation sites in CREB (Fig.
1C). These findings indicate that the nocodazole/colcemid-in-
duced electrophoretic mobility shift occurs independent of
ATM/CK cluster phosphorylation.

Nocodazole traps cells in prometaphase by preventing 3-tu-
bulin polymerization and mitotic spindly assembly (41). Given
that prolonged nocodazole exposures caused further accumu-
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lation of hyperphosphorylated CREB species (Fig. 1D, isoform
3), we wished to examine CREB phosphorylation status in a
mitotically pure cell population. To this end, we performed a
mitotic shake-off procedure and then replated the cells in
nocodazole-free medium for varying lengths of time. This pro-
cedure substantially enriched the hyperphosphorylated CREB
species (Fig. 1E, Asy versus t = 0 lanes), which persisted for up
to 1 h after replating and correlated with Cyclin B1 expression.
By 2 h after replating both CREB hyperphosphorylation and
CCNB1 expression were largely extinguished. These results
strongly suggest that CREB is phosphorylated in early mitosis
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FIGURE 2. Identification of Ser-270 and Ser-271 as likely sites of CREB phosphorylation in response to nocodazole. A, alignment of CREB, ATF1,and CREM
demonstrating the relative positions of conserved SP sites relative to the bipartite bZIP domain. B, impact of Ser-270/Ser-271 mutations on CREB electropho-
retic mobility. Hela cells stably expressing an shCREB or control lentiviral vector (see “Experimental Procedures”) were stably transduced with CREB",
CREBS270A/5271A or CREB®27°P/5271P yectors. Cells were treated with DMSO or 100 ng/ml nocodazole (Noc) for 16 h, and extracts were resolved by SDS-PAGE and
then analyzed by immunoblotting with a-FLAG, a-CREB, or a-HSP90. The extent of CREB knockdown in shCREB:HeLa cells can be seen by comparing the first

and third lanes 1.

and becomes dephosphorylated concomitant with Cyclin Bl
degradation as cells enter anaphase.

Ser-270 and Ser-271 Are Required for Nocodazole-induced
Electrophoretic Mobility Shifts—The above findings suggested
that the major mitotic Cyclin-dependent kinase, CDK1, might
be involved in nocodazole induced CREB phosphorylation.
Among several consensus serine-proline CDK1 phosphoryla-
tion sites, Ser-271, which lies proximal to the bZIP DNA bind-
ing domain, emerged as a strong candidate. This Ser-Pro motif
is also found in ATF1 and CREM, suggesting functional impor-
tance (Fig. 2A). Further enhancing our interest in Ser-271,
Dephoure et al. identified the adjacent Ser-270 residue as a
likely phosphorylation site during a proteomic analysis of
mitotic phosphoproteins (42). To test whether Ser-270/Ser-271
are responsible for nocodazole-induced CREB electrophoretic
mobility changes, we mutated both residues to either alanines
(S270A/S271A) to block phosphorylation or aspartic acids
(S270D/S271D) to mimic phosphorylation, and examined the
electrophoretic mobilities of the recombinant proteins relative
to wild-type CREB (CREBYT). For these experiments we uti-
lized a HeLa cell line rendered deficient for CREB through
RNAi (shCREB:HeLa cells; see “Experimental Procedures”).
We transduced shCREB:HeLa cells with retroviruses encoding
FLAG-tagged, shRNAi-resistant CREBY”, CREBS*7°4/52714,
and CREB®?7°P/5271P proteins (Fig. 2B). Results using these cell
lines clearly revealed that CREB®?7%4/52714 was defective for the
nocodazole-induced electrophoretic mobility shift (Fig. 2B),
whereas CREB5>7°P/5271P showed a constitutive electropho-
retic mobility shift. These findings strongly suggest that Ser-
270/Ser-271 are phosphorylated during mitosis. We further
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attempted to generate antibodies that detect Ser-270/Ser-271-
phosphorylated CREB; however, these attempts were not
successful.

CDK1 Phosphorylates Ser-270/Ser-271 in Vivo and in Vitro—
To test whether CDK1 is required for CREB Ser-270/Ser-271
phosphorylation we incubated HeLa cells with the CDK1 inhib-
itor CPG74514A prior to nocodazole treatment. As shown in
Fig. 3A, CPG74514A ablated nocodazole-induced CREB phos-
phorylation. By contrast, the well characterized polo-like kinase
1 (PLK1) inhibitor BI 2536 actually induced Ser-270/Ser-271
phosphorylation independent of nocodazole treatment, which
is consistent with the fact that this drug causes mitotic arrest in
early prometaphase (Fig. 3A) (43). To test whether CDK1
directly phosphorylates CREB on Ser-270/Ser-271 we immu-
noprecipitated CDK1-Cyclin B1 complexes from mitotic HeLa
extracts using a Cyclin-B1 antibody and incubated the immune
complexes with a purified His-tagged CREB fusion protein sub-
strate in the presence of [y->*P]ATP. Specific phosphorylation
of His-CREB was observed using CDK1-Cyclin B1 complexes
from mitotic, but not interphase cell extracts (Fig. 3B). Addi-
tionally, the combined S270A/S271A mutation diminished
His-CREB phosphorylation whereas an individual S271A
mutation had little effect (Fig. 3C). The combined cell-based
and in vitro findings support a model whereby CDK1 is a CREB
Ser-270/Ser-271 kinase.

It was recently reported that HIPK2 phosphorylates CREB on
Ser-271 in response to etoposide (31). However, this conclusion
is counter to results in Fig. 1 showing that etoposide and
nocodazole induce distinct CREB electrophoretic mobility
shifts. To further investigate the role of HIPK2 in CREB Ser-
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FIGURE 3.CDK1 phosphorylates Ser-270 and Ser-271 in vivo and in vitro. A, CDK1 inhibitor disrupted nocodazole (Noc)-induced phosphorylation. HeLa cells
were incubated with DMSO, Bl 2536, or CPG74514A (CPG) for 1 h. Following inhibitor treatment, cells were DMSO- or nocodazole-treated for 16 h. Cell extracts
were immunoblotted with a-CREB or a-B-tubulin. B, CDK1 phosphorylates CREB in vitro. HeLa cells were treated with DMSO (Asy) or treated with nocodazole
for 16 h. Mitotic cells were enriched by mechanical shake-off (Mit). The remaining cells on the dish were designated as interphase cells (Inter). B and C, cell
extracts were immunoprecipitated (/P) with control immunoglobulin (Ig) or CCNB1 (B7) antibody. Control or CCNB1 beads were incubated with His-CREB"T (B)
or His-CDC25C, His-CREBW", His-CREB2"", or His-CREBS27°A/5271A () and [y->2P]ATP for 30 min. Samples were resolved on SDS-polyacrylamide gel and
immunoblotted with a-CREB orimaged by autoradiography to detect phosphorylated His-CREB. D, knockdown of HIPK2 did not impact CREB Ser-270/Ser-271
phosphorylation. HeLa cells were transfected with SmartPool (Dharmacon) siGFP or siHIPK2 for 48 h. Afterward, cells were treated with nocodazole for 16 h or
etoposide for 6 h. Cell extracts were immunoblotted with a-CREB or a-HSP90. The bar graph displays -fold change in HIPK2 mRNA levels normalized to GAPDH
mMRNA levels from four independent transfections. Error bars, S.E.

270/Ser-271 phosphorylation we performed HIPK2 knock-
down experiments. Knockdown of HIPK2 did not reduce CREB
electrophoretic mobility shifts in response to either etoposide
or nocodazole (Fig. 3D). Although contributions of residual
HIPK2 cannot be ruled out, HIPK2 does not appear to be a
major CREB Ser-270/Ser-271 kinase in response to etoposide
or nocodazole.

Ser-270/Ser-271 Phosphorylation Decreases CREB DNA
Binding Affinity—Ser-270/Ser-271 lie near the junction of the
Q2/CAD and bZIP domains which influences both transactiva-
tion potential and DNA binding activity (44, 45). To assess the
functional impacts of Ser-270/Ser-271 phosphorylation on
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CREB transactivation potential we transfected HeLa cells stably
expressing CREBWT, CREBSZ7OA/5271A, or CREB5270D/5271D
with CRE-luciferase reporter plasmid. The transactivation
potential of CREB%?7°A/52714 wag slightly higher than CREBY™,
whereas CREBS27°P/5271P showed slightly reduced activity ver-
sus CREB™T (Fig. 4A). Nocadazole did not alter CREB activity
in these assays (data not shown). These findings suggested that
Ser-270/Ser-271 phosphorylation antagonizes CREB transcrip-
tional activity.

Given the proximity of Ser-270/Ser-271 to the bZIP domain,
we tested the impact of Ser-270/Ser-271 phosphorylation on
CREB DNA binding activity. Specifically, we hypothesized that
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FIGURE 4. CREB Ser-270/Ser-271 phosphorylation decreases chromatin occupancy. A, transactivation potential of CREB Ser-270/Ser-271 phosphosite
mutants is shown. shCREB:HeLa cells stably expressing empty vector (EV) or the indicated CREB alleles were cotransfected with 5X-CRE-luciferase reporter and
Renilla luciferase. Forty-eight hours after transfection cells were harvested for luciferase assays. The luciferase data were normalized to Renilla; n = 3. B,
nocodazole (Noc) impacts CREB chromatin occupancy. Hela cells were DMSO- or nocodazole-treated for 16 h. Cells were fractionated into soluble (Sol) or
chromatin (Chr) fractions (see “Experimental Procedures”). Samples were run on a SDS-polyacrylamide mini gel and immunoblotted with a-CREB or a-HSP90.
Isoform 2 is not resolved from isoform 1 under these conditions. C, asynchronous HeLa cells were mounted on glass coverslips and stained with DAPI and
a-CREB. CREB is excluded from mitotic chromatin. D, Ser-270/Ser-271 phosphorylation modulates CREB chromatin association. shCREB:HeLa cells reconsti-
tuted with either CREB"T, CREBS27°P/5271D, or CREBS2704/5271A were treated with nocodazole and fractionated into soluble and chromatin fractions. Extracts
were immunoblotted for a-FLAG or a-HSP90. Cells were treated with the CDK1 inhibitor CPG where indicated. E, densitometric quantification of chromatin
fractionation data. The chromatin/soluble ratio for CREB"" after nocodazole treatment was normalized to 1 (n = 7).

CDK1-mediated phosphorylation of CREB may facilitate its of CREB in HeLa cells before and after nocodazole treatment.
dissociation from chromatin during prophase, as has been The hypophosphorylated form of CREB partitioned roughly
shown for several other transcription factors (46-48). To equally between soluble and chromatin fractions prior to
explore this possibility, we measured the chromatin association = nocodazole treatment (Fig. 4B). Upon nocodazole treatment,
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FIGURE 5. Phosphorylation of CREB by CDK1 reduced its DNA binding activity in vitro. A, mitotic HelLa extracts (see “Experimental Procedures”) were
immunoprecipitated (/P) with «-CCNB1 or IgG antibodies, and the resulting immune complexes were incubated with His-CREBWT or His-CREB>27°A/5271Ajn the
presence of unlabeled ATP. The in vitro phosphorylated His-CREB proteins were then incubated with a *?P-labeled CRE oligonucleotides and an EMSA
performed as described under “Experimental Procedures.” Input of His-CREB proteins was resolved on SDS-polyacrylamide gel and immunoblotted with
«-CREB. B, densitometric quantification of the EMSA data (n = 4) was performed.

the Ser-270/Ser-271-phosphorylated form of CREB partitioned
almost exclusively with the soluble fraction, whereas chroma-
tin-associated CREB existed predominantly in a dephosphoryl-
ated state (Fig. 4B). Consistent with this finding, endogenous
CREB was excluded from condensed chromatin in mitotic
HelLa cells versus cells in interphase (Fig. 4C, red arrows versus
white arrows). Thus, phosphorylation of endogenous CREB on
Ser-270/Ser-271 correlated with its reduced association with
chromatin.

We next tested the impacts of S270A/S271A and S270D/
S$271D mutations on CREB chromatin occupancy using the
CREB knockdown/reconstituted HeLa cell lines. As expected,
CREBY" was phosphorylated upon nocodazole treatment,
with the phosphorylated species partitioning with the soluble,
nucleoplasmic fraction (Fig. 4D). CREBS27°P/5271D exhibited a
significant reduction in chromatin binding versus CREB™™"
upon nocodazole treatment, suggesting that the phosphomi-
metic substitutions decrease CREB chromatin occupancy (Fig.
4, D and E). Although the S270A/S271A mutation was pre-
dicted to abolish nocodazole-induced CREB chromatin disso-
ciation, this was not the case under the fractionation conditions
we employed (Fig. 4, D and E). The fractionation findings sug-
gest that Ser-270/Ser-271 phosphorylation promotes CREB
chromatin dissociation during mitosis, but that phosphoryla-
tion of these sites is not absolutely required for CREB to disso-
ciate from chromatin following nocodazole treatment.

To further probe the relationship between Ser-270/Ser-271
phosphorylation and CREB DNA binding activity we tested
whether in vitro phosphorylation of CREB by CDK1 diminished
binding to CRE-containing oligonucleotides. Purified His,-
tagged CREBY" and CREB®?7°*/?7'A were incubated with
either IgG or CDK1-Cyclin B1 immune complexes prepared
from nocodazole-treated HeLa cell extracts in the presence of
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unlabeled ATP. The CDK1- or mock-phosphorylated CREB
proteins were then incubated with a *P-labeled, double-
stranded oligonucleotide corresponding to a CRE in the TNF-«
gene (37) and the protein-DNA complexes analyzed using an
EMSA. Preincubation of CREBY"' with CDK1-Cyclin Bl
caused a clear decrease in its CRE binding affinity relative to
CREBYT that had been incubated with IgG control immuno-
precipitation (Fig. 54). On the other hand, CDK1-Cycllin Bl
did not inhibit the interaction between CREBS*7°A/52714 and
DNA relative to CREBS*7°A/52714 jncubated with IgG control
(Fig. 5B). These data provide direct evidence that CDK1-medi-
ated phosphorylation of CREB on Ser-270/Ser-271 reduces its
affinity for DNA in vitro and support the chromatin findings.

DISCUSSION

In this study we have demonstrated that CREB is phospho-
rylated at Ser-270/Ser-271 in a CDK1-dependent manner dur-
ing mitosis. Our findings are consistent with a report by
Dephoure et al. that identified Ser-270 as a phosphorylation site
during a proteomic screen for mitotic phosphoproteins (42).
Although Ser-271 conforms to the serine-proline CDK1 con-
sensus, a S271A mutation did not abolish CDK1-mediated
CREB phosphorylation in vitro (Fig. 3C), and neither S271A nor
$270A individual mutations abolished the nocodazole-induced
electrophoretic mobility shift (data not shown). These findings
suggest that both Ser-270 and Ser-271 are phosphorylated dur-
ing mitosis, which is strongly supported by results using the
CREB S270A/S271A double mutant (Fig. 2B). Our findings sug-
gest that CDK1 is a major Ser-270/Ser-271 kinase, but do not
rule out a role for other kinases that are active during mitosis.

Sakamoto et al. previously reported that HIPK2 phosphoryl-
ates CREB on Ser-271 (31). This conclusion was based in part
on the observation that HIPK2 overexpression caused an Ser-
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271-dependent retardation in CREB electrophoretic mobility.
However, given that HIPK2 plays a role in cytokinesis and its
overexpression causes G,/M delay (33, 49-51), it is possible
that the observed CREB electrophoretic mobility shift was a
secondary consequence of mitotic arrest and CDK1-dependent
phosphorylation. Additionally, we find no evidence that etopo-
side or other DNA-damaging agents induce CREB Ser-271
phosphorylation. Indeed, genotoxic agents (e.g. etoposide) and
mitotic spindle poisons (e.g. nocodazole) cause characteristi-
cally different reductions in CREB electrophoretic mobility that
can be distinguished using high resolution SDS-PAGE (Fig.
1A). Altogether, we feel that current evidence argues against a
major role for HIPK2 in the DNA damage-induced phospho-
rylation of CREB; however, its contributions to Ser-270/Ser-
271 phosphorylation under other conditions cannot be ruled
out.

What are the functional implications of CREB phosphoryla-
tion during mitosis? Mutation of Ser-270/Ser-271 to Ala or Asp
did not alter CREB subcellular localization, but did modestly
impact CREB transactivation potential in luciferase assays. Spe-
cifically, CREB®?7°P/5271P showed slightly reduced transcrip-
tional activity relative to CREBY™ and CREBS?7°A/S27'A jp
reporter assays. Reduced activity of CREB%?7°P/5271P correlated
with its reduced association with chromatin, suggesting that
Ser-270/Ser-271 phosphorylation antagonizes CREB DNA
binding activity (Fig. 4D). A direct role for Ser-270/Ser-271 in
modulating CREB DNA binding activity is strongly suggested
by EMSA experiments, where incubation of CREB with Cyclin
B-CDK1 reduced its in vitro DNA-binding potential in an Ser-
270/Ser-271-dependent manner (Fig. 5). Although other func-
tional consequences are not ruled out, these findings support a
model whereby CDK1 promotes CREB chromatin eviction dur-
ing mitosis. It is unclear whether all CREB binding sites are
equally evacuated during mitosis or whether CREB dissociates
hierarchically from low affinity and high affinity CREB binding
sites. However, the fact that some CREB remains in the chro-
matin fractionation even after prolonged nocodazole treatment
implies that some CREB binding sites remain occupied in con-
densed chromosomes.

How Ser-270/Ser-271 phosphorylation modulates CREB
DNA binding affinity is unknown; however, modification of
these sites may alter the availability or conformation of the
adjacent bZIP DNA binding domain or may disrupt binding of
CREB cofactors such as CRTC2 that enhance its DNA binding
potential. Interestingly, Mémin et al. recently showed that
CDK1 phosphorylated the ICER (inducible cyclic AMP early
repressor) splice variant of CREM on Ser-35, which is analo-
gous to CREB Ser-271 (52). Thus, mitotic phosphorylation of
positionally conserved CDK1 sites appears to be common to all
members of the CREB/ATF family of transcription factors.
Mémin et al. concluded that Ser-35 phosphorylation promoted
CREM/ICER ubiquitylation and nuclear export; however, this
does not appear to be the case for CREB, as both CREB3?7%4/
s271a and CREBS*7°P/5271P mytants showed normal nuclear
distribution, and we did not detect ubiquitylated forms of CREB
following nocodazole treatment (data not shown). Neverthe-
less, we cannot rule out that ubiquitylation or other modifica-
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tions contribute to reduce CREB chromatin occupancy in
mitotic cells.

CDK1-dependent phosphorylation of CREB/ATF subfamily
of bZIP transcription factors may reflect broader inhibition of
transcription factors by CDK1 during mitosis. We note that
CDK1-dependent phosphorylation of AB1 and TFII-I pro-
moted their chromatin eviction during mitosis (47, 48). Addi-
tionally, the C2H2 zinc finger DNA binding domain transcrip-
tion factors were phosphorylated and inactivated during
mitosis (46). The fact that many site-specific transcription fac-
tors were identified as mitotic phosphoproteins by Dephoure et
al. is compatible with the general idea that many transcription
factors are evicted from chromatin during mitosis, although in
most instances the functional consequences of these phospho-
rylations are unknown (42, 46).
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