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Tristetraprolin (TTP) is an AU-rich element-binding protein
that regulates mRNA stability. We previously showed that TTP
acts as a negative regulator of VEGF gene expression in colon
cancer cells. The p38 MAPK pathway is known to suppress the
TTP activity. However, until now the signaling pathway to
enhance TTP function is not well known. Here, we show that
casein kinase 2 (CK2) enhances the TTP function in the regula-
tion of the VEGF expression in colon cancer cells. CK2 increased
TTP protein levels and enhanced VEGF mRNA decaying activity
of TTP. TTP was not a direct target of CK2. Instead, CK2
increased the phosphorylation of MKP-1, which led to a
decrease in the phosphorylation of p38 MAPK. Inhibition of
MKP-1 by siRNA attenuated the increase in TTP function and
the decrease of p38 phosphorylation induced by CK2« overex-
pression. TGF-f31 increased the expressions of CK2 and TTP
and the TTP function. The siRNA against CK2a or TTP
reversed TGF-B1-induced increases in the expression of CK2
and TTP and the TTP function. Our data suggest that CK2
enhances the protein level and activity of TTP via the modula-
tion of the MKP-1-p38 MAPK signaling pathway and that
TGF-B1 enhances the activity of CK2.

Tristetraprolin (TTP)? is an AU-rich element (ARE)-binding
protein that mediates the decay of ARE-containing mRNAs
such as those encoding cytokines and proto-oncogenes (1).
TTP also regulates the stability of VEGF transcripts (2), indicat-
ing a possible role for TTP in angiogenesis and tumor growth
(3, 4). Up-regulation of TTP mRNA can be induced by 12-O-
tetradecanoylphorbol-13-acetate (5), insulin (6), lipopolysac-
charide (LPS) (7, 8), GM-CSE (9), TGE-8 (10), IL-10 (11), and
glucocorticoid (12). TTP mRNA contains AREs, and its stability
is regulated by TTP itself (8).

TTP is highly phosphorylated both in vitro and in vivo, and its
phosphorylation is regulated by p42 MAPK (13), p38 MAPK
(13, 14), c-Jun N-terminal kinase (JNK) (13), and MAPK-acti-
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vated protein kinase 2 (MAPKAP kinase 2 or MK2) (7, 15, 16).
Among these protein kinases, the p38 MAPK/MK-2 pathway
has been reported to be a crucial regulator of the expression,
stability, and function of TTP (7, 17, 18). Phosphorylation of
TTP by MK2 increases the binding of 14-3-3 proteins, thereby
excluding TTP from stress granules, inactivating TTP, and
increasing the stabilities of target mRNAs (15, 16, 19). The TTP
protein is unstable and is rapidly degraded by proteasomes (17,
20); however, phosphorylation of TTP by p38 MAPK protects
TTP from proteasomal degradation (17). Recent evidence sug-
gests that phosphorylation-induced inhibition of TTP can be
reversed by protein phosphatase 2A (PP2A) through the inac-
tivation of p38 MAPK and MK2 (21). Despite these studies on
TTP phosphorylation, the signaling pathways responsible for
the induction of TTP activity are not well known.

Casein kinase 2 (CK2), a highly conserved and ubiquitously
expressed serine/threonine kinase, is a tetramer composed of
two catalytic subunits (@ and «’) and two regulatory subunits
(B) in an a,f3,, aa’B,, or a',B, configuration (22). CK2 phos-
phorylates a large number of substrates, many of which are
involved in gene expression and cell growth (23-28). CK2 is
up-regulated in a variety of human cancers (29) and creates a
cellular environment favorable to neoplasia by regulating a
variety of biological processes (26, 30—32). In contrast to the
functions of CK2 that favor the neoplastic growth of cells, sev-
eral investigations have demonstrated an opposing function of
this enzyme. Exogenous expression of CK2«a deactivates MEK,
suppresses cell growth, and inhibits the foci formation induced
by activated Ras (33). In addition, CK2 phosphorylates p53 (34),
which enhances the sequence-specific DNA binding function
of p53 in vitro (35) and ensures the maintenance of G, arrest
and apoptosis following spindle damage (36).

We previously reported that TTP down-regulates the
expression of VEGF and inhibits the growth of human colon
cancer cells in vitro and in vivo (37). In this study, we demon-
strate that CK2 increases the VEGF mRNA decaying activity of
TTP in human colon cancer cells by protecting the TTP protein
from phosphorylation and proteasomal degradation. CK2
decreased phosphorylation of p38 MAPK, and the effects of
CK2 were attenuated either by treatment with an inhibitor of
MAPK phosphatase 1 (MKP-1) or an siRNA against MKP-1,
suggesting that CK2 function is mediated by MKP-1, which is
known to dephosphorylate p38 MAPK (38). Moreover, we
show that transforming growth factor 8 (TGF-B) increases CK2
activity, resulting in an increase in the VEGF mRNA decaying
activity of TTP. Finally, TGEF-3 suppressed the growth of colon
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cancer cells, and this event was mediated by CK2 and TTP,
indicating that TGF-f3 acts as a tumor suppressor via the acti-
vation of CK2 and TTP in Colo320 cells. Collectively, our
results show that CK2 increases the VEGF mRNA decaying
activity of TTP through activation of MKP-1 and that TGF-8
plays a role in the activation of the CK2-MKP-1-TTP signaling
pathway.

EXPERIMENTAL PROCEDURES

Cells—Human colon cancer cells (Colo320) were purchased
from Korean Cell Line Bank (KCLB, Seoul, Korea). Colo320
cells were cultured in RPMI 1640 media, supplemented with
10% FBS (heat-inactivated fetal bovine serum) (Invitrogen), and
maintained at 37 °C in a humidified atmosphere of 5% CO,_For
the MTS cell proliferation assay, cells were plated in RPMI 1640
medium in triplicate at 1.2 X 10* cells/well in 96-well culture
plates. At the indicated times, CellTiter 96® Aq,,.... One Solu-
tion Reagent (Promega, Madison, W1I) was added to each well
according to the manufacturer’s protocols, and absorbance at
490 nm (A,,,) was determined for each well using a Wallac
Vector 1420 multilabel counter (EG&G Wallac, Turku,
Finland).

Semi-quantitative RT-PCR—Five micrograms of DNase
I-treated total RNA was reverse-transcribed using oligo(dT)
and Superscript Il reverse transcriptase (Invitrogen) according
to the manufacturer’s instructions. Semi-quantitative RT-PCR
was performed using Taq polymerase (Sun Genetics, Daejeon,
Korea) and the appropriate primers as follows: T77P, 5'-CGCT-
ACAAGACTGAGCTAT-3" and 5'-GAGGTAGAACTTGT-
GACAGA-3'; GAPDH, 5-ACATCAAGAAGGTGGTG-
AAG-3"and 5'-CTGTTGCTGTAGCCAAATTC-3'.

Quantitative Real Time PCR—For RNA kinetic analysis, we
used actinomycin D and assessed VEGEF mRNA expression
using quantitative real time PCR, performed using the ABI
Prism 7900 HT to monitor real time increases in the fluores-
cence of SYBR Green dye (Qiagen, Hilden, Germany). Specific-
ities of each primer pair were confirmed via melting curve anal-
ysis and agarose gel electrophoresis. The PCR primer pairs were
as follows: qVEGF, 5'-ATCTTCAAGCCATCCTGTGTGC-3’
and 5'-TGCGCTTGTCACATTTTTTCTTG-3'; qTTP, 5'-
CCCCAAATACAAGACGGAACTC-3" and 5'-GGGCCGCC-
AGGTCTTC-3'; and qGAPDH, 5'-ACATCAAGAAGGTGG-
TGAAG-3" and 5'-CTGTTGCTGTAGCCAAATTC-3'".

Plasmid, siRNAs, Transfection, and Dual-Luciferase Assay—
The pcDNAG6/V5-TTP plasmid construct has been described
previously (37). Plasmid constructs containing full-length
¢DNA of human CK2« or human ubiquitin were purchased
from Addgene (Cambridge, UK). Full-length ¢cDNA of
human CK2a and human ubiquitin were amplified from
these plasmids, and full-length cDNA of human MKP-1 was
amplified from the cDNA of Colo320 cells using PCR. PCR
products were ligated into BamHI/Xhol sites of
pcDNA3-HA or pcDNA3.1-FLAG vectors (Invitrogen) to
generate pcDNA3/HA-CK2a, pcDNA3/FLAG-Ub, and
pcDNA3/FLAG-MKP-1. Site-directed mutants of TTP with
single (S21A, S169A, S279A, or S325A), double (S60A/S186A),
or quadruple amino acid substitutions (S21A/S169A/S279A/
S325A) and MKP-1 with double amino acid substitutions

21578 JOURNAL OF BIOLOGICAL CHEMISTRY

(S131A/S235A) were generated using pcDNA6/V5-TTP and
pcDNA3/FLAG-MKP-1 as a template, respectively, using a
QuikChange site-directed mutagenesis kit (Stratagene, San
Diego) according to the manufacturer’s instructions. Mutagenic
primers used for generation of site-directed mutants of TTP or
MKP-1 were as follows: TTP-S21A, 5 -AGTGCCCGTGCCAGC-
CGACCATGGAGGG-3" and 5'-CCTCCATGGTCGGCTGGC-
ACGGGCACTG-3'; TTP-S60A, 5'-CTGGCCGCTCCACCGC-
CCTAGTGGAGGGC-3" and 5'-GCCCTCCACTAGGGCGGT-
GGAGCGGCCAG-3'; TTP-S169A, 5'-CATCCACAACCCTG-
CCGAAGACCTGGCGG-3' and 5'-CCGCCAGGTCTTCGGC-
AGGGTTGTGGATG-3'; TTP-S186A, 5'-CTTCGCCAGAGC-
ATCGCCTTCTCCGGCCTGC-3" and 5'-GCAGGCCGGAG-
AAGGCGATGCTCTGGCGAAG-3'; TTP-S279A, 5'-GTAC-
AGTCCCTGGGAGCCGACCCTGATGAATATG-3" and 5'-
CATATTCATCAGGGTCGGCTCCCAGGGACTGTAC-3';
TTP-S325A, 5'-CGCATCTCTGTTGCCGAGCTCGAGTC-
TAG-3" and 5'-CTAGACTCGAGCTCGGCAACAGAGAT-
GCG-3'; MKP-1-S131A, 5'-GAAGCGTTTTCGGCTGCCT-
GCCCGGAGCTG-3" and 5'-CAGCTCCGGGCAGGCAGC-
CGAAAACGCTTC-3'; and MKP-1-S235A, 5'-GGCAGACA-
TCAGCGCCTGGTTCAACGAGGC-3’ and 5'-GCCTC-
GTTGAACCAGGCGCTGATGTCTGCC-3". Cells were
transfected with plasmid constructs using TurboFect™ in
vitro transfection reagent (Fermentas, Hanover, Germany).

Small interfering RNAs (siRNA) against human CK2«
(siCK2a) (sc-38963), human MKP-1 (siMKP-1) (sc-35937),
human TTP (siTTP) (sc-36761), and control siRNA (scRNA)
(sc-37007) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Colo320 cells (1.5 or 3 X 10°) were trans-
fected with each siRNA using Lipofectamine™ RNAIMAX
(Invitrogen). VEGF 3'UTR was PCR-amplified from the cDNA
of Colo320 cells using Taq polymerase (Solgent, Daejeon,
Korea) and the following primers: VEGF-3'UTR, 5'-CTAGA-
GGTACTTATTTAATAGCCCTTTTTAATTAGAAATTA-
AAACAGTTAATTTAATTAAAGAGTAGGGTTTTTTCA-
GTAT-3' and 5'-CTAGATACTGAAAAAACCCTACTCTT-
TAATTAAATTAACTGTTTTAATTTCTAATTAAAAAG-
GGCTATTAAATAAGTACCT-3’. PCR products were
inserted into the Xhol/NotlI sites of a psiCHECK2 Renilla/fire-
fly Dual-Luciferase expression vector (Promega).

For luciferase assays, Colo320 cells were cotransfected with
pcDNA6/V5-TTP and psiCHECK2-VEGF 3'UTR or
psiCHECK2-Bcl2 3'UTR construct using the TurboFect™" in
vitro transfection reagent. Transfected cells were lysed with
lysis buffer (Promega) and mixed with luciferase assay reagent
(Promega), and the chemiluminescent signal was measured in a
Wallac Victor 1420 Multilabel Counter (EG&G Wallac). The
activity of Renilla luciferase was normalized to that of firefly
luciferase in each sample. All luciferase assay results reported
here represent at least three independent experiments, each
consisting of three wells per transfection.

SDS-PAGE Analysis and Immunoblotting—Proteins were
resolved using SDS-PAGE, transferred onto Hybond-P mem-
branes (GE Healthcare), and probed with appropriate dilutions
of antibodies as follows: rabbit anti-human TTP antibody
(ab36558, Abcam); anti-human CK2« antibody (sc-12738,
Santa Cruz Biotechnology); anti-p38 MAPK antibody (9212,
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Cell Signaling Technology, Danvers); anti-phospho-p38 MAPK
antibody (9215, Cell Signaling); anti-MK2 antibody (3042, Cell
Signaling); anti-phospho-MK2 antibody (sc-101729, Santa
Cruz Biotechnology); anti-MKP-1 antibody (sc-370, Santa
Cruz Biotechnology); anti-phospho-MKP-1 antibody (2857,
Cell Signaling Technology); anti-ubiquitin antibody (sc-9133,
Santa Cruz Biotechnology); anti-V5 antibody (Genentech, San
Francisco); anti-HA antibody (H9658, Sigma); and anti-FLAG
antibody (F1804, Sigma). Immunoreactivity was detected using
the ECL detection system (GE Healthcare). Films were exposed
at multiple time points to ensure that the images were not
saturated.

Phosphorylation Site Prediction—The potential for phos-
phorylation sites in TTP protein was predicted using NetPhos.
The amino acid sequences of human TTP protein were
obtained from GenBank™ (accession number NP_003398).

Effects of Protein Kinase Inhibitors on the mRNA Destabiliz-
ing Activity of TTP—Inhibitors against the protein kinases CK2
(5,6-dichlorobenzimidazole riboside (DRB) and 1,3,5-tribro-
mobenzene (TBB), Sigma), phosphatidylinositol 3-kinase
(PI3K) (LY294002, Calbiochem), mammalian target of rapamy-
cin (rapamycin, Calbiochem), MEK1 (PD98059, Calbiochem),
PKC (Ro-32-0432, Calbiochem), p38 MAPK (SB203580, Calbi-
ochem), JNK (SP600125, Calbiochem), and MKP-1 (Triptolide,
Calbiochem) were dissolved in dimethyl sulfoxide (DMSO) and
used at the concentrations indicated in the figure legends.
Colo320 cells were cotransfected with pcDNA6/V6-TTP and
psiCHECK2-VEGF 3'UTR using the TurboFect™ in vitro
transfection reagent. At 24 h post-transfection, cells were
treated with protein kinase inhibitors for 12 h, and the chemi-
luminescent signal in the cell lysate was measured in a Wallac
Victor 1420 multilabel counter. The activity of Renilla lucifer-
ase was normalized to that of firefly luciferase in each sample.
All luciferase assays reported here represent at least three inde-
pendent experiments, each consisting of three wells per
transfection.

Detection of Ubiquitinylation—Cells were cotransfected with
pcDNA6/V5-TTP and pcDNA3/FLAG-Ub using TurboFect™
in vitro transfection reagent. At 24 h post-transfection, cells
were treated with 30 um DRB for 12 h in the presence or
absence of 50 um MG-132 (Calbiochem) and lysed with RIPA
buffer (50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 5 mm EDTA,
0.5% Nonidet P-40, 0.1% SDS). Proteins in the cell lysates were
immunoprecipitated with anti-V5 antibodies for 3 h at 4 °C,
followed by incubation with protein A-agarose overnight at
4 °C. Proteins in the immunoprecipitates were resolved using
SDS-PAGE, followed by Western blotting with anti-FLAG
antibody.

Phosphatase Treatment—Cells were transfected with
pcDNA6/V5-TTP using TurboFect™ in vitro transfection rea-
gent. At 24 h post-transfection, cells were treated with 30 um
DRB for 12 h in the presence or absence of 50 um MG-132
(Calbiochem) and were resuspended in modified RIPA buffer
(50 mm Tris, pH 7.5, 1 mm MgCl2, 0.1% Triton X-100, 0.2 mm
PMSE, 5 ug/ml leupeptin, 0.25% aprotinin). Fifty microgram
cell lysates were incubated with 20 units of calf intestinal phos-
phatase (New England Biolabs) in a reaction buffer (500 mm
potassium acetate, 200 mm Tris acetate, 100 mM magnesium
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acetate, 10 mm dithiothreitol, pH 7.9). After incubation at 37 °C
for 30 min, the proteins were resolved using SDS-PAGE, fol-
lowed by immunoblotting with anti-V5 antibody.

Cycloheximide-based Protein Chase Experiment—Colo320
cells were transfected with pcDNA6/V5-TTP using the
TurboFect™ in vitro transfection reagent. At 24 h post-trans-
fection, cells were incubated with 10 pg/ml cycloheximide
(CHX, Calbiochem) to stop protein synthesis in the presence or
absence of DRB. Cells were harvested at 0, 1, 3, 5, and 10 h after
addition of CHX, and total cell lysates were analyzed using
immunoblotting with anti-V5 antibody.

Exposure to TGF-B—Colo320 cells were cotransfected with
psiCHECK2-VEGF 3'UTR and pcDNA6/V5-TTP, TTP siRNA,
or CK2 siRNA using the TurboFect™ in vitro transfection rea-
gent. After 24 h of incubation, cells were incubated with 2 ng/ml
human TGEF-f in the presence of or absence of 30 um DRB for
12 h, and chemiluminescent signals in the cell lysate were mea-
sured in a Wallac Victor 1420 Multilabel Counter. The activity
of Renilla luciferase was normalized to that of firefly luciferase
in each sample. All luciferase assays reported here represent at
least three independent experiments, each consisting of three
wells per transfection.

In Vitro CK2 Kinase Assay—CK2 activity was assayed using a
CK2-sensitive synthetic p53 peptide (RRRDDDSDDD) (Cyclex
Co. Ltd., Nagano, Japan), which is phosphorylated at serine 46
by CK2. Briefly, Colo320 cells were incubated with 2 ng/ml
human TGEF-f in the presence or absence of 30 um DRB for
12 h. Cell lysates were incubated with the synthetic p53 peptide
coated on a 96-well plate with the kinase reaction buffer. The
amount of phosphorylated substrate was measured by using a
horseradish peroxidase-conjugated anti-phospho-p53 serine
46-specific antibody. Kinase activity was calculated by subtract-
ing the mean of the background control samples without
enzyme from the mean of samples with enzyme.

Statistical Analysis—For statistical comparisons, p values
were determined using Student’s ¢ test or one-way analysis of
variance.

RESULTS

CK2 Inhibition via CK2 Inhibitors or siRNA Decreases the
VEGF mRNA Decaying Activity of TTP—TTP has been
reported to be phosphorylated by various kinds of protein
kinases (39). Phosphorylation of TTP by p38 MAPK/MK?2 sig-
nals inhibits TTP activity (40), but specific protein kinases that
can increase TTP activity are not known. We previously
reported that TTP reduced VEGF expression and inhibited the
growth of colon cancer cells (37). Here, we aimed to identify
protein kinases that can increase the VEGF mRNA decaying
activity of TTP. To screen protein kinases that increase the
VEGF mRNA decaying activity of TTP, we studied the effects of
several protein kinase inhibitors on the VEGF mRNA decaying
activity of TTP. We have successfully used the VEGF ARE-
containing reporter mRNA to study VEGF mRNA turnover by
TTP in human colon cancer cells (37); we used a transient
transfection system in which the ARE-dependent turnover of
the reporter transcripts and its sensitivity to protein kinase
inhibitors could be evaluated. To characterize the effects of
protein kinase inhibitors on the VEGF decaying activity of TTP,
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FIGURE 1. Inhibition of CK2 decreases the VEGF mRNA decaying activity
of TTP. A, CK2 inhibitor DRB decreases the mRNA decaying activity of TTP.
Colo320 cells were cotransfected with psiCHECK2-VEGF 3'UTR and
pcDNAG6/V5-TTP. At 24 h post-transfection, cells were treated with CK2 inhib-
itor DRB or p38 MAPK inhibitor SB203580 at indicated concentrations for 12 h
(A), and luciferase (Luc.) activity was determined. Renilla luciferase activity was
normalized to firefly activity. The luciferase activity obtained from
psiCHECK2-VEGF 3'UTR-transfected cells was set to 1. Each bar represents the
mean = S.D. of three independent experiments (¥, p < 0.05; **, p < 0.01; **¥,
p < 0.001). ns, not significant. B and G, inhibition of CK2a by siRNA (siCK2a)
decreases the mRNA decaying activity of TTP. Colo320 cells were cotrans-
fected with psiCHECK2-VEGF 3'UTR, pcDNA6/V5-TTP, and siCK2a or scRNA.
At 24 h post-transfection, expression level of CK2a was determined by immu-
noblotting (/B) (B) and luciferase activity was determined (C). Renilla luciferase
activity was normalized to firefly activity. The luciferase activity obtained from
psiCHECK2-VEGF 3'UTR-transfected cells was set to 1. Each bar represents the
mean = S.D. of three independent experiments (**, p < 0.01; ***, p < 0.001).
D, TTP-mediated down-regulation of endogenous VEGF mRNA is attenuated
by siCK2a. Colo320 cells were cotransfected with pcDNA6/V5-TTP and siCK2«
or scRNA. At 24 h post-transfection, VEGF mRNA was determined by quanti-
tative real time PCR. The expression level obtained from mock-transfected
cells was set to 1. Each bar represents the mean = S.D. of three independent
experiments (**,p < 0.01; ***, p < 0.001).

Colo320 cells were cotransfected with a TTP expression con-
struct (pcDNA/V5-TTP) and a luciferase reporter construct
that incorporated the 3'UTR of VEGF mRNA (psiCHECK2-
VEGF 3'UTR). Transfected cells were treated with various
kinds of protein kinase inhibitors, and luciferase activity was
measured at 12 h post-treatment. Consistent with the previous
report (41), overexpression of TTP reduced luciferase activity
(Fig. 1A). Treatment with SP600125 (Jun N-terminal protein
kinase inhibitor), Ro-32-0432 (protein kinase C inhibitor),
LY294002 (phosphatidylinositol 3-kinase inhibitor), PD98059
(MEK1 inhibitor), or rapamycin (mammalian target of rapamy-
cin inhibitor) did not affect the TTP-mediated reduction of
luciferase activity (supplemental Fig. 1). However, SB203580
(p38 MAPK inhibitor) enhanced the TTP inhibitory activity in
a dose-dependent manner (Fig. 14). Conversely, treatment
with the CK2 inhibitor DRB attenuates the TTP-mediated
reduction of luciferase activity in a dose-dependent manner
(Fig. 1A4). The effect of SB203580 on TTP activity is consistent
with those of previous reports that have suggested that the p38
MAPK/MK-2 pathway inhibits the mRNA decaying activity of
TTP (7,17, 18). It is also possible that SB203580 enhanced TTP
activity by inhibiting other kinases than p38 MAPK as
SB203580 is not selective and is known to inhibit a number of
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FIGURE 2. Overexpression of CK2« increases VEGF mRNA decaying activ-
ity of TTP. Colo320 cells were cotransfected with psiCHECK2-VEGF 3’UTR and
pcDNAG6/V5-TTP pcDNA3/HA-CK2a. At 24 h post-transfection, the expression
levels of CK2a and TTP were determined by immune blots (/B) (A) and lucifer-
ase activity was determined (B). Renilla luciferase activity was normalized to
firefly activity. The luciferase activity obtained from cells cotransfected with
psiCHECK2-VEGF 3'UTR and pcDNA6/V5-TTP was set to 1. Each bar represents
the mean = S.D. of three independent experiments (**, p < 0.01; ***, p <
0.001). ns, not significant.

other kinases, including CK1 (42). However, our results show-
ing that the CK2 inhibitor DRB increases luciferase activity sug-
gests that the CK2 signal activates the mRNA decaying activity
of TTP. Similar results were obtained by another CK2 inhibitor,
TBB (supplemental Fig. 2).

To confirm whether inhibition of CK2 increases luciferase
activity, we analyzed the effect of siRNA against CK2« (siCK2a)
on the reporter mRNA decaying activity of TTP. Cells were
cotransfected with pcDNA6/V5-TTP, psiCHECK2-VEGF
3'UTR, and siCK2, and luciferase activity was measured 24 h
after transfection. Knockdown of endogenous CK2a by siRNA
(Fig. 1B) significantly decreased the TTP inhibitory effect (Fig.
1C). Taken together, these results indicate that inhibition of
CK2 decreases the mRNA decaying activity of TTP. All of these
data were obtained by analyzing the expression levels of
reporter transcripts containing VEGF 3'UTR.

Next, we wished to determine whether CK2 inhibition also
affects the TTP inhibitory effects on endogenous VEGF mRNA.
Colo320 cells were cotransfected with pcDNA6/V5-TTP and
siCK2a or control siRNA (scRNA), and the expression level of
VEGF mRNA was analyzed using real time PCR. Overexpres-
sion of TTP decreased the expression level of VEGF mRNA
(Fig. 1D). Although control siRNA treatment did not affect the
TTP inhibitory effect, down-regulation of CK2a by siRNA
attenuated it. The expression level of endogenous TTP in
Colo320 cells was extremely low (37), and in the absence of
transfected TTP, neither SB203580 nor DRB affected the
reporter mRNA decaying activity of TTP and the expression
level of endogenous VEGF mRNA level (supplemental Fig. 3).
Collectively, our results suggest that inhibition of CK2
decreases the VEGF mRNA decaying activity of TTDP.

CK2 Overexpression Increases the mRNA Decaying Activity
of TTP—Overexpression studies were performed to further
analyze the role of CK2 in the regulation of the TTP inhibi-
tory effect. Cells were transiently cotransfected with
pcDNA/V5-TTP, psiCHECK2-VEGF 3'UTR, and a CK2«
expression construct (pcDNA3/HA-CK2a). Overexpressions
of TTP and CK2«a were confirmed using an immunoblotting
assay (Fig. 2A). At 24 h post-transfection, luciferase activity was
measured. Transfection of the control vector pcDNA3/HA did
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FIGURE 3. Inhibition of CK2 by DRB decreases the instability of TTP protein. A-C, inhibition of CK2« by CK2 inhibitors or siRNA decreases the expression
level of the TTP protein but does not affect the expression level of the TTP transcript. Colo320 cells were treated with CK2 inhibitor DRB or TBB at the indicated
concentrations for 12 h or transfected with siCK2a or scRNA. TTP protein levels were determined by immunoblotting (/B) (A, top panel, and B) and TTP mRNA
levels were determined by (A, bottom panel) semi-quantitative PCR, and real time PCR (C). D and E, DRB treatment decreases the stability of TTP protein. Colo320
cells were transfected with pcDNA6/V5-TTP, and at 24 h post-transfection cells were incubated with 10 ug/ml cycloheximide (CHX) in the presence or absence
of DRB. D, cells were harvested at indicated times. and TTP protein levels were determined by immunoblotting with anti-V5 antibody. £, graph showing the
expression levels of TTP protein. The expression levels of TTP protein in CHX-treated cells at 0 h were set to 1. The results are presented as the means =+ S.D. of
three independent experiments. (**, p < 0.01; ***, p < 0.001). ns, not significant.

not affect the TTP inhibitory effect. However, overexpression
of CK2« enhanced the TTP inhibitory effect in a dose-depen-
dent manner (Fig. 2B). The results suggest that CK2« is
involved in the enhancement of the TTP inhibitory effect.

CK2 Inhibition by CK2 Inhibitors or siRNA Decreases TTP
Protein Stability—To determine whether CK2 inhibition
affects the stability of the TTP protein, Colo320 cells were
treated with DRB, TBB, or siCK2, and the expression level of
TTP protein was analyzed using an immunoblotting assay. CK2
inhibition by DRB, TBB (Fig. 34), or siCK2a«a (Fig. 3B) signifi-
cantly decreased TTP protein levels, indicating that CK2 affects
the expression level of TTP protein. CK2 is known to phos-
phorylate and regulate several transcription factors (30, 43);
thus, it is possible that CK2 controls TTP expression
through the regulation of T7TP transcription. To determine
whether CK2 inhibition affects the expression level of TTP
transcripts, Colo320 cells were treated with DRB or TBB,
and the expression levels of TTP transcript were analyzed
using RT-PCR and real time PCR. Neither treatment with
DRB nor TBB affected the expression level of TTP transcript
in Colo320 cells (Fig. 3, A and C). We next determined
whether CK2 inhibition affected the stability of TTP protein.
Colo320 cells transfected with pcDNA6/V5-TTP were treated
with 100 ug/ml CHX to block protein synthesis in the presence
or absence of DRB. At the indicated time points after CHX
treatment, cells were collected, and the expression level of TTP
protein was analyzed using immunoblotting with anti-V5 anti-
body. In the absence of DRB, the half-life of the TTP protein
was longer than 10 h. However, in the presence of DRB, its
half-life was reduced, and at 5 h after CHX treatment, about
80% of TTP protein was degraded (Fig. 3, D and E). These data
demonstrate that CK2 functions to enhance the stabilization of
TTP protein.
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CK2 Decreases the Proteasomal Degradation and Phosphor-
ylation of TTP—To determine whether the proteasome path-
way is involved in the degradation of the TTP protein, Colo320
cells transfected with pcDNA6/V5-TTP were treated with DRB
in the presence or absence of the specific proteasome inhibitor
MG132. At 24 h post-treatment, the expression level of TTP
protein was examined using an immunoblotting assay. MG132
blocked the DRB-induced degradation of TTP protein in a
dose-dependent manner (Fig. 4A4). These findings suggest that
DRB-induced degradation of T'TP protein is dependent on pro-
teasomal activity. Interestingly, along with blocking the degra-
dation of TTP, MG132 treatment led to the appearance of
higher molecular weight TTP proteins (Fig. 44). The higher
molecular weight TTP proteins appear to be the result of phos-
phorylation, because this form could be completely converted
to the lower molecular weight TTP protein by in vitro incuba-
tion with calf intestinal alkaline phosphatase (CIP, Fig. 4B).
Treatment with DRB decreased the level of lower molecular
weight TTP but increased the level of higher molecular weight
TTP, indicating that DRB treatment induced the phosphoryla-
tion of TTP (supplemental Fig. 4).

To assess whether TTP protein is ubiquitinated prior
to its degradation by DRB, in vivo ubiquitination assays
were performed. Colo320 cells were cotransfected with
pcDNAG6/V5-TTP and pcDNA3/FLAG-Ub. At 24 h post-trans-
fection, cells were treated with MG132 in the presence or
absence of DRB and incubated for an additional 2 h. TTP pro-
teins were then immunoprecipitated with anti-V5 antibody.
When the proteins were probed with anti-FLAG antibody, a
high molecular mass protein ladder was observed in the pres-
ence of MG132 but not in the absence of MG132, suggesting
that TTP protein was ubiquitinated (Fig. 4C). Ubiquitinated
TTP was increased by DRB treatment (Fig. 4C), suggesting that
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FIGURE 4. CK2 inhibitor DRB enhances phosphorylation, ubiquitination,
and proteasomal degradation of the TTP protein. Colo320 cells were
transfected with pcDNA6/V5-TTP, and at 24 h post-transfection cells were
treated with DRB in the presence or absence of MG132 at the indicated con-
centrations. A, proteasome inhibitor MG132 abolishes the decrease of TTP
protein induced by DRB. TTP protein levels were determined by immunoblot-
ting (/B) with anti-V5 antibody. B, treatment of calf intestinal alkaline phos-
phatase (CIP) converts slow migrating TTP to fast migrating TTP. Cell lysates
were subjected to in vitro calf intestinal alkaline phosphatase treatment (20
units) for 30 min at 35 °C (5th lane). The samples were then analyzed for TTP
protein by immunoblotting with anti-V5 antibody. C, CK2 inhibitor DRB
increases the ubiquitination of TTP. Colo320 cells were cotransfected with
pcDNAG6/V5-TTP and pcDNA3/FLAG-UB. At 24 h post-transfection, cells were
treated with DRBin the presence or absence of MG132. Immunoprecipitation
(IP) was performed by incubating the cell lysates with anti-V5 antibody and
then blotting with anti-FLAG antibody.

CK2 inhibition increased TTP ubiquitinylation. Together, our
data indicate that the CK2 can decrease the phosphorylation
and ubiquitinylation of TTP, resulting in protection of TTP
from proteasomal degradation.

TTPIs Not a Direct Target of CK2—Because CK2 functions to
decrease the phosphorylation of TTP (Fig. 4), it is possible to
speculate that TTP is not a direct target of CK2. To confirm this
hypothesis, we tested whether DRB affects the phosphoryla-
tion, degradation, and mRNA decaying activity of TTP with
mutation at CK2-specific phosphorylation sites. Scanning the
amino acid sequence of TTP for potential CK2 phosphorylation
sites revealed four different sites: Ser-21, Ser-169, Ser-279, and
Ser-325. We generated four point mutants by replacing the
coding sequence for Ser at amino acid residues 21, 169,
279, or 325 with that for Ala (pcDNA6/V5-TTP(S21A);
pcDNA6/V5-TTP(S169A); pcDNAG6/V5-TTP(S279A);
pcDNA6/V5-TTP(S325A)). In addition, we generated one
point mutant by replacing the coding sequences for all four Ser
sites with Ala (pcDNA6/V5-TTP(mut all)). To determine the
effects of these point mutations on the degradation and phos-
phorylation of TTP protein induced by DRB, cells were trans-
fected with wild-type TTP or TTP point mutation constructs.
At 24 h post-transfection, cells were treated with DRB in the
presence or absence of MG132, and the expression levels of
TTP proteins were analyzed using immunoblotting. Site-di-
rected mutant of TTP with quadruple amino acid substitutions
(S21A/S169A/S279A/ S325A) (Fig. 5, A and B) did not change
the degradation and phosphorylation of TTP proteins induced
by DRB treatment. Next, cells were cotransfected with
psiCHECK2-VEGF 3'UTR and with wild-type TTP or TTP
point mutation constructs, and we tested the effects of these
mutations on the decrease in the mRNA decaying activity of
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FIGURE 5. Mutations of putative CK2 phosphorylation sites of TTP do not
disrupt the effects of CK2 on TTP. A, mutation at the four CK2 phosphory-
lation sites does not affect the decrease of TTP protein levels induced by CK2
inhibitor DRB. Colo320 cells were transfected with pcDNA6/V5-TTP or
pcDNA6/V5-TTP(mut all) and were treated with DRB for 12 h. The expression
level of the TTP protein was determined by immunoblotting (/B) with anti-V5
antibody. B, mutation at the four CK2 phosphorylation sites does not change
the phosphorylation of TTP induced by DRB. Colo320 cells transfected with
pcDNAG6/V5-TTP or pcDNA6/V5-TTP(mut all) were treated with MG132 in the
presence or absence of DRB for 12 h. The expression level of TTP was deter-
mined by immunoblotting with anti-V5 antibody. C, mutation of the CK2
phosphorylation sites does not affect the decrease of mMRNA decaying activity
of TTP induced by DRB. Colo320 cells were cotransfected with psiCHECK2-
VEGF 3'UTR and wild-type TTP (pcDNA6/V5-TTP) or point mutant TTP:
pcDNA6/V5-TTP(S26A), pcDNA6/V5-TTP(S169A), pcDNA6/V5-TTP(S279A),
pcDNAG6/V5-TTP(S325A), or pcDNA6/V5-TTP(mut all). At 24 h post-transfec-
tion, cells were treated with DRB for 12 h, and luciferase activity was deter-
mined. Renilla luciferase activity was normalized to firefly activity. The lucifer-
ase activity obtained from cells transfected with psiCHECK2-VEGF 3'UTR was
set to 1. Each bar represents the mean = S.D. of three independent experi-
ments (***, p < 0.001).

TTP induced by DRB. Consistent with the effects of these
mutations on the degradation and phosphorylation of TTP, any
mutations of TTP did not affect the decrease in the DRB-in-
duced mRNA decaying activity of TTP (Fig. 5C). These data
suggest that the predicted CK2-specific phosphorylation sites
in the TTP protein are not responsible for the effects of CK2 on
the degradation, phosphorylation, and mRNA decaying activity
of TTP protein. Thus, TTP may not be the direct target of CK2
in Colo320 cells.

CK2 Decreases the Phosphorylations of p38 MAPK and MK2—
The TTP protein is phosphorylated by MK2 (7, 15), and its
stability has been reported to be regulated by the p38 MAPK/
MK?2 pathway (7,17, 18). To determine whether CK2 affects the
p38 MAPK/MK2 pathway, cells were transfected with
pcDNAG6/V5-TTP. At 24 h post-transfection, cells were treated
with DRB, and cell lysates were analyzed for phospho-p38
MAPK and phospho-MK2 using an immunoblotting assay.
DRB treatment resulted in a slight decrease in the expression
levels of total p38 MAPK and MK2. However, it increased
the phosphorylations of both p38 MAPK and MK2 (Fig. 6A).
Human TTP is phosphorylated by MK2 at serine residues
Ser-60 and Ser-186 (44). We generated a double mutant of
TTP (S60A/S186A) and tested whether these sites function in
DRB-induced degradation of TTP. Although DRB treatment
decreased the protein level of wild-type TTP, it did not affect
that of the double mutant TTP (Fig. 6B), suggesting that the
effect of CK2 on the TTP protein degradation was mediated
by MK2. To determine whether the effect of CK2 inhibition
on the mRNA decaying activity of TTP was mediated via the
p38 MAPK pathway, cells were cotransfected with
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FIGURE 6. Effects of CK2 on TTP is mediated by the MKP-1/p38 MAPK pathways. A, CK2 inhibition by DRB increases phosphorylation of p38 MAPK and MK2.
Col0320 cells were transfected with pcDNA6/V5-TTP, and the cells were treated with 30 um DRB at 24 h post-transfection. Cells were harvested at indicated
times after DRB treatment, and cell lysates were analyzed for TTP, p38 MAPK, phosphorylated p38 MAPK, MK2, and phosphorylated MK2 by immunoblotting
(IB). B, mutation of MK2 phosphorylation sites of TTP blocks the DRB-induced degradation of TTP. Colo320 cells were transfected with pcDNA6/V5-TTP or
pcDNA6/V5-TTP(S60A and S186A) and were treated with DRB for 12 h. The expression level of the TTP protein was determined by immunoblotting with anti-V5
antibody. C, p38 MAPK inhibitor SB203580 attenuates the decrease mRNA decaying activity of TTP induced by siRNA against CK2«. Colo320 cells were
cotransfected with psiCHECK2-VEGF 3'UTR, pcDNA6/V5-TTP, and siCK2a or scRNA. Cells were treated with SB203580 for 12 h, and luciferase activity was
determined. Renilla luciferase activity was normalized to firefly activity. The luciferase activity obtained from cells transfected with psiCHECK2-VEGF 3'UTR was
set to 1. Each bar represents the mean = S.D. of three independent experiments (***, p < 0.001). D, inhibition of CK2a by DRB decreases the expression of
MKP-1. Colo320 cells were treated with DRB, and cells were harvested at the indicated times after DRB treatment. Cell lysates were analyzed for MKP-1 by
immunoblotting with anti-MKP-1 antibody. E, overexpression of CK2a increases the expression of MKP-1. Colo320 cells were cotransfected with
pcDNAG6/V5-TTP and pcDNA3/HA-CK2a. At 24 h post-transfection, expression of CK2a and MKP-1 was determined by immunoblotting. F, mutation of CK2
phosphorylation sites of MKP-1 blocks the CK2a-induced phosphorylation of MKP-1. Colo320 cells were cotransfected with pcDNA6/V5-TTP,
pcDNA3/HA-CK2«, and pcDNA3.1/FLAG-MKP-1 or pcDNA3.1/FLAG-MKP-1 (S131A and S235A). At 24 h post-transfection, cell lysates were analyzed for CK2q,
MKP-1, and phosphorylated MKP-1 by immunoblotting. G, inhibition of MKP-1 by siRNA abolishes the effects of CK2 on TTP expression and p38 MAPK
phosphorylation. Colo320 cells were cotransfected with pcDNA6/V5-TTP, pcDNA3/HA-CK2q, and siRNA against MKP-1 (siMKP-1) or scRNA. At 24 h post-
transfection, cell lysates were analyzed for CK2q, TTP, MKP-1, p38 MAPK, and phosphorylated p38 MAPK by immunoblotting. H, inhibition of MKP-1 by MKP-1
inhibitor triptolide or siRNA abolishes the effects of CK2a on mRNA decaying activity of TTP. Colo320 cells were cotransfected with psiCHECK2-VEGF 3'UTR,
pcDNA6/V5-TTP, pcDNA3/HA-CK2¢q, and siMKP-1 or scRNA. Cells were treated with triptolide for 12 h, and the luciferase activity was determined. Renilla
luciferase activity was normalized to firefly activity. The luciferase activity obtained from cells cotransfected with psiCHECK2-VEGF 3"UTR and pcDNA6/V5-TTP
was set to 1. Each bar represents the mean = S.D. of three independent experiments (¥, p < 0.05; ***, p < 0.001). ns, not significant.

pcDNA6/V5-TTP, psiCHECK2-VEGF 3'UTR, and siRNA
against CK2« (siCK2a) or control siRNA (scRNA). At 24 h
post-transfection, cells were treated with the p38 MAPK inhib-
itor SB203580. Results showed that the increase in luciferase
activity induced by siCK2a was significantly attenuated by
SB203580 (Fig. 6C). These data suggest that the CK2 enhances
the TTP protein stability by suppression of the p38 MAPK
pathway.

MKP-1 Mediates the Effects of CK2 on the Phosphorylations of
p38 MAPK and TTP Activity—Inhibition of CK2 by DRB
increased the phosphorylation of p38 MAPK (Fig. 6A), indi-
cating that CK2 affects the phosphorylation of p38 MAPK
via activation of protein phosphatase. MAPK phosphatases
are a subclass of protein-tyrosine phosphatases that can
dephosphorylate both phosphotyrosine and phosphothreonine
residues on MAPKs (45). Of the known MAPK phosphatases,
MKP-1 was shown to be responsible for the dephosphorylation
of p38 MAPK (38). We therefore determined a potential effect
of CK2 on MKP-1 expression. Inhibition of CK2 by DRB (Fig.
6D) or TBB (supplement Fig. 5) significantly decreased MKP-1
protein, whereas overexpression of CK2« increased the MKP-1
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protein (Fig. 6E). Our data clearly show that CK2 acts as a pos-
itive regulator of MKP-1 expression. CK2 seems to control pro-
teasomal degradation of MKP-1 because MG132 treatment sig-
nificantly attenuated the decrease in MKP-1 induced by the
CK2 inhibitor DRB (supplemental Fig. 6). Our next goal was to
determine whether CK2-specific phosphorylation sites in
MKP-1 protein are responsible for the effects of CK2 on the
MKP-1 protein. MKP-1 protein contains two potential CK2
phosphorylation sites at serine residues Ser-131 and Ser-235.
We generated a double mutant (S131A/S235A) and tested
whether these mutations affect the phosphorylation of MKP-1
protein induced by CK2a overexpression. Although overex-
pression of CK2« increased the phosphorylation of wild-type
MKP-1 protein, it did not induce that of mutant MKP-1 (Fig.
6F), indicating that CK2« directly phosphorylate MKP-1.

We tested whether MKP-1 is necessary for the effects of CK2
on the phosphorylation of p38 MAPK and degradation and
mRNA decaying activity of the TTP protein. Cells were
cotransfected with pcDNA6/V5-TTP, pcDNA3/HA-CK2q,
and siRNA against MKP-1 (siMKP-1) or control siRNA
(scRNA). At 24 h post-transfection, cells were analyzed for the
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expressions of CK2«, TTP, MKP-1, p38 MAPK, and phospho-
p38 MAPK. Inhibition of MKP-1 by siRNA increased the phos-
phorylation of p38 MAPK and attenuated the increase of TTP
protein induced by CK2« (Fig. 6G). These data confirmed the
involvement of MKP-1 in the CK2-mediated regulation of p38
MAPK phosphorylation and TTP protein degradation. To
determine whether MKP-1 is involved in the CK2-mediated
regulation of the mRNA decaying activity of TTP, cells were
cotransfected with pcDNA6/V5-TTP, pcDNA3/HA-CK2q,
and psiCHECK2-VEGF 3'UTR. Transfected cells were treated
with siRNA against MKP-1 (siMKP-1) or triptolide, a MKP-1
inhibitor, and luciferase activity was measured. Inhibition of
MKP-1 by siMKP-1 or triptolide significantly attenuated the
decrease in luciferase activity induced by CK2« overexpression
(Fig. 6H). These data suggest that CK2 regulates TTP activity
via the MKP-1 pathway.

TGF-B Increases the CK2 Activity and mRNA Decaying Activ-
ity of TTP—CK2 has been reported to be activated by TGF-f3
stimulation (46 —48). To determine whether TGF-B stimula-
tion increases CK2 activity in Colo320 cells, cells were stimu-
lated with TGF-B for 4 h, and CK2 activity in the cell lysates was
analyzed. TGF-B1 markedly enhanced CK2 activity in a dose-
dependent manner in cells (Fig. 7A).

We next determined whether TGF-B1 enhances the mRNA
decaying activity of TTP. TGEF- significantly enhanced the
TTP-mediated decay of endogenous VEGF transcripts, and the
CK2 inhibitor DRB reversed the effects of TGF-B on TTP activ-
ity (Fig. 7B). In addition, TGF-B decreased the half-life of VEGF
mRNA, and this effect was blocked by DRB (Fig. 7C). TGF-S1
was reported to activate TTP promoter activity, thereby
increasing the TTP transcription levels in the human T cell line
HuT78 (10). However, in Colo320 cells, TGF-B1 did not acti-
vate TTP promoter activity (supplemental Fig. 7), indicating
that the TGF-f stimulation did not increase transcription of
TTP. Our results suggest that TGF-B-stimulated TTP activity is
mediated by CK2.

Previously, we reported that overexpression of TTP pro-
motes VEGF mRNA degradation and inhibits the growth of
Colo320 cells (37). Thus, it is possible that TGF- 3 treatment
inhibits the growth of Colo320 cells via the CK2-TTP path-
way. To test this possibility, cells were transfected with
pcDNA6/V5-TTP, and their growth was analyzed after TGF-3
treatment in the presence or absence of DRB. Consistent with
our previous report (37), TTP overexpression inhibited the
growth of Colo320 cells (Fig. 7D). The treatment of TGF-f3
significantly enhanced the inhibitory effect of TTP, and DRB
attenuated the TGF-f effect (Fig. 7F), indicating that TGF-3
can suppress the growth of Colo320 cells through activation of
the CK2-TTP pathway.

DISCUSSION

In our previous work, we showed that TTP enhances the
decay of VEGF and suppresses the growth of Colo320 human
colon cancer cells (37). Here, we provide evidence that CK2
increases the VEGF mRNA decaying activity of TTP through
regulation of proteasomal degradation of TTP protein in
Colo320 cells. (i) Inhibition of CK2 by CK2 inhibitors or siRNA
treatment suppressed the TTP-inhibitory effects on the expres-
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FIGURE 7. TGF-B increases mRNA decaying activity of TTP through acti-
vation of CK2/MKP-1 pathway. A, TGF-$ increases CK2 activity. Colo320
cells were treated with TGF-B at the indicated concentrations in the presence
or absence of DRB for 4 h. CK2 activity in the cell lysates was determined as
described under “Experimental Procedures.” The CK2 activity obtained from
untreated cells was set to 1. Each bar represents the mean = S.D. of three
independent experiments (**, < 0.01; ***, p < 0.001). B, TTP-mediated down-
regulation of endogenous VEGF mRNA is enhanced by TGF-, and this effect
is mediated by CK2. Colo320 cells were transfected with pcDNA6/V5-TTP. At
24 h post-transfection, cells were treated with 2 ng/ml of TGF-B in the pres-
ence or absence of DRB. VEGF mRNA was determined by quantitative real
time PCR. The expression level obtained from mock-transfected and
untreated cells was set to 1. Each bar represents the mean = S.D. of three
independent experiments (**, < 0.01; ***, p < 0.001). C, TTP-mediated desta-
bilization of VEGF mRNA is enhanced by TGF-, and this effect is mediated by
CK2.Colo320 cells were transfected with pcDNA6/V5-TTP. At 24 h post-trans-
fection, cells were treated with 2 ng/ml of TGF-Bin the presence or absence of
DRB for 6 h. Expression of VEGF mRNA was determined by quantitative real
time PCR at indicated times after the addition of 5 ug/ml actinomycin D.
Results shown on the graph represent means = S.E. of three independent
experiments (¥, < 0.05; **, p < 0.01). D, TGF-f3 significantly enhances the
growth inhibitory effect of TTP, and DRB attenuates the TGF- effect. Colo320
cells were transfected with pcDNA6/V5-TTP or empty vector. At 24 h post-
transfection, cells were treated with 2 ng/ml of TGF- in the presence or
absence of DRB. Cell viability was determined at 48 h using a 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
cell proliferation assay. The data represent means = S.D. of three indepen-
dent experiments (¥, p < 0.05; ***, p < 0.001).

sion of a luciferase reporter gene containing VEGF mRNA
3'UTR and endogenous VEGF mRNA. (ii) Overexpression of
CK2a enhanced the TTP-inhibitory effects on the expression of
a luciferase reporter gene containing VEGF mRNA 3'UTR. (iii)
Inhibition of CK2 by CK2 inhibitors or siRNA treatment
decreased the expression level of TTP protein, and overexpres-
sion of CK2a increased it. (iv) In the cycloheximide chase
experiments, a CK2 inhibitor destabilized the TTP protein,
reducing its half-life from more than 5 h to less than 3 h. (v)
Treatment with the proteasome inhibitor MG132 prevented
the TTP protein from degradation induced by the CK2 inhibi-
tor and led to the appearance of a phosphorylated TTP protein.
(vi) Treatment with a CK2 inhibitor enhanced the phosphory-
lation and ubiquitination of the TTP protein.

In this study, we found that phosphorylation of TTP induced
by a CK2 inhibitor led to degradation of TTP through the ubiq-
uitin/proteasome pathway. This is in contrast to previous
reports demonstrating that phosphorylation of TTP by p38
MAPK/MK2 pathways prevents TTP protein from decay by
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FIGURE 8. Model of regulation of TTP expression by CK2. The p38 MAPK/
MK2 signaling pathway can induce phosphorylation (P) of TTP, which leads to
proteasomal degradation of TTP protein. However, when CK2 is activated by
TGF-B stimulation, it can activate MKP-1, which in turn inhibits the p38 MAPK/
MK2 pathway by dephosphorylation of p38 MAPK, thereby protecting the
TTP protein from proteasomal degradation.

proteasome (17, 20). One possible explanation of this discrep-
ancy is that the enhanced stability of phosphorylated TTP pro-
tein could be based on the increased binding to 14-3-3 protein
(15, 16). 14-3-3 proteins influence the subcellular localization
of target proteins (49, 50) and protect target proteins from pro-
teolysis by acting as chaperones (51, 52). Consistent with these
functions, binding of 14-3-3 protein alters subcellular localiza-
tion of TTP (16, 17); this may affect the ubiquitination and
proteasomal degradation of TTP. However, in Colo320 cells,
CK2 inhibitor decreased the expression level of 14-3-3 protein
(supplemental Fig. 8). Thus, it is possible to speculate that the
expression level of 14-3-3 would not be enough to protect the
phosphorylated TTP from degradation by the ubiquitin/pro-
teasome pathway. A more detailed analysis of the role of 14-3-3
binding in TTP protein stability may provide insights into the
relationship between phosphorylation and degradation of TTP
protein.

CK2 has been thought to function as a survival factor by
increasing cell proliferation (53), malignant transformation
(54), and decreasing apoptosis (26). However, there are several
reports that support an anti-proliferative role for CK2 (33, 35,
36). Regarding the role of CK2 in the control of VEGF expres-
sion, CK2 has been reported to be involved in the expression of
VEGF (55) and the angiogenesis (56). However, even though
the molecular mechanism is presently unknown, in Colo320
cells, CK2 increased the VEGF mRNA decaying activity of TTP
and acted as a negative regulator of cell growth.

CK2 is able to enhance the mRNA decaying activity of TTP
through phosphorylation of TTP because it is a protein kinase
that phosphorylates a variety of proteins and regulates their
activity (23-28). Scanning the amino acid sequence of TTP
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revealed four potential CK2 phosphorylation sites. Thus, it is
possible that CK2 regulates TTP through phosphorylation of
these CK2 sites. However, mutation of serines to alanines
within the CK2 phosphorylation sites of the TTP protein did
not change the effect of CK2 on the VEGF mRNA decaying
activity, phosphorylation, or degradation of TTP. In addition,
CK2 inhibitor increased the phosphorylation of mutant TTP
proteins. Although we cannot exclude that there are other CK2
sites within T'TP that can be phosphorylated by CK2, our data
suggest that TTP is not the direct target of CK2.

Our data showed that CK2 can also affect the phosphoryla-
tion of p38 MAPK and MK2. Inhibition of CK2 by CK2 inhibi-
tor increased the phosphorylation of p38 MAPK and MK2. p38
MAPK is a well known kinase that is involved in TTP phosphor-
ylation and inhibition of mRNA decaying activity of TTP (16 -
18). Thus, we hypothesized that CK2 influences the mRNA
decaying activity of TTP through the control of p38 MAPK
phosphorylation. Consistent with this hypothesis, the p38
MAPK inhibitor SB203580 attenuated the decrease of mRNA
decaying activity of TTP induced by the CK2 inhibitor. How-
ever, because the CK2 inhibitor increased the phosphorylation
of p38 MAPK, p38 MAPK does not seem to be a direct target of
CK2. The phosphorylation and the activity of p38 MAPK are
controlled by a balance between activities of upstream activa-
tors, kinases (57), and negative regulators, protein phospha-
tases (58). Previously, it was reported that protein phosphatase
2a (PP2A) regulates phosphorylation of p38 MAPK and MK2
and, in turn, TTP phosphorylation (21). Here, we provide evi-
dence that CK2 affects the phosphorylation of p38 MAPK via
MAPK phosphatase-1 (MKP-1), which was shown to dephos-
phorylate p38 MAPK (21). Inhibition of CK2 decreased the
expression level of MKP-1; overexpression of CK2« increased
the MKP-1 expression level, and inhibition of MKP-1 by siRNA
increased the phosphorylation of p38 MAPK. Inhibition of
MKP-1 by MKP-1 inhibitor triptolide or siRNA attenuated the
increase of mRNA decaying activity of TTP induced by CK2«
overexpression. Collectively, these results suggest that CK2
enhances the mRNA decaying activity of TTP via MKP-1/p38
MAPK signal pathways.

We next sought to determine the factors responsible for the
stimulation of CK2 activity and the increase of mRNA decaying
activity of TTP. CK2 activity is modulated by various cytokines
and hormones (59-61). We found that TGF-f increases the
expression level of TTP protein and enhances the VEGF mRNA
decaying activity of TTP. A previous report suggested that
TGE-Bincreases the expression level of TTP by enhancing T7P
promoter activity (10). However, in Colo320 cells, TGF- did
not affect TTP promoter activity, indicating that the TGF-§-
induced increase in the TTP protein and the mRNA decaying
activity of TTP were not due to the increase in the TTP pro-
moter activity. Instead, we found that TGF- enhanced the
mRNA decaying activity of TTP through activation of CK2.
TGE-B increased CK2 activity, and inhibition of CK2 by inhib-
itor DRB or siRNA abrogated the increase of mRNA decaying
activity of TTP induced by TGEF-f.

TGE-B is considered the most potent and widespread inhib-
itor of cell growth known in mammals (62). However, in con-
trast, TGF-B can also act as a tumor promoter in a context-de-
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pendent manner (63). Regarding angiogenesis, TGF-B was
shown to promote VEGF synthesis and to exert angiogenic
effects (64, 65). However, several studies have also reported that
TGE-B has antiangiogenic properties (66—69). In our study,
TGE-B inhibited VEGF synthesis and cell growth, indicating
that TGF-B acts as a tumor suppressor in Colo320 cells. The
inhibitory effect of TGF- was abrogated by siRNA against 7P
or CK2, suggesting that it was mediated by CK2/TTP pathways.
The mechanisms responsible for the in vitro biphasic effect of
TGEF-f are not known. Recently, it was suggested that changes
in the expression pattern of specific genes are responsible for
the switch of TGF-B from tumor suppressor to tumor promoter
(63,70,71). In this regard, Disabled homolog 2 (DAB2) is a good
candidate gene responsible for this change. DAB2 is a multi-
functional adapter protein, which is involved in TGF-B-medi-
ated Smad activation (72) and acts as a negative regulator of
multiple signaling pathways, including the ERK/MAPK (73),
Src (74), and Wnt pathways (75). Hannigan et al. (70) found that
down-regulation of DAB2 switches TGF-f from a tumor sup-
pressor to a tumor promoter both in vitro and in vivo. We found
that Colo320 cells express DAB2, and the expression level is
slightly increased by TGF- treatment (supplemental Fig. 9).
Even though we did not analyze the effect of DAB2 expression
on TGF-B functions, it is possible that DAB2 is one of the fac-
tors responsible for the inhibitory function of TGF-B in
Col0320 cells.

Previously it was reported that the p38 MAPK pathway is
required for TGF-B-stimulated VEGF synthesis (76, 77). Acti-
vation of p38 MAPK increases VEGF mRNA stabilization (78).
This action is presumably mediated through an AU-rich region
of the 3'UTR of VEGF mRNA. TTP is known to be a direct
target for p38 MAPK, and phosphorylation of TTP by p38
MAPK suppresses mRNA decaying activity of TTP (7, 15-19).
Thus, it is conceivable that if TGF-@ signal activates p38 MAPK
pathways, it can suppress the VEGF mRNA decaying activity of
TTP and promote VEGF synthesis. However, in cells that
express DAB2, such as Colo320 cells, TGF-f blocks the p38
MAPK pathways via a DAB2 adapter molecule and, instead,
activates CK2 leading to an increase in the VEGF mRNA decay-
ing activity of TTP via the MPK-1 pathway. Further studies are
needed to address whether expression of DAB2 changes the
effect of TGF-B on the VEGF mRNA decaying activity of TTP
and the cell growth in Colo320 cells.

In this study, we have shown that CK2 suppresses phos-
phorylation of TTP through MKP-1-dependent inactivation of
the p38 MAPK pathway (Fig. 8) and that these events increase
the stability and the VEGF mRNA decaying activity of TTP. In
contrast to our results, several studies have reported that phos-
phorylation of TTP by p38 MAPK protects the TTP protein
from proteasomal degradation (17, 20). Ubiquitination targets
the proteins for degradation by the proteasome (79), and our
results indicate that CK2 influences the ubiquitination of TTP
proteins. Thus, further studies to understand how CK2 controls
ubiquitination of TTP protein may provide important informa-
tion to explain this discrepancy. Our results also demonstrate
that TGF-B suppresses VEGF synthesis and cell growth
through activation of the CK2/MKP-1/TTP pathway. TGF-$
and CK2 have been known to promote malignant progression
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and metastasis and have been considered as attractive pharma-
cological targets (80, 81). However, from our results, it appears
that TGF-B and CK2 can negatively regulate cell proliferation.
Thus, before the clinical use of inhibitors of TGF-B or CK2 is
tried, further studies are required to unravel the mechanisms
involved in the regulation of their functions in cell growth and
to develop biomarkers predictive of cellular responses to them.
Collectively, our results offer evidence of a role for the TGF-f3/
CK2/MKP-1 pathway (Fig. 8) in the regulation of the mRNA
decaying activity of TTP.
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